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; 

RESUl:IlE 

, 
Le comp'ortement des colonnes à âmes minces est étudié 

, 
expérimentalement et théoriquement. La ~ropagation' des 

contraintes et des déplacements est obtenue pa~tout dans la 

str~cture par les deux méthodes, et une bonne corrélation entre 

les deux méthodes est réalisée. 

Les expériences ont été faites sur les profiles en "U" 

r.enforcés couverts avec du plastique "ph,Otoelastic". Une attention . 
particulière est accordée à la manière d'avortement et la 

propagation des contraintes et des déplac~ments. Les contraintes 
, 1 

et les déplacements ont été etudies aux points particuliers. 

L'étude théorique ,est faite au moyen d'un programme 0 

d'Qrdinateur basé. sur la méthode ~es é~éments f~nis dans lequel 

les nonliné~ri tés, géométriques matérieles s'~nt intrGdui tès. 

Il est démontré que le programmeOest valable pour l'analy~e 
" des structures en éléments minces, et peut être utilise pour la 

\ 

prédictiqn des déplacements et des contraintes dont l'une des 
1 

parois est en état d'instabilité, ou quand elle atteint sa charge 

'. 1;, 1 

" critique. 
" 
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1 
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A STUDY OF THE BEHAVIOUR OF LIGHT-GAUGE ALUMINUM 
COUIPRESSION MEM.BERS INTO THE POST-BUCKLING' RANGH 

Michael Dellar 
, III 

fi 
. , Departmen1ï:' of Ci vil hngineering 
, and Applied Mechanics 

-t 
, ABSTRACT 

(! 

M. Eng. 
fl'larch 1980 

" The behaviour' of thin-walled structures loaded as columns 
,/ 

was studied both experimentally and theoretically. Propagation of 
'" 

stresses and , , , 
strains were obtained throughout the structure by both 

1 

methods, and good correlation between 
t 1 

the two method's of analysis 

to/' r~aliz.d.~ .. 

, The' experiments were conducted on stiffened channel sec-

~ion&'Coated ~it~lphotoelastic plastic. 
1 l' 1 

Special attention was 
, 

" given.'to thè mode of :failure, and propagation of stresses and 

strains. lndividual values of stress 'and strain were studied at 

, particular points on the structure. 

1 " , .. ,\ 
A Computer program based bn the fin,ite element method which 

incorporates bath material and geometric no~-linearities was used 

. for the theoretical analysis • 

alysis 

gation 

. It is shown that the computer progra~ is valid'for the'an-
" 

o~in-w~l~ed structures. It is also shown that the' pro~a-

of stresses and strains as weIl as individual values can be 
th 

predicted, a'cc~a tely when indi vidual elements become uns tapIe or 
, , 

reach their buckling loads. 
1) , 

o 
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CHAPTER 1 

INTROl?UCTION 

A'great deal of work has been done recently in'the aréa 
l , 

bf light gauge struc~ura) memb~r,., In members of,this ~yp~, the 

question of both loca~d overall bu~kling is of primary impor­

tance. ,For the Most part, existing building codes do not take 

into consid'~ration the very significant reserve stx~ngth that 
" , 

these memQers May possess at the initial b~ckling load due to 
, , 

1\ 

their behaviour in the post-buckling r.egion. This iSrprobably due 

,C) to the lack ·or any widely accep'ted, relatively inexpensive analyt-

a 

ical or empirical formnlae. , , Neyertheless, sorne re~arch has been 

carried out to investigat~ this phenomenon and a few empirical 
~ 

solutiohs have.been developed. However, most are based upon a' 
"\ 

. 

relatively small number of experi~ental tests and have therefore 
i" '\ 

not enjoyed widespread acceptance. In addition, m~st existing 
, , , . 

solutions were developed and verlfied by,means of tests thàt'were , 

conducted o~ specimens of structural steel. The mat~rials)of . 

primary'interes~ in this study are alUminum ~lloysr and the amount 

of previous work in this field is relativelY,meage~. Thus, when 

initially considering this pro.lem, it was. ne~essary to decide ex-

actly what' course the study should take. 1 
. , 

, , 

, " 

. 
'. 
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"'-'l. ' 
The study q\, any sc~entific phenomenon can be carried,out 

in one of two ways: either the a~tual behaviour can be explained 
, ~ 

by ~ans of a theory developed from a mathematical model or the . . ~ 

behaviour can be postulated after having done sorne type of experi-, 
, 

mental study on the beha'V'iour of similaF specimens und"er comparable 

cOnditions. These two types ~f approach can be roughly catagor-

ized as analytical and experimental studies, Either approach, if -­

it incorporates :the-inherent characteristics of the problem. should 

give reasonable results. Bach aIse has its own advantageSjand dis-

'advantages. The analytical approach, while definitely mo~e formaI 

and often a great deai quicker and more practical; does not take 
• , ,1 ~ 

each and every poss~ble variable into considera~ion. usually be­

cause many of them are unknown and unexpected. Most analyticai 

~ solutions only incorporate those variables which are expected to 
.. affect the results to sorne appreciable extent. Often, analytical , 

solutions ta certain types of problems are, presentéd and accepted. 

only ta be'~eplaced by sorne different theory some years later. It 
i-

'is the very nature of Many analytical developments that no exact, -

,solution i~ known and therefore sorne type of approximation must 

neces~ariIy be amployed. Likewise, experimental studies h,ave their 

~wn inheren~ errors and can th~S apprpach the corréct result only 

r if ca~efully 'planned and executed.· 

Thus it is that neither analytical nor experimental i~-' 
vestigations alone can he trusted to provide the ~~act solutio~ to 

any given, problem. Both approaches must be utilized in order ta 
.. 

verify that an acceptable SOlut/on to the problem hàs been aChieVéd; 

-/) 

• 1 
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,1 A.Q. Khan (JI) at McGill University dev.eloped a, geometrically non­

linear finite element computer model which was intended to,provide 
'( 

solutions for various loading conditions on thin-walled st~uctural 

~embers. The developrnent of th~ program and the method of solu-
1 

tionmade the analysis of folded plate structures a relatively 

straightforward.p~oce~ 

.Y •. Fabien (24) utilized the aforementionned pro gram to . 

obtain results for comparison with ·experimental tests which he ~ad 

designed and execute~. He tested thin-~alled aluminum sections as 

beams and obtained results co~sisting mostly of data on strains 

and displacements. These results were obtained at particular 

points on the test specimens in question. H.P. Lee (32) has more 
. . 

recentIy completed the development of a'geometrically non-linear 

finite element computer model which àIso incor~orates theab!lity 

to analyze structures with non-linear material prop~ties. It 
, 0) ~ 

was decid~dt therefore, Jhat in order to use Lee's program to the 

fullest~ and to provide a basis for verifying future analytical . 

models which may be developed. an extensive set of fairly accuràte 

experimental d~ta on a particular type Qf test specimen Vias needed. 
1 
1 

Since Fabien had provided relatively extensive strain and dis- / 

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

felt that data from a aifferent type of test under other,loading 

conditions would be desirable. 
1 -, 

An imp~rtant'que~ti~n that had ta be resolved from the -' 

very start was 'exactIy what type of test was to be e~ployed. In 

almost aIl tests on thin-walled aluminum str~ctures that' have been 

1 

1 
i· 
! ' 
1 

1;' • 
!' 

l ' , 
1 I~ 



1 
reported in the Iiterature, data has ~een accumulated using either 

electric strain gauges or mechanical ,extensometers. Although both 

of these devices can provide accurate resuIts, the y have one'obvi-
'. 

ous shortcoming: they can only provide results at one particular 
li ' 

point on the structure. T4is ~an bé, a drawback because normally 
, "\ 

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

,ed areas-of high stress which might develop. Another consider­

'ation in the choice of test method was that the experimentai test 

,> data was to be compared wi th a fini te element sOlutio,n. Since 

one of the inherent advantages of~he finite element method is . 
that i t provides results-,. at a grea~ number of points throughout 

the struc~ef it was desirable that the test method ·to he empIoy-
\ 

\" 

ed should aiso provide results at a great many points. After 

careful consideràtion, it was deciQed·that the photoelastic ~thod , ' 1'-
using a photoelas~ic coating would probabl;~ the Most appropri-

ate since it WO~ldjVide a greatp'deal 'of information at any 

particular stage-of oading. By means of the coloured fringe 
, \aJ- r " 

patterns which appear, th~ princj,p~ str"~ss and strain differences 

'tt any ~oint on the test specimen can easily be'determined ;nd, b~ 
1 

recording the propagation of these fringes, the'development of 
~ , 

stress throughou~ the loading sequence can be followed. The dis-

tribution of. stresses around any bu~kled regions can be recorded 

and studied. Also ~ becatise the enti.re pattern of strcss:distri­

bution throughQut the structure is available, the possibility of 
, -

~ unexpected areas or stress concentration can he investigated and, 

perhrPs, foreseen in subsequent investigations. 

c 1 

y , 
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l ' 1 
Another i~portant consideration was the choice of coating. 

Normally. the tYPr of test and the kind of material govern this 

decision. 

Finally. the thickness of plastic coating is very import~ 
... ' . 

ant sinee t~ aecuraey of the measurements depends ta_a very great 

extent on the thickness t especially if rela ti vely high stre'sses' 
"Y 

~nd strains are ~xpeeted. Here t the decision must be~taken whether . , 

to use a thick plastic sa that a 'large number of fringes can be 

observed or 'ta use a thin plastic sa that the reinfarcing effect 

of the plastic Qn the test specimen is kept ta a minimunÎ. It was 

decided to use a relatively thick coating since fairly high stress­

es were ·expected. ,The manner i~ which the reinfOrcing effects ' 
.. 

were handled is dealt with in the following chapter • 

. There are naturally many areas that mus~ be investigated 

and' many questions conce'rnîng the type' of material. thickness ~ 

general shape, loa~s, ta be expe'cte~ an.cI. various· ?ther coritrïbuting 

factors that must ,be consi.dered before a testfng program can be 
~ , l • 

successfully'''developed. The various factors which led to the 
lb 
choice of test specimel1.s in this study will he diseussed further 

in the following chapter~ The aim of this study was'to provide 

a fairly comprehensive set of data for a particular test speéim~n 

under a particular loading condition. The results, which consi~t 

of data obtained frain bath the finite element analysi's and the 

experimental tests are compared and .contrasted in ,an.at~empt to 

determine a range of f'~~ceptable values ,for this type 0/ t'est'. 
A... ' 
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This could form a sound basis for verifYr~g'any new developments 

in this field. Hopefully, new and more·extensive rnethods of an­
/ 

, / . 
alysis will verity the results obtained herein •. It s~ould be 

, 
emphasized, hawever, that the results obtained contain a cërtairl 

margin of,errar. It'has already been stated, in fac~, that'both' o(f!!!lr' , 

ef the methods utilized are subject to inhere~t shortc?mings and 

disadvantages. However, it is the authorts intention ta establish 

'\hat, where the'results from the two methods correspond fairly 

well, thë data is reliable a~d therefore could be ~sed as a basis 

for the development of more refined methods of analysis. 
"-' 

""~ 

-

.. 

