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PREFACE 

The basic problem considered in this project is not the original 

idea of the author of this thesis. Instead, this investigation was per

formed to expand the known information about eccentrically curved beams 

into regions not previously studied. The photoelastic method was used 

to investigate beams having a section ratio below ten. 

The real challenge appeared in the design of equipment and the 

development of techniques required for the production of accurate models 

of the sizes and shapes needed. The simple jig for cutting circular arcs, 

for examplej was the result of many attempts to cut smooth, accurate arcs 

on a plastic model. 

As the project progressed many interesting facts were brought to 

light. Perhaps the most interesting feature was the relative consistency 

of results obtained from photoelastic determinations. Due to the many 

variables involved, it is quite possible for errors to arise from many 

sources. Some deviations did occur, but most of these can be attributed 

to experimental factors. 

The writer takes this opportunity to express his gratitude to his 

thesis advisor, Dr. Joseph P. Vidosic, Professor of Mechanical Engineering 

at the Georgia Institute of Technology. Dr. Vidosic not only suggested 

this project, but he gave much valuable time and assistance in its execu

tion. Also, appreciation Is extended to the other members of the thesis 

committee, Dr. Homer 3. TTeber and Professor Francis II. Kill. Their useful 

suggestions and constructive comments aided materially in the writing of 

this thesis. 
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A STUDY OF ECCENTRICALLY CURVED BEAJ.S 

OF LOT SECTION RATIO 

Joseph C. Durden, J r . 

ABSTRACT 

Stresses in three types of eccentrically curved beams have been 

investigated photoelastically for beams having lav section ratios. Stress 

factors have been expressed in empirical formulae for the range considered. 

These beams have circular arc boundaries with different centers. The cross-

section is rectangular, and the section depth varies along the span of the 

beam. The models used in this study were symmetrical with respect bo the 

central section and were loaded in pure bending. 

Stress factors were obtained as the ratio of observed stress to com

puted stress in corresponding straight beans. The parameter for comparing 

stress factors is the section ratio, the ratio of the SXBH of the outer and 

inner radii to the depth of the central section. The section ratios studied 

extended from ten to as low a value as practical. 

The classification of the three types of eccentrically curved beams 

depends upon the geometrical shapes. The "Arch" beam is the type in which 

the deoth of section is smallest at the central section and increases with 

the distance from the central section. The "Crescent" is the type which 

has a corresponding decrease in section. There are tiro divisions of the 

Crescent type. Crescent I has an outer radius larger than the inner radius, 

while Crescent II has an outer radius smaller than the inner radius. 
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Empirical equations were established to express the variation of 

stress factors "with section ratios for the stresses at the inner boundar; 

at the central sect!or far the three types of beams. 

for the Arch, beam for section ratios below 5> 

K = 0.831; + 1.50b — - — 
R0+- % 

3JUJ} for section ratios above 5 and below 10 

K = 0.899 + 1.181 
R o + R : 

'or Crescent I beams for section ratios below 2.00 

h K - J.570 +- 1.536 
H + R. 

o i-

and. for section patios above 2.00 and below 10 

K = 0.9-9 + 0.769 & 
R + R. 

o i 

For Crescent II beams for section ratios below 10 

h 
K = 0.397 + 1.091 

R + R-o i 

The location of the neutral surface was determined from fringe 

pattern photographs, and this information was expressed graphically. The 

distance fro:.;? the centroid to the neutral surface increases as the section 

ratio decreases. 

Stresses in :.] on-central sections were determined. These stresses 

were smaller than the stress at the central section for the Arch beams. 

vor the Oreseent beams they were larger than the stress at the central 

section. 
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CHAPTER I 

INTRODUCTION 

This i n v e s t i g a t i o n was made t o determine the s t r e s s e s I n e c c e n t r i 

c a l l y curved beams of lew s e c t i o n r a t i o . These beai.is have c i r c u l a r - a r c 

boundar ies wi th d i f f e r e n t c e n t e r s . The c ross s e c t i o n I s r e c t a n g u l a r , 

and the depth of the c ross s e c t i o n v a r i e s along the span of the beam. A 

p h o t o e l a s t i c de te rmina t ion was made of s t r e s s e s a t the c e n t r a l s e c t i o n s 

and a t n o n - c e n t r a l s e c t i o n s up t o 30° away from the c e n t r a l s e c t i o n . 

S t r e s s f a c t o r s were de termined, and t h e s e are expressed i n empi r ica l 

formulae for the range s t u d i e d . 

