18 June 1335 i NRL Report No. H-1159.
NAVY DEPARTMENT
BUREAU OF ENGINEERING

Report on - p@_ l l50|

& Photoelastic Investigation of the Stress Concen-
trations in Longitudinal Sections of Corrugated
Pipe
for U.S. Navel Experiment Station, Annepolis, Md.

NAVAL RESEARCH LABORATORY
ANACOSTIA STATION
WASHINGTON, D. C.

Number of Pages: Text - 9 Plates - 27
Authorization: Director, Naval Research Laboratory.
Date of Test: July 1934 through May 1935.

Prepared by:

John A. Plugge, Contract Employee

Reviewed by:

E.O. Hulburt, Physicist, Supt. Div.
of Physical Optics.

Approved by:

Houo coom’ C&pt&in, UuSoNo,
Director. Distribution Unlimited

Distribution:
Bu.Eng.(2)
Eng,Eip,sm. (3) Approved for

- Public Release



TABLE OF CONTENTS

Subject Page
ABSTRACT

AUTHORIZATION. o = o = & s & .8 » & lo o o o o e & & 6 & 6 & = @ & 1
STATEMENRT OF PROBLEM ¢ o ¢ o o 5 v © o ¢ ¢ s « o 0 6 o 0 & o = & o o 1
KNOWN FACTS BEARING ON THE PROBLEM o o o oo ¢ o = o e W e e e e 2
THEORETICAL CONSIDERATIONS o o o « ¢ o o s @ o ¢ o & = ¢ & o & = o o 2

PREPARATION AND PHOTOGRAPHS OF MATERIALS - < o ¢« s o o s o o o o o 5

DESCRIPTION OF EXPERIMENTS ¢ o o « o o s o ¢ o o o o o » = ¢ o o oo 5
DISCHSSION OF RESUETS. o« « 6 s o @ s = » = & 5.8 3 sl s s o o s & ¢ » 7
CONCLUSIONS AND RECCMMENDATIONS. o o o o s o o o o o o = o s o o o = 8
(&)FactsEst&bliShedoa....o-,....-.......- 2
Appendices
Plate
Appendix A -- New Method of Cutting Transparent ilodels.
Load-Stress Curve,. Specimen A-1 o o ¢ © = ¢ o o o o ¢ & o = o = =0 1
Load-Stress Curve, Specimen A-2 ¢ ¢ o o o o o o o o o = o o o o o= 2
Maximum Stress Curve B Seri€S o o o o o = s o ¢ o o o o o o o o = o 3
Load-Stress Curve, Specimen B-1. o ¢ o ¢ o o o o o o o o o o o o oo 4
Load--fatress C'-J.T.'Ve, Specilnen B o s d e e e e w0 e e e 5
Load-StI‘ess C‘JI‘VE, SpeCj—mEn B"Bo e balla N e e om o, ww e e i e e A e e 6
Loed-Stress Curve, Specimen B-5¢ o o o ¢ o o 0o c 0 0o e o o o o o oo 7
Load"stress Cul“fe, Specmen%o & © 6 ® ® © & ° & © ® € s S e e & » 8
Load-Stress Curve, Specimen B=7c o o o o o o o o e o o o e o o o oo 9
ﬁ&xmwnstreSSCurveCSerieSoooo...o.o....e.é... 10
Load-‘stl'eSS Curve, Speeimen B"‘A’ C’_l e B oo B O o e @ W & W ® o & » ® 11
Load-ﬁtl‘ess CLII‘VE'.', SpeCimen C-"2= o © 8 ® o © O = 8 4 ®& ® & & v e e e 12
Load-Stress Curve, Specimen C-3¢ ¢ o o o o o o o o e o o o ¢ o o o o 13
Tabulated Data for A SerieSe o o o 0 0 o s o o s o o o o o o o o o o 14
Tabulatednat&forBandcSeries-oooooooooooooc.o- 15
Shop Drawings for A Seriese « < o o o o o o o oo o o o o oo oo 16
Shop Drawings for B and C Series o ¢ ¢ o ¢ o o o o o o o o o o oo 17-20
Isoclinic Lines and Lines of Principal Stress for Specimen A-2 . . « 21

Graphical Solution of Stress Distribution across Section of
Symmetry on Specimen A-2 from Three Known Points and Assumptions. 22



This photoelastic investigation has dealt with stresses in longitudinal
sections of corrugated pipe. The work has been supplementary to a broader
problem which has been conducted at tne Engineering Experiment Station,
Annapolis, Maryland. The work at that Station on corrugated pipe comprised
physicel tests on steel pipe end stress cnzlysis by the analytical methods of
the theory of elasticlity.