/ \ 

.... 0& ,~~ 
,6 

1 

Jt 
1 .. , 

l' 
. , 

)/ 
't 

dt 

~, 

t, 
; , 

, t 
-j 
1 

,~ 
, j 

1 

J 

~ . 
, 

, . 
~ 
1 
i 
1 

l • 



'l, 

.' 

.' 

\ 

! 
i 

2.1' 

" . .. , 

Test Specimens . , \ 

CHAPTER 2 

EXPERIMENTAL ANALYSIS 

,\ 

~ 

( The e~p~rimerital investigation providèd a rather e~ensi~e 

set' ai' accurate data ,giving stresses and strains in a struC~)lI'al 
.- .:4), 

! 

member 1oad~d into ~e post-buckling range. The sections were, 
~ ,~ . ~ ~ 

.' 

: f'ormed from ligh~,Î gauge a1!umin~ alloy sheets and the major con-

~~d~I'~ltions which gov,erned' the, Ch~ic~ of section geom~t~re s 

.,,- 1) oos~ oi' fabri:atio~. as ~11 tlÛ? specime~s we~e, ~ 
(, " ,,~ 

fabricated in the laboratory by the author; 
'b 

. 2) a geometry ~hich would not only}thsure 
c.", ~ , 

that the desired 

'buckling p~enomenon would occur but that it would a~so be readily 
1 

visible. It waS' intended that the specimens aIl be cut from a 

S~~le ~heet' of alumtnÙm a'nd ,then bEmt into the desired shapès. - . 

I~\:wa.s t'rWrei'fre nec~ssary that the section be ~ad~ up of ~'-sér;ies 
of continuo,uJ be~ds. 'Corisequently sections such as v/ide flange, , ,7 ().S' 

t~.e, or l section~ were, eliminat~d /lPO~r:i.l ties. Cruciform sec-

tions and, closed sections were likewis cluded. Sections which , n. 
satisi'ie~the fabrication requirements were channels, angles, and 

Z sections. It was faIt that the increased torsional rigidity oi' 
Q • 

the channel section would'be ~ asset, and hence,'it was decided 
ï (' 

ihat' a sti~fened channel section would m~st easily provide aIl the 

necel3sary requirements. A su'i tab~e thickness had to be chosen 

• 

\ 

1. 

1-
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'1 
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that wouid f'acili tate the fabrication of' the test speci'mens by 

meanS of a conventional handopera te~ bending machine. Th.e dimen-
o ~ <\\1' . 

sions, ~f the section were chosen such that the plate section form-
l, • 

ing the webs. of the channels would buckle Iocally at a load level 

weIl be~?w the critical buckling Ioad o~'any of the other plate 

elements and also wel~before the entire member became unstable. 
;;' 

In choosing these dimensions, it ~as necessary to 1imit the upper 

bound to that which cou1d 1;>e' comfortably accomodated in tne b-end-' 

ing maèhine. Results and recommendations presented in a technica1 ' 

paper (19) describing research conducted at the University of 

Waterloo were used to establish an optimum flange,to web width 

ratio. According. to this rese,arch, a ratio of 0.375' or le,ss should 

e'nsure both) maximum 'buckling and ul tima te loads. Another 'restraint -1; ~ 

which entered into the consideration~ was the \total area of' the . . 

specimen~ Since the u1timate,intention was to coat the specimens 

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

importance. The maxim\IDl size of plastic ~~et that can be readily 
" '4 / 

fabrica ted by an inexpe:r:ienced worker wi,th conventional equipment 
/ 

-is 10 in. x 10.in. (See Photo. 2.1) f'hus it was realized that it-
1 

would be advantageous to keep the dev~loped width of' the ?ross-

'section below 10 in. T~is restriction was adhered to primarily 

:for aase of fabrication. In actual fact, two piaces of plastic 

can he butted together to form a satisfactory joint. However,' 

this operation prese~ts sorne âdli tional prObl~ms, not the" leaslJ; 

of"which would be calibrating plastips of two differènt sensitlvity 
" 0 

factors. Act~ally. gver the length of the oolumn, adjacent sheets~ 
/ 

of plastic were butted together~ It was'decided to minimize the 
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nÛmber. of joints in the longitudinal direction and eliminate 
'. 

joints in the transverse direction entirely. It was felt that 

since different pieces of plastic wQuld have different thicknesses, 

sensi ti vi ties, ànd fringe " values, the number of different sheets 

of plastic per speci~ens should be kept to a minimum. A thickness 

and CI'oss-s'eotional profile 'were established to ensure tha t aIl of ~,/ 

tha aforementionned conditions' were met. The length of the speci­

mens was also given careful consideration. The'specim~ns' had to . 
be long,enough sa that any stress concentrations due to end effects 

\, . , 

would have diminished in the areas where the buckling phenomenon 

was expected to take place. At the sarne time, however, they had 

to be short enough so that the question of overall instability 

would not enter intQ the problern. AlI of the' above considerations 

led to the choiee of cross-section as .shoW[l in Figure 4-1., ,The> ' 

aluminum alloy trom 'wh~ch the coiumns were f~bricated was 5052-HJ4. 

Typical proper.ties of this ~aterial are listed in Table 2-1. The 
. 

dimensions of the test section were invèstigated using traditional , 
methods to ensure that the web would buckle ~ocally befora any' 

other instability or failure mode was exhibited. The ends of ,the' 

specimens were eut, very carefully and then ground fIat so as to 
1 

assure that ·-t;hey were',~xactly perpendi,cular. to the axes of. the 
, , 

columns. ~his ensured that proper alignment of the specimens could . 
be obtained. Any " significant skeW;ss of the end face,s would 

cause a tilt of the columq, which would naturally induce a flexural ' 

moment into the column and perhaps defeat the'purpose of the test <, 

, l', 
• ! 
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Specified 

Minimum 

Value 

Tensile Strength 34- ksi 

'Yield Strength ' 
'\ - 27 ksi 

,Shear S trength 21 ksi 

Fatigue'Endurance Limit 18 ksi 

Elongation 6 10 

. \. 

Table 2-1 
, . 

TYPical Material Properties 

Aluminum Alloy 

\. 

\ 

Typical 

Values 

J8.ksi 

JJ k~~ 

21 ksi 

18 ksi 

9 %' 
~ 

1.] 
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, Opce the geometry of the test sp~cimens,wasdecided and 

fJl9SSibl\,- problems with the fabrication el~~inated" two columns. 

weie fa~i-cated. It was ~cided ~.hat these two should be teste4., 

without photoelastic coatings to establish the mode for the actual 

uncoated structure. In both tests dia~ gauges were used to measure~ 

out of plane d,eflections of the major plate elements of the spe'ci-, 
., 

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

In both of tnése tests, the general behaviour was similar 

and as expected. In each calumn, a series of bucklès was visible 

and measurable. The usual pattern of square buckled panels was 

observed. (Photographs 2-3a, 2-Jb). Bath failed wh~n the column , 

became unstable after ki1nking at a distane,e of about one-third of , 
, 

the length from one end of ~he column. ~Pho~ograph 2~}. 

The application of photoelastic eoatings is actually an 

"(rt which requir~s patience and, above 'aIl. practice.' Ini tially, 

predetermined amounts of plastic resin and hardener are mixed ~t ~ 

,a specifie temperature for a specifie period of time. The àmount l, 
naturaIIy depends on the size ,and thickness of the sheet to be 

\}, 

, cast. The mixture is poured onto a cleaned 
(U 

and, prepared teflon \ 

eoated plate. The liquid finds its own level and, providing that 

the plate is ,level. i twill naturally be .of uniform 'thickness. The 
,1 1':1 1/ 

pl~stic compound is allowed ta set fa~ a time pntil it reaches a 

,tate where it is mechanicaily stable but highly flexible sheet. 

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

... c> 1 ~ 
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already been coated with mineraI oil. Th~~t is flexible 
/ \..../ 

enough to be molded around the edges with small radii so that the 
( , . , 

two" are completely in cpntact over'the ~hole aréa. The vlastic is 
l' , . , ' 

then left to harden. After i t ~as completely cured ~ i t 'is removed, 
, .. 
trimmed, and thoroughly cleaned. The spécimen itsélf is cleaned 

.,. , 
with a wi~e brush and a series of cleaning solvents,. The "contour- "* 

, . 
ed plastic sheet is glu~d to the specimen by means of a reflective 

• , " e. 
. cement and the specimen is re,ady f9r testing. 

The process, although straightforward in theory. is often 

nqt 50 simple in aetual pr~ctice. 'The time factor involved is 

critical. The sheet ~u~t be remo,ved From the teflon ~late at pre­

ci~ely the right 'degree Qf polymerizatiori or Qtherwi~e the meChan-( 

ical prCJi;>erties of the sheÈff'wi~1 be al terqd during the contouring 
, ' 

proeess or the shee~~ill not be flexible enough tOI b~nd easily _ 

and 'may sha t ter. Unfortuna te ly , thi s is not' al ways as easy t~' p~-
,~ .,.-

dict as might be expected~ 'The rate ,of polymeriz'ation is sensl tive 
. 

to temperature, humidity, thickness of the sheet and possibly 6ther 
~ 

unknown factors~ 
f, . 

'" Also, the enti~e plastic sheet cannot be used to 

coat the specimen. A strip about one hal! inch ~ide must be dis-

qarded sinee, d~e to'the meniseus effect~ it is not of uniform 
"... , 

thickness. It is also nece'ssary to remove a piece one inch by 

thrèE! inches from"the sheet fQr calibratiEg the entire shee:t.' From . 
this piece the sensltiv~ ty constant, k, is determined.. ..This" f~ctor 

;1. 
i8 slightly different for different thioknesses and types of 

plastic and is used when éonverting colour patterns into values,o~< 

'principal stress ~ndstrain differences. The calibration of the 
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plastic is accomplish~d by. f~xing the small piece of plastic to an 

aluminum cantilever beam. (See photographs in appendix~. The 
. , , 

nurnoer of fringes visib,le per inch of deflectiôn is then estimated. 
, . 

This value and the plastic thickness are then used to determine . 
" '1 

~he ~ensitivity. (Figure 2-1). 

2.2 Apparatus 

Th~ en~ire serias of experimen~al tests was conducted 

using an Instron ~ension-compression load cell, model No. D-212-260. 

'This piece of equipment' 1's a deflection-controlled testing machihe 

of relatively high sensltivity. The instrument is equipped with . . 
'an automatic time-load ,éhart so 't~at the appli~d load at any in~ 

stant" is, easily visible and controlled. In this study, this 
" 

featur~ was"of prim& -import8;nce since it was necessary that, at 

. eaèh load level, the load be held ,constant fo-r a few minutes while 

photographs were be:lng taken. The machlne has.a rated capaci ty of 

50,000 lb., with the smallest load range from 0 to 100 lb". 