The p r inc ipa l , d i f f e r ence between s t r a i g h t beams and curved beams 

i s the mode of v a r i a t i o n of u n i t - s t r a i n wi th the d i s t a n c e from, the n e u t r a l 

s u r f a c e . In the case of s t r a i g h t beams t h i s v a r i a t i o n I s l i n e a r , bu t for 

curved beams i t i s n o n - l i n e a r . C o n c e n t r i c a l l y curved be«ias a re analyzed 

hj the ^Tinkler-Bach t h e o r y ( l ) which t akes i n t o account t h i s n o n - l i n e a r 

v a r i a t i o n . The need for Informat ion or e c c e n t r i c a l l y curved beams was 

f i r s t expressed by A. Becker (2) i n 1$>L|.6. oince t h a t t ime J . P* Vidosic 

i n v e s t i g a t e d t h i s type of beam wi th s e c t i o n r a t i o s va ry ing from 6.5> t o 

100, and d a t a and equat ions covering t h i s range are now a v a i l a b l e (3), (h)• 

The purpose of t h i s i n v e s t i g a t i o n i s t o expand the in format ion i n t o 

the reg ion of lower s e c t i o n r a t i o s as f a r as p r a c t i c a l . The beams s tud ied 

jl 
Numbers in parenthesis ident i fy references l i s t e d in Bibliography. 
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here are rectangular in cross section^ ai?e loaded in pure bending^ and are 

symmetrical about the load plane. The centers of curvature of the outer 

and inner arcs lie on a straight line parallel to the lines of action of 

the applied loads. This straight line is the center line of the beam and 

lies in the central section. 

Stress factors -were obtained as the ratio of observed stresses to 

computed stresses in corresponding straight beams. The stress factors are 

compared by means of the parameter: the ratio of the sum of the radii of 

the arcs to the depth of the central section. This parameter is the sec

tion ratio. 

There are three types of eccentrically curved beams depending on 

the geometrical shapes. The "Arch" is the type in which the depth of the 

section increases with the distance from the central section. The "Cres

cent" is the type which has a corresponding decrease in depth of section. 

There are two divisions of the Crescent type. Crescent I has an outer 

radius larger than the inner radius^ while Crescent IT has an outer radius 

smaller than the inner radius. See Fig, 1, 

All three types,, the Arch,, Crescent !_, and Crescent II have been 

here investigated photoelastically in the region of the lower section 

ratios. The specific objectives have been: 

1. the determination of critical stresses (at central 

section) in beams of section ratio below 10 subjected 

to purs bending;, 

2. investigation of stresses in non-central section, and 

3. the establishment of rational stress equations for the 

range studied, 



6 

Concentrio Aroh 

Crescent I 
Cresoent n 

Fig. 1. Types Of Curved Beams. 
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CHAPTER II 

INSTRUMENTATION M D EQUIPMENT 

Materials—All models tested in this investigation were cut from Columbia 

Resin CR-39. 

Equipment.—The equipment required for performing the necessary laboratory 

research connected rith this study may be divided into three classes: 

1. equipment for cutting the models, 2. the polariscope, and 3. photographic 

equipment. 

Cutting.—For the i n i t i a l rough cut a j i g saw running a t i t s lowest speed 

was used. For precision cut t ing of the arcs and s t r a igh t p a r a l l e l l ines 

a Gorton router was used. Three-directional feed i s provided on this ma

chine, and close tolerances may be maintained. The spindle ro ta tes about 

a ve r t i ca l a x i s , and the work i s fed hor izonta l ly . Both l/U and l /2 inch 

diameter cut ters were used a t a speed of 13 70 revolutions per minute. The 

depth of cut varied between O.QC£ and 0.01 inch . This cutt ing technique 

produced models without tooling s t resses or wavy edges. 

Two different j igs were used with the router , one for the c i rcular 

arcs and the other for the straight-beam extensions. Each j i g was a f l a t 

piece of s t e e l p l a t e , 5/16 inch thick, and each was provided with a number 

of d r i l l e d or tapped ho les . Spacers 1/8 inch thick were placed between 

the model and the pla te so tha t a ful l -depth cut might be poss ib le . The 

model was held to the p la te by s t ee l s traps or bars screwed to the p l a t e . 
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For s t r a igh t - l i ne cuts the j i g was bolted to the bed' of the routor, and 

the work was fed in to the cu t te r in a longitudinal d i rec t ion , vfhile the 

depth of cut was regulated by feeding t ransverse ly . The j ig used to cut 

the c i rcu la r arcs was provided with four l/U inch diameter pivot holes 

d r i l l e d on the center l ine of the p l a t e . A piece of l / a inch d r i l l rod 

fixed ve r t i c a l l y in the bed of the router served as the p ivo t . By r o t a t 

ing the j ig about the pivot , exact c i rcu la r arcs were cut on the model. 