The cooperative work heas included tests on models of sections from two
samples of pipe submitted by the Experiment Staztion. It has also included a
study of the maximum stress in each of a series of seven theoreticelly de-
signed models in which the curvature of the corrugation was the only veri-
able, znd another series of 3 models in which the depth of corrugation was
the only variable.

The work shows that maximum stresses are not increased rapidly by mod-
ercte decreases in radius of curveature unless the radius is extrenely small
in proportion to the rest of the section. With & change of radius from
1.145 inches to 0.3125 ins. tne maximum stress inereased only from 1320 lbs.
per sq.in. to 1620 lbs. per sq.in., while & change from 0.3125 inch to 0.0100
inch increased the meximum stress from 1620 lbs. per sq.in. to 2150 lbs. per
sg.in. It also shows that an increased depth of corrugation has exactly the
effect upon the maximum stress that would be predicted from ordinary enalysis
of the externsl forces and moments.: This inerease is uniform and in keeping
with momeni=force times distance.



AUTHORIZATION

5 U This problem was suthorized by the Director, Navel Resecrch
Leboratory. References (2) znd (b} below preceeded the suthorization of
the problem.

Reference: (a) Director, Eng.BExp.Sta.ltr. NP16/L5/548(G) of 19
June 1934.
(b) Director, N.R.L.1ltr. N8-8/L5-2 of 3 July 1934.

STATEMENT OF PROBLIEM

2. The Engineering Zxperiment Station has been engaged in &n in-
vestigation of tne strength and flexibility characteristics of corrugated
steam piping. At thail station physical tests on steel pipe and theoretical
clzstic analyses have been made.

3. The purpose of this jnvestigation has been to determine by
photoelastic methods the maximum edge stresses introduced by & longitudinal
force, in possible shapes of corrugation which may be used in corrugated
pipe. In obtaining this guantitative information, & relationship between
maximum stress and geometrical veriations of curves has been obtained. This
mey prove useful in determining optimum proportions of corrugation shapes
in pipes.

Le The pipes tested included various shapes such as "straight tan-
gents", quarter bends, and expznsion bends, and were made of tubing having
wall thicknesses of 0.280 and 0.288 inch and an outside diameter of 6.625
inches.

5 The preliminary tests conducted by the Engineering Experiment
Station on this corrugated piping indicated that the actual stresses exist-
ing under load &re considerably greater than would exist in an uncorrugated
pipe of the same nomingl diameter, the same dimensions, and under the same
joading. The actuel amount of stress multiplying effect had not been def-
initely determined.

6. It was believed that photoelastic methods would prove useful
in solving some of the questions which arose through this investigation and
that such a study would show more clearly just what wes teking place in two
dimensionsl corrugeted sections.

7. The first phase consisted in the examination of models of sec-
tions of pipe submitted by two different manufacturers which had slightly
different curves in the corrugations, and to measure quentitatively the
relative stresses in these sections under the sume loading.

8. The second phase consisted in the construction of two series of
models, one to determine the relation between maximum stress and radius of
curveture end the other to determine the relation between maximum stress
and the depth of corrugation. In the first or "B" series, the pitch, depth
of corrugation, and "thickness of metal®™ were kept constant. In the second
opr "C" series, the pitch, radius of the sharper curve, and "thickness of
metol" were kept constant. However, in both series the "thickness of metal”
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wes constant throughout the length of each and every corrugated model. This,

of course, was not true in the models of the actuel corrugated pipe sections
which are herein designated as the nap" series.

