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Introduction

3reat pro=ress nas been mede in the science of
dzsian in svite of the severe nendicrps under which the
desizner works. Heretolore, the desiesner hss had access
to s2vaeral methods of desisn but the inherent weskncesses
of most of the methods are reaedily sppasrent. For instance,
in judeing the safe loads to be aprlied to a structars
the desiener hss access to secrvice records or destraction
tests. The lack of szrvice records of new structires with
incrzasad loads is a severe hsadicep. Dsstiruction tecsts
are inadegaate in that they scldom indicate metnods of im-
provement. Improvement co.ld be meds only by constructing
nuierous types of details snd destroyine them under loed.
During the constraction of the 1fid-Hudson Bridre, there wus
sd>ms doabt as to tha strensth of s csertain dztail. To

rove its ctren~th, an exsct replics of the detail hsd to

w3

be constructed end dectroyed undoer losd.

The dosirasr also uses, in conjunction with the fore-
goinz metnods, current 1luformgtion revarding the stress
fields of the structure, physical data of the materisls
used, and the theories of strength best cuited to the prob-
lem. The uss of these itams involves the computation of
stresces by analytical methods. In problems involvinz any
bat tne most simple stres: distribation systans encounters

insarmoantable mathematical difficulties. It is only in a

103176



very limited number of ceses that strict mathematicsl for-
mulse may be apilied. These e¢re based on tuneories of
elasticity, temperature stress, etc., gnd are efficacious
only when the sssumptions of losd ccuditions are reoro-
duced in the field.

In tne finsl ansalysis, tne failure of the methods
of the desierner is borne out by the fuct thet ths desizner
doubts ths sccuracy of his work and must apply a szfety
factor to insure tne stebility and s=fe fuunctionins of the
structure.

The study of the effects of loads on structarss by
photo-elastic methods provides & practical, comoleté and
accurste analysis of stress distribution. The following
discuscion presents & design snd method of use of an

apparatus for stress snelysis by photo-elasticity.



COoLZMmICTION

In the desien of this Photo-.ilestic apparatus two
me Jor considerations were kept constantly in mind, nemely,
simplicity end sconcmy. Severgl gssumptions concerrning
the ocvticel sypierstus viere neczrsary in order to rermit
ormitting opticel errerctus &g used in more corirlete crd
conylicated s=t-vge. These zwrsan~ticns sre uwrheld in
core ceece by ccetuel esmerimentaetion erd in others by
theory.

It was assumed that the effect of temperature
wes neelipible In compsrison with the range of visible
rays. No attempt hes been mede in this design to elim-
inate heut rediatdons by mesans of & water-ccoler. The
eflect of hegt cn the polerizing urit i ¢lgo neeglected
due to the type of vrism used. INsprlect of temperature
considerstion is immateriecl as borne out by the experi-
ment. See Ref., 1.

Another presumption was necessary in view of the
economical design. This w: s concerning the opticel ac-
curacy snd grede of slasc used in the lenses. The con-
clusion resched wes thet s glasc of the erade of pood
watch flass wus sufficiently eccurste for the purvose of
this epprratus. All results obtained from the apparatus
sre purely relative. .lach ray of light pascing through
the opticsal parts is acted unon within the limits of

accuracy noticeable to the eye. The nrimery considera-



tion in the coustructicn of the apparatus ic to kesp the
crtical sxeg ¢f the various psrts on the sams line ss
slirht varistions would cause & leskace which would be

detrimental to the production of a clesr imare.
The Lamp House - Zlate II

The lamp houce snd cource ol livrht mey necd en ex-
vlenction. In order to secure an sccuraetely controlled
1iekt ecurcs of sufficient irtereity, & CCC vett bulb end
cersbolic mirr-or centinsticn vwes utilizea. The 1ighf
gource is fixed, crve teliny teken to heve the source on
the crticul gxis of the apparsatus. The parabolic mirror
is sdjustsble only on the horizontsl plane. This permits
focusing the light on the first condenser. See Fig. 1.
The lamp house 1s Jjust lerge enouyh to sdmit the mirror.
This eliminates all sice or verticel displecement. The
bulb chould te silvered on the side oprosite the mirror,
the gilvered gree beiryg JTerro erourh to pronibilit direct
lipht Trom the source Trom =rterireg the condaernslre lenc.
The gdcition of the silvered &vss wleo incrcoces the
crount of light by spproximately L0 1ercent. The interior
of the lamp house is finished in s dull blsack to eliminete
reflection interference.