See Fig. 2. 

The Polariscope.—A U-l/2 inch polaroid-disk polariscope was used for the 

determination of the s t resses needed in this inves t iga t ion . The standard 

or "croc nod circular" arrangement of elements "was used because i t gives 

clear3 dist inGt fringe pat terns (5 ) . fringe order values v/ere converted 

to s t ress values by the application of the s t ress -op t i c lav/ ( 6 ) . f rac

t ional fringe values were obtained by the Tardy method of ro ta t ion of the 

elements (7 ) . Two l i gh t sources were ava i l ab le . White l i gh t was used for 

the general inspection of the model and for the study of i s o c l i n i c s . A 

mercury vapor l igh t f i l t e r ed to raonochromatic green (5,U6l angstrom uni ts) 

was used to produce sharper images for accurate fringe counts and for photo

graphing. 

The loading frame was located at the center of the polar iscope. 

This frame consisted of a system of pin-connected linkages which loaded 

the model in pure bending. See Fig . 3- A spring-type scale was used GO 

measure the applied load. The polarized image of the p l a s t i c model was 

projected upon a white screen for fringe order determination, or was focus

ed upon a photographic negative for recording. 
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Model 

Pivot 

O 

4 Screws 

5/16" Steel Plate 

Fig. 2. Jig For Gutting Aros. 
Model Shown in Plaoe. 

i Load 

Fig. 3. Loading Frame With Model. 
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rhotographic ."Squipuent.—The Camera used with the polariseope had no lens 

since the lens system of the polariscope provided an inage which could be 

focused directly onto the negative. Other photographic equipment consisted 

of the usual apparatus for developing, printing, and enlarging. 
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CHAPTER III 

PROCEDURE 

The size of the model was limited by the field of the polariscope. 

It was desired to study the stresses in the model up to a section removed 

from the central section by an angle of 30c• lines were scribed at 10° 

intervals drawn from a point on the center line half way between the two 

arc centers. Therefore} in order to show all of the desired area it was 

necessary to cut the majority of the models with an outer radius in the 

neighborhood of one inch. 7or loading the model, extensions to the curved 

portion were provided to ;p_ve a straight beam on each end. See Fig. h» 

The loads were applied through needle-bearing rollers in contact with 

these straight beam extensions. There was some stress concentration at 

the junction of the straight and curved parts, but this was partially 

relieved by the use of fillets. 

A concentric curved beam was prepared and used to observe the 

fringe pattern for this type of design. All fringes were observed to be 

concentric up to the close proximity of the fillets. They displayed no 

disturbances In the range to be studied —• 30° either side of center. 

This led to the selection of the particular type model used in this inves

tigation. 

Other types of models were considered. One of these consisted of 

the curved beam only, with four holes drilled into the model for applying 

the loads. This type did not eliminate the problem of stress concentration, 



Arch, No. 5. 

Crescent I, No. 7. 

Crescent II, No. 9. 

Fig, 4. Full Size Drawings of Typical Models. 
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but increased it so as to reduce the unaffected field. A model of this 

type was cut and tested, but it fractured at the holes before enough load 

could be applied to obtain readings. 

A layout of each model was scribed on a sheet of C3-39 before any 

cutting was done. After cutting with the jig saw, the model was given 

finish cuts by the router. The straight lines were cut first, then the 

curves. The scribed lines on the face of the model were used for aligning 

it on the jig. This alignment was accomplished by matching the scribed 

lines to a steel pointer held in the spindle chuck. Extreme care was 

needed here to produce a model which would give a symmetrical fringe 

pattern. The radius of the fillet at the junction of the straight and 

curved parts depended upon the size of the cutter usee1. This radius was 

either l/k or l/8 inch. The height and depth of the central section v;ere 

measured with a micrometer after the cutting was completed. 

The examination of the model took place in the photoelastic dark

room where the temperature was held at 68° F. After the model was placed 

in the loading frame and initially loaded, a period of 30 minutes was 

allowed to elapse before any readings were made. A high initial creep is 

characteristic of 0R-39j and the time allowance permits most of this creep 

to occu- before any readings are made. Also, it allows the different 

models to be compared on the same basis . Fringe counts were raade along 

the outer and inner boundaries at the central section and at sections 

removed from the central section by angles of 10, 20, and 30 degrees. 

Calibration specimens were cut from the same pieces of material 

used for the curved beams. They were machined in the same manner on the 
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router, and were tested in the same way the curved beams were tested. 

These test specimens included tension models, compression models, and 

straight beam models subjected to pure bending. See Table 1 for calibra

tion data. 