KNOWN_FACTS BEARING ON THi PROBLIM

9. The BEngineering Experiment Station, previous to the commencement
of the photoelastic work, nad tested a "straight tangent" section of nominal
six-inch diameter corrugated pipe. The test comprised the vertical erection
of corrugated pipe about 76 inches long havings its base securely anchored by
means of a flange. A beam was fixed on the top of the "tangent”, normal to
the verticel axis, and a load applied vertically to the end of the beam. The
distance from the pipe exis to the point of epplication of the load was 66
jnches. With this testing arrangement, load deflection relations were ob-
tained. The displacement of the pipe axis from the vertical, at the top of
the pipe when under load, was teken s deflection. When, in each case, the
equivalent length of smooth pipe to give the obtained deflection under a
given load was calculated, the equivalent length for one tangent was 36%
greater than for the other. A visual examination of the corrugations of each
tangent shows that while the corrugations zre at epproximetely the same pitch,
they differ in slope.

10. The differing well thickness was compensated for in the calcula—-
tion by using the moment of inertia in each case applying to the actual wall
thickness. Certain test results in alternating flexure of this piping indi-
ested that the stress multiplying effect differs in the two forms of corruga-
tions. The actual amount of this difference was not known.

11. It was believed, therefore, that photoelastic models of sections
of these pipes would amnswer the questions left in doubt by the above tests.
These models ere herein designated as Series "A".

THEORETICAL CONSIDERATIONS

12. It has long been known, and has been confirmed by photoelastic
enalysis, that sherp notches in & member caused smell areas to be very highly
stressed by & comparatively smell load. Acute or square corners and small
fillets give much higher stresses than large filleted cormers. Also, curved
beams give higher stresses then streight beams. The general facts have been
studied by methods of the theory of elasticity using various assumptions, &nd
uncoordinated work by photoelastic methods may be found in numerous publica-
tions, but definite and accurate answers to the questions arising from this
problem could not be considered as forthcoming from the books.

13. ts the corrugeted pipe being studied at the Engineering Experi-
ment Station had a wall thickness of approximately 0.28 inch, and as the
smallest pitch, which is equivalent to the greatest number of corrugations,
conver.ient to manufacture is probably two and & half inches, several constanis
could be used in the theoretical series of models. It was decided to use at
double scale, the following constents:

Pitch: 2-1/2 inches
Thickness of Metal: 0.280 inch
Slope of tangent, from direction of length,

on side of corrugation: 60°
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#iso, in the "B" series, the depth of corrugation wes fixed at 1-3/8 inches
from the center lines of the metel thickness on the opposite curves, varying
only the radius of curvature sc far &s the sharper curve Ww&s concerned. In
the "C" series the above mentioned radius of curvature was fixed at 1/4 inch
and the depth of corrugation was made the only variable so far as the sharper
curve was concerned. In 211 models the load was placed on the geometrical
center line of the model. This approximated the location of the load line for
zero lateral deflection closely enough to prevent separate data from being
distinguished if taken with the models restrained from latersl deflection
under longitudinal load.

14. It is apperent thet in the "C" series the meximum bending moment
should vary directly and proportionately to the depth of corrugation or moment
arm. To account for the ncw series curve of maximum stress and depth of cor-
rugation not passing through the origin (see Plate 10) after correcting the
meximum stress for the uniform stress caused by the load on the models, the
following correction must be introduced. Using the following symbols:

measured stress at extreme fiber
f£iber stress due to pure bending
moment on section

direct stress

moment arm (actual)

load

constant

fl

oo

Wt QRr

Now, as the stress js not due entirely to pure bending, assume

pr=f+Cend f =K
L f =kM+C Ic 3
M

Now M = PL (1/2 Amplitude = L + a shift of the
"Neutral Axis", or P-Q = 0 line, due
to the direct stress.)

As P is constant, we may plot the abscissa &8 L
g

ft
cq{_ = ;
15. Photogra{ihs of the (P-¢=0) line show L to be a constant subtracted

from one-half of the amplitude. The constent shift of this line under & load
inerement of 20 pounds = 0.079 inch. ]

L = 1/2 amplitude - 0.079"
je. M=Px (L - 0.079") or M = O when L = 0.079" and a
velue of f' with only direct stress present or
c = 143 1bs./sq.in.
-~ if L is plotted as abscissa and f' as ordinate L = 0.079" &t
£t = 143 1bs./sq.in.
Hence Amplitude = 0.158" at £' = 143 1bs./sq.in.