Due to the variety of shapes end sizes of bulbs, it

was decided to sllow sufficient room for the buldb but not



to hold the builder to a specific design. It would be &
simple metter to insert g cockst in the teoe of the lenyp
houge of culTiciert Yeistkt 1o lrine the cource of 1i

vp to the opticel exic of the irctrumert.

The Polerizins Unit - Plete TII

The Condenser lount I end the polerizing unit were
mode ricdid with recrect to esch other for o specific
reeson. It was fs21t thet eliminsticn of minor sdjustments
would fecilitete the operation of the machine ss & whole.
The spacer tube should be constructed of just sufficient
lenegth to bring the condenser &nd nicol prism in exect
focus when the polerizing element is in plsce. The con-
denser lens is held in plecs by € retginine rine end the
srac=r tute. The volsrizineg nount of this uvnit shcould be
roteteble throuvh ninety desrces in cither éirecticr.

s o2 gnuys Tt of the riccl yrienm rmeounting
in the cordercer tute. Por exrerinerntel yurvceees it vould
e ~oceille 1o celitrete trhe tile in degrece of roteticn.
Due to the small dimensions of the nicol rizm and
difficulty of mechining @ psrt to fit the prism the follow-
ing srransement was decmed necessary. The prism holder 1s
a brass castinz mschined to the specified dimensions. A
hole five eirnths of &n inch in diameter should be drilled

through the casting with the center of the nols exuctly on



the opticsl gxzis. The condensing leans chould be mounted
in position gnd lig¢nt projected throuch it from the lamp
housse. The nicol vorism should thsen be cemented into posi-
tion with plaster of paris. Tneoreticsally, the center of
the prism should be six and one half inches from the face
of the lens. Accurate settine of tne nicol prism is es-
santial and care £hoild he exercised in this phase of con-
struction.

The quarter wave plate attachmant nsaeds no adjust-
ment. It should be constructed to fit snurly enourh to
gllow no excessive play yet should be capsbls of removal
without disturbing the sdjustment of the various other

units.
Condenser snd Analysser

The analyser unit is essentislly the same gs the
polarizing unit. The respective cositions of the quarter-
wave plate and the nicol orism beine reverszd. This
nacessitated placinz the knurlsd shoulder on the opposite
side of the casting from the auarter-wsve plate. In this
unit, élso, the guaerter-wsve plate is removable and the
nicol prism mount is rotatsble. 2Provision has been made,
in the condenser tubs, for the removal of the quarter-wave

plate.



Condenser Mount III

Condenscr mount III wss desirned ss 2 sincle unit
for compactness. The lenses sre fived in their raspsctive
tubes yet nre c=djucteble relative to erzch other. The re-

teiniae rines of #£11 lenses ore idsnticusl.
Tnhe Tsension PMranme

Thes op3ration of this Photo-3lestic Appsratus
necessitastes usinzs s piece of msterisl cut from the same
sheet as the model gs a standard. Tais oger«tion will ve
discuassed ia detall 1lxater. Tre ctendard must hove kanown
losds a:plicsd, tns louds being equivalent teunsile loads.
The Tension Frame used in tais desiun has veen siaplified
greatly. To eliminnte bulky e.parstus snd conplicated
construction the foliowing metnod was devised. Tne losd
is-épplied by & hand wheel and screw srranzement tnrough
a movable chuck to the standard. The lower chuck hes no
vertical movement bat it csn be rotsted. Tae loads sre
meszsured by @ strain rsuie applisnce fostened to the two
chucks, measurins tne amount by which the standard elon-
gates under the losd. A statement to the effect that,
"lMost isotraevic matsrials, such as celluloid, elonfetes in
a ctrairht line ratio nearly to the wnoint of failurs",
Pef. II, was the bssiz of the device. It will be neces-

sery to calibrsts the device snd if laree differences are



found in the lloduli of ilusticity of thne aiffereunt stun-
derds, & coefficient must be applied to each sctandard.
The csglibration of the device is g simple mstter. The
method of orocedars would be us follows, the g, peratus
could be un~-ended, known weient acplied to the movable
chuck and tne vosition of the wause noted for each losd.
Thus every divisioa passed over by the indicetor would
repressent a load of so many pounds, etc. The cslibra-
tion unit is plsced in & heavy rinz to obviete gny dis-
rlscemant due to the bhending of the frame. The entirs
anit is rotatsble about 2 axes =-- one verticel and one
hcrizontal. Tnis permits placing of the standard to
correspond with any direction of lines of stress in the

model.