1 

The'major instrument used in the.experimental analysis was 
" 

a highiy refined refleotive polariscope, Photos~ress univ~~~al 

Large Fie~d Meter Model LF/MU. (Photograph 2-5) •. The instrument __ _ 

was,mounted'on'a completely adjustabi~ tripod and used 

j.unction ,w~ th the ~pecified li'~ht so~ce. ,flThe large field m 

ponsists of a polarizer, an analyzer, and two quarter wave 

J The quarter wave plates are used to generate 'circularly pola 

iight. with the instrument orientated in such a manner'as t' 'pro-, . 
duce ,circularly polarize,d light' directred Qnto g photostress 

i,. 
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coated specimen, bands o:f colour ,are readily vJ.s.i:ble with.-a-crlr-
, , 

cular polarizing fil ter. These bands of colour are called iso­

chrQmatics' and are line~ of Constant principal strain differences. 

By re~ording these isochrornatics at regularly spaced load levels. 
It . 0 

it is po~sible to obt~in a complete histo~ of the propagation of 

principal strain differences throughout.the entire structur~. 

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

recorq the colour patterns at the various load levels, was' a Nikon, 
, . ." 

Model FN-2., The lens was a Nikkor Auto 50 mm f/1.4. This model is 

eq~ipped with a light meter which allows the operator to measure 

!f.~ the degree of light intensi ty directly' through -the len~, assur,ing 

an accùrate reading and therefore greatly improving the reliabili,ty ." . 
of t~ephotographic-r~sults. This'is a most important reature for 

this type ~f wbrk ~inèe it is qbviously necessary to ob tain as 

accurate a representatio~ as P9ssible of the colQur pattern~ ln 
1" 

~. < 

order to be .able to properly interpret them. It is also equally 

impor:t;ant that the film used be one which gives extremely a:ccurat~ 
6. .. ~ 

colo~r reproduction. After much consultation with experts and 
~ ~' 

, . 
sorne exp,erimentation :under various conditions, i t was decided 

1 .. ~ , 

that Ektachrome EHB .135 would be the most sui tabie type.· This is. 

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

f the tungsten light source in the Large Field ~eter. 

, 0 

The'be&t technique for recording the colour patterns was 

established only after a periodof trial and error. Many of- the 
. 

problerns were simply effects which had not been fOTeseen and which 
.\ 
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l 

nad to be solved as they became apparent. The light s~urce, for 

instance, is'a, tungsten lamp *~Ch ha~ a tendency ta create "hot 

spots" on the spe~imen unless i~ is placed fa~ ~nough from the 
<-

test ~pecimen. Perhaps the m?st bothersome problem was tbat of 

reflection. Sorne light is reflected from th~ top surface of the 

plastic and ~hus makes the readings on the light meter practically 

,useless. The problem was solvep by tilting the light source in 
" 

such a way that any'light reflected from the top surface ?f the 

plastic was ref~ected awa~ from the camera. Another problem, , 

which caused a great de'al of trouble, was that of light reflected 

fr.om other, li,ght ;sources in the test ,area. This extra light has 

a tendency"to upset the delicate ,balanc~ requir~d betweén the 

j light source fljom the instrument and the film which is used. This 

problem' was alleviated 'simply by removing, aIl other light sources 

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

checking the readings recorded on the fi"lm for a simple cantilever 
, . 

:test with known and'accepted theories. (see Photograph 2-7). The 
, \ , 

result~ were extremely accurate and thus vèrified the accuracy of 

. ,th~ stage of the research. (See Table 2-2). 

. 
2.3 ~aterial Control Tests 

Itr. was necessary to de'termine the pr,operties and quali ties 

of the individual materials used during the course of the study. 
" _ f ' ' 

It was felt that it"would be not only beneficiaÎ but absolutely 
, 

n~c~ssary that a test be performed ta de termine the'stress-strain 

relationShip of the material. This information was to be used in 
, 

the computer ~dealization so that the non-linear properties of ,the 
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material would ~e represented as accurately as possible'. Two test 

coupons were cut from the sam~ sheet of aluminum as the test 

,specimens. A tension test was performed on each co~pon and average 

values of stress for various·levels of stpàin were established. 
(1, 

These values were used to establish a the.oretical stress-strain 

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

resu~ting relationship is shown ~n Figur~ 2-2. 

Some type of verification test was also needed to ensure 

that the quality and propertie~ of the photoelastic plas,tic would 

be as expected. It was necessary, therefore, to devise s'orne type 

of simple, sure 'test 'ta accompli.sh this. A cantilever beam waS 

" chosen. A pie ce of aluminÙID cut from the sarne sheet as the test 

specimen, 12 in. long and 2 in. wide, was coated on both sid'es wi th 

" a thickness. of plastic approxima tely the sarne as tha t used on th7r. 
actual test specimen. (Photograph 2-6). By performing' the ap­

propriate calculations, an equivalent section was established and 
~ 

. the expected levels of stress ~or various load levels were deter-

mined. The plastic used in the verification test was then cali- ' 

brated and a simp'le flexu:ral test was· ·p~rformed. Reaqings for 
J , 

levels of stress at "arious load leve1:s were taken, (Photograph 

2-7). These were comp~red.with the analytica~ solution and the 

results are shown in Tabie 2-2. It is apparent from these results 
. . 

tha t the- accuracy was exceptionally good. ' Any errors which occur-

'red·were well,within acceptable levels for ~xperim~ntal work~ .In 

'short, the verification test prov~d beyond rèasonable doubt that 
! a the methods of fabrià~tion of the plastic and the system use'd to 
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interp;t:'et the results were not onl:y-wIthin acceptable 'bound'S-:-~-Ç 
~cttmlly of extremely high accuracy. This confirmed ·tha t the 

~ 

methods used to prepare the test specimens were entirèly satis-
d 

factory. 
.. 

2.4 Test Set-up 

The set-up fOr t~e experimental tests presented a number 

of problems., Ini tia11Y' a' rel~ti~ely s:,iif Pl.Jte ~as ,used' to trans- '. 

mit the load to the column. By positioning the column so that the 

center of the cross-head of the machine cofncided wi th the 'center 

of gravi ty of the cross-se,ction of the column, i t was, fel t that 
'. 

concentric loading would be guaranteed. Tperefore relatively . , 

, " . 
stiff steel plates were used at both the top and bottom ends of 

the column. However due to possible inaécuracies fn the fabri­

cation of the columns, unequal proportions of load might have been .. , 
introduced into various parts of the cross· ... seètion. In ah effort 

. . 
to eliminate the possibility of non-Uniform load distribution the 

bottom of the column was m'ounted on a baIl and socket support. 

. ( See Page A-5 ) , 
Various probl·ems occurred çluring the preliminary stages of 

tèBt~ng. For' example, it was initi~lly assumed that the best re­

sults could be ac~ie.ved by butting the. en~ of the plastic f'lush 

.w~ th the end' of the aluminum. However, this proved no~ to be the 

case. The high local stresses caused cràcking of ~he plastic ànd 

sUbsequ,ent inst~bili ty at the end of the column. It was then de­

cided to apply the plastic .ta the main part of, the column but ta 

leave a length oi' one inch a t ~each end free of, plastic. It was 
" 

feit th~at this would eliminate -the cracking problem, Dut still/ 
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"- C~TlLEVER TEST 

,< 

Posi tioOn Colour ,Exp Corrected Moment Theoretical ~" 
• 

From 'End - strain ~p Strain (in-lb) Stra~n 'srrc 

(ih) .).tin/in Jiin/in Pin/in 

. , 
.! 

- 1 Light .ye~low 500 4fSo 5 475 It0 . 
2. Tint of Passage 945 907 10 950 . 4% 

3 Ye1:1'ow 1.520 1459 15 142.5 2.4;: 

4 Red + ~ 1850 1776 200 1900 6·57-
~ 

5 Green + 2360 2265 25 2J75 L:. .4j. 

6 Pink + 2800 2~88 \. JO 285,0 5. 6~ . 
, 
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allow ~he column to behave as expected. In retrospec~ this was a 

'/, 

poor decision as the, column became unstable at the énds due to 

the reduced composi te cros~-se'ctional area. It waS finally de­

" 

0' 

~ 

cided that a satisfa,ctory solution to' the problem would be to' 
, 

apply the plastic, ta the very,ends of the columns but bevel it. 

The bene'fi ts of thi3 arrangement wou,ld be two-fold. First, thè 

~nd of'the ~lastic would not' be flùsh w~th the support, sa over­

stress and cra?king would not be a problem. ,Second, since the 

plastic extended comple~ly ta the ends of the column, local in- ~ 
\ ' 

'1 ' 

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

successfully used for th~ remainder of' the tests. 

, ' 

The primary obje~tive of the reseaFch was to provide an ex-
, 

tensive set of' data fo\r o~e ,particular type of local buckling in 

folded plate structures. Therefore, a few slightly different 

types of t~sts' were tried and that which yielded the mos~ exten­

siv'e, consistent resul ts was used to verify thè accuracy of a pre-
,) 

viously developed computer program. Infact, the test set-up de-

scribed herein was used to perform tests ori concentrically and 
'1' 

eccentrica~ly loaqed columns. 'It was,soon discovereq, hawever, 

that the. effects of overall 'bending in the columns tended ta mask 

the effects of local plate bûckling. Therefore, the major,i ty of 

the effort was directed towards concentrically loaded columns, 

Boj:h loading cohdi tions were,' in fact, a ttempted, but the lo.cal' 
, , Q , 

buckling'phenomenqn soon proved ta be much more readily visible 

when the loading wa~ concentric •. The tests were thereafter de-
, 

, voted to obtaining an extensive set of data for the concentrically\ 

l,oad~d 'column! 
\ . 
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THEO~TICAL S~T-UP 

J.1, Photoe1asticity Theory 

Theré are'· threé areas which 'must be considered in order to . 
describe the theory which ha~ been used during tne course·of this 

t 

i;> research. ~he first is, the basis of the photoe1astic coating 

techniqu.e for which a detailed the'oretical description is beyond 
, . 

the scope of this study. Anyone wi~hing·to have more information 

con~erning the technique<may refer to the bib1iography where sorne 

basic and traditional works are listed. There is also kenti~n of 
1 

sorne more recent deve10pments as weIl as speciaIi~ed c~se studies.' 

It may be useful, however, to give a sh~rt, rather'general~ d~s­

cr~tion in orde~ to bring to mind the basics, of the teChnique. 

The theory of ,photoel,astici ty is based p:rimarily on the 

theory 'of Iight and .some of the special properties of certain types 

of plastic. Light i8 a series of waves containing vibrations in aIl 

,directions p~rpendicular to thédiFection of propagation. The vel~ 

ocity of l~ght in a vacuum is a .con~tant, c. In transparent bodies, 

the velocity is slightly lower. The r~tio of the velocity of light 

~n a-transparent body 'to 'the velocity in a vacuum is called the 

index of refraction. In mos t ma ter~als 'this index is cons.tant, 
" 

regardless of the direction of propagation. JJrystals are ,an 

. , 

, 1 
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ù exception to 1his rule. The index depends upon the orientation r-
of the vibration of the light W\th respect to the axis -of the 

crystal. M~st plastics, on the, other hand, ex~ibit optical pro­

perties of both crystals and,other transparent bodies. They be-
....."..,.. - . 

have isotropically wh~n uns't:ressed but anis.o'tropically~'when strèss-

ed. Interestingly enough, the change in the index of'refraction . 