This "C" series curve should, therefore, £it this point and at the same time

pe & straight line. It will be seen on Plate 10 that this is very nearly the
case. >
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16. The central black line in & simple bezm would be & true neutral
axis, or to use better terminology, neutral line or edge view of the neutral
plane. That black line in these curved beams 1is present because it is due to
the principal stresses at all points along that line being equel or, in other
words, P-Q=0, and the optics of the method give all such points &s black or
zero interference of the light. 1t does not follow that this is a true neu-
trsl line in the curved beams, for to have a true neutrel line (P-Q) must not
only equal zero, bub each of the principal stresses must be in a direction at
forty-five degrees to this neutrel line. This condition gives maximum shesr
and zero longitudinal strein, but here with the principal stresses lying along
and normal to the black line, the shear is zero and the longitudinal strain
whetever is caused by principal stress P. This will be clear from Plate 22.

17 In pure bending, & straight beam can have a true neutral line
only because both P end Q are each equal to zero along a central line, for in
the case of pure bending their directions are also along and normel to this
line, and hence the shear is zero in e&ll directions sbout any point in the
neutral line.

18. Plate 22 shows the results of the work that was done to illus-
trate the internal stress distribution across the section of symmetry on the
sharper curve of AZ. The only known data were #® location of the point where
P-Q=0 and the value of the edge stresses &l points "a" end ny®, Several
assumptions were tried and finslly a lineer change of the radius from each
edge to the point "k" where P-Q=0 combined with the assumed curve of P-Q
shown on Plate 22 gave & guite reasonable solution. The radius at k" was
proportioned between the maximum end minimum velues of the radius*, i.e. be-
tween Ta and Tu. The scale used wes ten to one over the celluloid which
would be twenty to one over the steel. (Note the measure indicated on the
plate to be reduced equelly with the drawing). The small error in continuity
of the P and Q curves, &s they approach their inevitable intersection, at P-C=0,
since the assumed P-Q curve was drewn through this known point, is evidence
toward their being the correct curves of P and Q velues. However, it is be-
lieved that that is incorrect, but as at first glance it appears (with the
sbove mentioned smell error showing) to be nearly perfect, it may mislead. The
small error proves that the assumed P-Q curve &cross the section is very close
to a possible P-Q curve to £it the known edge values of P-Q and the photoel&s-
tic location of P-%=0; end then give continuous P znd Q curves when integrated
toward "k" from each edge. It seems that there are innumerable curves which
would do these things and yet not be correct. The reason is that this P-C
curve cen not be correct unless the difference of the areas under the compres-
cion end tension sides of the P curve is equel to the load on the specimen.
That is merely =Fy = O. > M sbout the intersection of the twenty pound load
line and the Q stress line (i.e. the section ngu") must also equel zero, but
what that gives 1is immaterial until the other condition of static equilibrium

>SF, = 0 1is fulfilled. Plzte 22 not only does not show a condition of static
equiiibrium, but also does not show pure bending, hence so close & check be-
tween the point where P = 0 znd the point just above, found from the solution
according to the curved beam theory as presented by Timoshenko in his "Theory
of Elasticity", could not have & full mesning. The twenty pound direct load
used is egual to 113 lbs. per sq. inch tension in the direction of P. There-
fore, the line of P=0, i.e. ngku", should be shifted 1.13 inches to the left
for the pure bending base 1jne of the P curve. A shift in this direction will
shift the pointof P=0 still farther from the theoretical P=0 point unless the
P curve is changing jnfinitely fest over the 1.12 inches, which is not beyond
the rezlm of the possible. However, it seemed foolish to attempt any further
manipulation in & colution which as yet is not in stetic equilibrium. y
=



19. The equcztion used aP - . _BG to integrste &scross
25 e
the section will be found in Coker snd Filon, "Photoelasticity", page 1l44.

w

PREPARATION AND PHOTOGRAPHS OF BATERIALS

20. When the possibilities of & photoelastic study of the various
sections with which this problem wes concerned were under consideration, &
few preliminsry models were made. These models were cut and filed emtirely
by hend to the same size @s the pipe segments. #fn examinaetion of these
showed the expected high stresses on the concave side of the sharper curves
end slso that & larger sczle model would be highly desirsble for accurate
quentitative measurements. These preliminary tests also indiceted that it
. would be well worth while to exemine the pnaximum edge stresses by this method.