Theory

The results obtained from the sppsratus will be more
cleaerly undarstood by the operetor if he hss s knowledre of
the theory undzrlying this method of ansglysis.

The f mdsmental principles upon which the theory of
Photo=-74losticity 1is based are stested by Prof. Coker as follows;

1. "The distribation of stress through sny loaded iso-
tropic elastic structure is independent of tne material of
wnich the structure is made and depends csolely on the form
of the structurse snd the way in whica it is msde.”

2. "A transparent isotrooic materisl, sich as rlasc or
c211laloid, acquires doubly refruscting properties when stress-
ed difierently in diffsrent directions, and the degree to
which these properties are produced depends on the difier-
ences betwecn the principle stresses in tae material.”

By "Isotrcpice", in the first princivle, it is mesant
that the materisl has the same vhysicel propertiss in every
direction. Tnis clsss includes moct materials used in con-
struction, including, concrete snd steel. This property is
also the basis for assuming thaf the materials used in the
construction of the model is stressed in erxactly the sanms
manner as 1f the structars were built of ste=l or concrete.

The doubly refrasctins oroperties, principle 2., of
isotropic nmaterials when stresced hava been thorousnly in-

vestigsutad. Ref. II. The amount of refraction depends solely



on the differences in thne principsl stresses. Any element
in a stressed materizl may be thouent of ss being scted
ucon by threc principval stresses wnhnich ere mutuslly nerpan-
dicular. They sre referradi to as 2, 2, snd R stresces.

The P and Q stresses alons are considered in this work.

The elimination of tae R stress is made possible by usingz
plete struactures and considerinsz only the stresses acting
in the plane of the structure.

A discussion of the phenomenon of polarizstion of
light is deemed unnecessary excspt in rerard to ths action
of a stressed spzscinen on tne lirht.

The effect of a gaarter-wave plats on plans polar-
ized 1isht is to retard one vibration a juartsr of a wave
len=th with raesosct to the next vibration. This is knovn
as circularly oolarizad lixnt and mey be thousht of ss
havinz g horizontal and & vertical component vibrating a
quarter of & wave len-th spsrt in time and phase.

“nen tnis circularly polarized 1lirnt is projected
throuch a ctressed specimen, thae same effect is rroauced as
with the retardstion nlate ewxcent that the dirsctions of
vihrations are the same as the lines of principal strass
or P apd Q for eny point in the specimen. If the principal
stressas 2 snd Q differ in iantensity, the relative retarda-
tion of the vibrations is proportional to tne difference

(2 = Q).



Thas it can he seen thet if a mono chromatic 1lisht is
used, the color wo.ld be produced vhen the difference between
P end Q is ~rest enou~n. The color would bs totally extin-
sulishad where P and Q are esoual. This is a condition of
zero stress. If the differencs betwaen P end Q is sufficient
to produce & retasrdation of one wave lensth of the lisht,
black will arain result.

To apply this w»rinciple to ordinary light, it is first
necesssry to steste th=t different colors sare ret:irded differ-
ent amounts by the s:zme gstress. Psssing ordinary lient
throuen g stressed svecimen will give rice to the typical
"interference colors of the crossed Nicol arranzement". It
will be noticed thst with celluloid used as the specimen a
definite serises of colors will be obtained.

