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1 o  t  flt 'oAut. n. 

The hyperbolic paraboloid shells have beoo*e 
,Very popular all over the world on account of their 
,pleasing appearance ønd ease of cone tru+ott.sn0  This 
shell root has been made popular by the interesting 
examples of •R*itx Candella (13) .and others. Some very 
bold and aesthetically pleasing stmaturas have been 
designed making use S the excellent arobi teotru nsI 
possibilities of this type of a+ rans shell. The 
umbrella typo shell is so well knowa. nor, The forawork 
becomes even simpler than those for cylindrical shells 
bsoause of the peculiar gsow.trioal property of the 
hyperbolic paraboloid that it can be generated by the 
translation of a straight line so that •aoh wad travels 
along another straight line, The two straight lines are 
oontaiaed in two parallel planes but are not at the snore 
time in a cession plans and therefore the snit ar form work 
can be *ad* out of straight boards or planks although 
the shell surface itself is doubly curved and of negative 
gaussian curvature, 
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F rth©rmore, we obtain an 000noni oal us a of the 

oo rtruotion w►tsriala. At the sake tins*  the shell has 
a staple structural eaCUU on*  by reiytng on for* or sharps 
for strength than on case #  the double curvature enables 
the loads to be transferred to supports a most entirely 
by direct $roes so that most of the material in the 
oross.ssoti on of the shell to uniformly stressed, oano*y 
in the oaas tnaotl on and save in design of hyperbolic 

paraboloids alloy 'b* architect to 4ipart froc the convect. 
tional praotiOs of fbrotng all atruottn es to oonfor■ to 
networks of linear tabors confuted to three perpon4loular 
planes and to sake t*n,t(ifative use of the many grooeful 
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Vurtbersore, we obtat n an •oonont"l us a of the 
oo*a truotion *tariaia. At the same ties*  the shell has 
a ai sple a tructural anti on by relying on form or shape 
for strength than on mass*  the double curvature enables 
the loeds to be transferred to supports almost entirely 
by direct t'oroau so that most of the material in the 
cross-section at the shell is uniformly strearad Eoonoay 
in the cons truoti on and ease In design of hyporbolto 

paraboloids alloy the arohiteot to tepert troy+ the oonvan . 
tional praotiaa of foroing all rtruot w,n to oonfora to 
networks of linear eeab.rs oon.#inod to three perpendkoular 
pianos and to make imaginative use of the many graceful 
eh era that may be 4vv,loped, 

As various research workers hav'n noted and also 
experiences of field engineers have shown, the danger of 
failures of the thin iesbrnne steps is sai:n'iy due to 

buckling. Ntoolaa 2aqutilon(lO) has ooaw►snLsd, 

In our opinion, failures gausedl by shear 
or buokUUlg nre tho only dnngor4 in a thin. 
ebsil root. Tease failures are more dangerous 
because no outward symptoms precede their 
000urrinoe, failure to almost instantaneous with 
the appeara'rroe of oraoki.og (shear) or a first 

light fold (buckling)." 



Also as 3aivadori (12) colseente 

, i,,. The shell thickness is never deter—
wined by membrane stresses, but by stresses 
due to 'bending, temperature and WO Wi nd.' 

At present the kno*ledj+ on the buckling of shells 
Is soaat, Most .Vail le Information is regarding the 
cylindrical shells only, it is known that doubly curved 
shells are pore stable against buckling than oylindrtoal 
ones base of the surfao•s being nonwdsvelopsble, The 

aoti--olasti a surfaces must be core so due to the curvatures 
of opposite nature In two direction., one supporting the 
other in resisting the buckling as ooapared to the synoles.. 
tie shells, 

The analysts and design of fyperbolte paraboloid 
shells 'therselves are still under a stage of research and 
exporinate. Various theories have been proposed from t1 we 
to tire, but they are all gilts oo*p i.oated even * th 
several staplitytng assuapttaoe and none could be well 
established so far, The buckling phenomenon could hardly 
be substantially applied to those types or shells so far 
and mob research work remains to be done before the 
buckling strength of anti-elastic surfaces oculd be 
pre to t*dw 



* 2 	toot. ;end 3oona. 

The object of this thesis is to study the wed. 
of failureof a 11..0. hyperbolic paraboloid and correlate 
the T out theories of buckling available preli rating 	• 
the buckling lo4d with the observations made from the 
experiment, 

A staple hyperbolic paraboloid shell has been 
designed by weabrans theory and edge p rrturbsnb es are 
provided for according to the empirical relations given by 
Vreed bargb (U). The original shell dimensionsare 
TEwzlle'i In pi )oentre to contra of supports and 41  
thickness with two dtr cmnily opposit s corners raised 
by 20 It*  and 88,3 ft respectively with respect to the 
other two, wbtoh are at the same 1.v.l. A geowetriosily 
statlar r hforeed oonàrete sodsl reduced in the ratio 
or 9.38 has been tested till failure oocarred. 

1.3  DEAL& 

tbe following notations have been used Unless 

otherwise wonti oned. . 

a,b 	Sides of the shell in plel► 

vidths of the beau along X and Y-dirsatlone 

0 	Ploxural Rigidity of the *bell* 



. 5 	• 
Young's Modulus of B1,sstitty,  

b 	Rise of the shell,. 

I&Old; 	Mosents of Inertia of the Beans In X ,and L. 
DirectIons, 

t 	a 	Prthotpal, Curvatures#  

NX 	'7 r s per Watt lnjth in x..dt oti on on the 
proj eotod el saannt, 

Y 	Varwe per unit length in y-di reoti +gin on the 
projected •liaent, 

X.X  , 	ohs ear on the prof +noted el ensnt, 

por 	Critical land uniformly distributed per unit 
Ares. 

P ,r 4! 	Uniformly distributed load in vertleal i.e.  
L. d ,reotion over shell surface. 

pv 	Load per unit area of projected surf so., 

a 	 dt of u n'vaturs:, 

x 	Fo e per unit length In the aotual shell 
•l .at along z ,xd s. 