'is ~ funptiori of the strain induced~ This behaviour is comparable 

to the- resistance change in an electrical strain gaute. 

The introduction of a polarizing fil ter into th~ syste~ 

causes circularly polari~ed light to be generated. As the light 

beam strikes the plastie it splits and two plane polarized bearos , 

are forrned which lie along the planes corresponding to the planes 

of'principle strain, at ,the point of entry. The time required' for 

the two, light beams to ',Pass th'rough 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 bearns is therefore 
\ 

simply a function of the thickness ,of the plastic and the difference ' 

in the indices of réfraction. Since it was stated earlier that 

the, inde:x of ,refraction is proportional .to the strairi and' a pro-

pert y of the plastic called the strain optical coefficient, ~he 

relative retardation is proportional to the principal strain dif­

ference at any point. In a study such as this, it is ,beneficial ta 

produce circularly polarized light in order ta study:: :lines of equal 

colour. In this system the intensity of the emerging light is zero 

when the relative retardation between the waves is equal to an in-.. , . 
tegral multiple of the waveiength of the li&ht.For particular 

~,~---~~----,~-----'-,-,---.--~:-_-'.0~'--_~'~~~~~-~ç:~~~~~~~~~-~l'J~ .. ,·~·.""_r.,""""".i~ë'., •... """".' ••• ''''If 
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values of wavelength, a partieular'wave Will disapppear and the com-

plimentary wave will, be seen. .By ~efinirig this ,basic theory and i -
ev~luating .specifie cases, a' "colour,-stress conversion table" (See 

Table )-1) has been ,deyelopea. The expression for the difference 

in principal strain is: ; 

\'Ihere N,' 1& 
,,~ .. ;;;, 

A • 
E&€ 
l 2 

:II 

K = 

t • 

1 

= NÀ 1 

2Kt 

Integer 

Average wavelength of ,white light • 22.?~IO-6i~ 

Principal strains 

Strain Optîcal Coefficient or Sensi t'~vi ty 

Thickness of Plastic 

).2 Finite Element program 

The finite elemént prograrn'which was used, in this study was 

developed and perfected by H.P. Lee (32). It would be beyond the, 

scope of this 'studlf to explain it in any great detail but a general 

des'cription will be included so as to· familiarize the reader wi th 

its overall capabilities. 

The general approach in the finite element met~od is to 

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

assurned displacement function: The choioe of element size and 
, . 

nurnber is important because this is one factor which deterrni~es the 

• 'degree of~accuracy ~f the idealization. Usually, ~e m~re elements 

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

the number of calculations which must be performed in order to solve 
1 

.. ' the problem is directly proportional to the square of the number ~f 

, \ 

: ' 

l' 
: 1 , , 

, . 
, , 
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COLOUR 
, 

STRAIN STRESS 
" 

1-

" '':;: ,. 

ft }lin/in r • 
;Sf pSI 
~," ,',-, , 
'i 
~!:~. Black 0 0 

, ~"- Grey 17,9 1300 
~t' 

White 430 3300 
~ 

Very Pale Yellow 460 3500 ; l 

Light Yellow 500 3800' , " 
Brown-Yel1ow 720 5500 

Reddish-Orange 84-0 6500 
'. 

Red, 
.... 

/ 9PO . 6900 
, 

v -<~ 

o Tint of Passage~, 1 94-5 7200 " " ,. • 

," Indigo " 980 7500 

;. 
Blue' 1100 8500 

, , 
; 

I[ Green , 12.50 9600. ,. 
" ~, Greenish-Ye11ow 1450' 11200 

t Pure Yel10w 1520 11700 , . 
ora~e 1670 12800 , ' 

J 
~ 

'~ 

, ' " 
Dark Red, 1830 14100 '\ 

, 

~ 
Tint of Passage 2 1890 14400 ", 

'. } . 
>', 

• r Indigo ·1910 14-700 ' , 1 

, ' " /t 

~ :~~ 
" ' 

rr'~ Green 2200 1710p 
\1 
ft. Greenish-Ye11ow 2380 18300 
f[. 
, " Carmine ReQ 2550 -19600 J. 
'~1\ '. ~. 
~-, Tint of ~assag,e 2835 21700 
if' • ," 

~ . 
Colour-stress .conversion Chart 

'It 1 

'l'able J-1 

:G 
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elements. Also r the choice of disp'lacement funotion must be care­

fully made so tha t the, representation, chosen accurately reflee,ts 

the actual ~ehaviour of the structure. Elements are defined by 
, 

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.-Thepolynomials Vo?hich corres-
" 

pond to each d-tÈrp-racemen~ funct~on are 1 --_.-- ------ ----------------'-------1 

1, x, 'y, 
, 

Ut xy 

VI 1, x, y, x2 , Xy, xJ , x2Yt 'xJy 

WI 1, x, y, x2 , xy, y2, xJ, x2y, 2 xy f y3,.,x3y, xy3 

This element was ch~sen t~ best de scribe the type' o,f behaviour ex-

pected in folded piate s.~ructures. It is necessary to set up the 

elements an~~number the nodes in a certain manner in order ta 
1\ 

achieve the maximum efficiency of t,he prog;ram. 'The idéalization 
, 

which was used in this study is shown in Figure 3-1. The material 

properties which were usea in this idealization were shown in ' 

Figure 2-2. lt ~s necessary that'for this type of study"whe!e the' 

mate rial is assumed to hav~non-linear properties sorne type of , , 

material idealization be used which closely approximat~s the actual 
" / 

mater~al behaviour. In this study, tests were performed on coupons 

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

generated. This basic information was'used to develop a mathemat-

ical curve which could be used by the computer • 

• 
The program gave results for stress and strain at various 

load l,evels and at various points on the 's,tructure J Ix also gave 

, , \ 
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re'sul ts at various leveIs throughout the thickne;3s of the structure . 

. It was therefore necessary to use the values for stress and strain 

a t each 0':lter. surface corresponding to each point in order to ·separ-· 

ate ~he flexural and axial component~ of stress. Once this was done 

i\ was necessar,i to convept these individual values of stress and 

strain aï a point into corresponding values for principal stress and 
" , 

strain differences. Th,ese resul ts were' then co~pâred directly to the 

resuits' ootained, from the experiméntal program . 
\< 1 
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CHAPTER 4 

( 

, InSCUSSION OF EXPERIMb;NTAL IlliSULTS , 

The col'umn was tbsteéi under a concentric axial load. 
/ 

The'-/ 

cross-section was a shoWn/in FigUre .(4-1). The ultimate load was . ' -

l5,200,~b. The load-deflection record was as shown in Figure (4-2). 

The column behavio~ throughout the experiment was similar to that 
, . 

of the uncoated specimens. 'l'here were definite indications that 
, . 

the previo~sly observect buckle pattern in the 'channel web was gen-
, ' 

erated. ~his was seen by the co1our bands in the photoelastic 

coating and also by the external appearance of the top aurface of 

the ,plastic which exhibited definite high and low points although 

.no actu~l deflectio~, r~adings'were taken. As previou~ly stated, 

i t was fel,t', that a great deal,.of work had already been dcme in this 

area. -The major aim in checking that this phenomenon occurred was' 
~ ~ 

to ensure that the general behaviour of the coated and uncoated 

specimens was similar. 

The sècond major observation w~s the actual mechanism of 

failure. Bath the coated and uncoate~ columns fi~st showed signs 

of buc~n~and k~nking at ~'section about one-third the length up 
\ 

from the bottom. Also, in both cases,. thE! bottom of the column then , , 

r~te~ and the load-carrying capacity decreased. 
, . 
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It was feit that, sinee the general behaviour throughout / a \,' '-* 

the loading sequence and the,actual mechanism of failu+e were 

si~ilar in both the uneoated and coated specimens, the test set-up 
~ 

and idealization were ~ecurate. 

Upon detailed examination of tne photographie records, of 

the experiment, one can easily Qbserve the expected propagation of 

stresses. At the' o'utset of the loading sequence, there is a fairly 

evenly distributed dark grey colour .throughout the specimen. Sorne 

isolated areas of whi te an~ yellow are V~~'ble but these are at 

'points of direct Ioad application and ca; Qattributed, to the 

s~alJ: initial loads used to hold the s.pecimen in prope~ alignment ~ 
1 

_As·the loading sequence , progresses, definite .bands of colour.become 

'. 

i'ncr"e~singly diseerrüble. ,As the load level is further increas'èd; 

,the Îcolour patterns begin to repeat. There are definite areas,{ 
\ 

mpre noticeably at the en~s difectly under the point of application 

of the load, where the width of eâch CQlo~ band is very smail. 

This signifies that in'these areas the levei of, stress is changing 

very rapidly from one poin~ on the cross-section ta another a slight 

distance away. As the Ioad levei is increased, ,i t becomes apparent 

that there are ôther areas where the condition of rapidly.changing . ' 

stresses is eXhibit~d. From a reIat~veIy early stage in the load-
. 

ing sequence, narrow colotU' bands can be seen at a poin't abo\l1t one 

third of the length up from the bottom,of the specimen.' The bands 

graduaIly.~iden coth above and below this point. From a reiatively 

early stage it can be deduced that this area is on~ where relatively 

. ~ " 
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-, 
hïgh stre~ses and pe:-l1aps local instapili ty 'May be exhiM. ted. In 

retrospect, this is in factthe Case. It is precisely,at this 
• ~ l, j 

point' in the specimen that th~ failure sequehce is initiated. The 

question t~at immediately c~Iries to mind is ,why did, t~e~ high 

stresses and the accompanying instaQility oceur at thls particula~ 

poi'nt in .. the structure? The questio,n is defini tely4worthy of con~ , 

sideration 'and will be dealt with later in the discussion. However, 

one factor that should definitely be at least p~rt of any explana­

tion is tha t of ini tial imperfeetion~. Ei ther ma terial or g'eo-

"'metric imperfections, possibly sorne combinati9n' of the two, contri,-, 

buted to make'this point in the structure pa~ticularly su~ceptible 
1 . 0 

,~o hign stresses under this type of loading. Fi~ally, t?e possi­

'bi'lity of"human error in th~'test set-up, regardless of hovi smail 

would defini tely rontri,bute ta ma king some, areas of the cross-section 
. ~~.', 

more cri tical than others. c:: 

f' 

.J 

The,displacement of the tross-head of the testing machine 

durine; the' toest was plotted automatically, against the load leveI. 
" 

The resul ting ,rÈllati~n~~ shawn in Figure 4-2. As waS ta 'be ex-

pected, 'there is ~ certain section of the graph'that i'8 a straight 

line. This illustrates that the structure is deforming l~nearly 
o 

during appliçation of the load. At a load of about 800 lb' there is 

a,definite change ip slope of the graph., At, t~îs .point.the struc­

ture, af~, havin~ undergone s,orne initial ~~te,.o:t déformation,' 

begins te stiffen. The structure behaves non~~inearly as it con-
1 

tinues to stiffen. up to a load of about 2000 lb. From this point 

up to about 10,500 lb, the graph ~is once ag~~n a straight line 

'~ C
r' .. <-j 
--..r- ' "\ . ( 1 

AI 
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indj,..ca ting a basically linear:behaviour. From 10,.500 lb' to the 

ultimate load of 15,200 lb, tl1e behaviour is agaip non-lirear as 
. . 

the structure starts to we~ken and finally collapse. It is quite' 
- ' ~, - '* 

apparent thàt there are various ,ph~ses that the structure passes 

through in the course of the test. The phases during which the 

structure exhibits a linear type of load-deflection history il­

lustrates a condÏ't~on wherein the structure is bafiiically stable and 

most of the deformation' is axial.in nature. On the other hand, the 

sect~oris. which are non-linear indicate that the structure is un-
.~ 

stable to s6me extent and the deformation which is recorded i8 due 

to combined'axial and flexural effects. The-first non-linear 
, '.., 

section (from 800 lb ta ~oughly 2000 lb) is,probably'due ta a 

,~ 
'" .. . )~ 
~;" 

, ., ... 

