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NOTATION

Vertical coordinate, positive upward.
Horizonbtal coordinate, positive to the right.
Total applied load.

lMoment.

Thickness of model.

Normal stress (tension or compression).

Principal normal stresses, mutually perpendicular;
P=Opaxs 9= Opyyps OF Vice-versa.

Tangential strfss (shear).
max = 7 (P = q)
Isoclinic angle, the ineclination of one principal
stress (p, say) as measured clockwise from
the X-axis.

Angle of inclination of a principal stress
trajectory to an isoclinic line.

r, $ - Polar coordinates;

r =\/x2 + y2 , tmflzg



PART I.
INTRODUCTION

ae. Design considerabtions.

In the construction of modern metal alirplanes
it is common practice to employ panels of thin sheet
reinforced by longitudinal stiffeners; and, since 1t
is necessary to design to close strength limits in order
to obtain an efficient structure, it is important to
kmow the allowable load which the individual stiffened
prenel may carry. Compression loads are transferred in
shear through the sheet, and it has been found that

difficulties in the prediction of strength character-

Flo

stics arise Dbecause of the non-uniform stress distribu-
tion between stiffeners in such an assembly. This is

the so-falled "shear lag" phenomenon.

be OStatement of thesis problem.

The Iinal attainment of a completely wvalid
design criterion in the case of the stiffened thin
sheet panel should be facilitasted, 1t seems reasonable
to believe, by an investigation of the shear properties
of the sheet® in this type of structure. With this idea
in mind, the research problem of this thesis has been
undertaken. It was proposed to examine by photoelastic
means a model typifying the very simplest case of a

stiffened panel, namely, a flat rectangular panel with



one centrally located stiffener., By loading this model
in compression through the stiffener and recording
photographically the resulting stress patterns, a study
has been made of the distribubtion of shearing stresses
through the sheet. The photoelastic method, it may be
remarked, appears to be of considerable advantage in
the investigation of this particular problem, since its
most»direcﬁ result is the determination of the maximum

shearing stresses in magnitude and direction.

¢e Previous investigations.

Numerous tests have been made in various
laboratories to determine fthe compressive strengbths of
flat and curved panels, both stiffened and unstiffened.
»In the Guggenheim Aeronautical Laboratory of the California
Institute of Technology, in specific, investigations
have been made by Sechlerl, Vhite and Antzg, Lovett and

Rodeeg

, and others, into the particular problems of
stiffened panel construction, including the effects of
variocus stiffener-sheet combinations, the transfer of
stress from stiffener to stiffener, and the calculation
of "effective widbths" of sheet for use in design. Aside
from a photoelastic test with celluloid sheets, supported
at the edges by V=blocks (to simulate stiffeners) and
subjected to c ompression, proposed by August Zinnser, Jr.é,

of Massachusetts Institute of Technology, however, the



aubhors have knowledge of no other photoelastic in=-

vestigations of stiffened panel construction.
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E. Sechler, Stress Distribubtion in Stiffened Panels
under Compression. Journal of the Aeronaublcal
Sciences, June, 1937.
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Sciences, April, 19306.
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Sciences, October, 1936.
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PART IIX.
METHODS OF INVESTIGATION.

as Theory of elasticity.

1. The problem of this ressearch project is
fundamentally of an e xperimenbtal nature. iﬁ,general,
such a laboratory test in the field of structuﬁal
design and snalysis is intended to aid in the deter-
mination of an analytical expression for stress disbri-
butionf Besides the experimental method, however,
analysis is also possible by the mathematical ﬁheory of
elasticitye. In order t oa void too g reat mathematical
complexities int his latter method, either fairly
specializeé cases must usvally be considered or assump=
tiong must be made which will simplify the analytical
solution of the pyobleﬂs, Because of thé physical
limibations upon e ngineering materials, therefore, these
approximate theories of elasticity do not always give
an exact picture of the distribution of stresses through-
out a structure. These methods, nevertheless, give a
valuablse clue‘to the stress field in any loaded sbtructure,
and in the simpler cases may be considered to give, within
practical limits, the exact solution.