3 	Farad per unit length in the actual *bell sle. 
arnt along 7«•SZls. 

3xy 	Shear per unit length on actual shall slesent* 



to 	Thickness of the shell, 

C.Ov.pir Dlsplaee is to X,Y and Z .4 r.otlonn„ 

0 	Pot entt at  

Strain Energy. 

XX, ,Z* Axes of z,,y end to 

X., T, Z 	Coordinates of any point*. 

a 	Buckling Ceffjjt 

v 	Poisson's Katie*  

Shearing Stress,, 

3treins in X*  Y and Z. di.reotlone, 

araoterlstt o length. 
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2„1. s 	 X 

Zeol1y in 101E gave the following torsul a for 
the critical load per unit area of the surface at a 
apberioi U shell to cause buokiind Phjo1 was baagd on 
W oj+oben's theory (i) 

Where $ to the thioiess and it the radius of 
curvature the shell and v , 8 are the Poisson's ratio and 
Yo ga * thus of •1attoity respectively for the arterial 

Pro this formula it am be soon that the buckling 
load increases that is to say the danger oX buckling 
deoroasas as the radius of curvature bee es small. In other 
words the stability increases as the aureatem deoroasee, 

erther, the danger of buckling can be substantially reduced 
by Increasing the thickness of the shell. 

revir, the results according to the fo ie did 
not tally rd.tb OV WI.vtntnl observations and Ui Obe course 

H 
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as a result of many observations thb formula was given 
the forms 

Poi ." `  'j, where o j5 hzokl ing coefficient, 
Si raga then the inveittg rrs have been attempting to find 
out a suitable value of a' i  though they are very few 
in =Aube r*, 

Probably Csonka(0) was to first person to suggest 
a buckling foraula for the doubly curved shells in tos8 in 
the form 

i.e, the teas f for the spherical shells was 
replaced by S1R the product of the two radii of curvature 
for the shells of double ourvaturo f  The for In is taund 
to be suitable for oynolastic shells but whether it will be 
applicable as such to the negative gauss curvature shells 
also remains to be explored. 

' 'urther it remains to be decided whether the fore 
of the expression must be the dame or a more involved one 
has to be used. M will be seen later the expressions 
obtained theoretically for hyperbolic paraboloid shells 
are quite different, they involve the rise to spun ratio 
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of the *sll and the flexural rtgidttesa  Since the 
buckling certainly depaids upon the shallowness or depth 
of the shells, atleot the factor 'b' i.e. rise of the 
*bell must be significantly represented in the expression. 

00S*haidt (4) of 	eden performed taste to dater. 
alas the value of "C for doubl y curved shells in general.  
to order to daterai.n. the buakltng factor ac el % t alum 
tntuw translation $hall models having a otroL lar generatrix 
were loaded unit 1 they buckled by pneuaatto load 
evenly distributed on the eh ale a-hall surface,*  Follow. 
Ing the results of his + err! assts the buokli e* factor 
takes the Vulue of 0.300 for practical dtaenst aping of the 
shallot, a< a 0,040 to suggested: in ease of shells#  Which can 
be built with relatively greater accuracy of diwensions e.g. 
metals and plastics. Zn ease of shells built with lesser 
accuracy e.g, a,c1  shells o( • 0,15 is recommended, flignrdtng 
factor of safety for conorets shells, the os ant of (5) 
Coles  Abele#,, however, it taportant. * ,... It sear not 
to be appropriate to ignore buckling for i1,0o aid rely 
solely upon the at, I factor of safety for R,C, It Is, 
therefore#  suggested that research should be carried out to 
deterai ns the factor for ft,d.. evsbtaed with appropriate 
V.value so an to become Independent from guessing these 
000f9toients based on tests of steel or aluatnius,' 



►js shorn the lack of knnwledd. and t , ttl, work 
done on the rntnforesd conoreta shells. 

There Is no record of any *,C, anti-elastic shell 
tested for buckling so far, Even In case- of eyncln.tic 
sbsfls s+uøh ozperiaite are very few in number, Only 
•zperionte conducted on buckling of such R, C, shells 
saw to have been made by E,, br an O who obtained 0.09 
as the value of the fnotor aC * 

P• once(d) observed the fat lure of an actual 
spheroidal (elliptical paraboloid) R.C. shell (built in 
1950 and deformations observed in 1954) . Th. shell but I t 
by concrete behaved satisfactorily for a norm l show 
load bandition, but the paraboloid buckled two years after 
o s t rtt an when it was subjected to an exoeptt oral snow 
load, his found oCa 0..083 with saris nxaerioal npproxiestions,, 
ALlowing a factor at 20 Verdant to be ,still eater be 
suggestedd CCU 0. 05, 

The value is only one third as compared to 
Sob~idt'n factor aC m► 0#160 	s the Vast deviation star 
these invosttgnki one by tests on R*C. shells all the more 
necessary so as to aSteat economical , designs in future, 

fow+aver, it the factor a< is taken 4„05 for anticlasti4 
shells their designs say be too conservative einos the 
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baokiing otr+a~pg h of entioiaetio shells to likely to be 
higher, Of course, for oonorete shell$ one has to be careful 
specially on account of the phenomena like shrinka e, pos. 
i'blo creek fcreation and Weep attains luatUnr to dilayid 
buckling, 

The collapse of two hype olio peraboioi k I. reported 
in the U,J,A.,, One (34) of these was a reinforced concrete 
shell 70900' of the inverted umbrella typist wish collapsed 
5 months after conetrooti „ Th. other h orbolio paraboloid 
(2s *edo of laminated good ooilopeed at the Seattle world 
fair several days after the false work bed been removed. The 
shell hod a span of eo fact and rise of 80 fist, The precise 
causes of these collapse* are not known. It is surpaotel that 
the fat lure say have occurred because of creep ttrokli ng of nee 
the col lapses did not occur immediately after removing the 
form work* 

hence, the need . of 4itat led Investigation and tasting 
programme can not be over~.eaphastsed And till that is done, 
great omit on and care in the design of largo hype rbolt o 
paraboloid shells of r inforood concrete has to be to . 