285 The materizl used in &1l of the models was celluloid of one-
querter inch nominsl thickness.

22. The design of the models of the steel corrugetions submitted
by the Engineering Experiment Station comprised merely the teking of ac-
curate messurements zlong the steel chape. These &re the "A" series. For
nodel 2-1 one hump was measured end this was used in series three times.
For £-2 the three humps ere each like the respective ones in the sample
cubmitted. These models were made by hend and &8 the accuracy tnd smooth-
ness of these curves wes of primary importance, extreme ccre wes exercised,
but zttempts to determine stresses at the very edge showed the need for
edges which were more sherp (square) with surfaces more nearly flat. The
continuity of the curves clso was open to some little improvement. The
need for such fine edges in this problem was due not only to the chief in-
terest lying in the extreme fibers, but also beczuse the difference to be
mecsured (see plots of B and C series, Plates 3 &and 10) between specimens
wee of & low order. However, the mechanical method of cutting the models
which is described in #ppendix A wes devised and worked most setisfactorily.
The sccuracy obtzined in the models was approximately plus or minus one
one—thousandth of an inch from the desired dimensions.

DESCRIPTION OF EXPERIMENTOS

23. The models or specimens were, in turn, placed in the ten-inch
beom of polarized light of the photoelastic apparatus. They were suspended
from cross pivots at the top of & steel freme and dead weights accurate to
0.1 grem in ten pounds were used to load them.

2L, i11 messurements were teken in circularly polarized light
while the 4-2 isoclinic lines were, of course, taken in plane polarized
light.

25. The isoclinics (Plate 21) were drawn on & screen upon which the
image of the specimen was projected. The crossed Nicol prisms were rotated
in the direction shown by the &rrow on the cbove plate, in increments of ten
degrees. The photographs of Plates 23 to 25 show the individusl A-2 iso-
clinic lines, the composite of which appesrs on Plate 21. These lines are
lines of equsl direction of principel stress. The optics of the photoelastic
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method have been explained in numerous publications and hence will not be re-
peeted here. From these isoclinic lines to the lines of principal stress, alcso
shown on Plate 21, is merely & drafting operstion. The principal stress lines
m&y be as spurse or well filled in as desired. It was unnecessary to extend the
lines beyond the points shown on the drawing completely to illustrate the direc-
tions of the principsl stresses in that locality. Had & study of the internsl
stresses been & part of this problem, it would have been well to have spaced
the lines of principal stress so as to make the included strip between any two
adjucent lines carry equal loads. This would have shown & concentration of
lines of principal stress where there is & high stress intensity. However, in
this work there are no internal quantitative data, hence the lines shown indi-
cate directions only and do not tell anything quantitatively nor does any
grouping of lines indicete & concentrstion of stress. The grouping of the
lines for a short distance along the sharper curve on the isoclinic drawing
shows the locus of points where P-CG=0, i.e. where the principsl stresses are

equel. More has been seid about this under the section "Theoretical Con-
siderztions".