For the problem under consideration, the
simplest type of analytiéal solution will be obbtained if

the sheet-stiffener combination is assumed toc omprise



a complebsly two-dimensional sbtress field. This simpli-
fication points to the consideration of an unstiffened
panel of thickness t, loaded by means of a uniform

pressure w exerted over a disbtance 2a along the edge

of the panel. If it is assumed further that the dimen-
sions of the panel are largein comparison with the distance
2a, then the solution obtained for a semi-infinite panel
will be valid in the reglon near the point of application
of the load. For this case, the following results may be

. . 1
cbtained ™ :

o D G A TR A R WD CR ST AW o WD Gl S TR @D

L References (2), (4), & (6).



() Alry's stress function:

Fe=35 (48 - 7%°8)

(b) Stresses at any point A, in directions
?arallel to the axes OX and OY :

O = 357[2(8. - @) -4 28, + 0 28]
Uy=%£2(¢z.‘¢,)+m RP, —ar 2@, ]
=2 (cod 2 ¢, - cod 2 P2)

(¢c) Maximum shear at any point A:

Coar = L i (B, - B2)

> Hence, the lines of constant maximum
shear (isochromstics) are circles with
centers on OX and passing through 04
and Og. The greatest value of the
maximum shear is Coo x = “ /S
which occurs when (¢ -dg,) :.7% (iee.,
on a semicircle with center at 0 and
radius equal to a).

(d) The isoclinic lines (see Part II,b(2) for
definition) are a set of rectangular
hyperbolas passing through O1 and 02$
and whose asymptotes make an angle
(b +@2)/, with 0X and OY respectively.

(e) The trajectories of the principal normal
stregses are systems of confocal ellipses
and hyperbolas with focl at O1 and 02.

(f) The trajectories of the maximum shearing

stresses (the so-called Luders', or

-



slip, lines) form a second set of
orthogonal systems of curves, which
everywhere cross the principal stress

trajectories at an angle of 792 .

Two factors prevent an exact experimental
reproduction of this case., The first is the presence
of the boundaries of the finite panel which causes the
stress conditions todeviate from those of the ideal
case., Secondly, a uniformly distributed load is diffi-
cult to obtain since the intensity of the pressure becomes -
infinite at the edges of a rigid contact. As shown by
Timoshenko (reference 5), the distribution of pressure
under a rigid contact is gilven by the expression:

- P
e

where g is the intensity of pressure,k? is the
total applied locad, and the coordinates are the same
as above.

Notwithsbtanding these practical limitations,
the theorebtical s olution is approximately true at a
suffiecient distance from the sides and bottom of the
panel, as has been shown by Coker and Filon (reference 2)e

2. If now we consider the case of a stiffened
panel, assuming for our purposes that the stiffener is
integral with the panel and of the form shownbelow, we
gsee immediately that the exact stress function solution

will be considerably more. complex than for the
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case above., Hence, let us attempt Lo obbtain a less
involved, though approximate, sclution by making such
sinmplifying assumpbtions as will permit us to deduce the
stress Tield in the stiffened panel from that in the
unstiffened panel,

In the first place, since we define unit s tress
as the stress per unit area, we may say that having given
two unst%ffened panels of thicknesses %ty and ty respec-
tively (%ty » to), but with other dimensions identical
and having equal losds applied in the manner of the
first case, the distribution of stresses through the
panels will be the same, but the Intensity of stress at
corresponding points in the two panels will be in the
ratio of fV/%; « Now, if we assume, for a stiffened
panel having a thickness tq at the stiffener, and a panel
thickness to, that the stress field remains essentially
two=dimensional throughout (l.e., neglect the effects of
the disconbtinuity in thickness due to the presence of
the stiffener, as well as the method of btransfer of
stress from the stiffener into the panel), we may

conclude thab,(l) the stress disbribubion in the stiffened

-8-



panel will be fundamentally the same as that in the
mstiffened panel; (2) the sbtress intensities at the
stiffener will be the same as for the unstiffened
panel of thickness ty, and (3) the intensities in the
panel will be greater and int he ratio of ‘ﬁ/Q; to
those in the unstiffened panel.,