3.3 

It is not an easy matter to det.ratno theoretically ally 
the stability of shells, partioularly !hoar, apart from 
buckling phenomenon, second order buokltng (oil-o n ,ng) 
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is to be taken into aao+a nt. Tha latter p is*ossnon 
oonsi ets of the shell suddenly adopting a now position 
at agailibrius involving displaoesents of finite sngnt.-.  
tadns The conventional theory, which ssaves only  
infi nitosinally sell defo ati one is no longer applto-

able and snot be replaced by a second order theory. 

' reodonbu (l8) states furthers  

* An regards the danger of second order buckling, 
which is more serious than the danger of buckling*  
it soot to us that the byporbolto paraboloidal 
shel I wt 1 I bó I ass vulnerable, owing to the saddle 
torn, than the sphsrtonl shell. Although this has 
not yet been proved t oo"ttoally, our conjecture 
is nevertheless ocelined to ease extent by the 
very high stability of hyper shells, as ob tat nod 
in like aod01 tests on the Philip* paviltonoo 

The few att.*pts,  for obtaining an 	yeast. tin t or the 
buckling load (uniformly distributed over the shell surface) 
will nor briefly be doscri'bed* 	 I  

£rto aeteejier in hie paper (7) 'b0 So .Aspeeto of 
the Theory of Thin Elastic Shells* has attiised the *qustions 
of statics*, d tematic ostesi on of all but the first tar 
in the expressions in powers of shell Vt$O2  furnishes a. 
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ears tea of equations suitable for the analysis of shallow 
aoabranes. This has been shown to be a special cites 
of general sbsllow shell theory based on the stetesent 
of Me ueare (e) in his general theory for shallow shells, . 
which consi ders bsaling notion as well as linear aifeots„ 

Tbo use of general shell theory is illustrated with 
the help of two baste problems of the hyperbolic paraboloid 
eh•ll under the influence or its own weight, The first 
problem oonoerns the possible buckling of such a shell 
The second problem however aoneldors the edge effoots. 

►ony lston(9) also started with the same 
equal ion of a hyperbolic paraboloid and assn*ptt on as 

i saner and obtained the ease diff erential equations, A 
numortoal solut ion was attetipted and curves between the 
toed +easyfttoiant; a function of the unit only distributed 
load ,cord the ratio of thicknoes to rise wore plotted for 
square hyperbolic parabobotde , fever, the curves do not 
enable as In goneraiisi thø result as to discussed .lat*r. 

yaratga+* all Oersti.e(l) have attacked the problem 
by Boons of *nerdy prose ro, 

According to the membrane theory*  hyperboii o pereb-
oloid shells under uniform vertical loading are Bab, sot 
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to uniform *hear stress to the plane of the shell. At the 

edges of sum $bell$ these shear styeoe~ ee are transferred, 

to the supporting edge aebers as unit oraly applied 

axial load$ eiich warlead to the baekl,ing of those 	• 
soabers and this possibility has to be considered in the 
design of the einzo .r.1 In the past an appro w*t o 
buokUng lead was obtained by cone! dering the edge 
*eabsr isolated free the shell and calculating its 

buckling load under uniformly applied modal ioade(l$). 

Since this eppzDch neglects all interaction between 
shell d sdd• "beano it will at toast be a vans ervotive 
lower bound* 

The authors in their Vapor have attacked the 

buckling prlei by sears of an energy ■ethod, An 

expression for th. potential energy of shell to established, 

en appropriate series expression is assumed for the 

deileoted shape, i,biqb satisfies ooxpeitbtlity between 

shell and edge &saber@* It to determined by rinisioetton 

of the potenti at energy that the behaviour t • of the 
nature of a beesa.00iu.n in stitch the deformation increases 
non4tnoerly with increasing load', The orttiosi value 
of the membrane *hoar stress (corresponding to »on-unique 
deforoeti on.) is then found by equating the determinant 
of the aboraoteriet,ic equation to sero. Only shallow sirens 
have been sssuaed0 



Curves have been plotted to indionte the 
Intl uenae of the various pern.oters on the buak11ng 
otrength of square shells. The huokling lon4n thus 
established are oo parod with to those obtained by 
E. teener(?),, 

0 	 tsU h 

The shell hat the rni4-surfn.ae equation as 

I t is assuand that the shell. is natal upon by 
uniformly citstri. xted lend In the e . root# on only# 

The edges x a O, a ent q m o, b are supposed 
to 1n *os nt-free support and the edge ett if ening 
e be rs are rigid to the dt,reotion o y their axes and 
have negligible bonding reelstanne 1.h planes tangent 
to the oriole. it is found after athplttto*tton that 
for 	<< I where t is the thickness end h is 
the rise of the scull, the shell '"crinkles" into waves 
In the direction of the szt,tjne compression. The value 
at which crInkling takes p' sae to obtntned as 

per .~ 
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ComparingIt with the Plate (Stability) for+ nls, 

or .K.a(uf)3p 

ft to seen that the Plate Forauls depends on the 
various dtaeneione of the Shell wiioh differ from the 
shell formula,, The Shell Theory forwiia shows a wore 
pronounced de,endenae on shell rise 'h and a too@ 
pronounced 4ependeno. on the a*ell thickness 4t' than 
the Plate Theory formula, 

Replacing the eritttinl load by critical shearing 
stress prod oed by the loa d we have 

0 	 UTL 	 0' l 
eb 

Again  ooeparing this buckling for. mule with to 
corresponding forwula for etrply supported plat rs 

K'  (S), 	1t ?2  
or 

1 9, find that e*oopt for a dttfer«:noe in The 
nnweriotU coefficients the shall broil a differs from 
the plat ► formula in that the thtokness square tooter 
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is replaced by the product of shell thickness ;end 

ri se. 

