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Pr vious Technical Reports to the Office of Nava l Research

1. A. .J. Dursili, “Development of Exper imental Stress Analysis Methods to

Determine Stresses and Strains in Solid Propellant Grains”-—June 1962.
Developments jfl the ma nufacturing of grain-propellant models are
reported. Two methods are g iven: a) cementing routed layers and
b) cast ing.

2. A. J. Durelli and V. J. Parks, “New Method to Determine Restra ined

Shrinkage Stresses in Propellant Grain Mod..Ls”--OctObII’ 1962.
The birefr iflg eflC e exhibited in the curing process of a partially
restrai ned polyureth ane rubb er is used to determine the stress associated
with restrained shrinkage in models of solid propellant grains partially
bonded to the case.

3. A. J. Dur.l.Li, “Recent Advances in the Application 
of Photoelasticity in

the Hissile Industry”-—October 1962.

Two- and three-dimensional photoelastic analysis of grains 
loaded by

pressure and by temperature are presented . Scine applications to the

optim ization of fillet contours and to the redesign of case joints 
are

also included.

~e. A. J. Durelli and V. J. Parks, “Experimental Solution of Some 
Mixed

Bøundary Value Problems”--APril l96&e.
Means of applying known displacements and known stresses to the boundaries

of models used in experimental stress analysis are given. The applica-

tion of some 3f these methods to the analysis of stresses in the 
field

of solid propellant grains is illustrated . The presence of the “pinching

effect” is discussed.

5. A. J. Durelli. “Brief Review of the state of the Art and Expected 
Advance

in Experimental Stress and Strain Analysis of Solid Propellant Grains”--
April 196~e.
A brief review is made of the state of the experimental stress and strain

analysis of solid propellant grains. A discussion of the prospects for

the next fifteen years is added.

6. A. J. Durell i, “ Experimenta l. Strain and St ress Analys is of Solid Propellant
Rocket Motor.” --Marc h 1965.
A review is made of the .xpw imental methods used to strain-analyse solid

propellant rocket motor shells and grains when subjected to different

loading conditions . Method s dir ected at the determination of strains in
actua l rockets are Lnc luded .

7. L.. Ferrer , V. 1. Parks and A. J. Durelll, “An Experimental Method to Analyze

Gravitational Stresses in Two-Dimensiona l Problems”--OctOber 1965.

PhotoelasticitY and moir~ methods are used to solve two-dimensional problems

in which gravity-stresses are present .
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8. A. J. Durell i, V .  ‘
. Parks and C. 1. del Rio , “Stresses in a Square Slab