Hence, for a uniformly distributed load w
over a stiffener of width 2a and thickness tq, the
maximum shearing stress at any point A in the panel of

thickness t, becomes, according to our deduction:

- Tt ‘
Tmax = ;¢: %M(¢l—¢z)

In practice, the stiffened sheet must necessarily
deviate consideradvly from the case of the semi-infinite
panel; as would be expected, the stress patterns in a
finite panel of relatively s=mall dimensions are greatly
altered from those of the more idegl case. It is thils

2 .

case of a small panel with a comparatively large stiffener
which has been investigated in this project by phobto-
elastic means, to a discussion of which method we now
proceed. The assumptions made above, being of a general
nature, would indicate that although the s tress distri-
bution corresponding to a given a pplied load will vary

for panels of different dimensions, the only variation

for panels of equald imensions throughout (except for

different sheet thicknesses) will, to a first approxima-

tion, be in the intensity of the s tresses. The tests

-9"



made will perhaps help to substantiate this assumption.

bs The photoelastic method.

l. General remarks.

Photoelasticity iS‘aneaxperimental method
wnich uses polarized light for determining the stresses
in Transparent models of structural parts loaded either
statically or dynamically. It provides a convenient
tool for checking the results obtained by means of the
mathematical theory of elasticity and for obtaining in-
dependent solutions to problems too complex for a
reasonably simple mathematical treatment. The great
advantage of the photoelastic method is the possibility
of observing directly the formation, growth, and in-
tensity of internal s tresses. Any problem of two=dimen-
sional stress analysis may be investigated solely by
e optical method to cdmpletely determine the distributlion,
magnitude, and direction of the internal [ orces.

The usefulness of the photoelastic method lies
in its adapbtability to practical investigation, i.e., in
the validity of transfering the results obtained from
the model to the actual structure., According to Alex-
ander (reference 1), an accuracy of within 2 per cent is
possible, for the stresses at corresponding points are
rigorously proportional, provided that, (1) the elasbic
1imit is exceeded in neither the structure nor its

model; (2) the e xternal f orces are every wherein strict

-10=



proportion, and (3) the ratio of elastic consbants is
the same in both materials if the plate contains any
holes. Since the mechanism of polarizabtion is actuabted
by stress alone (i.e., the polarizing effect of the
model is independent of strain), the results are

fully independent of the stress-strain relations of the

materials.

2. VWorking Fundamentals.

The optical theory of photoelasticity may be
found in a number of texts, among which are refersences
(1), (2), and (3). In undertaking such an investigation
as this, one is primarily interested in the results
applicable for direct use; the working fundamentals of
the method will, therefore, be briefly summarized hers.

A list of the necessary laboratory apparatus
is given in Part III, If an understanding of the polariza=-
tion ﬁhenomenon may be assumed, we will procesd directly
to list the data obtained from the image of the loaded

model and the use which is made of that daba.

Isochromatic lines. Referring to Appendix A,

photographs 94 - 13A, it is seen that there appears on
the loaded model a series of alternating bright and

ite

dark lines. These so=called "isochromatics' are shear

contour lines; i.8., lines along which the maximum
shearing stress 1s a constant. The increment of stress
value between lines is constant for a given thickness

of the model; and by means of a proper calibration

-11-



method these lines may be readily evaluated and 2:m.x

determined at every point,

®

Isoclinic lines. The isochromatics have no

bearing on the directions of the stresses in t he material.
By a suitable manipulation of the apparatus (described
mder Procedure), a second series of dark lines, called
isoclinies, is obtained. Along each of these the
directions of the principal stresses (and, hence, also

that of 7 ) are consbtant.

max

Isotropic points. A point at which t he value

of (p - q) is zero is called an isobtropic point. This
means that at such a polnt there is r adlal tension,

radial compression, or zero stress., A locus of such points
is bermed a neubtral line. Since at an isotropic point

the directions of the stresses are indeterminate, an
infinite number of isoclinics pass through the pointe.