26. The data tabulated in Plate 14 for the A" series and in Plate
15 for the "B"™ and "C" series and plotted in Plates 1 to 13 were taken with
& tension strip, see Plate 36, used &s an optical compensetor. This tension
strip, which was cut from the sume sheet of celluloid as the models, was
mounted in a tension frome and placed in the circularly polsrized beam at &
point where the beam was parallel. An image of the model was formed st this
Sume point and hence when the tension strip was focussed on & screen, the
inages of both model end tension strip were superimposed, optically meking two
bodies occupy the same space &t the same time. The tension strip was used to
measure either tension or compression stresses beccuse of the ease of keeping
uniform tension throughout the ares of the” strip, whereas uniform compression
would have been extremely difficult to maintain. As the ellipse of stress at
a free edge on the model reaches the limiting case of 2 line, the greater axis
or grezter principal stress lying zlong the edge and the lesser axis or lesser
principel stress being equal to zero, the edge stresses or extreme fiber
stresses are either tension or compression perallel to the edge. The compen-—
suting strip must always lie tlong &nd normal to the principal stresses at &
peint. By compenssting for the interference of the light in this manner, P-GQ,
the difference of the principal stresses was measured. Now, &5 one of the
stresses 1s zero at & free edge, the compensation here actually measured the
only stress present. To compensate for & tensile stress, the temsion strip
wes placed perpendicular to the edge, while to compensate for a compressive
stress, it was placed parallel to the edge.

27. The photographs of the models &1l showed a bright band zlong the
3dges. This was initial stress and is élweys a tension. To eliminete this
‘rom the results, differenticl readings were tcken with the loaded and un-
Loaded model. This method seemed better then trusting even a slightly imper-
‘ect annezling to eliminate this initizl stress. In these models the initisl
:dge stresses were quite high, but zll low enough that satisfactory differen—
;ials could be taken above them. On models A-1 and £-2 where compression
itresses were messured, it will be noted on Plates 1 and 2 that the compres-
'ion stress did in no oese completely overcome the initisl tension. This,
owever, did not &ffect the sccurazcy of the meesurements, though stresses of

low order are as & rule more difficult to messure than high ones. Had there
een no initicl stress, the lower ends of the plots would be at the origin
netesd of in a positive direction on the abscissz. Positive slopes show
ension and negative slopes compression stresses due to the applied load.
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28. The shift of the (P-@=0) black line from the centerline of the
"metal thickness" at the peak of the sherper curve of models A-1; A-2 and
C-1, B4 is shown on Plate 20A. The dimensions were taken directly from
photogrephic negetives. The right column shows the location of the (P-C=0)
line without the image of the tension compensating strip being superimposed
upon the image of the stressed model. As this location was shifted when the
tension strip was introduced, pictures were taken of this condition and are
shown in the center column. The left column shows conditions when the ten-
sion strip was loaded sufficiently to just compensate for the direct stress
due to the lozd on the model. Hence the change from the center to the left
columms show the shift of the (P-G=0} line due to direct stress, and when
this correction is imposed upon the right column, the true position of the
(P-C=0) line for pure bending is obtained.

DISCUSSION OF RESULTS

29. The results of this experimentel problem are contained in the
plots of data, Plates 1 through 13, the data for which sre tabulated in
Pletes 14 and 15.

30. Plates 1 end 2 (series 4) show that the inside of either curve
is stressed higher than the outside of either curve and that the highest
stress intensity is located at the inside of the sharper curve. This is
spparent from the greater slope of the stress-load curve for this point. A-l
shows an epprecisbly higher stress than is found for A-2 umder similar loads.

3. Plates 4 to 9 inclusive and 11 through 13 each show the stress-
loezd curve for & model of the B &nd C series. The lines drawn through the
plotted points were arrived &t in the following msnner. A line, which ap-
peared to be the best line through the points, was drawn and the stress in-
tensity for & load increment of twenty pounds was plotted in a manner similer
to Pletes 3 and 10 for the B and C series respectively. Then the best curve
for the B series was drawn in between points. From the very nature of this
type of curve there sre bound to be no discontinuities. From this curve the
ordinates were read corresponding to the separste models, on the &bscissa, end
from this stress value the slope of the lines on the stress-load curves wes
determined. These lines are shown on the several pletes and may be shifted
parallel to themselves along the abscissa without changing their meaning.
This method leaves all probsble error in the individuazl plots to show up as
the difference in slope of the line shown and that of the best straight line
through the points. In nearly every case this 1s very small, in fact, slmost
2 matter of opinion. This method prevents any wild points from influencing
too heavily the slope of the line finally chosen. The straight lines show
thet the highest stresses obtained were still within the eleatic limit of the
materisl.