.. .1 -'. 

_ "settling-in"- effe,ct. The structure has taken sorne load and ha~, 

as~ result, undergone a certain amount?f delormation. At this 
, . 

point, the sti~fening effect under ~oad becomes sigpificant enough 
, 

to becorne apparent in the loa~-deflection curve-. This effect is 

transient,. however, an~ as soon as thr.structure once ag~in reac~s 
/ 

a state of stable/equilibrium, the linear relationship reappears. 
, ,,,\ 

It is only when the effects of the buckling become significant 

tha t the behaviour. again becames nan-linear. At this pO'int' and 

beyond, ~he bending strésses'are starting ta have a,large effect on 

the b~haviour of ~~ecstructure. 

,of the plate elements which tend 

after initial deflectian. It is 

" 

It is the, nat'ural s-tiffening effee,,; , . 
ta allaw the structure ta stiffen 

thi's phenomenon which gi ves folded 

~late struct~es the great re~erves of post~buckling $trength for 
, ·1 

. .. 
which they are not9d. 
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It, is possible to select individual. points in the specimen 

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

of stresses and strains. In actuality, the curves in Figures 4-3, , ' 
4-4, and 4-5 are a plot of load verses principal strai'n differences. 

T~e curves have. been plotted for three points. The prineip~ strain 
, ( 

differenees were determined trom the photographie records at the 

centeL' of Elements Il, 16,' and 21. TheBe 'three pOin\s ar~ aIl in 
.,- ' 

, the general area C?f the buckle which appeared i~ the test specimen;' 

Therefore, it iB 'probably correct to assume 'that the effects of 
, . . " ~ , 

buckling had a more long-l~ved and pronounced effect here than at , 

any other point in the specimen. The bending èffects should prob-
. 1 

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

at these·points than at any others. 

Taking :(irst, 'Element 16, and invel:!tigating the shape of the 

eurve of plain strain d~fference versus load, it can te seen that 

the relationship is very nearly linear up to about 1500 lb. The 

curve starts to diminish in Blope at about this point signifying 
fit 

that the deformation is starting to become non-linear and the . " . 

, struct~re more flexible. However, at a 10ad slightly higher than 
~ 

rihis, aetually somewnere between 800~ and IO,OO~ lb, there is a 

" point of in:(lecti,on. This çould be ~dication that the structure 

has ~uckled locally and, as a res~lt, deflec~ed out of plane. This 
',,~ . 

deflection has~aused th~ atiffening affect which i6 illustrated: 

by the steeper slope of. the curve. From this point on, the deform-
" ation i,~ graduaI but continuçlUs , and constantly in ,the same diree-

~Ae st~fening . 
;.Is tion. affect seen ft'om the curve to continue to 
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,Element No. Il 
Experimental Results 
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a point at about 14,500 lb. At this point, the slope o~ the curve 
l ' 

changes rapid1y and the deformation anct principal strain differences 

increase very ~a'pidly wi th only a sligh t . inerease in ioad .. , F,ina11y. 
'. ' 1 

at a load level of'about 15,200, lb, the load-carrying capacity of 

the structure decre~ses shar~ly and large d~fqrmations take place. 

, 
The sequence of events which occurred during the test can 

~ 
be'summarized as fol~ows" From the oütset of the test, the column 

behaves ~nearly and most,of the resulting stre~ses and strains are 

'the resul t of direct axial load., The second stage is short-l~ved. 

It is the s,tage where the 'column, exhibj" ts a non-linear behaviouIl-. 

This i9 'most like'ly due 'to a ,si tuation where, bending effects, have 

become' sigriifica~t'with respect to axial effects. ~It ls somewhere 

in this"stage that the actual buekling of the plate elements takes 
. e.. 1 \ 

place •. The third stage .ooeurs when, the adjacent plate elements 
, . . 

start to have a stiffening effect on th7, buc~led and defo~ed' ele-
" 

ment •. 'T~is stiffen~ng effect c?ntinues unt±l the adjac,ent plate 

eleinents themselves become uns table due t'o the high combination of 

a~ia,l and bend'ing stres~~s. It is not easy to determine the exact 

load at-which the transitio~ from one stage to the next oeeurs. 
, , 

This is understandab1e beeause the eolumn ls not'ideal and therefore 
" " 

there are no sharp transi tian poi.n~s ~utQ ·rather graduaI transi tians 

which take ~lace over, a S,ignifieant load lnterval. 

It is now appropriate to investigate sorne of the other 

points in the immediate vicini ty of element number 16. This shoitld 

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

o ' 

.. 

1 

'" 



, , 
'. 

\ \ 

tha t the bu'ckllng was' ini tiated in this are a . If buckling was in­

itiated at this location, it would .he natùral tb assume that other 

points on the cro'ss-sfction would di'splay th'e ~r~di tional signs lOf' 

a buckled condition to a lesser deg~ee., I~vestigating Pfint number 

lIt: \yhich is si tuaied along the length of the cqlumn at a point '~/ 
• \00 1 

slightly lower than ~oint 16~ it 'is evident that the ~xpected re-' 
/). . 

~ul ts indeed occurred. The stages thr,ough which the point passed 
i 

during.the load'sequencé are onc~ again evident. HQ~ever, it ls 
. . . 

clear that the transitions from one stage ta the next are more 

gradu~l and even ,1ess elearly defined. T~e curve of load versus 
~ 1 ~ 

....... principal strain difference is ca.lmost--linear--up ta about 10,000 lb. 

At this point, there l.s a definite, stiffening eff~'ct. However, from 
, 1 
this point up to the eventu~l collapse load, lit is evident that the 

bending strains become increasingly more dominant. From these 

observations r. i t ijl.erefore seem~ correct to ,collClude that al though 

this pqint displays sorne of the tradi·tional characteristics ot: a 

buckled situation, none of the signs appear to be so str6ng as to' 

lead to the conclusion- tha t buckling was ini tia ted a t this point • 

. " Point 21 is the next to be examinèd. Once again, the 

familiar~inear section of~the load-displacement curve at a load 

somewhere between 8000 lb. and 10,000 lb: ls evident.', This initial 
_ 0 

stage is followed once again by a relatively shor.t stage where 
'Î" 

stiffening ls apparent. This stage is followed by a longer one 
..t 

where the bending ~ffects' become increasingly more significant un-
, . 

til finally the. load-carrying capaei ty decreases and collapse' re-
, . ' 

Il sults. Once again, these stages are characteristic of the history 
;r~ 
.~lr' 
~ ,Ji; 

1 

1 

I
~'!;:' 
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of"a plate ~lement undergoing local buckling. However, these 

characteristics are not evident to the .. same extent as they were 

for Element 16. Point 21 is loca~ed higher on the' length of the 

column than ls Point 16. From the evidence that ha~ been presented,' 

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

plate eiement of the column was initlated very close to Point 16 • 
.Ai' , 

Points 11' and 21, si tua'ted above and below Point 16 on the column 
~ . 

lI', 

length, ~oth show indications that the y are in the generai vicinity 

of a local buckling phenomenon. However, neither of them show these 

indications to as great a degree as Point 16. " 
~ 4 

The second 'eff,e,ct t)that can be observed :t',rom these experi-

m~nts is the propagation of the stress pa,ttern. 
~, . 

By studying the 
• 

overall structure and observing the stFe?s pattern from one load . \ 

level to th"e next. i t is possible to gain sorne knowledge of the 
, ' . 

1 , 
i 

actual behaviour of the specimen as a whole. Classical thèory 

indicates that where an ~'ia~l~ loaded structure',maf up of .p,la,te 

e1ements undergoes local buckl~ng, the pattern that the buckles 

take up is that cir a series of square panels. It can also b'e shown 

that adjacent panels il;' a series of squar~ buckles deflect i~' op-
, 

posite directionS. Therefor~, if one were to study the relative " 
, ,. . 

stres~e~ and strains which are present in a loaded s~eci~en ef this 

type, one might expect to observe a serles of'circular or. r~lative17 . ' 

circular contours. There should be concentric, contours very close ' 

together in the case'of rapidly changing stress or, conversely, far~ 

th~r apart in the case of st~esses ~hich are not chang~ng as rapialy. 

In each case, the outer. ring of each Ejlet ~f contours would be ad-

/ 
1 
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jacent to the outer ring of the neighbouring set of contours. This 

pattern should'be apparent whether the specimen is loaded concen­

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

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

,oe eccentricity. I? the c~se of,high eccentricity, the ~vera1i 

bending effects could make the pattern of ring contours harder to 

recognize. Howeyer, upon close exarnination, '. i,t should always be 

possible to separat~ the t\vo e'~fects anq isolate them • 
. , 

. ,Photoiiaph 4 .. 1 ~as take~ at a load 'of 7000 lb during a 

test ~n a ~oncentrically loaded column. lt can 'be seen from the 
o 

, changing patterns of colour.contours that, f~r the majority of this 
~ , 

section.of the structure, the changes in principle strain diffe~ence 

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

there any indication of rapidly changing leveis. of stress. This is 
\ 4 

undoubtedly due ,to stress con'centrat'~ons created by the end effects 

due to hearing. ." 

interesting to • though is a 1 lt is also note that~ even there 
1 

! 
sma!1 area that is obscured by glue which has ~,queezed betweeri 'two 

, ' 

adjoining"pieces of plastic, the general colou~patterns seem to be 
, 

continuous and,consistent on each side of the plastic j~int. From 

this picture, it Is quite evident that no apparent buckling has 

taken place' at this load level. There is no indication of circular 
~ ,~ 

contours or even repeated colour bars'which could signify coloùr 

contours in a less than idealo specimen. 
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Photograph 4-2 shows the sarne area of the sarne specimen 
IJ 

during the sarne testing sequenee'at a load level'of 8500 lb. The 
, ' 

same general effects are recognizable~ although each seems to be 
" ' 

pre~ent to a greater degree. The stress concentrations due to the 

end effects are ver~ noticeable, even to the extent that it Can be, 
j 

seen that these concentrations origiriate at the c~~ners of the 

column and that the center of the largest plate elernent i5 relati ve- -

ly unstrèssed at the base of the column. Once. again, there is re-

1ativ~ly little 4.ndication that buckli~g has oceur,red. It would 

be safe to'assume that no local buck1ing has, as yet" taken place. 