Numer cal Solution and P- curves 

The differential equations are of the form: 

22 	2h 	az 
v v  

ab a xdy 

2 

Dvvw ,~ ~, 2h a 	ab ,,  w 
ab a~~"P0 h a3 

is a stress function and other quantities 

are same as referred earlier, A numerical solution has 

been attempted.. The deflected shape is assumed in the 

following form as done earlier by -Rei ssner: 

°° 	°° 	 $ n a 	n 7r y 
w * 	A. • Sin =--- Sin ~---- 

	

m=l n4 	 a 	b 

Calculations were made for the case of square 

shape i.p. a a b and convergence of the solution was 

observed in the solutions obtained by taking the number 

of terms in the above expression for w- from first two 

to eighteen.Expressing a load coefficient 



P- CURVES FOR t,P, SHELLS 
3 

P~2 

0.2 	O1_...., 	0.05 
A 

0'2 

where 	• 	(tbio e e to rise ratio) , the ourves 
between P and were plotted, whose shapes are given 
below (Ftre No.1) 	 . 

\ 	(o) 

\ 	 / 	 \ 	P3(e) / j 

 

/  / 

0.04 	 s 9,03_ 	 0.02 	 0.01 
IB  

FIGURE _t 

'to aotuaiiy find the oriticrsl load for any given 
shell to plan we dense P and then from the figure 
find oriti owl value of p, using the forsula, 

_- Sr . *  	__

o  

	

 1- y z 	b 

the oriti onl load oan easily be obtained. 

The ariti oaf curve in the figure has been shown only 
for values of ( ae s*all as O,Ql, It seems likely 

o f 

1L 
0.0 
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that for values of p smaller than this., the orittoal 
curve will reeatn very close to the ainisus line st 
I for the value of P. 

Hence for, < 0.01 i.e. b > 100 t 

PSSSSNU +~ 	a 
Per 	.~.~, .""WW~ 	4'""" 

The results obtained here say be extended to 
hyperbolic paraboloidal ebofls where a jk'b. But for each 
value of Kc x . o, 	, a oompl eta new oe1 culati on free 
the original equation would have to be and* and a new 
curve analogous to this we ld have to be plotted,, 

The curves do not seem to be significant in 
goneralt stag the result, because there is no regular 
variation* The spaoebotween the triangular portions 
(e.8. 	'1 ° 0 	p` (e), 1) are also not varying in a regilgar 
fashions Moreover the contention of the author that the 
curve will be quite close to P*1 line after p < O.0lw does 

are 
. not seen to be final, unions actually the ourVee6zt~ ided 
taking more terms in 'tie series •xpanel on. This shows 
also that the buckling load is not a simple character.» 
f ate o of the ratio 	, probably the ratio 	or 
may be also significant or even nor* Important then the 
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ratio a Banos curves at  with ratt.'ae of different 
pareasters as abscissas have to be plotted until a 
regular relationship can be evolved whtoh can be 
further verified by actual teats, As suggested by 
some investigators the buckling strength any be 
mainly a function of the shell rise 'ti' (if not sole 
so) as ooapared to the *pan length !n'„ the shallow 
shells buckling at mach lower bade, 

8owever, the halt of shallowness or flatness 
to  buckling considerations has to be ditferentteted 
from the limit for validity of membrane anal ysis, as the 
few authors have shown that upto the rise to span ratio 
of about one fifth or one sixth the second order terms 
can be safely neglected and membrane theory applied. 
According to A, t., pnrae (Zl) 0  One question that arises 
about these shells to the degre. of flatness that can be 
Used without invalidating the membrane analysts, This 

depends to a largo extent on the. magnitude of the secondary 

bends rig nonont s oasis ed by , i at strain. The analysis 
presented 4e based on a satisfaction solely of the 
equilibrium of forces and no attention to given to the 
oowpatability between strains and stresses. for the usual 
vies of 	or 	, the uncut of axial strains 

is unimportant flti can be ignored eat sly, However, when 
the ratio 	decreases, the offset of axial strains 
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begins to exert a dominantt i nflu son on the bhhovt our 
of the shsll," 	 . 

• fowoVer, it eon be pointed out that 	.ssnor's 
fo *ula is 	oily the same as that obtained by isistonr 
for the range of p<~#et~x!~*e+r the rise Is more than one 
hundred tires the thiokness •  of the shells Thus the 
Reiasnsr's foretsia is a speotel cast of Ralston#s results 
for h>1OO to 

A shallow byperbolto paraboloid of side to and 
rise 'h' is considered haling equation as s it2# r. 

a 

The coordinates being as shown (Figure No,3' 

GEOMETRY OF H.P. SHELL 

ORIGIN 

------max 

F)GURE_2 
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The 'Moll is assumed to be framed between 

sd,t0 aesbo whtd* are simply supported at their 
corners, Membrane analysis results In 

Nx a €Y a 0 

Xy 

 

.q, 

The shear stress N 	is transai teed to the 
supporting members at the shell edges, 

Diaregar"ding the conditions of ooapttOtltty 
between shell and edge member and assuming that the 
uniformly distributed shear foroes follow the deformed 
.oafs of the meatier, an elsasatary buckling an*tysts 
for this •UpportlflL somber results in a ortt#c,l load 
equal to (10) 

C ~ or 	a 

3troo additional strength is supplied to the 
edge somber by the attached shell, it oust be c *obzdsd 
that this buckling load oonstttutes g ~as~ ~r oar r+rt s19 

, 	is 

2 

The authors(lT) have made use of Rite winiatsing 
astbod of the potential energy of the cysts.. The total 
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strain energy .cot rt s to of two parts: 

1. Strain Ensrgy VI of a plate subjected to 	' 
direct and  bending stresses (neglooting stretching of the 
ed ddb, a surface ) is equal to (20), 

Vt  `+ 	 a 

	

Z 	1 

• ffD(z.y) L1    
z 	z 

	

--'' 	.? _ (. 	) 	aA a: a 	a xdy 

There D(z,y) is the tlezursl stiffness of the 
structure at(z, y) and if the PoI sson's ratio. 

a&.. The strain energy V2 oorrespon(Vng to the 
stretching of the ntd..nprt000 of the shell to squat to (s), 

V2 	 t'.` 	SEX + E)2  -2 (1 .v)  {EX.E r -4  E xy" 1 4A 

whore E , E are the strains duo to otrotohi ng of 
the middle surface of the she11t 

To-  relate the middle Our-face strains to the dteplao. 
in 

saints we express thojplane displacements UX, U7  of the 
@bell In tear of those of the middle surface displacements 