With tne production of the series of colors w2 have
also obtsined a messure of the intensity of the diflerencs
(P - Q). A discussion of the method usal to obtain ( P+ Q)
will sppsar later.

iWnen the quarter wave odlutes sre removed the colors
no lonzar pive a messure of (P - Q) except whsre the direc-
tion of the principsal stresses is at 45 desrees to the plane
of the crossed licols. Wnen the directions of stress coin-
cide with this nlane of polarization, the lisht is 8ll cut
out and dard bands are super-imdoszd on the imsre. Thes=2
dark bands corresvond to the locus of points of the sams
principal stress direction. Therefore, by rotatins the

orisms, k=22)in thea slways in tne croscsd vogitioa, & mav



of the directions of the principal stressss may be procurad.
For example, witn the Nicols in a normsal position a set of
isoclinics marked O decrees mey be drawn connecting the
derkest points on the image. If the prisms sre rotated
5 dersrees, e new set of lines marked 5 dezrees sre cdrawn.
In this connection it may be necessary to enumersate several
fundamental rales governiaz the chsrtins.

1. Thes curvature of a stress lins varies continuously
if at all.

2., Parsllel stres:z lines corrasvond to uaifora st»ess;

@]

conrer~31t 1lin2s to incr2asinz stress aord diverszing lines
to dimiaishinzg stress.

3. No two stress linaes of any one system can interszct
or m2rye int> sacn other.

4., Alonz eny frec boundsry of a structure, ons systaem
of stress linses is tanrential and thes other is at rignt
angles to the boundary. Ref. III.

A furtaer discussion of the charting of stress lines
will be made under the *nmic 22 use of the instrument.

In the foreroing discussion it wss ctated that a
measure of the intensity of (P =-Q) was obtained. It now
becomss necessery to obtain a quantitative messure of the
diffcrence between these principsl stresses. An accurate
measure, in pounds, can e obtained by the following method:

Place s standard, cut from the sane material as the

mods1l, in a celibration member or tension frsme. adjust



the standerd to coincide with the imsie 0ol the model.

Irom the nature of tie losdine of the model it will be
simnle to decide wnich of the vrincigel strescesn 1s ten-
gion. The ber of cellwloid is set &t risht zncles to this
direction of megximum tzrsion. A load is spplied to the
stenderd until the super-imiosed imacres of the two ieces
sre durk. Note the smount of tension applied to the
stendard. Ths teusion apclied mey be called "T". Tnis

4

tension T is the force necassary to caencel the efiect of the

stressed 10dal cn the volerized 13-nt, or, in other words,

);

is the difference betieen the principal stresces (P =

£

or,
P-9=17., (1)

Prom the definition of two-dimsesnsion stresc it cean
be ee=zn thet the stress pervendiculer to g2n unlosdsec
boundasry of & model is necesserily zero. From this it cen
be seen that a pnrincigal streccs msy be obtained directly

-

from the sbove :cuation. However, this is a special case
snd not sppliceble to internal sreass. It now becomes
necessary to evolve 8 new equation to be used in conjunction
with the sbove.

When a losd 1is applied to & muterisl, there ic @

chanere of thicknece of tne material proporticrnsl to the sum

of the princival stregcses. By the uce of Doiscon's Retio



for the materisl :nd culibretion .f the chenre in thickness,
the sum of ths arincipsl gtrecses cr (P + Q) could he com-
puted. Tre exzct velue ¢f Tolscon's Fatio misht be difficult

to obtein so @n slternative netuod is surrested.

Y
€]

A simplse tension member, the stsndsrd previously men-
tioned, is lo=ded until its chenve of tnickness is equal to

N

the casnce of thickness of tae model. Therefore (P +23) of
the standard equals (P Q)of the desired vart of the model

gequals T', the tension cprrlied to the vtandard,

or,
T+4 = 1T'. (2)
The 2 ¥ Q terms of these equations srse identicsl

gllowin:r 9 simultaneous solution of the equations, from which,
P=4(T £T) (2)
Qe (T - T)  (4)

The auuntitetive veluves of D« 3 torethsr with the

[N

charts showing crincipel stress directions &nd concentrations
completes the results for ordianary problems and form the basis

for further experimental studies.
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r‘he abovae sksten is au exsmule of tne typss
of imspes obtainasd mith tne Pnoto-ilsstic Hiress
4nalyeie llschinz. The cdlors ere the interference

colors of thz c¢rogsed +~icol srrsneemznt.