An example of this appears onthe model investigated.

Principal stress trajectories. The directional

distribution of each of the principal stresses may be
plotted graphically after the isocliniec lines have
been determined; the & wo systems form a network of
orthogonal ¢ urves, It should be noted that p and q are
not necessarily constant along these curves, but vary

according to the relations:

C/e ~ (=g ) ot
;.fz fzé—j/ faﬂ/

Maximum shearing stress btrajectories. Since

1=



the maximum shearing sitress at any point acts at an
angle ézL to the directions of p and g, the

directional distribution of may be similarly

zlmax
plotted, This determines a second network of orthogonal
curves which coincide a pproximabtely with the lines of
slip (the so=-called Luders' lines) which appear in a
test plece of mild-steel, or other ductile material,

when the limit of plasticity is reached.

separabion of the principal s tresses, The

isolation of the individual values of p and g are not
so simple, nor so accurate as the (p - g) determinabtion.
There are available such anaelytical methods as separation
by graphlcal integration processes and by plotting the
so=-called isopachics, lines along which the value of
(p + g) is constant, There are zlso such mechanical
means for determining (p + g) as Ehe membrane method
and the lateral strain measurement methods

In view of the necessity for placing limits
upon the scope of thils investigation, no atbempt has
been made to lsolate the values of the principsl stresses.
From a practical standpoint, in fact, the main value of
the photoelasztic method lies not in the possibility
of obtaining the exact values of the principal stresses,
but in giving directly a physical plchbure of the s tress
distributions and concentrations. For purposes of
reference, however, an analytical method of separabting

p and g is outlined in Appendix C.



PART IIIL
LABORATORY PROCEDURE

&s Apparatus,

A complete diagram of the photoelasticity
equipment is shown in Fig.‘l. Ingeneral, it is the
usual polariscope employing: a light source, a
polarizer, and an analyser, with their respective
guarter - wave plates, a projection screen, and a
loading frame.

However, the polariscope shown has advantages
over the usual type. Two spherical mirrors and
condensing lenses are employed to gilve a large beam of
polarized light through the model. The polarizer and
analyser are placed at the focal points of their res-
pective mirrors as shown,wwith the result that a beam
of 20 centimeters iﬁ diameter is obtained from polarocids
5 centimeters in diameter. Since the light beam is
broken by the use of these mirrors, the light path can
be long in actual length yet fit into a small room. A
polariscope of this type will operate without disbortion
to the image if the angle, ol , is less than 8 degrees,

The light source is a monochromabtic 60=-watt
Sodium Lab=Arc manufactured by the Vapor Lamp Company
of the General Electric Company. The monochromatic
light together with the quarter - wave plates for
the light, produces circularly polarized light and allows

the isochromatic lines of the model to bs observed

-]l



without the presence of the isoclinic lines. This light
also produces definite light and dark fringes on the
screen which are necessary for a clear picture.

A set of 5.0 centimeter polarolds are used
as polarizer and analyser instead of the usuval nicol
prismse. The'polaroid is & transparent material That
produces plane polarigzed light by simple transmission.
The degree of polarization of light produced by commercial
.0026 inch polaroid is 99.8% effective throughout the
visible spectrum.

The two polaroids are mounted in individual
stands and are free to robtate 180 degrees as required
in determining the isoclinic lines. Attached directly
to each polaroid is the quarier - wave plate inclined
at 45 degrees to the axis of the polaroid. These
quarter — wave plates are quickly debtachable as The
procedure demands.

The loading frames are shown in Fig. 2, and
Fige 3., The first is used toa pply pure moment to a
simple calibration beam, and hence, the stress per
fringe order is determined. The second is the frame
in‘whichrthe model is loaded to 2000 pounds. It consists
of a machined flat as a base, a method of applying
the load, and a means of determining the load. The
loading beam shown is calibrated, giving dial reading

against load, and the calibration is shown in Fig. 7.