At this load' level' i t is again noticeable tl1at the continui ty of 

colour patterns is qui te gO?Q. across 'the joint between adjacent 

pieces of p1aitic. This would lead one. to believe that very little 

::. residual stress was introduced into the plastic during the' bonding' 
( 

procedure. 

Photograph 4-J shows, once again, the sarne condi t,ions as . 
the previous t'If 0 plctures but the load ,has been further inereased 

to 10,000 lb. At 'first glanee, the sarne patterrt as the previous 
1 

two photogr~phs seems to be,exhibited. However, upon closer ex-

arnination, a subtle difference is evident. ~hereas at loads of 
/" 

7000 & 8500 lb. the colour pattern was rather seattered 'and actu-

ally did not seem to ~ave any defini te pattern, this is' no't qui te 
" , 

the case at 10,000 lb. The'eo1ours seern ta have separ9ted into . 

two major d'i.stinctive regions. The first extend,s from just slig~tly 

above the end eff~cts' and continues to just below the interface be~ 

1 
/ 

j, 

( ) tween the two pieces of plastic and i t l 

is basically ,aIl yellow. 
" 

) 

, , 
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Colour . Patterns at 10,000 lb 
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, 
This i~'interesting since it'seems to indicate ~t this region has 

. ~ 

undergone. sorne kind of change which' has caused this whole area to 
" 

be stres'sed to roughly the Bame level. , The section -of the column . 
• j,\ which is' directlY,above this region is also practically aIl red, 

itfo.icati~g that thi~ }.~giOn ,isalso ~ll stressed to reIa~ive~y the 
o , 

• • 0 ~ .r'J ' 

sarne stress level, in thia case ~ higher one. These observations . \ 

could indicate that ani. one of severai differ~nt conditions ex~st. ' 

First, they could point to the fact that sorne type oi local buck-
1 

ling has 'taken place and'that the out of plane deformatiQns onè 

would expect have! act,ual,IY· taken place. The. different colours give 
, , 

some indication of the location and exten't of the buckle anà could 

• be used to estimate the. extent of the deformation~ 'The large areas 

of different colours could aiso in~iéate ~hat the éolumn loading ~s 

not actually concentric and that the Ioad is slightly displaced in 0 

1 

\ 

the out of plane direction of th~ major plate element. 'This would 

cause th~ .~ntire column to bend in this direction and inJ~ce stress-

es which would increase'toward the cente~_of the columrt. It is 

quite possible that tHe eff~~ts which are' illustrated in the photo- . 
" 

graPhs are actua~ly a combination of these tWo possibilities: There 

is-ano'the~ con~ition which seems to ~av~ b~~ ~o d~~eloP in this 
, , 

photograpffwhich i~ wo~thy of mention. If the end effects are' 

stud~ed closely"it becomes obvious 'that the effects'are more pre­

'dominant on one side of the' speCimeq~., Th~s 'could indicate ~hat ,the 
, , , 

... Ioadihg on the column ;ls -displaced"aSl~gh~ly in th,e, tr~syerse dIi-

rection. This'is ~ot,nedessarily a detrimenta~ sItuation in the 
,..... ..' 

light or the ~~ir~}experiment. ' AQtually, it would be quite Un- ' 
~~asonable to expect t~t. i~ an,xperiment'o~'tfiS ~e.' th~ load-

,1 , 
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.". , 
ing wou~d be perfeètly concentric. lt is, however" necessary to 

keep,these point~ in,mind when analyzing develdpments and conditions 
, , " 

~n subsequent photogfaphs. It is also'prQb~bléo that sorne Qf these , 1 - 0 

effects are due to the fact that the co~umh wa~ fapricated by the 

author on a hand operated press b~ake and naturally does not demon-
l' ", 

, • 0 .. 

str4j;e afl the q~ali ties of '"an Ideal column. '0 

\)f " 
Photogr~ph 4-~ shows the,stres9 pattern at a load'of 

, 0 , , 

11,500 lb. Sorne of the, same effects prev~ously discussed are onc'e 
, , 

again,evident. They' are, ho.wever, 'starting to bedorne more readily 
, ~ .. • c 

this< p1}ptogr8.JW 'thè~e, ,are very' f%trong 
, , 

visible. For example, tn 
• 

indic"ations that, the ,cQJumn, ~oading is defini tely displaced in the 

transverse 'directio~ and that ~he ~oJ:umh geometry' is S'u~h t~at 
, '" , 

column is' possibly' bi:s,ed slightly ~owar~- "one side., There f~ 
,> , 

'J, 

fini tely môre red, ~n_ on~ ~~de' ;f the colt~mn ~than on th,e other 

the 

de-

, 

the, end effects on ~hat same side:' have e~tended' much hVgher: oh the 
~ ~ 1 ~ Il L, 0 

column. ' 'There is one inter~sting observation, however, ,thatl,~pah bè 
a Il ~ • . \- ' 

ma.de 'concernÎ'l1g the buckling ~nenomencm. The expected series' of 
~ . ' 

.. \ 't: ~ 

\ circùlar ?blour contours seem to Qhave started to develop. 'They ape, 

'.llOwever, develop~ng' no't, ~n the Cetlter line of the OOt~n ~s exp~c't~~l!, 
but ~are displaced to: one side: 

~ , ~ ~ 

, . 
This' woul~ seern'to be consistent- with 

$ome of?''the observations. 
Q 

What- this qreans is that because .o,f ,the 
• i ,tJ' , " 

i 
p 

01 
J 
, , 

Slig~tlY/ec~en~ricoload, :thè ~Or~al~y Vis.i~le aria Gen~er~d stress 

contourd due to local ,plate buck~ing are .being somewhat obscured and, 0 

,. 0' 0 ~ 

mi~ed with the stresses generated by the·Ùne~pected overa~l biax1al 
\ ' 0 " 'Q 

.. 4 0 \. {l" 0 • ' '1 . ' 

bending pf the column~ ,Unfortun
q 

ately, this makes 4eta~le~ study of 
~ 0 '(~ 

the buc~ling ~ffect~'somewha~ more diff!C~i~.' It ia' still ~~t~~ 

, " 

~ , ' . 

" ' 

, 

" , , 
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Colour Patterns at 11.5~O·lb 

'Photograph '4-4 • " 
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possible', neverthe1e5s, to make gel1~ral observations and qui te prob':" 

ably draw some reasonable conclusions concerning thi5 p~enomenon. 

'It is interesting to note that the pr,~sence ~f the colour contours 

Seems to be cen:tered about 7 or 8 in., up t'rom the bottom of the 

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

raPhS of ,loa!i his:t0ries of indi viduai points on the structure were 

dlscussed, it was determined that the local buckling was centered 
Co t} 

at just about the sarne' location onCthe column. This wouid seern to 

verity the hypothesis that t~e colour patte~ns~whi9h are observed 

are actualiy being produced in part by the' local buckling effect. 
e , 

It is also interesting to note that ,the" load levei at which these 

effects were first observed was somewhere between 8,500 lb and 

10,000 lb ifl both cases. The second,e~fect tha't i5 of intere~t 

i5 that, aft,er disregardi:ng end eff~cts, the approximate length of 

the bucKle pattern is roughly the sarne al the o/idth of the plate 
o 

elemènt which has buqkled. This is co~sistent with classica1 plate 
" , 

o 

theory which predicts that pla tes Should buckle in square panels'. 
\ ' 

Photogràph 4-5 sno~s ~.t'urther stage of the 'loading sequence 

at 1),000 lb. ' Once again the previously disqussed effe.cts are not.' 
J 

o~ly J?r~n~ but are ~n f'act evident to an even greater degree. 

The cOlour contours'r~flecting the stress patterns are, becoming 
, ' 

, 
, even more ret'ined. 

, 
On close exa,mination, gr'een, yellow, orange. 

red, blue'and final1y a ~econd gre1n and a second yell9w band are 
1 

~ aIl visible, Once again the center of ,the set ot' bànds'" is s.hifted 
\ 

, " 

, , 
" , 
l' · , 

1 

~ 
, , 

1 j'" 

1 

1 

1 
\ 
1 
l ' , 
1 

to the side and is still located in appr~ximately the 8arne location •. ~'! \ '. 
e 0 <:) The end effects are v~ry wsll def~ned and the stresses on one' side 

/ 
,1 
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Colour patt~rns at IJ~O'OO lb 

.Photograph 4-5 
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'S~ to be qui te significant. There are a t least three green bands 

v~sliile. However, 'the effects on the other side are substantially 0 

less. )t ,is very pro,bable that the stresses due to axial compress­

ion are being reduced by the tensile stresses induced by th~ over-

aIl bending of the, èolumn. 

Photograph 4-6 shows the stress pattern at 14,50,0 lb. It 

, " is evident', thàt' some 'radical chang~s' have taken place.' The s'tress 

level,S have defi~i tely ,increased sustantiallY. It also !3eems that .... 

'the affects of overal~ bending have become much more 'sign~ficant 

th an thpse of local plate buckling. ,The colaur bands have switched ~ 

from being a series or relatively'concentric. cirelas ta being wavy 

lines of colaur which run mostly ,vertically ~er th~ langth of th~ 
column. The ~ending of the column 'in the transverse direction would 

normally ,give rise ta a series of straight parallel lines running 

the length of the column. The buekl~ng effect causes a series of , 

concentric cireles. Comblning thase two co~itions in the relative 

degrees that lhey exist ~i;ves rise to a series of wavy verti~al 
lines. Therefore. even though a~ first glance the effeets of local-, v' , CI 

°ized plate buckling do not seem to be evident, upon closer examina-

tion it is evident, that. not only are 'these effe~ts present, but 

they are contributing substantially 'to the ovarall pattern. 
~ 

- , 

'Photograph 4-7 sho~s that. the stress pattern at the time of 

The.wavy vertical-lines are very much in 
, . . , 

eVi~ence and in/fact, the~ predomina te. The col~n fail~d ~ue to a 
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, Colour Patterns at 14,500 lb 
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Photogra;ph 4-6 
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Co1our Patterns at 15,200 lb 

, Pbotograprf 4-7 
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sli,ght kinking effect which was 1 located very close to the inter-, 
\ 0 • 

faèë o'f the two piec'es of plastic. In Photograph 4-8, i t 18 evi-, 
,n 

dent that the stresses are very high in thi~ region and that it was 

probably due to these high stresses tha t failure resul te,d. l t i8 

also qui:te poss'ible that sorne, ini tial imperfections existed in the 

original' specimen a:t this point arid that this imperfection led to 

the accumulation of high 'conce"ntrated stresses in i{)1is IIlegion. In­

itial imperfect~ons" possibly at the interface between the two 

pieces of plastic; could be responsible'for giving rise to many of , . 
, ' 

" the different ~ffects th~t have been discussed.' However, the mode 

of failure of\ the column was the sarne 'as for the uncoat~d colurnn 

tested previously' in a similar fashion. Therefore, J t i!3 re'asonable 

,to assume that; although initial impèrfections cati slightly alter 

the ëffects at 
. " 

certain points and May even slIghtly affect ;the 'be-' 

co~~, in no ~a; di<l they ca~se th~- ~~neral overa,lL haviour of the 

behaviour to,deviate from that of the control specimen. Further 
Q 

photo,graphs showing ,different porti,ons of the' column at 'various 

loads are included in the app~ndices. Overall, photographs of the 

coium,n at fallure are also' 'fr.cl~ded ~ 
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Colour Patterns at ~il,ure .. Location .. 
• YI Photo'graph 4-8 
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CHAPTER 5 
.. 