U 	 • U W a d 

7 7  a" 
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ea then differentiate to obtain the strains. Now since 
* and w are sari l for ehalieit shells ender small 
defleottons, the higher order terse in those variables 
can be dropped. ''due we obtain 

	

mot,w  -► a wr 	we 

Neglecting the middle en rtao• di $pleoeasn to " Tx and Tye 
as aeeuasd by Blotch and Sstvadort (21) we get 

	

z - O E7a00 EXY 	4.1W 
a 

Thus the total Internal strain  energy of the structure 
is tv on by the expression 

2 

V* 	N,( a ►)2.2N0 	~Ca. 3 ] ► a 	a y 	a► 

	

1 	 2 	Z 

JJ 	 ~► 

	

a, 	 a 

a 
a 

The *train energy as given above is rx otly 

the iitsst a energy of a. ptme on tin elastic teuflc1nt1 eil 



. 25 

With the fouzitlatton Bodulue _ 	Bono*, the problem 
MR 

reduces to that of a plate on elaitto foundati on, as 
already obeorvod by $letct and Salvadori Cal), 

The potentl 31 energy has boon evvl atad in fm r 

parts for the entire st oturet 

1, The shell alone for which 

2, The .d. beano parallel to c- aA f j, for which 

Ny *N *46  N * 

El 
and U (x y) 

where a1  t 0 the width and 21a is the 'flexural 
rigidity of these Denise. 

3, The edge be-ass Parallel to yexte, for vtato x, 

and D (y) 	* 	where b ta the width  and 

iib  to flexural rigidity. 



4, 	Lo.s of potential energy due to the drop of the 
applied euxtaos load q, through a diotanoo w to 

ab 

U 	~It J ~ q vd 	dy. 
00 

The +rxpri sstou far the total a*orgy to thus obtNtfol as 
ab 

U 
 

	

	[
,.2 to 	+ (j )2]dZdy 

ax ` ao 	 ay 

0, 	 b 

„• Eta 	s dx+EIb " x o dy 
o az y' 	o a 

kSS - * 	x 	+ 	dx 
S 

+ 	,4 dy + 
Q- b 

.~ q S,4 dy 
00 

W2 dx dy 

whore kaq 

and 

l 

The case of buckling of the shell along tth Its tour 
simply supported edge b.*xs is considered, the borunciry +c ad.. 
loons being 

+~ . 0 at (x*Ooe) and (y 0,b) 
i 	. 0 at (xvO,e) and U7 a 0 at (y*0 b), 
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Satietying these boundary conditions,, the defor i tt on uny be 

assumed not 

04 

W 0 Y-  
soi 

Y-  A.0  Sin 	Sin 

sin 	+ I Cn  Sin 1 

Substi tuting these doforseti one into the energy zpreaston 
and Dintalsin$ with respect to the ooefftolats As,D, 9US  'In0  
three sisal tanssrs equations are obtained,,&  Th* critical load 
can be obtained by equating the determinant of these oo•ff 
talents to be equal to sema4  

Considering Yn  w ib  • I and s ii , for the square 
shell eul neglecting the tore— 	as compared to unity the 
critical load a*sooiatCd with the i buokltnx mode is 

obtained as 

• *lr 	E1  () • n3 [()3 .+  a 

To find the buckling mode for which the critical 
load takes Its lowest Value ww can do this by trim' end 
error for any particular *teall. it s  for oonvenissios it is 
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9Lr •106 
E  "Cr 

(DAYAR) 

20 

101 

2.8 

aeaaaed that *n, is continuous izi,tead of having 
only integral ♦ailuee, we can set 

.fl 

The error due to this stxpiificatton will be 
very Small and on the safe side, We obtain 

fi 2 - 	 S # 
CT  7T 

and 

qu 	~2! ( 	~ 	. 	 &!~. 
cY 

BUCKLING CURVES 
40- 

OL 
2 
	

4 	 6 

FIGURE _3 	h 
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The vaxuss have been plotted (Figure Na.3) for 
a square shell with *~ as ordinate against 	ear h 
abscissa for the various Values of #at and it Was 
found that the n, srvo lies lower to other carves show-
ing the ,aoouraap at the r rising procedure assuming 
variat ion of a as continuous,, 

Also it is seen that the buckling load of the beau 
without vans-idoration of the shell interaction is aonsi-
dsrabiy lower, A iiidt g oondttion of this would be that 
of the shall beaoatag left attsly thin so that the restraint 
offered by the shell to the edge bee* should vanish,, 
Sl +matte, this condi ti on by setting b a 0 And nit In the a 
expression for qua we set tN 	10.70 against  

+~N or "" l8,w0t 	as obtained by A,P#luusger, a close 
upper bound to the latter exact solution., 

Retesaer(7) had .00ncidored the poosIblitty of bnqin 
the latter 

had eufhaiantly largo flexural xigtdit, On this basis 
qor is obtained agnei to 

g 

and tale care Is also plotted for caspsrison, irbl.ah Lies 
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lower to the critical GirTo qn0 however hilper to the 
pure cainaD au "e of A.P,, Ptl sger. 

The suttio attempted to o apare these two buckling 
modes i.e.  one considering buckling of shell wi. t h edge beaus 
cind eeoond that of shell only and they found that for all 
Positive value of 	the second case controlled in iris 
examples oonsiderred by then* It could be oonolud ►d, there. 
form. that for all cases* winkling of the shell Will occur 
prior to buckling of the  elge beaus according to small 
defloctlon theory* Rawaver omsidertng the figure No.4 
which indicates the shape of the lond4etl otton carve, 

LOAD DEFLECTION CURVE FOR HP. SHELL 

qi Cr 

qcr 

q 

(LOAD INTENSITY) 

DEFLECTION 

FIGURE-4 

we observe that considerable 40fleotioes of Honwlinuar 
--sett-gists- e# ae #:naer nature ny be expected prior 

f 
to th occurrence of buckling end any bo„ . m~portanas o 

I 



1!N ! 	S1 IL 

3,1 	g 

Ila 'T z 112 PT O/O to plane  

Rise of the corners (dladon.eliy apposite) 

20 ft d 53 ft rsspsctivim, ► with respect to 
the other two vii ioh are at sat* level. 