Bonded on One Face ~o a Rigid Plate and Shrunk”--November 1965.
A square epox y slab was bonded to a rigid plate on one of its faces in
the process of curing . In the same process the photoe 1.astic effects
associated with a state of restrained shrinkage wore “frozen-in.”
Three-dimensional photoelasticity was usso in the analysis.

~~~. A. J. Durelli, V. J. Parks and C. J. del Rio , “Cxper iment~J. Determination
of Stresses and Displacements in Thick-Wall Cylinders of Complicated
Shape ”——Apri l 1966.
Photoe last ici ty and moiró are used to analyze a three-dimensional. rocket
shape with a star shaped core subjected to internal pressure .

10. V. 3. Parks, A. J. Durelli and L. Ferrer, “Gravitational Stresses
Determined Using I~imersion Techniques”--July 1966.The methods presented in Tec hnical Report No. 7 above are extended to
three-dimensions. tmmersion is used to increase response.

11. A. J. DureUi and V.  3. Parks. “Experimenta l. Stress Analysis of Loaded
Boundaries in Two-Dimensional Second Boundary Value Problems”-—
February .L967.
The pinching effect that occurs in two—dimensional bonding problems,
noted in Reports 2 and 4 above, is analyzed in some detail.

12. A. J. DureUl, V . J. Par ks, H. C. Feng and F. Chiang, “Strains and
Stresses in Matrices with Inserts,”-- May 1967.
Stresses and strains along the interfaces, and near the fiber ends, for
different fiber end configurations, are studied in detail.

13. A. J. Durel.1j , V. J .  Parks and S. Urihe , “Optimization of a Slot End
Configuration in a Finite Plate Subjected t~’ Uniformly ~istributedLoad ,”-—June 1967.
Two-dimensional photoelasticitv was used to study various elliptical ends
to a slot, and determine which would give the lowest stress concentration
for a load normal. to the slot length.

14. A. J. Durelli, V . J. Parks and Han-Chow Lee, “Stresses in a Split
Cylinder Bonded to i Case and Subjected to Restrained Shrinkage ,”--
January 1968.
A three-dimensional photoelasric study that describes a method and
shows results for the stresses on the free boundaries and at the
bonded interface of a solid propellant rocket.

15. A. J .  Durell.L, “Experimental Stress Analysis Activities in Selected
European L.aboratories”--August 1968.
This report has been written following a trip conducted by the author
through several European countries. A list is given of many of the
laboratories doing imr~orvant exper imental stress analysis work and ofthe people interested in this kind of work. An attempt has been made
to abstract the main cha~~cteristics of the methods used in some of
th. countries visited .
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16. V.  J. Parks , A. J. Durel.li and !.. . Ferrer , “Constant Acceleration Stressesin a Compos ite Bodi”--October 1968.
Use of the immersion analogy to determine gravitational stresses intwo-dimensional, bodies made of materials with different properties.

17. A. J. Durelli, J. A. Clark and A. Xochev, “Experimental Analysis of HighFrequency Stress Waves in a Ring”--October 1968.
A method for the complete experimental determination of dynamic stressdLstrLbution~ in a ring is demonstrated . Photoelastic data is supple-mented by measurements with a capacitance gage used as a dynamic lateralextensometer .

18. J. A. Clark and A. 3. Durelli, “A Modified Method of Holographic Inter-feromeery for Sta t ic and Dynamic Photoelasticity ”--Aprii 1968 .A simplified absolute retardation approach to photoelastic ana lysis isdescribed . Dynamic isopachics are presented.

19. J. A. Clark and A. J .  Dure.L]i, “Photoelastic Analysis of Flexux’al Wavesin a Bar”--May 1969.
A complete direct, full-field optical determ ination of dynamic stressdistribution is illustrated. The method is applied to the study offlexural waves propag eting in a urethane rubber bar. Results arecompared w ith approx imate theories of flexuraj . waves.

20. J. A. Clark and A. J. Durelli, “Optical Analysis of Vibrations inContinuous Media”--June 1969.
Optical methods of vibration analysis are described which are independentof assumptions associated with theories of wave propagation. Methods areillustrated with stud ies of transverse waves in prestressad bars, snaploading of bars and motion of a fluid surrounding a vibrating bar.

21. V. J. Darks , A. J. Durelli, K. Chandrashekhara and T. L. Chen , “Stress
~istribution Around a Circular Bar, with Flat and Spherical Ends,Embedded in a Matrix in a ?riaxiaJ. Stress Tield”--July 1969.A Thx’ee-dimensionaj photoelastic method to determine stresses in compositematerials is applied to this basic shape . The analyses of models withdifferen t loads are combined to obtain stresses for the tw iaxja1. cases.

22. A. J. Du.re.Lli, V. J .  Parks and L. Ferrer, “Stresses in Solid and HoLlcwSpheres Subjected to Gravity or to Normal Surface Tractions”-~October 1969.
Th. method described in Report No. .10 above is applied to two sPecificproblems . An approach is suggested to extend the Solutions to a classof surface traction problems.

L ‘. •
~~I’fl 023. S. A . Clark and A. 3. Dureljj, “Seoaratjon of Additive and Subtractive 

~tloir4 Patte rns ” - .Decemt ,,r 1969.
A spatial filtering technique for adding and subtracting images of severalgratings is described and employed to determine the whole field ~‘fCartesian shears and rigid rotations.
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25. J. A. Clark , A. J. Durelli and ~~~. ~~. Laura, “~~~~~ t~~~ ~~~~~~ of ~~~~~~Stress on the Prooa~at~on of F~~xura~ .~aves in Elisti~ Rectangula’
~ars ”--Decemb.r ~ ~
Exper~.menta1 analv;is of the rrov~~atiJn ~‘f flexuril waves in r’rismatjc,
eLastic bars with and without prez tressing . ‘~‘e effects of presrress~n~by axial tension, axial compression and pure ber.Jin~ are illustrated .