COMPARISON·OF EXPERIMENTAL & ANALYTICAL SOLUTIONS 

During the course ~f 'the research, a fin~te element method 
, . 

of solution was. developed by H. P. Lee OZ) which was iespecially 
~ 

suited ,ta this type of work.. A detailed description of the method • 
mai be fOUnd in sorne of the references listed in ~he biblipgraphy. 

, l , • 

o 

It is interesting to compare and contrast the re~ults of 

this Sdphisticate~ cpmputer idealization with those obtained from 
, ' . 

the actual experimenta~ tests •. In the early 'stages 0& .this study, 

whèn the first computer and experimental test re$ults were becoming ,- . 
available, i t was reaiiz~d. that a' simple compa,ri~on of the, pr;'~Ci-

c 

pal stress and strain di:t:,ferencas at any particular' point on th~ 

specimen gid n9t seem very promising. Plots of principal strain 

qifferences versus loadresultèd in curves which seemed to be of, 

an- ent'~rely different shape. lIt was decided, the'refora, ta try to, 

separate the ~ial and flexural component~ of st~ess ànd then make 

indiv~dual'compa~isons. This was dons because it.seemed quite 
, . 

possible that flexural stresses were being introduced into the ex~ 
, , 

perimen~ that were nôt being intrqduced ïnto the comput'er -model. 
" . 

~This was discusseg in Chapter 4 and it ~as been shown that this is 

most prrbablY,~hat,açtuallY happened. It is possible ~o investigat~ 

1 

" 
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... 

both sides of the test speci1;nen at any gi:ven point and, by perform­

ing the necessary arithmetic manipulations, séparate thé flexural 
1 

J 

and axial componehts o~ stress. Rïght from the beginning of this 

study, the experimental and analy~ical solution methJ9s wer~ both 

designed so that the stresses and strains could be detèrmined on 

bath exterior faces • 

In order to prode~d from'the conclusions that have already, 

. been reached, i t :Ls the intentio~ ~f th~ kuthpr tor> continue to dis-
\, 

cuss the sarne region of the column that was previous'ly stud' 

The intention is to plot' on the sarne graph ~ resul ts of bo~ .. --..!tJ1»""'" 

computer solution and the exp~rimental results. The first point to 

be discusseq, therefore, wi~l' be No. Il. Il Figure 5-1 shows 'the""f>lot 

of principal plane strain difference versus load for bath solutions. , . 
It is quite apparent the correlation is' very good. In fact, the 

maximum difference is li the" arder of 20% and in places the curves 
-9 

actually coincide. It is 'interesting to.note that even the general 

shapes of the two purves are almost identical. Both'curves are re-
l'~ 1 • 

latively straight up ta about 8,500 ~p at which point the behaviour 
. "'. 

becomes sligh.tly in~lastic' and consequently the 1ines start ta 

'curvé.' This curvature becomes more pronounced as the'inelastic be-
, • J q 

, (' 1 ~~ 

havioqr gradually dominates~ There is sorne diff~r.ence in the two 

~urveB at aboùt 10,000 lb. Up ~o this point the experimental . 
curve has bent over slightly and th en started to stiffen and return 

more to the shape 'of anàly~ic solution. There are ~wo possible ex­

planations for> this! First:"1 t could be that sorne unknown effect ( 
'" " " ..., 

" . 
, .. 

'. 

, , 
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has caused ~he reading ~t this point to be slightly' i~ error and 
, , 
that the curve should actually be a smooth one which approxima tes 

, , . 
that of thè computer 801ution~ The sec~nd possÎbilitl i's that the 
tI 

experimental specimen actually.buckled ,at, 
) 

or near, this.p&int and 
l , 

th en subsequently stiffened to produce' the curve shawn. ,Which of 

the two effects, if ei ther, is the actual cause for the devia tion, 
,< 

is diffic,ul t to detepine wi th any degree of certalnty. However, 

i t i5 interes,ting to noté tha~, even 'though these' indeterminate 

fa'ctors are present, the plots of the two solutions ara actual1y 

,~uite similar. In'fact, even at m~imum load the ~ifference 1s 

only. about. 7%. . ' 

The> second poirtt under consideration is point·l6. The 

. plot of principal str~in' differe'nce against load, is shown i~ 
Q • '. .. 1 

, . 
'~igUre 5-2. At first glanee,'this plot does not'seem to exhibit 

the sarne characteristic~ as in the previous case. The~e are, how-
Of • \ , ,f 

tt l ~ • 

ever, sorne marked similarities between the two Solutions. For ex-

ample, once again the two curves have the sam,e'general shape up.to 

ab,o'ut 8,500 lb. At this point the curve showing the experimental' 

solution, h~s' started to~~become ~nelastic to a slightly greater' ex­

tent. At the'same'poin~, however,~the computer model starts to 

show very strong tendencies to stiffen whereâs the same 'effec't. , 
" alth~ugh prese~t in the experimental results, is mucn more graduaI. 

In fact tne'experlmental test reBults seem to~indicate\that t~e 

s}eei~n ke~ps stiffenin~ until only shortly bafore fai:ure.~ ~n ,. ' 

the-computer mod~l, the s'ructure undergoes ~ c~~tain amount of 

, Cl "stif,f:ening and. then continues ta detorm ~nelas~ical~y. This shou~d 

., ' 
o 

. , 

, '. 

t-, 
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(' ' 

not be surprising. howev~~.. It 16 quite na,tural that a more ideal 
", , 

model wi~l behave in this manne:r. Due t'a the' inh,erent i~perfec-

t~ons in the physical ',test sp~cimen, ,the' behaviour will bec gradual 0 

, , 
ra ther than sharp and, pr.onpuhced as 'in an ideal case'.,:, It is of 

, • J .J • , 

ihterest to note that a1th6ugh in one case the behaviour is g~adua~ 

and "in ~he other ~e erfe~tsOare ~een ~bru~tlY" thatat the very 
high l.oad of 15, OÔO lb', t(le difference 'between the ttvo levels of 

,'> " 0' • \. 

'pr~ncipal strain difference is less than 10%. 
J 

,Poittt 21 the next under consideration. " in this case the 

two c~ves, although they have basically the,sarne shape, exhibit . ~. 
4 

" . qui te different olev~ls of principle strain' diffe:rence. As illus-
, \' 

trated in F~gur.e 5-3, the principle strain difference' found in the 
• ' ' " ft \ 

experimèntal model are significant~y larger' than those found in the 
l ,-

1 , i 
computer model'. To a much smal1e,r degree t this is aiso the case , , 

for the previous. two points., There is a poss~ble explanation for 

~ .. ,th'lS, however,~ ~n thé com~uter model., the specimen 6iS. modell~d in 

such,~ way'that the load is introduced into the cross-secti6n in·a 
• r 

• p 

perfectly even manner~ T.h~ ends are.'assumed. to be lOO% ferp~ndi~-
" 16 • \ 1 1 

u1ar to the axis o~ ~column. In pract1ce.lthis can never actu-
1 ~ ~ ~." l' ' l '" 

",' alïr' be true •. No matter haVI much care is takén. the ends of a test 
< <" 

specimen cari never be perfêctly t'lat. This in i'tSèlf would ten~ to 

. .. 

introduce an ~eve11. ~tress' qi.stribution into the .cross-section .. 

This effect alone would 'not, however, -produce"the degree of differ-
• • 1 

. enoe that la exhibited in Figure S-)~ In ~act~ the Ioad would·tend 
1 o\l. ' ,,' , ,,' 

t~ distri~ut? itsil~ ,eV~~1Y over the cr,oss-section., However,' there 

is an e~feot which could be signXficant in producing this' r~sult • 

"} 
.10 

"" ..... 
</ 

~ . ' , ,. 

l o. , 
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It i8 the fact that at theGoutside of the colum~. along the 'stiff­

ening lips of the channel section. the plastic,did not in aIl 

cases end flush with the aluminum~ In m?st\cases, in fact, the V 

plastic, ended slightly before the edge of the aluminum. This was 
, , , .. ~ , 

due to the manne,r i~ Wh'i9h the plasti'c ~à.s mold~d onto the al--
" , 

uminum.·~ It i5 very difficu~t to ensure a completely flush ~dge . 
, and, a t the t~me, th~ au~hor underef?tima te,d the impo'rtanc~ of ',this 

effect. The effect of this situation would be td slightly reduce 

the load-carrying capacity of 'the outér ectges of "the cross'I'"section, . 
" 

somewhat like reducing the cross-sectional area. l" This would'natur-

ally increase the sitre,sses and strains in the central part of the 

cross-section slightly r Vii th this in mind;, i t now becomes, easier 
y 

to see the similari ties .between the two curves. AS in' the çase of 

Point 16, Point 21 illustrates perfectly the inherent ~ifferences~ -- . , between an ide'al and an act'ual model. ,,';l'he ef:(ects' present in the 
, ' 

... ' 

computer model are present in the experimental model bl.).t the tran- ~'\ 

sition from ~ne, stage, to the next 'is much mo're 'gradual. 0 The ef-
\ .' , , 

" ..> 

:fects whi.oh cons,lst of an initial elastic beh~vi9ur, sorne sub-.. . 
. ~ , ' . sequent type o:f inelastiè ~behaviour followed by a general sti:ffen-

" 

'e ' 

ing, and fi11ally inelastic behaviour' and failure, ,are presen:t; fn 

both models." !.rnt~restinglY· enough, upon 'close examination i t be-
l j .'~ 

, '. '\ 
,~omes evident that the se ef!eçts,are each, present at approx1mately 

" " " , , - l ' 

the sarne co~r~sponding l~ad~levels. 

Point 26, shPwnjin ~i~ure' .5-~, illustrates ~asica~ly the 1 

sarne points. It,is evident t~t this point is quite a-distance 

from the point of th~ initial onset of buckling •. All'of ~he pre-
:> •• • .' 