The elastic range of CR-39 is from zero to about six or seven 

fringes. The loads applied to the models were limited so that the material 

was not stressed beyond its elastic range in the area studied. In only-

one case did the fringe order exceed six, and this value was 6.13. 
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CHAPTER 17 

DISGUSSIOII OF RESULTS 

All stress factors obtained apply to the central section and are 

based on the computed bending stress in a straight beam subjected to pure 

bending. The bending moment of the straight beam is the same as that 

carried by the curved beam being compared, and the cross-sectional dimen

sions are the same as those of the central section of the curved beam. 

Thus ire have 

and 

„ If 6M 

° = z~ = 772 
bh 

Where X is the stress factor, O~0 is the observed stress at the central 

section, and 3 is the straight-beam stress. 

The location of the neutral surface at the central section was 

established from photographed fringe patterns. This location was expressed 

as the ratio of the distance between the centroid of the section and the 

neutral surface, e, to the radius of curvature of the centroidal surface 

at the central section, R « R is taken as the average of the outer and 

inner radii. 

Stresses at the inner boundary at non-central sections were compared 

to stresses at the inner boundary at the central section by the ratio ^ Q , 

where (Yk is the stress at the non-central section. 
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Empirical relations were established to express the variation of 

stress factors with section ratios for the range studied. This was done 

for stresses at the inner boundary of the central section only. Mo 

relations were found for the stress factors at the outer boundary since 

these values are less than one and are not critical in design. Relations 

involving the stress variations along the inner boundary of the beam were 

also established. 

Arch Beams.—In this type of beam the depth of the section increases with 

the distance from the central section, and there is a corresponding de

crease in stress* Therefore, designs based on the central section will 

be safe in pure bending. 

Stresses were found experimentally and the stress factor K was 

computed. The values of K for both the inner and outer boundaries at 

the central section were plotted against the section ratio in Fig. 5* 

The curve for the stress factors at the inner boundary was drawn by using 

the empirical equations given below. These data for Arch beams are given 

in Table 2 in the Appendix. 

To arrive at the proper form of an empirical equation various types 

of graphs were tried. It was found that the plot of K against the recip

rocal of the section ratio gave practically a straight line, Fig. 13. 

Plots on "log" and "semi-log" graph paper produced definite curves. There

fore, the equation form 



2 3 4 
Section Ratio: (R0 • Ri)/h 

Fig. 5. Stress Factors For Arob Beams. 



Photograph of Aroh Boas Ho. 4. 
Mads in Polar!soope. 

Compression 
3 2 1 A 

tVTil Tension 
4.18 Fringes 

Stress Distribution at Central 
Seotlon for Aroh Bean HO* 4. 

Fig* 6* Photograph and Stress Distribution 
Curre for an Aroh Bean. 
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was used. The method of least squares was used to evaluate the constants 

A and B. Although this curve f i t the points reasonably well, i t crossed 

the line K - 1 within the graph. This did not agree with the expected 

behavior of arch beams, as K should probably not be less than 1.00 for 

the inner boundary (8). Another equation was derived for the region 

above a section ratio of five, based on the observed values in this region. 

For the Arch beam the following equations were established: for section 

ratios below 5 

K - 0.831* + l^Oli 5 — -
HG+ % 

and, for section ratios above 5> and belav 10 

K = 0.899 + 1.181 h . 
R0 + B£ 

The location of the neutral surface is shown graphically in Fig. 7 

for a l l three types of curved beams. Here the ratio e/R is plotted against 
H + R. 
o i 

the section ratio : • It is noted that the values for the Arch beam 
h 

and the Crescent I I beam are very close together, while those for the Cres

cent I beam are somewhat lower. The experimental data for this item are 

given in Table 5 in the Appendix. 

Stresses in non-central sections were found to be less than those 

in the central section. The ratio of these stresses &g / G~0 was less 

than 1.00 for a l l Arch beams at a l l angles, and in each case the ratio 

decreased as the angle increased. See Table 6. However, there Yjas actually 

very l i t t l e decrease in most cases, and the results were scattered with no 
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definite pattern. Since the stresses in the non-central sections for the 

Arch beams are not of much practical importance, no empirical relation is 

suggested here. 

Crescent I Beams.—In this type of beam the depth of the section decreases 

•with the distance from the central section and the inner radius is smaller 

than the outer radius. As a result the stresses in the non-central sec

tions are larger than those in the central section when the beam is loaded 

in pure bending. 

Stress factors for the inner and outer boundaries at the central 

section for Crescent I beams are plotted against section ratios in Fig* 3. 

The curve for the stress factors at the inner boundary was drawn by using 

the empirical equations given below. 