~~~~~. A. J. Durelli and .~~ . A. Clark , “Exper imental Ani1~ sis of ~tresse~ in
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~isploc,m.nts and ti’.ains ( ran~ in~ from ~~~~ to ~.5c’ are detex~~ined in
s ~o1yurethane s~~cre sub~ected t~~ ~~verai iev~ i~ ~f diimetral compression .A 5t~O lines-per-inch crating was emL~edd.d in .a ~~riti.i n plane ‘~~ t~ e
aphere and moir4 ef f ?c t  produced witn a non-d~ forn~ed nast.r . Th~e ~aap~1ied vertica l displacement reduced the diamete~’ of the sphere t v
~er :emt.

~8. .~~. 7 . Dure l l i and S. Machlda . “ tre~~e~ and Strain ju i L~t~k with Variable
Modulus of E 1ast 1~ f t v ”--N.jrch L’)’
A t ransparent material w i t h  vari.~b le  m odulus  t~t e1as t i ~~it v  has been
manufactured t ha t exh ib i t s  good photoelasti~ properties and ~an also bestrain analy t ed by moir~ . The results obtained suIçg’sts that the stress
distribut ion in the disk of varj.,hle I is pra ctical ly the same as the
stress dist ributio n in th.~ omoren.ouas dish . It ~i lso Indi ca tes th at thestrain fields In both cases are very different, but that it is possi ble .approx imately , to obtain the stress fiel,I from t h e strain field using thevalue of F at •ver~ point , and Ilooke ’s l.it~.

29. ‘. .7 . flurelli and 1 . Ruiitr .iro , ‘ .:t.iti . of Stress and Str.ij n tn a Rectan~u I ,i
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30. T. C.. ‘Then and A. 3. Durelli, “Stress r eId in a Sphere Subjec ted tolarge Deformstion3”--Jun. 1972.
Strain fields obtained in a sphere subjected to large diametral compressionsfrom a previous paper were converted into stress f ield s using two approaches,First , the concept of strain-energy function for an isotropic elasticbody was used. Then the stress field was determined with the Hookeantype natural stress-natural strain relation. The results so obtainedwere also compared.

31. A. J. Dur.lli, V. J. Parks and H. N. Hasseem, “Heljces Under Load”--July 1973.
Previous solutions fox’ the case of close coiled helical springs and fortelices made of thin bars are extended . The complete solution ispresented in graphs for the use of designers. The theoretical developmentis correlated with experiments.

32. 1. L. Chen and A. J. Du~ej j j, “Displacements and Finite Strain Fields ina Hollow Sphere Subjected to Large Clastic Deformations”-_September l~ ’3.The same methods described in No. 2’, were applied to a hollow spherewith an inner diameter one half the outer diameter . The hollow spherewas loaded up to a strain of 30 per cent on the meridian plane and areduction of the diameter by 20 per cent.

33. A. J. DureilL , H. H. Hasseem and V . J. Parks, “New Experimental Methodin Three—Dimensional Ela5tostatjcs”-—~~cember 1973,A new material is reported which is unique among three-dimensionalstress-freezing materials, in that, in its heated (or rubbery) stateit has a Poisson ’s rat io which is appreciably lower than 0.5. For aloaded model, made of this material, the unique property allows thedirec t determination of stresses from strain measurements taken atinterior points in the model .

3’e. J, IJolak and V . J. Parks, “Evaluation of Large Strains in IndustrialApp 1.ications”--Apr il j97t~~
It was shown that Mohr’s circle permits the transformation of strain fromone axis of reference to another, irrespective of the magnitude of thestrain, and leads to the evaluation of the principal strain componentsfrom the measuzeisent of direct strain in three directions.

35. A. J. D~u’.L.Li, ‘Experi mental Stress Analysis Activities in SelectedEuropean Laboratories”--April 1975.
Continuatjo~ of Report No. IS after a visit to Belgium, Holland, Germany,France, Turkey, England and Scotland .

36. A. J .  DureiJi , V. J. Parks and J. 0. Biihler-Vidal, “Linear and No,~-ljn~earLastic and Plast ic Strains in a Plate with a Big Hole Loaded Axially inits P1ane”--Ju.Ly 1975.
Strain analysis of the ligament of a plate with a big hole indicates thatboth geometric and material non-linearity may take place. The str’&~~concentration factor was found to vary from 1 to 2 depending on the levelof deformation.
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37 . A. J. Dur.ll i, V . ?sv..i.~, S. C. aiihier- .ida.1 and ~~~ . Cm., “Elastostatjcsof a Cubic Box ~~b~ ected tO Concentrated Loads”--Augus t 1975.Analysis of ex~,rjnentsl strain, 5tress and deflection of a cubic boxsubjected to concentrated loads applied at the center of two oppositefaces . The ratio between the inside span and the wall thjckne~s wasva ried be tween approximately S and 121.