Procedure

The following procedure, or use of the spparatus, is
snerally uced only when the fullest inforar ticn concerning
the stresces in the ctructure is desired. In meny instences,

modificetions of these survrestiouns will sufiice Ior the
oroblem st hend. For instancs, if & model is tc bs examined
for the purwnose of findinz the wesk points in the desien, s8ll
that 1s necessary is to exsnine the model with circularly
polerized lisnt. The hirhly stresced sress gre clearly re-
coiniuecble by the colors of tne image. The weuk rportions cof
tihe desien will be immecistely sppsrent.

To obtain complete informetion i1t is necescery Tirst
to detzrymine the directions of the Principal Stresses P Q.
A model, cuat from a sheet of celluloid or Eyralin 3" thick,
to the exact reduced sci.le dimencions of the structure to be
evemined, is rounted in the beam oiF <lene welsrized 1i5Lkt €8
chovn on Flate I. This mesns tnst the gasrter weve plutes
egre reroved from ths guopurstus. The solsrizins axes of the
polarizing snd anslyzing units are mutuslly perpendiculsr,
preferably, one horizontsl and one verticel.

The imuie of the model will sppz:r on the sccre=n with
bleck lines snd sresgs. Taese lines snd aress represent por-
tions of tne model in wanich the condition of stress is such

thet no effect is msde on the polarized lirht. The princicsal



stresces mey be perellel end perpandiculsr to the volarizing
exis or they may he equel to each other or zearo. Wita the

axes of the volarizsr and snelyssr in this position, the

.

darkest ereas are outlined and the centrel vert of the dsasrk
hends sre marked. The polsrizer and analyser &re then ro-
tated to & new vosition end & naw sst 0of lines drgwn on the
above chart. jich line is erkeu with its decree of rota-
tion, suca us O ceg., & dez., 10 des., etc. These lines sre

the so-culled isoclinics vreviously mentioned. In inter-

vretivg tne infornation of the charts, the genersl cusae is

¢

w

[ N

.
18

szumed in which one of the vrincivsl stresce

]

rrendicua=

[q]

{

£

1 the axis of

n
ct

(@)

T the polsasrizer. If st any point on & line
rierked o d=2v., snotner line is druwn inclined at 5 dex. to
tne horizontel, this tecond line will represent tne airection

of one of the principsl stresses for the corressonding point

on the modsl. Thncsse cecond lines may be 9olsced so =g to form

4

gnsoth curvee., It is necesssry to adiere strictly to the rules
steted in the discussion of the theory of ths soppsretus. The

stresg line diaeram now obtsined 1s s reovroduction of the

~

directions of only ons principel ectre Ths stresg Gisgrenm

o
rn
(l\
L]

of the othzr uriaciosl etrsss 1lg cuLtelined by dreswine another

[#9]

systam of lines wnich intecrsect the first system perpendiculesrly.

This complzstz dissram is the stress tystem of the structure.

Knowing the stress directions, it 1is now necessary te

C"

1 stresass (2 = 2). The nsdel

~
Y

find the ¢iff rice in irinciu

o



is set up as befors with tane polarizer s£nd anslyser in their
original pocitions. The quartcr wsve plsastes sre tnen set in
viith their optic axes mutuslly perpendiculer end inclined et

forty-{five dce. to the kerizontael. .n estinate as to the in-

w

tensity of stress may be obtained by a study of tae imerre.

The color of the frinres denends on the difference (P - 3).
To find the quantitstive vslue of (P - 7, mount the stan-
dard in the celibratiow urnit, adjuct to the disired tosition,
apply tre losd of the image of tne portion of the model under

otecrvetion ic duark, =nd nots the deflecction of the scale.

Prom tnis defl

@

ction coirpute the tensile losd applied. This

o

is the vslue of "7."

To ccmpute the value of (2+1Q), messure the thickness
-of the portion ol the model under corgiderution, withovt losd.
Apply the desired load end srein riesgure the corme vortion of
tle model. Lryly a load on the calibrafion unit euch thet the
standerd coegnses in tnicknesc to corrss ond arectly vwith the

T

w

chan~e 1n tne model. Tne tensile load aoplied 1

P

From the enustions (&) and (4),
P=3(7'+T7T)
QI % (7. 7)

With the velues of P, and C =nd the directions in vhich

they cct the stresges 0ol the gtructure due to the krovn lcsd

heve Lezen completely erial e,
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