Tests were made to determine the proper form to be used for the 

empirical equations. The stress factor plotted against the reciprocal of 

the section ratio gave two distinct straight lines intersecting at a sec

tion ratio value of 2,30, Therefore, two separate equations were establish

ed* For section ratios from 1,25 to 2,00 the equation is 

K = 0.570 -f 1.^36 
'o "t" *r1 

and for section ratios above 2 and below 10 

K = 0,959 4- 0.769 
;. 0+ \ 

The location of the neutral surface is shewn graphically in Fig, 7 

and the corresponding data given in Table 5« 
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Stresses in non-central sections were referred to the cen t ra l - sec 

t ion s t ress for the inner boundary by the r a t i o Hft . These ra t ios are 
Oo 

given in Table 7. It was noted that these ratios increased as the angle 

increased, but there was no definite pattern of variation from model to 

model for any one angle. This is probably due to the differences in 

stress concentrations at the junction of the curved beam and the straight-

beam extensions. It was found that the relation suggested by Vidosic (9) 

would serve adequately to express the stress ratio in terms of the angle. 

This equation is 

J39_ = 1 B 

&o ' cos2 e 

Values obtained from this equation are on the side of safety with the ex

ception of the beam with a section ratio of 1.25, the lowest section ratio 

of the Crescent 1 series* 

Crescent II Beams.—This type differs from the Crescent I type in that the 

inner radius is larger than the outer radius. The stresses in the non-

central sections are greater than those in the central section. 

Stress factors for the inner boundary at the central section for 

Crescent II beams are plotted against section ratios in Fig. 10. The 

curve for the stress factors at the inner boundary was drawn by using the 

empirical equation given below. 

Tests to determine the proper equation form to be used here indicated 

that the reciprocal type could again be used, and that one equation would 

be sufficient. This equation is 

K _ 0.897 + "1*098 h , 
R0 + R± 
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Photograph of Cresoent II Beam 
No. 7 Made in Polar!scope. 
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Stress Distribution at Central Seotlon 
jfor Cresoent II Beam No* 7. 

Fig* 11* Photograph And Stress Distribution 
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The location of the neutral surface is shown graphically in Fig. 2, 

and the corresponding data is given in Table 5. 

Stresses in the non-central sections were treated in the same manner 

as for the Crescent I beams. However, the ratios of stresses in the non-

central sections to the stresses in the central sections were found to be 

considerably larger. See Table 8. The stress ratios increased as the 

angle from the central section increased, but there was no definite pattern 

of variation of stress ratios with section ratios. The following equation 

was derived to give the stress ratio in terms of the angle from the central 

section: 

<*e 1**5 a iJ 

<r0 " cos 2 © 

This equation gives stress ratios slightly larger than the largest ratio 

found, and it gives reasonable values for the remainder. 
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CHAPTER V 

CONCLUSIONS 

This investigation was made to determine the behavior of stresses 

in the three types of eccentrically curved beams. The photoelastic method 

was employed, The section ratios of the beams studied were below 10. 

All models were rectangular in cross section and loaded in pure 

bending with the inner boundary in tension. Therefore, application of 

these results to other types of loading and section shapes must be made 

with due regard to factors that were not considered here, 

The models were divided into three classes which depend upon the 

geometrical configuration. For the Arch beam the depth of the section 

was smallest at the central section. The Crescent types have their largest 

section depth at the central section. For the Crescent I beams the outer 

radius is larger than the inner radius, and for the Crescent II beams the 

inner radius is the larger. 

For the Arch beams the greatest stress occurs at the inner boundary 

of the central section. 

The larger stresses in the Crescent types are located along the 

inner boundary, and they increase with the distance from the central sec

tion. 

Stress factors for the inner boundary at the central section for 

all three types of beams are greater than 1.00 for section ratios below 

10, that is, the stress for this location is larger than the stress in 
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the corresponding straight beam. For all three types, the stress at the 

outer boundary at the central section is smaller than the stress in the 

corresponding straight beam. 

For all types, the stress factors for the inner boundary at the 

central section increase as the section ratios decrease. 

All stresses ccnsidered in this study are located along the boundary, 

and, therefore, are tangent to the boundary arc. Since the models were 

loaded in pure bending, no shear stresses are considered. 
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CHAPTER VI 

HBecawEHDjffii&e 

Possible sources of error involved in the photoelastic method make 

it desirable that final conclusions be made only after a very large number 

of tests have been made. Since the number of tests made here were neces

sarily limited, it is in order that additional data be accumulated by 

others. Also, to make the information more complete, other means of 

experimental stress analysis should be employed. 