\ 
,. , 

• 
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viously discussed effects, although present, are>,shown to a much 

lesser degree. 'almost to the point where the curve is a straight 

line. 'T;::~ are"" undC:mbtedly in~ications that buckling takes place 
~ .. , 

and that a general,stiffening of the spec~men results. 
\ 

o 

It is evident, upon' iilVestigating the behaviour of" aIl fo~r \~ 
• 0 

points, from bath the computer and experimental resul ts,' tha t the 
\ 

buckling was ,ini tiated at Poin~ 16'. tIn fact. "there was an attempt 

made in the computer model to initiate buckling at this point. 

~ This was done' after the inttial tests were made on the uncoated 

specimens. These specimens buckled at Ithis point and after the 

'fi~st test with 'a coated specimen it was noted that again buckling 

was initia ted "in.\ this '\egion. 

) 

; 
[ 

1 
~ 

It ds of' sorne interest to 
. [ . 
l.nv[estl.gate ,the pr~ncipal flexura: 

1 

strain difference ta see if similar correlation~ existe Figures 5-5. 

5-6, and 5-7 are- plots of principal flexural strain difference 
" ,/, . 

versus load at.~oints il, 16, and 21 respeotively. It is quite . , 

'easy to see that the'behaviour,of ~he experimental test model is, 

, at best, arr~ic. The airain differences se~m to shitt back and 

forth bu~ there is sorne sim~larity, between the two solut~qns.o ~oth 

~eem to be basical+y elastic up,to a load of about 8,500 lb. At 
.. ~ , 

this :p0int.some,inelastic behaviour,takes place for_a rel~~ively' 
, , • l, , 

short per~od wherceûpon a ··stifteni~~ éffept :t'oll~ws. , ?-'he extent , . ~ 

and dura tion of. this· sti"ffehing ~seems to v'i4ry trom one ,p'oi~t to the 
~ , '.;, \ .. 

'~ • , 'J ..-

next. Poss~bly the sec~et t~ the solution·of the behaviour'of the' 

strl.(ct~re oàrt be found P1 investigatin'g, the computer solution' which 

" /,' " 
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should be more basic and c1ea~~r~~an t~~t,illustrated,by the ex­

perimental s9lution. ~.At Points Il,and 16, ~~ bending'effect is 
, . 

evident/u~til 8,500 lb, at which poin~ inelastic behaviour com-
--" '>.., 

mences. At about ~o.o~~ lb the spe~imen ~t~rts to s-effen...and ~c-~ 

continues to do s,o up to about Il,500,1 b where j,nelastic behaviour 
~ \ .- -- -- -- , 

again starts and continues until failure. T6e only solution that 
, 

CQuld possiblY explain .the seemingly' erratic~and certainly com-
o '..::.,' 

plicated behavioUr of th~ è~perimental mbdei.is that there are Many 

initial imperfe~tions and se~ondary effects which are contributing 
• \1 "". tO 

to ,t;e y~hav:iour' il~ustra,te~ i~ Fi~,es 5-5, 5-~. a~d 5-7. 

, 1 

In short, it mu~t b~.assumed that the behaviour of th~ ex­

perimental model is cdmplicated by inherent fabrication inaccuracies. 
f ! - " ~ 

This"-makes cotnp~r'ison only possible ;in a gene~al way. However, the 
., . Î ' 

(' ) 
" 'basic behaviour is probably illustrated in,its·ideal condition by 

0' 
{ 

, '/ u' 

lr .. ' \1 /.:, 1. 
• ~ , 1 r.' '1 

" '. , 

,~ . 

the plot qf. the computer sol~tion • 
... 

lt is of sorne interest to compare the overall stress pat-
, . . 

tern produced by the computer solut;ion with'that produce~ by; the 
" 

experimental ·test'. First and foremost, ~hè computer ,model assumes 

symme~~ o~,the~structure aQout its center li~e. I~!act. O~~y 
one qûarter' of' ~ structure :was analyzed. Nat~ally the .buckie " " .. 

~hich is jrOduced'· is lik~)'iise 'symnie~rical wi th~:p.e cen~et, linè ,of, ' , 

the èolumn. 1'4is has the advantage of elim"inat'ing thJ/ma~king ef~ , 
, '" '." 'fc 

,rècts' which 'were fpUnd during the discussion in the previous 
.,. : . 

. section,. There 1s' no poss"iblli ty Qi ,haying' slightlY 'out ~f. pl~e' , . . , 
" . '. "' 

.1oadi~ ~on<1i tions w~i ch confus&, the stress pattern.. Hoy/ever,' once 
, l... l' ' T • ~~ j 

'\ .~'" ' 

" . " 
" 

" 

.. , ' . . 
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a,gain, the resul ting solution ia 9nly applicable-r' for the ideal' 
.' " . . 

. Q~l~ loa~Ung èondi tion. It' has beèn shown bl" inve~tiga tlng 'in-' 
() , • # 

~ividual points,on"a buckle that the order o~, magnitude is sïm,ilar 

, and that the principal axial strain qifferences are within 'ac­

ceptable experimental errbrs. Points a~o~e and 'bel~w the :c~nter ' 
, ' , ,\'j '.' 

df the buckle exhibit similar charactèristics which see~s to in-
" 

dic~te tnat,the symmetry i~ illustrated in the experimental solu-

,tion.· ln gener~l. the cot'rel,a tion, between the experimental and 
, . , . 

computer results'i~ quite good. The magnitudes of individual· 

levels of principal s~râin differences.are very.ciose. The sym-, 
, . in the computer model is also illustrated 

Q. 

o ... 

Finally, both" 

metry which,is' inherent 
~ , 

to a fairty'high degr~e in the experimental·model. 

"experimental and cOlpputer models behaved in a manner which was 
,~ . 

) . 

'" " ' l'~' ... ."-6. 
',1 ._ ' 

yery ~imxlar' to the test which was~performed on an uncoated speci-
, 

men. 
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CONCLUSIONS 

) 
,(, • ~. 0 

Good correlat1on between the exper1mental test,results and 

the theoretical fini'te element' compu,ter reaul ta was realized in 
. , ' " , ~ .. 

:this study. The propaga"ion of str'ess~s 'and strains which were. 

" ,'observed in the experimental 'tests were qui té .closely predicted 
, , 

~ ~' . 
and reprodueed by the finite element computer model. Individual 

o • . 
.' 1 :values. or principal strain differences at specifie load l~'vels ob-

I J t... ~ .., 

tained by me~ns of both ~~thodS were within accèptable limits of 
, '. 

~rror. Principal' flexural strain differences.for th~ Most part 
\ \. 

.~orrelated 'quite, closeiy• Small deviations which were obtained at 
D 

higher load leve~s could be attributed,to inaccuraeies in either 
.~ t, . 

the test se-up. or the fabrication Of th.e specimen. 
.' Ii 0 

.. 
It sèems reasonaole to' concl'ude that the study,was success-

tul. ' The initial intent was ~o.provide a set ,of accurate data eon-

,'éerning one part~c\liar 'type of structure subject~d ta one partieular 

type of?lo~ding. In this respect, t~e main{object~ves were Idefin~ 
, . , 

itely realized= The, daté. collected, .and reported i~ both extemdve' 
..... -- \ ~ , (> 

1 and·~ceurate. A secondary benefxt was also obtained ~rom,this 

~:tUdY. 'l'he, exp~rimental data helped to vèrity the' a'ccuracy of the 

t~~ite element progr~. lt i8 therefore '~easonable to assume 'that 
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th~ çomputer program can be used ta analyze 'similar types of 
• • t 

structures. 
.. Q 

.. A great deal of time and energy was expendèd,during the 

cours_e of, this stud~ in perfe'cting the plastic coating technique. 

It would be repetitive an~ somewhat wasteful to suggest that other 
;. 

'researchers continue this l~ne of study in ~e'same manner. Wpilè 
r l '1 

i t woulà defini tely be of' interest to study other shapes' or differ-. , 
ent lDad, conditions it~would serve no be~efit to have future re-

")t "" ft,.~ 

searchers st~uggle th~ough the pain~ of learning the fine pO,ints 
. ~ 

of the Photoe~astic c6at~ng method'. It. would;" however he beneficial, ,:,,1 

perhaps,to employa skille9 technicia~ who could p~r orm this W~rk. 1 
Thùs i~teresting and perhàpp beneficial studies of a nature il 
could be carried out by qualified researchers with9ut them':? 

to become bogged down' by the tèdiO~S and repe ti ti v~ job ! l ,. . il ing and applying coatings. 

Fut';' studies which coulq be initiated .on this basia Cb~I~' i; 
include" different. types of sections, sorne simple to construct, \1 

such as ang~e~ and Zee sections an~ some more complicated, auch as 
• "1" ' 

tees and cruclform sections. ~ 'These could be tested experime'ntally 
, ' 

and the~ compared to computer analys~s. Further work could also 
, . 

" .. 1 • 1. 

include testing different" sect10ns unde~ various types of loading 
. ~ 't 

condi tians.' ' Flexftrà.l' loading. combined axlal coinpre~s'ion' and 
" • 0 

l '"' f~f,!Xur~. and torsional. loadin'g,' ~ould a~l b~ inv9"~rigated. An \ ex- 1 

\
ten~ive. '.se~ of' data aoul'd then be compiled a~d to v'èrify :ew " 

, compu~er mo~els 'and :i:mprove on ex~sting ones, . 
" ' ~. ' 
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It is necessary that the first in a line of researç~ers 

studying a pr'Oblem struggle through a 11., the elementary ~ac:ets' .. of 

·that problem'., For this reason. it was not only n~cessary 'but arso .. - \.. ' 

(), 
1 ü 

benefioiai t~at all phases of the work reporte~ hers be aetually 
"<I:J 

lperformed by the author. Hawever. it will"be t~e responsibility~ 
,. \ - . , 

'of future researehe'rs of thls' I,topie to' learn fram the experl.enoes 

\ reported herein and use this information as a stepping7"stone to' 

"-1 " 1 

more co~Pièx and interesting studies. 
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APPENDIX 

CASTING PlATE 
" 

'CALIBRATtNG THE PLAS'TIC 

CALIBRATING THE Pl~STIC 

CANTILEVER T.c:ST 

, TEST SET-UP 

COLbuR PATTERNS AT 7000'LBS 

COLOUR PATTERNS AT 10000 LBS 
1"" ' 

COLOUR PATT~RNS AT 1JOOO LBS 

, ' 

CLOSE-UP OF END ~FFECTS AT 1JOOO LBS 

COLOUR PATT~RNS AT 10000 LBS 

COLOUR PATTERNS AT 850U LBS 

COLOUR PATTERNS",A'r 100001 LBS 

COLOUR' PATTERNS A,T,.lOOOO LBS 

LBS 

LBS 

, . ' 
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Page 

À-2 
• ,AV 

A-4 Top 
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A-4 Bottom 

A-5 ""* 
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, A-io Bottom 

A-Il, 

A-12 Top 

A-12 Bottom 
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