38. A. J. Durelli, V . J. Parks and J. C. BUhIer-Vj daj, , “E.Las tostatj cs of
~ubic 3oxes Subjected to Pressur’a”--M~~~h i97t~.Experimental, anaJ ysis of strain, stress and defl,ectjcns in a cubic boxsubjected to either internal or •~ terna.l. pressure. Insid, span-to-wallth ickness ratio varied from S to li..

39. Y. Y. Hung, J .  D. Hovanes ian and A. S Di&r’elli, “New Optica.L Method toDetermine Vibration-Induced Strains with Variable S~flS~tjv~ty AfterRecording”--~ovemj,er 1~~6.A steady state vibrating object is illuminated with coherent ...ight andits image slightly misfocus.d. The resulting specklegram is “time-integrated” as when Fourier filtered gives aeri~atives of the vibrationalamplitude.

‘so. V .  V .  Hung, C. V.  Liang , S. ‘. Hovanesian and A .  J .  2ureUi, “Cy clicStress Studies Sy Time-Averaged ?ho toelas tj cj t \ . ” _ ..No~.e~~er 19 ’E .“Time-averaged isochromatjcs” are formed when the photographic film is texposed for more than one period. rringes represent amplitudes of theoscillating stress according to the ~er’oth order Bessel function .
I’l. Y. Y. Hung, C. V. Liang, J. D. Hovanesian and A. S. DureLli, “Time-Averaged Shadow Moir4 Method for Studying Vibrations”_..Nove~~er 197€’.Time-averaged shadow moire permits the determination of the amplitudedistr’ibutiøn of the deflection of  a s te ady  vibrating p late.
..2. S. Buitrago and A. S. Durelli , “On the Interpretation of Shadow—Mo jr’~Fringes”-..April 1917 .

Possible rotations and trans lati ons of the grating are consider’ed in ageneral exp ression to interpret shadow- nioi r~ fringes and on thesensit iv ity of the me tnod. Application to an inverted perforated tube.
£43• S. Icr Hovanesian , “i8t~ Polish Solid Mechanics Conference.” Published inEuropean Scientific Notes of the Office of Naval Researoh, in London,England, Dec. 31, 1976 .

Cosui ents on the planning and organization of , and scientific content ofpaper’ presented at the 18th Polish Solid Mechanics Conf.r.nce held inWisla-Jawornik from September 7-ia , 19~ t;.

a~ iê . A. J. Durelli, “The DitficuL t Choice ,”- -May 19’7.The advant ages and limitations of methods available for th. analysesof displacements, strain, and stresses are considered. Comsents aremade on s.v.raJ. theoretical approaches, in particular approximatemethods , and attention is concentrated Ofl experimental methods: photo-elasticity , moire, brittle and photoelastic coatings , gages, grids ,holography and speckle to solve two- and three-dimensjonaJ, problems inelasticity , pla sticity , dynamics and anisorropy .



45. C. Y. U.ang, Y. V. Hung , A. I.. Durelli and S. D . Hovanesian ,

“Direct Determination of Flexural Strains in Plates Using Projected

Gratings,” JuflS 1977.
The method requires the rotation of one photograph of the deformed
grating over a copy of itself . The moir~ produced yields strains by

optical double differentiation of d.flections. App lied to projected

gratings the idea permits the study of plates subjected to much larger
deflections than th. ones that can be studied with holograms.

46. A. J. Dureili, K. Brown and P. Ye., “Optimization of G.o~secric
DiitofltifluitiS$ in Stress Fie]ds”——MarCh 1978.
The concep t of “ coeffici en t of eff iciency ” is introduced to evaluate

the degree of optimization . An ideal design of the inside boundary of

a tube subjected to diasuitral compression is developed which decreases

its maxim~.ui stresS by 252, at the time it also decreases its weight by

102. The efficiency coefficient is increased from 0.59 to 0.95.

Tes ts with a brittle material show an increase in strength of 20. An

ideal design of the boundary of the hole in a plate subjected to axial

load reduces the maxim~~ stresses by 26 and increases the coefficien t

of e f f ic iency from 0.54 to 0.90.