=15=



The screen of the polariscope 1s a five by
seven inch camera. This gives a ground-gless screen
for focusing,as well as a plate holder for pilctures.

As the optical system of the polariscepe i1s complete
within itself, the lens of the camera must be removed,
but the iris may be used %to good advantage in obtaining

a clear image.

be Meodels,
A summary of the desired requirements for
a material t o be used in making the model is given as
follows:+
1. High stress-optical coefficient.

(]

2e IFacility of machining into intr

(=4

cate shapes.
d¢ Linesr relation of stress to sbtrain within
limit of working stress.
4, High elastic constant.
5. Perfect homogenelity (physical and optical).
6. Absence of initial stressese.
7. Absence of crsep while wnder constant
stress.
8. No permanent set or resildual double
refraction upon removal of the applied force.
Q¢ Dependence of double refraction on siress
rather than on strain.
10, DMNo development of edge stress aging of

finished model.

o e Gu O PR O G e D BN B OT €T € N END ©R e
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11, High Lransparancy.
12. Adapbtabllity to bullt-up and reinforced
models.

13 Low cosbe

Bakelite BT61893, manufactured by the
Bakelite Corporation, 247 Park Avenue, New York City,
has been found to most nearly it the sbove regquire-
ments, and it is used for all models in thils paper.
This bakelite is a clear, white material and lends %o
machining very readily. It usually is sufficiently
free from initizl s tresses to be used without annealing,
and no stresses will be produced during the machining
process if the material is properly supported and 1f
small cubs are made with a very sharp, well shaped toocl.

Actually an 1/8 inch cut was made around the
six by twelve inch stock as received from the Bakellte
Corporation. This area did contain initial stress,
but removing it left the remainder of the sheet free
so that no annealing was necessary. Had annealing been
necessary, a large hot water bath with cilrculation
provided, was constructed with a gas thermostat control
to keep the bemperature at 80 degrees C. for four hours
and then allow gradual cooling at a rate cof not more
than 4 degreses per hour. Experiments were carried oub
on old 3/8 inch stock, and initial stresses were

removed satisfactorilye.



The models used for study are shown in Fig. 5.
They are the actual stiffened panel for study and the
calibration beam. It should be noted that the comparison
strip must be machined from the same sheet as the model
in order to eliminate the two facbtors in the photo=-
elastic formula; namely, the optical constant and the
thickness.

Machining was accomplished with a fly cutter.
The specimens were mounted on flat boards by cemenbting,
and, hence, ample support was obtained without clamping
loads being introduced on the specimen, Machining
left the surface covered with circular aves, the height
of the ridges being comparable to a surface prepared
with 400 Alundum finishing papere.

The machined models allowed a very faint
picture to be observed on the screen when loaded. This
called for finishing of the surfaces Through which the
light was projected. Folishing of surfaces with a
ridge down the middle would be a lengthy job, and rather
than do this, a simple means Lo prepare the surface
was sought.

Experiment showed that the machined surfaces
could be built up with oil or lacquer to a smooth
surface, and a high polish and fTransparency obbtained.

To verify this statement, a collection of pictures,

F'ige. 6, is exhibited. These pictures are of the same

ot
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beam under a consbant load, but finished in four
different ways. The four plcbures in order are:
1) machined surface, 2) machined surface covered with
a light oil film, 3) machined surface coated with clear
lacquer, and 4) polished surface. The order of thickness
of the lacquer film is 001 inch per side, as compared
with the specimen thickness of 350 inches. The polishing
of the surface in 4) was accomplished in four steps:
grinding with 400 Alundum paper, wet, grinding with
500 and 6C0 Alundum powder respecbtively on canvas laps,
and finishing with Levigated Alumina on a felt lap.