Dsat gn load  

SHELL DIMENSIONS 

E 

.31 

Y 
N 

f.1 

/X 

FIGURE_5 

y 



32 

Let the hyperbolic paraboloid be OP', EP such that 
points P and P' are at the ease level and 20 ft. lower 
to 0 ,r1 E is 58.3 ft, higher to P and P'. 

It the points, 0, P and Pt were at the same level 
with the rise of g being Oh', then taking x,y° and a axes 
as shown with origin at 0, the equation to the hyperbolic 
paraboloid would have, been a a A- xy, where raI' is the 

s 
side of hyperbolic paraboloid in plan.. 

If the inclination of OP and OP'wish lines OX and 
OY respectively be 'P in the vertical planes, the equation 
to the hyperbolic paraboloid can be expressed as 

s w 	- Xr .. (X*y) tans" 

ite re Lan y'. fr  
To calculate the value of b, wo sibetituto the 

coordinates of point #B+ in above. 

38.3 	X 112X112 - 2X1 ~X113• • 

or b 	s88.3f40 aT8.3 

• . s 	■ O.0063 sy - 0.1788 (x+y) 



itktrOf 	iholi 	nite b ~t 	+ 	au 	Or 
(a*0.00624 z" - 0,i ?se (x,y) ,,flt. 48 C 

JLL 	

432 

0 48,000 40;371 45,142 43,113 42.364 40.858 30,425 
8 46.811 45,542 44,512 43.483 44*462 41,422 40„398 
16 45,142 44.513 43,883 43.252 42,632 41.492 41.382 
24 43..13 43.462 43.352 43,020 42.789 42,559 42;338 
32 42,284 43.452 42,622 42.789 42,+069 43.1319 43,29? 
40 40,855 41.422 41.992 42,859 43*128 43.605 44*284 
48 39,4251 40,,303 41,302 42,328 43,20? 44,264 46,233 
56 38.000 39,.368 40.133 43,098 43,466 44,831 46,198 
64 360580 88,343 40.103 41,866 43,633 45,395 47,,162 
72 35,,150 3'.313 39#416 41,638 43,,808 45.076 48,,139 
80 33,"724 30,361 38,841 41,403 43„968 46,338 49.092 
88 33,990 35,261 38,214 41.176 44,194 47,108 50,073 
96 30,860 34,231 37,582 40,043 44,211 47,671 51.042 
104 29*430 33.182 36.046 40,,702 - 44.410 48,333 52.008 
113 28,000 32,160 36,320 40 480 44,640 48.000 52,950 

Conttnu*6,,. 
IL, To aVol d Sinus signs the beigat of th point O'bas 

been aser d as 48 tt, above the ground ]oval 
arbitrarily., 

r 
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' E 4 	l+1► 	?a 	so 	a8 	96 	1 4 	112 

0 38.000 36.680 36,150 33.710 32,290 30.800 29,430 38.000 
a 39,360 38.343 37,313 36,201 35,281 34*221 33,182 32.100 
16 40,133 40,103 30,476 38„641 38.214 31,502. 36.948 35,320 
24 42,008 41*886 41*638 41.402 41,118 40.942 40,702 404,490 
32 43.465 43,632 43,808 43,968 44.144 44,,311 44,410 44,640 
40 44,831 45.398 45.900 46.526 410108 47,0'2 48.232 48.800 

4 0 46*198 47*,182 48,,139 49,092 50*013 51.041 62,008 82,940 
56 47.582 48o024 60*,300 51,050 53,02? 54.392 56*766 67,,120 
64 48.934 50*204 52,44? 64,210 55,980 -57„738 599480 61,210 
72 60,300 53,447 64.638 56,780 68*960 61,130 63,240 65,440 
00 51,650 54.210 50,780 59,780 61,000 04„440 61,000 69.600 
so 53.031 55,980 80.900 61.000 64.880 87.848 700760 73.760 
06 64..392 87,7 61.130 64.440 61.848 71,200 74,520 71*920 
104 55,758 59.480 63.240  67.000 70,760 74*520 78,200 82.040 
112 67...1.30 61,210 66.440 69.,600 73.760 77,920 *2.080 86,800 

Co* 1udad4,,0 0. 



3,2 M , r, An...,a_Uy is,~  

LL ELEMENT AND ITS PROJECTION 

x 

1~~  d 

Ny 	i~ 

_i PROJECTED 
ELEMENT 

Nx  I 
Iv  :  

Z 	i S 	! W 
	

x 

,SHELL ELEMENT 

FIGUREFIGURE 6 

Pgres 

Sx r 	Sy ,ire lriot forces for unit length, and 

Ste,, 

 

is tZ o shearing Toro, also per unit leigtk. Nom, 'fly, and 

Nxy are torees per unit length noting on the prof eo ted 

+Toni►, +gyp and dq are the lengths of s hell..el e t along 

zend yax... 

'fie tintils forces are taken positive and shear* 
orsating tension along positiVe direction of the chi ey onal 
are taken positiVr, The surtno• load 'W to ocnsidered 
post tive when noting downwards, 



3.6 
The forces acting on the element are reduce! 

into components thatt are parallel to the coordinate 
systr * but have their direction tangential to the surface*  
liana o, for ore 6  y is parallel to aye plane but ii inclined  
at an ungie # Y' 1  to the sy ,piano,, 

The expressions for the equilibrtus of forces 
parallel to the various ones are considerably simplified 
if the actual forces are transformed into fictitious 
forces acting on the projected area of the elesent; 

The analytical details and the resolution of forces 
in three directions along with the simplifying essuuptions 
need not be given bore, as they can be available in the 
refersnae (23) . The results, however, are as tot tows: -- 

x 	N'X 	l+q, and S 	 1 + p 

3XY  011XY 



37 

p e 	a o*ooaaY I+ ,I786 

g 	 0 0 ,, @ z ,. p* t x 

• " 	.0 

• - 	* 0,00624 

t • 	t 

where p0 td err ~a" the loads per sgUare ,fort 
of t ►s su oo* ,ud ho zoDta]. projection respeottVel71 

in x 1r 	on 

xx 	+ash, 	+ N q, 	+'a, a0 ; 

w 	Z N2,. S xr 1►,  
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U00006" vXY  a P.. [ I+ l(o.00o"y = O,118O) 