47 . 5 0. Hovanesian, Y. V. Hung and A. S. Durelli, “New Optical ~4ethod

to Determine Vib ration—Induced Strains With Variable Sensitivi ty After

Record ing”——May 1978.
A steady—state vibrattng object is illuminated with coherent ligh t and

its image is slight ly misfocused in the film p lane of a camera. The

resulting processed film is called a “time—integrated specklegram .”

Wben the specklegram is Fourier filtered , it exh ibits fringes depicting

derivatives of the vibrational amplitude. The direction of the spatial

derivat ive , as well as th. fringe sensitivity may be easily and continu-
ously varied during the Fourier filtering process. This new method is

also much less demanding than holographic interferometry with respect to
vibration isolation , optical set-up tim., illuminating source coherence ,

required film resolution. etc.

48. V . V . Uun~’ and ~\ .  .t . Durelli. “~ i n,ultanec’us Determination of Three

Strain Components in Speckle lnterterometrv t’sinr a Multip le Image
Shearing (‘amera.”~~SePtembet l~~78

This paper des’rlhes a multiple image’—she~ riflg camera . Incorporating

coherent light illuminat ion, the camera serves as a multip le shearing

~peek1~ 
intetferometer which meas~tres the derivatives 

of sttrface

disp lacements with respec t tc’ three directions simultaneousl y. The

.ipplication of the camera t,~ the study of (lesura l strains in bent

plates is shown . .ind the ~teterminat i~ n of the’ ~c’mplete state of 
two—

dimensional strains is also considered. The mult ip le image—shearing

camera uses an Interference phenomena. but is less demanding than

holographic’ interferometrv with respect to vibration isolation and the

coh.rence of the light source . It is superior to other speckle

techniques in that the obtained frin~’es are of much 
better quality .
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..e9. A. J . Durelli and K. Raj aj ab, “Quasi—square Hole With Optimum Shapein an Infinite Plate Subjected to In—plane Loading”..._janu~ry 1979.This paper deals with the optjmjzatjo~ of the shape of the corn ersand sides of a square hole , loca ted in a large pla te and subjectedto in—plan, 1o&d~. Appreciable disagree~~~ has been found betweenthe results obtained previously by other investigators. t~sing anoptimization technique , the authors have developed a quasi—squareshape which introduces a stress concen tra tion of only 2.54 in aunjaxial field , the comparable value for the circular hole being 3.The efficiency factor of the proposed optimum shape is 0.90. whereasthe one of the best shape developed Previously was 0.71. The shapealso is developed that minimizes the stress concentration itt thecase of biaxial loading when the ratio of biaxiality is 1:—i .
50. A. 5. Durel]j and K. Rajaiah, “0ptim~~ Hole Shapes in Finite PlatesUnder Uniazial Load ,”__Feb~~~ry 1979.This paper presents optimized hole shapes in plates of finite widthsubjected to uniaxial load for a large range of hole to plate widths(D/V) ratios. The stress concentration factor for the optimizedholes decreased by as much as 442 when compared to circular holes.Simultaneo~3~y the area covered by the optimized hole increasedby as much as 26% compared to the circular hole. Coefficients ofefficiency between 0.91 and 0.96 are achieved . The geometries ofthe optimized holes for the DIV ratios considered are presented ina form suitable for use by designers. It is also suggested thatthe developed geometries may be applicable to cases of rectangularholes and to the tip of a crack . This information may be ofinterest in fracture mechanics.

51. A. 5. Durelli and K. Rajajah, “
~‘eitermjnation of Strains inPhotoelastic Coatlngs ,”__May 1.979

Photoejastic coatings can be cemented directly to actual structuralcomponents and tested under field conditions . This important advantagehas made them relatively popular in industry . The information obtained ,however, may be misinterpreted and lead to serious errors. A correctinterpretation requires the separation of the principal strains and sofar, this operation has been found very difficult. Following a previouspaper by one of the authors , it is proposed to drill small holes in thecoating and record the birefringence at points removed from the edge ofthe holes. The theoretical background of the method is reviewed ; thetechnique necessary to use it is explained and two applications aredescribed . The precj~jo~ of the method is evaluated and found satjsfactor~
.in contradiction to information previously published i~ the literature .
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OPT IMIZED INNER BOUNDARY SHAPES IN CIRCULAR RING S

UNDER D LAMETRAL COMPRESSION

by

A. 3. Durelli and K. Rajaiah

ABSTRACT L
5 Using a method developed by the authors , the conf iguration of the

inside boundary of circular rings, subjected to diametral compression, has

been optimized , keeping cleared the space enclosed by the original circular

inside boundary . The range of diameters studied was 0.33 ~ ID/OD .~~ 0.7.