The opbical constant of the material is not
in any way changed,es the distance between fringes, the
number of fringes, and the fringe Jocation is the same
for each type of finish. The pictures also illustrate
the transparency of the different finishes, since the
photographic negatives were e xposed the same length of
time for allfour pictures. Finlshing may be accomplished
by coabing the model with oil or lacquer, and hours of
grinding and polishing time may be saved. The transpar-
ency in either case is as good as that of the polished
specimen, but olil may prove a little inconvenlent to
work with. All of the results given in this paper are

based upon machined models polished with clear lacquer.

=10=



C. Procedure.

Calibration beam. The fringe order of the

photoelastic material is determined by applying a pure
moment to a calibration of comparison beam. This is
accomplished through the use of the loading frame,

Fige 3. DBy using the flexure f ormula, the stress at

any disbance from the neubral axis is calculated, and
hence the stress debermination per fringe is known.

"It is best to also observe the beam in white (poly-
chrometic) light to determine the position of the neubral
axise. Tests show that it is not necessarily in the
center of the beam (see calculation, calibration beam).
A recommended procedure for t his calibration is to
increase the moment in about five steps to the neighbor-
hood of the elastic limit of the material, as a check

in determining the sbtress per fringee.

Modsel loading. The model, Mig. 5, 1s loaded

in three different ways. They are as follows:

Type L. Load is applied to the stiffener at
the top and absorbed as a distributed load across the
bottom. (See Fig. 13.)

Type II. Load 1is applied to the stiffener
at the top and absorbed as a distributed load scross the
webs only. (See Fig. 18).

Type IIL. Load is applied at theitop of the
stiffensr and absorbed at the bottom of the stiffener

only. (See Fig. 21).



Determination of isochromatbtic lines. The

quarter wave plates are inserted, and isochromatic lines
are recorded in all three types of loading. A progressive
load 1s shown for Type I in five steps from zero to

2000 pounds. See plctures 74 Lo 13A énd 20e. Pilctures

74 and 8A are included to show the model in the unstressed
condition before and after loading. IFor Type II and IITI,
one load of 2000 pounds is applied o each.

Determination of isoclinic lines. Removing

the gquarter-wave plates will gilve isoclinic lines
superimposed on the lsochromatic lines. For plotiing
isoclinics of a model, it is a good plan to record
pictures from zero through 90 degrees in 10 degree
steps, and make necessary additional pilctures where the
lines change rapidly. If difficulty is encountered in
the interpretation of the isoclinic plectures, it is

- advised to view The model in white light, as the dark
lines stand out more clearly than they do in mono-
chromatic lighte.

The isoclinic plchtures are differentiated
from the isochromatic plcfures by the notation of the
angle @ ‘through which the pclaroids have been
rotated in each case. Complete series of isoclinic
phobographs are given in Appendix A for Type I and
Type II loadings. It was found advisable to take
additional pictures in the range from E=70° to =800,

since here the isoclinic lines were changing rapidly

-2]=



.n the lower portion of the model; elsewhere, the

soclinic pilctures are given for steps of 10° robtation

fote

of the polaroids.

g
[l
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PART IV. RESULTS.

e Data.

1. Calibration of loading frame spring.

P = gpplied load in 1lbse.
D = dial gage reading in f%§ mMe
Run Noe 1. 2. e by
Heading P D P D P [ I D
Noe 1. 11 %0 11 39 196 51 201 Lo
2 199 85 2073 ar L% 99 359 95
Z. 207 126 401 127 511 138 801 129
L 500 165 508 166 | 787 176 | 796 189

5 791 204 79L 204 098  21% 997 208
. | 1000 243 008 240 | 1199 247 | 1197 243
7. | 1196 280 | 1211 281 | 1402 288 | 140y 278
8e | 1394 316 | 1397 314 | 1606 325 | 1390 %16
0. | 1390 352 | 1590 340 | 1802 381 | 1794 353
10 | 1793 387 | 1800 385 | 2002  ho1 | 1996 390
11. | 2000 421 | 2000 @ 420 | 2107 435 | 2190 Mo

Calibration runs made on "tension machine",
Galeit Structures Laboratorvs
Bes Fige 7. for calibration curve.