• 4co,00eax o.176) ] 

XY 	 14 so C  . I + 4  (o,o a4 .a,i Tee) 2 

+ 

In z4 1r aeti c p 

U - 	(o,00O y , 0617804 + t ( ) 

OR*, 	 x (00 6247 - O,tY ). t(y) 

In y.- reottr ,, we got et t1erly 

y" (0,006*4* - 0.,.1too) '(x) 



At the edge xa00 Nx a0 

and all 	7r0, 

Substituting these we get # 

t(s) 	0 f(y) . 0 

acid 

N~ 	ii -po 	(0.00624y •- 0.1788) 

0 -po a (0.00624a .. 0,1186) 

Now 	8 	s NXY 

1~ 

and 91,, 	* tY ~L47q  
i 

The for oes )i , NY$ N17 . 3rn,, S,, and 3 ~ 
are calculated and given in the 0000npenying table 
(?able No.2) . 

39 



. 40 

SMb14 UA 

z N aiipox NYM O 	xyw p q x *p~ 
S 
z7 J  

gz pQx 9y.pox 

op9z 

112 	0 19 000 0 „ 92.2 .-0.1?88 0.5104 0.903 9,08 0 
18.0 4.410 -4,,15 93,3 -0,0188 0.5194 0,915 4,03 ..,4.-34 
32.0 - 1.174 -8,31 90,9 40,,0210 0.5194 0,890 - 1.04 ..9.98 
48.0 - 6,760 42.45 91,6: +0.1208 0,5194 4.894 -- 6004 -13.94 
64.0 -4 2.3?0 .•x,61 02.? 0.2206 0,5194 0.000 41,20 48,29 
80.0 -17.950 ,»2D,?5 94.9 0.3204 0*5194 0,933 46,18 .22.23 
960 .23.500 44.90 97.8 0.4202 0.,5194 0,903 .22,65 45.85 

112.0 -29.100 49.10 101.5 0,5300 0.5194 4,000 49.10 -29,010 
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Uadauu Tension or Compression to given by 

neglect t1 o offoot of obliquity angle. 

Al  (112', 112') • S a SY  w 49.10 po  and 9xy  0101.5 po 

• +► fl pup tension w (49.10 + 101.,5) Apo 	a 82.4 pa 
a 5T88 lbs/!t. 

Maxtsua compression a (49.10 .. 101„5?)p0  

a 130.6 p© 	 a 9142 lbs/ft. 

At point (0,112) the Value of S 	will, be same as at (112,0) 

end S s0, S?9*03 p,O  

r► 
. 	Ste„ 	• 92.2 pa.. 

, ,, M mum toroes a 40625 pr► ± po 	E1, X94 

e (4.5 * 9:0 4)p0  

. 'maximum tension • 96*9 p0  a 6,83 lbs/tt. 

Maximum compression a $7.9 po  • 6153 lb../ft. 
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4 ins, *bell tioknsee is adopted l s11:3 six 'being 
ee . Rsirtorc,monL aw ins, bj%re 5 Ins, a/* in both direct-

torn' rgonalong ruling lines at the sid.depth of the slab, 

any dir cn$1 on. 	5 

iiaxi eia despraest►oa 	at + +~ l 3 stress In oonorete. 
.. 	169 p. A,i . (eats) 

Max! *n# tensile  ...~~.~ stress In steel,, 	o- 

w 14440 P,e,t, (safe) , 

Aaenrtng all tense on Is taken by steel,, 

Maximus oo.postt• 	t iila 
tension, 	12 0#, - 	 P*~« s 

There will be no creeks, the ulitrsate tensile 

etrengU of concrete b.i ~g about 280 p.e .1.. 

3.3 51-SM 	al-nip►_ __ ' 'a~ ►a t± nba 

Shrill panel it ao a*e4 olaape4 a t the edges, 

Cba.raot*rtetio length 	0 	(.Y6Ji  

ft ere ° t s shell thtokne*e 

ana k, k2 are the psinoipal oury it uree of thø shell 

at edge point* 
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1 	• 

)i•gtiVo clamping aoaent is % 4 PO ~  unit width 

Shear toroe a 	a po 

31*eii sont (positive) is ais +0.10 Pe at 1.57 
from the edge*  

Anafts.  

urvataare 	Lu.A!r 

31p 

Xuetioii to the shell Is, 6 a 0.00 24zy 0.1Th6(z4) 
Rotating tho axes by 450 the *1u5tion beo..s 

* 0,00312(XI2 - y') 0,a52x' (Pigure No.?) 

ROTATION OF AXES 

FIGURE-7 



I 
	

4.4 

This Is done ethos along the new axes twist 
1 

tars 	to zero and curvatures along t torso are the 
pri not pal curvatures, 

* 0.,00624x' _ 0,252• 

1 
v * 	a .-O00024 

d 	- 	r 0.00624 and  
y 	 dx' dy' 

1 , (0,00624x'...0.253) 2 j 312 

Andka 	a~ 	 00a 4 

	

f 1 t (.o. oo6a4 y s) 	3/2 

For the point (0,113) in x,.y eyetear, 

x' 	►' 	79#3 ft. 

. i 	a~ T"
(04.494-0,0252y2f3/2 

 .1 '.C1!~3€a! 	p0400573  

(1,244) 



6,38 ft,  

a 1422 lba„tt,,/ft, 

•1 a 0.ixtoz6.30 

a 440,2 the/ft. 

2A4,4 lbs.ft,/ft.. 
at 10 ft„ t tom the 

Dee~lfrl joy 9t U to 

Thtaknoss of the shell Sri lx be increased to 6 in., in 
14 Ste near tha 449$ and then rednoed to 4 ins* gradually, 
The reinforcement already provided i.e. In* di. a. 5 ine.a/+o 
will be bant to be kCpt at bottom at 1 fto, from edge* 
with I in, cover to the centre of the lower bars, A waah 

will be provtdsdct the Same $ISO at the top a* well in 
10 ft. width all along the edge*$ thus, giving In. dare 

'tap anti 
5 ins, d/a in both direoti one at/bottom. 

sepqj e (ti..t conreie(Fjgur,No, 8) 

SHELL-SCAR SgCTION AT THE EDGES 

%Div.5 c/C 

FIGURE_8 
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P s 9142 lbe. (+l reot force) 

K a 1423 !t. lbs. (bending moment) 

A0 	*At 	a 0.190 a 0.4? •q.tn, in snob 
direction. 