In comparison with circular rings of the same ID/OD, the stress concentra-

tions have been reduced by about 30%, the weight has been reduced by about

10% and coefficients of efficiency of about 0.96 have been attained . The

maximum values of compressive and tensile stresses on the edge of the hole ,

are approximately equal, there are practically no gradients of stress

along the edge of the hole, and sharp corners exhibit zero stress. The

geometries for each ID/aD design are given in detail .



OPT LMIZED INNER BOUNDARY SHAPES IN CIRCULAR RINGS

UND ER DIANETRAL COMPRESSION

by

A. J. Durelli and K. Rajalab

INTRODUCTION

Consider a circular ring with outer diameter OD and inner diameter ID

subjected to a diametral compressive load P. As a classical problem in

elasticity, theoretical solutions have been found for this problem by

Timoshenko and others~~~ . The problem has several practical applications

in tunnel, roller and pipe designs and many experimental investigations
(2) (3)

have also been reported in literature ‘ . Stresses in a thick cylinder

having a non—circular hole , ‘when subjected to diauietral compression , were
(4)

perhaps first analyzed by Seika . Using the complex—variable approach ,

he presented numerit-al results for some typical quasi—square holes in a

cylinder with a near circular outer boundary . However, it does not

appear to have been realized till recentiy~~~ that the stress concentration

factor (s.c.f.) on the inner boundary can be very effectively brought

down and the hole shape optimized by suitably changing the inner boundary

of the ring . Durelli , Brown and Yee’5~ showed for the first time that

simple photoelastic experiments can be utilized for this purpose and the

removal of material from low stress regions around holes in any stress

field leads to optimum shapes for the hole boundaries . In the present

paper , the same approach is followed and optimized inner boundary shapes

for circular rings with different ID/OD ratios are presented.

_____________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~__ii
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CONSTRAINS OF THE PROBLEM

For the optimization process, the foilow...ng constrains were stipulated :

a) the outside boundary has to be kept circular with diameter CD, b) the

inside boundary has to clear a circle of given diameter ID, and c) the

allowable maximum stress for tension is about the same as for compression.

METHOD

The optimization process requires the use of two dimensional photo—

elastic models , loaded in a large field polariscope. The removal of material

from the low stress regions around the hole is obtained by careful filing

till an isochromatic fringe coincides with the boundary in the tensile and

compressive regions respectively. The constrains of the problem dictate

the amount of material that may be removed .