Other problems in conjunction with this one that should prove of 

interest to one working with photoelasticity are: the investigation of 

stresses within the body of the curved beam, loading to produce tension 

in the outer boundary, loading other than pure bending, the use of other 

types of cross sections, further investigation of stresses in non-central 

sections with different means of applying loads, and further investigation 

of beams of extremely low section ratio (below 2). 

In the case of '"-.lie last item mentioned above, beams of extremely 

lew section ratio of the Crescent I type were found to have an unusual 

distribution of stress along the depth of the beam at the central section. 

See Fig* 12. As one moves outward along the central section beyond the 

neutral surface, the stress increases and then decreases. Ordinarily the 

stress continues to increase until the outer boundary is reached. It 

might be said that the "beam" is no longer a beam, but is an "eccentric 

shape." The investigation and explanation of this effect should prove of 

interest. 
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APPENDIX 
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Table 1 . C a l i b r a t i o n Data - CR 39 

Load ( l b . ) 
Mate r i a l 
Fr inge 

Test Group Type Dimensi ons or Fr inge 'value - i 
No. No. Test b i n . h i n . Moment ( l b . i n . ) Order, n l b . / i n . F r . 

1 1 Comp. 0.215 0.923 272 l b . U.oo 3o.u 
2 2 Comp. 0.235 0.750 237 l b . ll.OO 39.5 
3 2 Bending 0.22? 0.7h9 30.9 l b . i n . luOO Ul.U 
h 2 Tens. 0.228 0.501 77 l b . 2.00 38.U 
5 3 Tens . 0.236 O.U98 80 l b . 2.00 U0.2 
f> 3 Tens . 0.2U5 0.510 80j l b . 2.00 3 9 . k 
7 3 Comp. 0.21a Q.6h9 153 l b . 3.00 39.h 
3 ; • Comp. 0.2U5 0.510 125 lb* 3.00 I4O.8 
9 3 Bending 0.21+U 0.621; 22.7 i n . l b . U.OO 1;1.3 

Group 
No. 

Average M a t e r i a l 
Fr inge Value f 

Model Numbers f o r 
IVhich f Applies 

36,3 

39.8 

U0.2 

Crescent I: No. 6 

Crescent 1: Fos. 2, 3, '4, 
5, 7, 8, 9, 10, 11, 12 

Crescent I; Fos. 1, 13,11]., 
Crescent IT: All 
Arch Beams: All 



Table 2. Arch Beam Data 
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Outer Inne r 
Radius Radius 
R0 Rj_ 

Sec t ion Sec t ion 
Width Depth 

Bending 
Moment, M 

Fringe Ord e r 
No. 

Radius Radius 
R0 Rj_ 

Sec t ion Sec t ion 
Width Depth 

Bending 
Moment, M Outer Arc , Inne r Arc, 

i n . i n . b i n , h i n . i n . l b . n Fr inges n Fr inges 

1 1 1/k 0.21*0 0.671 16.33 2.00 h.39 
2 i i A 0.2U0 0.1tf7 9.h$ 2.18 1**08 
3 1 1/2 0.2)43 0.UU6 10.31 3 .21 5.cv 
k 1 1/2 <0.2lj3 O.386 7.08 3.00 I4.I8 
5 1 1/2 0.21*1* O.307 5.58 3.76 5.00 
6 1 5 /8 0.21*2 O.309 5.15 3.50 h63 
7 1 1/2 0.2l4.it 0.21*7 3.66 h .17 5.oo 
C 1 5/8 0.2U2 0.2UU 3.66 U.06 It. 79 
9 1 3/h 0.2U0 0.221 2.15 3.00 3 .38 

10 1 U9/6U 0.21*0 0.193 1.61 3.00 3.29 

Sec t ion 

< 

S t r a i ght-B e am 
St ress >es a t 

Ra t io S t r e s s Cen t r a l Sec t ion S t r e s s Fac to r s 
No. ( R 0 + % ) / h 3 s 6ll/bh2 

p s i 
CTo 
p s i 

CTi 
p s i 

jr 
O % 

1 1.87 907 670 lb-70 0 .739 1.620 
2 .51 957 731 1368 0 .761* 1.1*28 

3 3.36 1281 1063 1655 0 .830 1.291 
U 3.89 1175 993 1383 0 .8)45 1.179 

IN 89 12*55 1238 161*5 0 .852 1.130 
6 1*.26 1336 1161 1502 0 ,870 1.125 
7 6.08 Iklk 1373 161*5 0 .932 1.116 
8 6.66 1518 3351 1590 0 .890 1.01*9 
9 7.92 1095 1005 1132 0 .918 1.033 

10 9.15 1071 1005 1103 0 .937 1.028 

2l4.it


32 

Table 3 . Crescent I Data 

Outer Inner 
Radius Radius Sec t i ( 

Width 
nn Sec t ion 

Depth 
Bending 
Moment, M 

F r i n Orde rr 
Fo . 