32. The B series curve of meximum stress vs. radius of curvature,
Plate 2, shows that there is & smell gradusl and only slightly accelerated

jnerease of ctress intensity as the radius of curvature decreases from 1.145"
for B-7 to cbout 0.312" for B-3. For smcller radii of curvature, the accel-
eration of incresce of stress intemsity is much greater, &s shown by the sharp
curveture of the curve from B-3 to B-1. Had sharper curves than that of
model B-1 been studied, very much higher stress intensities would have been
obtained. In fact, it zppecrs that the B series curve would soon flow into
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a region where the extreme concentrstions and high intensities of notches
would &ppesr. The slight slope of this curve at the B-7 end indicates theat
the greutest radius tested is as large es there could possibly be any occa-
sion to use in pipe to keep down the stress intemsity, if it is worth while
to use corrugations at all. However, point B-7, Plate 3, shows & stress
intensity many times higher than would be found in &n uncorrugated piece,
tension strip, of the same dimensions under the same load.

33. The C series curve, Plate 10, was arrived at in a similzr man-
ner. The point nesrest the origin is a theoretical point, the determination
of which has been expleined in section "Theoretical Considerations". The
straight line through C-1, C-2 and C-3 passes through this point when ex-
tended. The straight line for this series was of course expected, since
the lever'arm of the applied force is the only varieble. Also, the slope
of this line is just that to be expected from the simple reletion of moment
equels force times lever arm a&s within the elestic 1limit the stresses are
proporticnsl to the moment.

CONCLUSIONE AND RECOMMENDATIONS

() Facts Estzblished

(1) Bearing on the Problem.

34. The chief facts established by this problem are to be found
in the two A series curves, Plates 1 and 2, and in the B and C series
curves, Plates 3 and 10. These latter two show genersl facts, the gener-
alization coming from dats on specific cases. The results of tests on
models A-1 and 4-2, Plates 1, 2 znd 14 show & lower stress then would be
expected from those radii of curvature end depths of corrugation on the B
end C series curves. This is due, however, to the thickening of the metal
at the pesk of the corrugetion when the plein pipe is heated there and
squeezed. This difference may prove an ample factor of safety over the
theoretical or may be considered in corrugetion design.

35. The B series curve shows that with the constants used through-
out this series, the stress at the highest stressed point is not affected
appreciably by & chenge of redius of curvature when the radius of curvature
is lzrge. Also, it shows that for smaller radii this chenge of stress is
grecter as the radius is decreased as well as the magnitude being higher.
This incresse in stress is marked for the conditions of this problem when
the radius becomes less than 0.3 inch for the celluloid or 0.15 inch for
the steel. Below 0.1 inch for the celluloid or one half of that velue for
the steel the stress increzses so fast that smeller radii would be out of
the question for corrugated pipe of the dimensions here considered.

36. From the C series curve one deduces the fact that the stress
incresses &t a constant rate &s the depth of corrugetion is incressed, and
that this increase of stress is directly proportional to and equal to the
incresse of amplitude or depth of corrugstion. As the maximum stress is
proportionzi to the moment on the section and the moment equals the applied
force times the lever arm, this is jJust as would be expected.

s A& study of the reletive flexibility and extensibility of the
models mede for the photoelestic problem would doubtless give & veluable
addition to the present work. It is therefore recommended that such a

s



study be made. Studies on the reletions of side slope of corrugation, and
thickness of metel at the crest with maximum stress, flexibility and extensi-
bility would also doubtless furnish veluable information to be used in choos-

ing corrugation shapes.