It was proposed in an earlier paper~~ and used subsequently in other

optimization studies~
6
~ ’~

7
~ that the degree of optimization be evaluated

quantitatively by a coefficient of efficiency k ff defined as

k ff ~~~~ 
+

aLL aLL

where 
~~~ 

represents the maximum allowable stress (the positive and

negative superscripts referring to tensile and compressive stresses,

respectively), S0 and S1 are the limiting points of the segment of boundary

subjected to tensile stresses and S1 and S2 are the limiting points of the

segment of boundary with compressive stresses .

_ _ _ _ _ _ _ _ _ _ _ _  
-- _ _ _ _ _ _
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The significance of the coefficient of efficiency was discussed in

Ref s. (5) and (6). The same criterion has been used in the present work

to evaluate the optimized hole shapes.

F.XPER tM~21TAL PROC F.DURE

Two dimensional photoelastic experiments were conducted with 0.23 in.

(5.8 nun) thick Homal!te—100 plates (fring. constant of 133.2 lb/in—fr

(13.3 km/tn—fr ’,). The outer diameter of the ring was maintained at S in.

( l .’7 mm) w h u lo  the Inner diameter was progressively Increased . Optimization

of the inner boundary was carried out for ID/CD. 0.33, 0.43, 0.53. 0.63

and 0.70 with the models subjected to a diametral compressive load P.

Materta~ was removed from low stress regions as explained above. To improve

the contro l of the filing process, a binocular magnifier with a set of

~polarizer and quarter wave plates attached to each of its lenses was used .

RE SULTS

Thu (sochromatic patterns for two typical hole ’ shapes are shown in h
Fi gs. I and .~~. The stress distributions around the optimized boundaries

to r  t h e  ID / OD ratios considered are presented in Fig. 3. Information

regarding the stress distribution around circular holes In rings with the

same ID/OD ratios is also included in the same figure for comparison

purposes. Suiks ’~ theoretical resu1ts~
’
~ for two ID/aD ratios which are

relevant to the stress distribut ion considered are’ also included . The

stress concentration factor (s.c.t.) for the tensile ’ and compressive regions

of the opt tmtzed holes for dit ft’rent ID/Ol~ ratios are plot t ed  In Fig.

4rnet :1 ri~ compared w i t h  those for the circular hot es.

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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The empirically developed optimum geometries of the inner boundary

have been fitted with a combination of circles of different diameters and

conunon tangents at the points of intersection . The inner hole geometries

for the different ID/CD ratios are shown in Fig. 5.

By consolidating the information regarding the geometries , the

different radii of curvature for the optimized hole edges are presented

in graphical form in Fig. 6 in a way which can be directly used by designers.

DISCUSSION

L 

The isochromatic patterns in Pigs. 1 and 2 show that the inner r
boundaries are well optimized with an isochromatic fringe following the

boundary very closely . Fig . 1 for ID/OD — 0.43 shows that optimization

of the inner boundary has not affected the stress distribution on the

outer circular boundary . Fig. 2 for ID/OD — 0.7 shows that optimization

of the inner boundary has lead to the optimization of the outer boundary

as well with a small increase in the stress on the outer boundary. The

results indicate that such favorable situations occur for ID/OD > 0.53.

The stress distributions around the optimized boundaries given in

Fig. 3 show that as the ID/OD ratio increases, the s.c.f. also increases.

The increase is, however , much smaller for the optimized shapes than for

the circular rings. Comparison of Seika’s results for the two ID/OD ratios

brings out the fact that he could get more favorable stress distributions

than those for a circular ring at least on the tensile segment of the

boundary for ID/OD . 0.32 and on the compressive segment for ID/OD — 0.344.
Due to the limitations of the mapping function used by h im , his method

cannot yield hole shapes which are favorable from the stress point of view

both on the tensile and compressive portions of the boundary.

t ____ ‘4
_ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _  ~~~
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The s.c.f. for the tensile and compressive portions of the boundary

for the circular and optimized rings in Fig. 4 show that the optimization

he~a lead to a significant reduction in stresses. The reduction in the

tensile concentration factor is much larger than the reduction in the

compressive concentration factor. The reduction in s.c.f. is highest for

ID/CD — 0.33, decreases slightly and then increases again beyond

ID/OD — 0.53. The reduction in weight of the ring increases with increase

in ID/OD approximately in a linear way . The coefficient of efficiency kef f
for all the optimized holes is about 0.95, the corresponding keff for

circular rings being about 0.61.

L 

The optimized hole geometries in Fig. 5 show that the hole shapes

have similar appearance with changes only in the radii of curvature.

For ID/OD — 0.43, a shape very close to the optimum can be obtained using

a radius equal to (R + R1
) for both the tensile and compressive boundaries .

The information on the radii of the elements of the holes given in Figs . 5

and 6 indicates that for small hole sizes, the optimized hole shape would

be the same as the one in an infinite plate under uniaxial loading~
6
~ with

the tensile edge becoming a straight line.
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ID R1 R, R
3

OD R0 R0 R
0 

R0 R0

A 0. 33 1.06 1.7]. 0.05 — —
B 0.43 1.43 1.44 0.1]. — —
C 0.53 1.73 1.01 0.10 1.25 —

D 0.63 1.51 1.13 0.12 — —
E 0.70 1.49 1.e9 0.06 — 0.~ 3

I 0.14 0.35 ~ 0.05 — — (Estimated)

FIG , 5 OPTIMUM SHAPE OF THE INNER BOUNDARY OF CIRCULA R RINGS
SUBJECTED TO DIAMETRAL COMPRESSION .
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