2e Photographs (see Apvendix A).

Series A - Calibration beam loaded in pure bendinge
(see ppe 11 - 1ii)

Picture No. Load, lbs. Mowent, Ine-lbze
Zh : G 0
L, 11.16 1649
5A 21 45 32,2
GA. 28.81 47.2
7~ %7.61 5804
8- L8.10 721

w2 B




2. Photographe (continued).

Series C -~ WModel under Type I lomnding (pp. iv - xiv).

Picture No. Dial rdg. Losd, lbe. Isocclinic snsle, ©

- TA 0 0 (isochromatis)
&a 0 G i
9A 40 7 "
104 175 873 "
114 245 1200 "
124 317 1400 B
13A 385 2020 "
1C 0 0 "
20 390 2065 i
%0 " " 10 degrees
40 H] # 20 i
5G 1 1 5@ i
6O i 1 40 1t
70 ® 1 50 i1
80 it fn 60 #t
9 C 1 i 70 i1
1 OO #H it 7!5 t
1 1 O 1 i 80 i

Series B - Model under Type II loading (pp. xv - xxi).

Picture Mo. Disl rdee Load, 1bs. Isoclinie angle, €

1B 386 2020 (isoehromatic)
2B " i 0 degrees
53 i 1 10 1
iB i f .20 m
55 it # %O i
4B " 1l brO i
TB it 1t 50 i)
&5 1 i &0 n
98 1 i 70 I
lOB i 1 72% i
11 B il i 7-'7%_ i1
128 i 1 80 © 1
1 58 i # 90 i

Series £ -~ Model under Type III loading (p. xxii).
Picture No. Dial rdg. Load, Ibs.
1% 384 2000 (isochromet ic)

-l



be Calculations and graphical work.

1. The evaluation of A7, ., from the

calibration beawm. It was found that the neubral axis

of the calibration beam (i.e., the line along which
p =g = 0) varied in location with changes in load
and that it moved from the compression edge of the beam,
ag load was firsta pplied, toward the center line of
the beam as the load was increased. AL the same Tims,
the change in stress per fringe,d?‘ﬁax, increased. No
explanation is advanced for these effects, since they
occurred for every type of application of pure bending
moment which was tried, irrespective of the position
of the beam,

In order to evaluate the isochromatic lines
on the model, a value for A Z’max wa.s determined by
the following extropolation process. Taking e equal
to the distance of the neubtral axis from the center
line of the beam, a curve of Armax ve. e was plobtted
from the e xperimentaldata; five points were obtained
to give the straight line variation shown in Fige. 8.
It was assumed that, in order todetermine the fringe
scale for the model, t his curve should be carried to
the point where e = 0 and Azlmax taken there. This
is admittedly an arbitrary assumption; for the purposes

of this particular investigation, it seems a satisfactory



-solution. However, for the sake of a logical explanation
of the effects noted, a more thorough study of this
individual problem might well e made,

Since the beam is loaded with a pure moment,

tension and compression are found on opposite sides of

the neutral axis and may be calculated from the flexure

formula:
o s MYy
I
Since o7 = oy = p s, and % - o s the
expression for maximum shearing stress becomes:
Toaw = %
where o= O, = o, (See Appendix B for fundamental

stress relations).

Therefore, the increment of shearing

stress per fringe is the shearing stress at a given

point divided by the fringe order n abt the same point.