Radius Radius Sec t i ( 
Width 

nn Sec t ion 
Depth 

Bending 
Moment, M Outer Arc s Inne r Arc, 

i n . i n . b i n . h i n . i n . l b . n Fr inges n Fr inges 

1 3A 1/2 0.23k 1.001 36.29 1.50 5.01; 
2 1 1/2 0.228 0.989 111.02 2.00 5.00 
3 1 9/16 0.228 0.937 36 .51 2.0^ U.63 
h 1 3A 0.231 0.870 30.93 2.09 U.13 
5 1 3/h 0.23U 0.627 13.73 2.00 3.22 
6 1 3A 0.218 0.569 9.88 2.00 2.97 
7 1 3/U 0.2.3k 0.512 11.82 2.80 U.00 
8 1 3/U 0.218 0 . W 1 9.02 3.00 l u l l 
9 1 3A 0.239 0.386 6.88 3.00 li.OO 

10 1 3A 0.239 0.329 U.82 3.00 3.93 
11 1 7/8 0.229 0.321 3.22 2.02 2.50 
12 1 7/8 0.229 0.271 2.15 2.00 2.3h 
13 1 7/Q 0.239 0.229 1.61 2.13 2.1*0 
1U 1 7/8 0.239 0.20li 1.72 2.89 3.18 

Sect i on Straight-Beam S t r e s s e s a t 
Ra t io S t r e s s Cen t r a l Sec t ion S t n iss Fac to r s 

No. ( R o + R i ) / h 5 r 6&/blT 
p s i 

°"o. 
pJ'L 

CTi 
p s i 

'uo J. 

1 1, .25 %$ 516 1731 0 .535 1.795 
2 1.52 HOli 698 17U5 0 .631 1.580 
3 1.67 1093 698 1618 0 .638 1.2*79 

u 2, .01 1063 722 1I1.25 0 .679 1.3lil 
5 2, .79 893 682 1099 c .76I4 1.230 
6 3 . ,08 81.il 672 999 0 .300 1.187 
7 3-•te 1156 95$ 136U 0 .826 1.193 
8 3 . .91+ 1260 1071 11-68 0 .850 1.165 
9 !*.& 1160 999 1332 0 .362 1.11*9 

10 5.32 ms 999 1308 0 .872 I.1J1I 
11 5. .85 792 705 872 0 .390 1.102 
12 6. .93 767 696 815 0 .907 1.063 
13 8. ,18 770 715 806 0 .928 1.01.8 
1U 9.38 103U 971 1069 0 .939 1.031 

81.il
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Table k. Crescent IT 

Outer Inner 
Radius Radius Sec t ion Sec t ion Bending Fr inge Order  

No. R HJ Width Depth Lioment, M Outer Arc, Inner Arc3 

I n . i a « b i n . h i n . i n . l b . n Fr inges n Fr inges 

1 3A 1 0.239 0.992 16.33 0.76 2.00 
2 3A 1 0.239 0.7U8 10.92 1.00 2.00 
3 1 l - i / U 0.239 0.73U 11.37 1.22 2.00 
h 1 i - i A C.239 0.556 10.08 2.00 2.82 
1 2 3 0.239 0.997 2Li..72 1.60 2.OU 
6 ° 2-1/2 C 2 3 9 0.7U7 16.93 2.00 2.U3 
7 2 2-1/2 0.239 0.628 11.58 2.00 2.29 
° 2 2-1/2 0.239 0.563 9.37 2.00 2.26 
9 2 2-1/2 0.239 0.U9B 7.13 2 .00 2 .21 

3 e c 11 on S t r a i ght-B e am 
Ra t io S t r e s s 

No. (R Q + R i ) / h S a 6ll/bh2 

psi 

I 1.77 U20 256 67k 0.610 I.60U 
2 2»3h 1*90 337 67k 0.688 1.373 
3 3.07 529 U12 67k 0.779 1.272 
k U.05 816 67k 950 0.826 1.163 
5 5.02 623 $39 687 0.865 1.102 
6 6.03 76U 67k 819 0.882 1.072 
7 7.18 736 67k 772 0.915 1.01*9 
0 7.99 7U0 67k 762 0.910 1.031 
9 9.03 722 67k 7k2 0.933 1.029 

Stresses at 
Central Section Stress Factors 

<3"o C I K
0
 ICI 

psi psi 
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of Section Ratios for Arch Beams. 
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Pig. 15. Plot of Stress Factors and Reciprocals 
of Section Ratios for Crescent II Beams. 
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Table 6 . S t r e s s e s i n Non-Central Sec t ion for Arch Beams 
At I n s i d e Boundary 