APPINDIX A

New Method of Cutting Transparent Models

i grest many photoelastic models can be laid out directly on the cellu-
loid, bukelite or other transparent muterizl from which it is to be cut e&nd
often the cutting may be done entirely in lsthes and milling machines. This
is true where the edges are arcs of circles and straight lines with simple
lines of construction. Where there are continuously changing curves and odd
shapes added to the above, the model may often be finished by hand. This is
perfectly satisfuctory where great accuracy at every point 1s not necesssary
and where the chief interest lies within the interior of the model. A pair
of three or five ply vencer wooden jigs, one clamped on either side of the
model, have been used to good advantage where rezsonably good edges have been
desired from hend filing and scraping. This method and the common Dutch fil-
ing are good safeguards agzinst serious gouges in the edge and edges far from
flat and normzl to the surfaces of the model. However, in the corrugated
pipe models which were not only not simple geometric shapes but also designs
in which the chief interect ley in the very edge fibers, the old methods of
cutting failed to give satisfactory models even with the best workmanship.
The following method using only one machine very satisfactorily solved this
need for accurate medels with smooth edges truly normal to the model surface
énd all curves joined in perfect continuity.

It wes found thst an eighth-inch diameter side milling tool used in the
engraving mechine (see Plate 37),if used st the normally high speed of the
mzchine, would cut the edge desired. A generous supply of lard oil for lubri-
cation zided materially in keeping the tool free from fused shavings. Also,
the rate of cutting and the depth of cut should be kept 2t a minimum for best
results. This method gave edges as free from initial stress as any previous
method if due care was exercised.

At first it was hoped that the stylus could be guided along & large line
drawing with sufficient steadiness to guide the cutting tool to produce a
smooth edge on the model. In this trial & reduction of several times was ob-
téined from the drawing to the model, nevertheless the increase of accursacy
was not sufficient to overcome the unsteadiness caused by the pull of the
cutting tool. After this attempt failed, & double scale drawing wes made on
sheet cooper using & sharp point. This scratch was then made & few hundredths
of an inch deep, but like the first drawing, this guide was rendered inadequate
by the pull of the tool. However, this last method was sufficiently good to
indicate that the use of a harder material for the master and a loaded ball
besring in the groove might lead to & better technigue.

& drawing of the shape was made four times the size of the corrugated
pipe section which was to be studied. This drawing was dimensioned in such
& menner (see Plstes 16-20) that st the shop it could be duplicated on a
sheet of one-eighth inch brass. 4 fine scratch line was used for the latter
layout. This brass master was then cut out in the rough on a band saw &nd
filed down to the seribed line znd to dimension by hend. Grest care was ex-—
ercised in the final filing and micrometer messurements of dimensions were
made almost continmously ezlong the curve. The brass, of course, being much
more rigid and much more ezsily worked than any of the transparent materials
used in photoelasticity, offered an opportunity for greater accuracy with
zn apprecisble sazving in time. Other importent adventages were that,tkis
being ¢ master only, it did not require clamping in & mamner to protect the
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curfzce from cerutches, und also the cdge diad not huve to be exactly squure
with the surfuace. Thic latter pert is true, since the guide used along the
edge followed only trte highest points. The dimension between any two such
points opposite cne another being the one most ewslly read with & micrometer
szided in promoting the &ccuracy.

In the event that & transparent model having more than one length of &
given corrugation shape in tendem was to be made, this single corrugation
+lone had to be cut from brass. The ends of the master were cut normel to
the length &s a rule tnd alweys parallel to euch other (see Plates 16 through
20). Hence, by sliding the master glong ite center line a distence just
equal to its length after one corrugation had been cut, tnother just like it
could be made &s & continuation of the first. This wes done for &ll but one
model in tuie problem, namely A-2. Model A-2 required a full length brass
master as shown in Plate 36.

The aceurecy obtzined in the masters was epproximately plus or minus
one thouszndth of zn inch. The finished model being made one-helf the size
of the master, or twice the size of the actual steel shape represented
should have zn error just one-half that of the master. This was approxi-
nately true, though the full advantege of reduction can not be obteined
when & comperatively flexible materizl such as celluloid is being cut.

The mester was mounted on a sheet of metel. The pin which followed
zround the edge of the master had twice the diameter of the side milling
tool vsed to cut the model, which in thic cace made it one-fourtk of an inch.

Though celluloid wus used for the models chown on Plate 36, bakelite
woes tried for its adaptebility to this method of cutting, and without any
chenge of procedure gave the same excellent results obtezinable in celluloid.

Pictures of the mzsters eand models used for series "A", "B" and "C"
#ill be found on Plate 36.
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