That is,

SAamPLE CALCULATI/IONS

- D -

Pieruvre No. 4+ A 5 A é6 A 7 - S -
M, In-[b. /6.9 32.2 43.2 Se6. + 72./
e ., {nches 0./030 |0.0577 | 0.0406| 0.0366 | 0.02587
Ir ., (i)t 0.0/21 |0.0r04 | ©.009F| ©.0078 | ©0.0037
o, lb./in* /r3g7c |3//0c | 4345¢c| 5725 | 7405c
Ye , in/line 0./326 | 0.0748 | O.05EGC| 0.0346 | as34D
Yt o~ in-fline 0.1326 | @ 0748 | 0.0573|0.044% | ©.O356
Ove . 16.fi0.line | 18572 232.6 | 243.3 | 283.2 | 2575
Z;u,/b.//'n.//fne 92.6 116. 3 127.7 126.6| 128.8

From Fi16. 8, Cmax = /1435 et




2. Evaluation of isochromabtics. (Figse.

9-13, 18, 21). ©BSince the increment in maximum shearing

stress per fringe has been determined by means of the

bakelite calibration beam, the value of T’

max 8¢ 80y

point in the lcaded model may now be debermined by the
simple process of counting the isochromatics which have
passed over that point during the loading. Thus,
beginning with the fringe of order zero, which maybe
readily located by observing under white light the
growth of the stress pattern during application cof the
load, the parameter of the fringe of the nth order, say,

is given by the relation:

/?MAX m = L E max

JE35 285 PER /v

1l

3. Isocliniec lines. (Fig., 15, 20). +or both

Series C and Series B, isoclinic diagram I (see Figs,
14 and 19) were drawn by tracing directly from the
corresponding sets of photographs the isoclinic areas
shown. Then diagram II for each series was drawn by
estimating the position of the center line of each aresa
in diagram I,

4, Trajectories of the principal normal

b

stresses. (Fig. 16). The first set of these two families

of curves was obtained by drawing between successive



isoclinics of parameters 6, , &, , &, , etc.,

the sides of a series of polygons; such that the sides

of each polygon made angles of 23/9, "‘9‘5/ s Ze/@v"@j,
etc., vrespectively, with 0X, the successive vertices
lying on the successive isoclinics. These vertices

then were poinbts on a principal stress trajectory which
could be easlly faired in. In a similar manner, the
second system of curves was drawn in orthogonal to the
first family of principal stress trajectories.

5. Trajectories of maximum shearing stress.

(Figs 17). In a manner similar to that described under
(4), these curves were also drawn for Type I loading.
In this case, however, the polygons for the first system
of shearing stress trajectories drawn were constructed

with sides at angles of [72 @ +9¢-,,.,/ + 74/ with

the axis OXe

ce Conclusion.

The model used in this project has been in-
vestigatbed sufficiently t o give a fairly completbe
picture of the shear characteristics of tThe sheet in
the type of panel donsidered, namely an unbuckled shest
reinforced with a light stiffener. The tests made
tend to confirm the fact that the stress conditions in
the panel are influsnced largely by the edge conditions
(ieee, the dimensions of the panel, the nearness of

the edge boundaries elther free or loaded, etc.). In

D



addition 1t was noted that for a load applied in
compression through the stiffener, the stress distri-
bution in the panel was closely analogous to that in an
unstiffened panel with a uniformly distributed edge
load over a distance squal to the width of the stiffener.
Appendix D contains the data and photographs
obtained with one additional model. Due to unavoidable
conflicts in the schedule of the Institubte shop, this
model was not obbtalned early enough to include the
data in the main body of the thesis. These later tests,
however, provide an interesting cowmparison with the
first experiments made and serve as confirmation for
the above remarks.
The experiments conducted indicate that =
further and much more complete investigation of stiffensd
sheet characteristics by the photoelastic mebthod would

be of considerable value. The inherent advantages of

make 1t highly adaptable to a study of the stress

ns in thin sheet sbructures below buckling.
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APPENDIX A

Photographs. Pertinent data iz given on each picture.
The following photoelastic photographs are shown:

Pageg 1i - 1ii.

Pages iv - vii.

Pages viii -~ xiv.

Pages =xv - xxi.

Page  xxii .

The bhakelite cslibration beam
in purs bending( isochromatics).

The model under progressive
stages of Type I loading
(isochromstice ).

Isochromatic and isoclinics
of the model wunder Type I
loading.

Isochromatic and isoclinics
of the model wunder Type II
Ioading.

Isochromatic of the modél
under Type III losding.
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