S t r e ss i n Fringe s S t r e s s H a t i o Ok / C5"Q - a* 
A.t An^le 0 — 

No. 0° 10° 20" 30D 10° 20° 30° 

1 h.39 — — 4.35 — — 0.992 
2 U.08 l|.. 0U I;.00 3.13 0.989 0.980 0.939 
; 5*00 — — U.8? — — 0.975 
': lwl8 U.12 U.PS 4*00 0.987 0.970 0.958 
5 5.oo U.9C 4.78 L .1.6 0.980 0.956 0.892 
$ u...-: U.U2 U.3U 4 .31 0.978 0.957 0.951 
n 5.oo 4 .91 l.hh 3.93 0.985 0.888 0.736 

C
O

 

U.79 Ii.75 4.59 l;-.30 0.992 r>.93 8 0.898 
9 3.38 3.33 3.23 3.17 0.985 0.956 0.938 

10 3.29 3 .25 3 .18 3.06 0.988 0.967 0.931 
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Table 7 . S t r e s s e s i n Non-Central Sec t ions a t I n s i d e Boundary 
For Crescent I Beams 

S t r e s s i n Fr inges S t r e s s Ra t io <Je / c r 0 Tor 
At jkigle O = 

No. 0° 10° 20° 30° 10° 20° 30° 

1 5.oh 5.62 5-90 •.::} 1.116 1.172 1.216 
: 5 .00 5.13 5.22 5.la i h94 

X . •••'C\J 
l.OUi. 1.082 

: U.63 h.lh 5.oo • . ' . 6 1.023 1.030 1.115 
k U.13 Li.20 h.23 U.S9 1.018 1.025 1.181 
5 3.22 3.25 3 .37 0 £ < 1.010 1.01*6 1.105 
- . - • 2.97 3.06 3.17 3 .31 1.031 1.068 l.nl-
7 U.oo IwlG U.22 li.56 1.025 1.055 l . l k O 
n U . l l M . 3 -7 U.26 i!.39 1.015 1.038 1.069 
; h.~>': li.01 1.I-.03 U.oii 1.003 1.008 1.010 

10 3.93 3.9^ I|..01 a . 13 1.005 1.021 1.050 
i i 2.50 2.5U 2.31 2.9i;. 1.015 1.123 1 .17 : 
12 2.3U 2.36 2.39 2.52 1.008 1.021 1.077 
13 2.1.0 2.1*2 2.57 3 .08 1.007 1.070 1.232 
lh 3 .13 3-27 3 6k •a Qr; 

J .up 
1.02 S 1.113 1.211 

x , , 1.031 1.132 1.333 
2 A cos & 
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Table 8. Stresses in Lion-Central Sections at Inside Boundary 
For Crescent II Beams 

Stress in Fringes Stress Ratio crQ / o~ ?or 
At Angle 0 = 

Ho. 0° 10° 20° 3Q° 10° 20° 30° 

1 2.00 2.08 2.39 3.02 l.OliO 1.195 1.510 
2 2.00 2*16 2.92 k.h9 1.080 1.U60 2.2li5 
3 2.00 2.18 2.714 U.00 1.090 1.370 2.000 
\ 2.32 3.00 3.16 I4..II 1.065 1.223 1.1.56 
5 2.OI4 2.16 2 .91 l i . l ? 1.059 1.1:26 2.0U5 
6 2 .1-3 2.k7 3 .09 li.ll-0 1.018 1.273 1.012 
7 2.29 2.U5 3.08 U.21 1.071 1.3U5 1.337 
r 2.26 2 .51 3.25 5 .11 1.110 l.kiiO 2.308 
5 2 .21 2 .51 3.20 5.36 1.135 l . ' O 2.1-60 

^4 -3»S 1.1b 1.60 
cos'- ® 



NOMENCLATURE 

Aj B = empirical constants 

b = width of cross section in inches 

e = distance between centroid of section and neutral surface 

f = material fringe value 

h = depth of cross section in inches 

k = stress factor 

k. = stress factor for inside boundary 

k = stress factor for outside boundary 

M = bending moment in pound - inches 

i?. — fringe ord.er 

R - radius 

R = radius of centroidal surface at central section 

I. - radius of inner boundary arc 

R = radius of outer boundary arc 
o " 

rt 

S = theoretical bending stress for a straight beam in lb/in 
3 

Z = section modulus in in 

Q = angle between plane of central section and plane of non-central 
section 

cy = observed stress 

: observed stress at central section 
<T< o 
ry - observed stress at non-central section removed from central section 

by angle Q 
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