A 	ai 13x6 • 9*0.4? * 13 

I 	*2x0„+TxIO `SO xIs 
12 

2t3.4 in4 

+ • ' a2 	2 A~ +~ on enter side) 

a 310 p,n.i„ (safe) 

a 4422 lbe.tt. 

P 	o *142 lbs .. 

1.87ina. 
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Asauwjns oars orvattvsly that all the concrete has ornoko4, 

SLAB_SECT'ON AT THE EDGES 

• x 	 8.82 Inr, 
ab8 4,8 lna4.88 lne.■ 1.68 ins„ 

Takla; moments u t oonpr east on stool at bottom 
Q, 47ztx3,b 	i 9142 (168141 *66) 

which is slightly hlkur than the possible Value of 
18000 p,s•t. but since the forsula for moments is pirloni 
and changing the spacing of bars would be inconvenient 

as well as providing extra bars will become uneconomical; 



• 48 

• 

the sltibt ov rstress, it at all is nX owsd 1#nl no 
extra reinforosuent is ptt~vided. 

(Pitur, No.10) 

DIRECTION OF AXIAL FORCES 

E 

TIES_IN TENSION 

BEAMS_IN COMPRESSION 

P 

FIGURE_10 

.raw. 

op, OP 	, 	lx 	a X02 	114 f t# 

PRO pat •J i1a2-+ 583 	'120„5 ft. 

Was bans will be simply supported at their corn rs, 
Ties will be pro'LdOrd slung PP,' to take up t)a tensi on. Th* 
oo*pression builds up in ba. from 2 and 0 towards P and P' 
respectively from e.ni, 	values at I and 0,, to maximum 
values at P and p', 
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► y w 80,70 1 + . 0017962 + (0.,008 4x . 00178021 lbs/lt. 

5780 • Q.108Q . 0.24* 

Total compressive bras at P or P' in OP or OP. 
rospectt?Styr 

at 03, (sue) 	* Ss'tao  ...6.84x + 0.1089*23d* 

0,,6 i 106 

Farce at 0 a 6780 lbs/U, 

For P'2, x a 112 #t, and y vartse from 0 to 113 ft, 

,SXy 0 5600 { 1 	(0,00624y x.1788) 2 t 44.Qo6a4XI12.o 178B)3 

0 O, L O89x « 0.247 + 6400, 

Total oOa rssaIve force at P or PI In EP or ' reepootivelyo 
i2. 

F($67) _ 	(64o4.0.24y + 0,148Gy2) ay 

rr 7.3E * 10~ lbs. 

Farad at X i re,, (1120 112) • 101,6 * 74 a 1105 lbs/ft. 

' nro1jja 	IT' 

Uortsont4l component of y1 t ,lea t *4 ►6.tSxlO5 The. 
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•1io ;QatnZ component of F,1.'x'.35 it 105 it " ~ '• 8,5AulAg lbs; 

► r '1` • (6.&6.58)zo5çfi a. 1,98x106 Ibis, 

Compressive Pare. Coisponeu t the to a e1 f-.weight of 1►eaws 	• 
■ y be added to this while designing the eeotion, 

jmzin 

C 	(9. Via" 1, + 	) z105 lbs, 

• 4.62 t1 O5̀  1bs 

Component of self..wel ght of beaus say be added to thi s 
rte►i1e d rignitng the aootione, 

tit ~lsul 	d ± (Fig, o, 11 

BEAMS EP AND EP' 

/ I 

X 58.3 

- 

PORP-  

I~ 	 112 	 "I 
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S 	A 	 n 	 t f - 

39 ias.al15 ins. .tb 22 bar* i ins. dlo* at top 
and bot tom both to provided. (Pigur. No.12) 

BEAM-SECTION 
22BARS 1 1/2D1A. 

fCLEAR COVER 

::::: 	-r ' 	Y 

115 

106 

44; :: :; :: : : : : :j 
H- 	39 Ti 

22BAk51 1/2 DIA. 

FIGURE _12 

S el x Load a 392115 a 6 lbs ,. f t t o 
It can be reooiwed into two 000ponents. The component 

perpendicular to b+ ana axis can be considered to create bending 
no wt an usual and the component parallel to bean axis will 
contribute toward. the a i al ooiipresat rasa, which wf 11 be equal 

to +485' o-a a 2061 lbe%t. In aeini tnd e, acting from 9 

towards P, 
TOW axial oompr+eelon at P 

a ?.36xl0 	200TX126 05 
: 9*97 x 100 iba, 



Total axial ooaprusion at Q 

ae 56 [(640O..3.l2x50+0.063*562) I + O6Tx63„25) 

a 4.8021 

Coapon.nt perpen6i solar to boar axle 

4485X 	a 3980 lba,/#t. 

9~80s~i.88.~"~ .' uQ 	• 	 x i2 lbs.in! 
9 

a .5510 lbe, i n.. 

52 

a 105.5 the, 

89xn + 22 * Ii? to - 221_.77t 	a 4, 88x108 	.. 6. « (1) 

to • " 	* iSa , ( t ace s o #O 00 0 14) , ..... (ii) 
0 

t 	a 1 	z 	fl;~l , 	, 

Taking aoaents aboat t o tensile steot, 

39zn4x(Ii0.54) + $~Cl ,~'?x--~ 8 xl t 208 

a 4.86 x 105x(191 9) 

Dividing (Iv) by (1) after substituting 
for to and t froei (ii) and (iii) 

19.8*n (110.5 . - + 53000  
ft 	•250 

19.8n + li05 	-sib 
i s..., (iv) 



or 2100n •- 6,5 a  + *3800. 
	 53 

a 4880n • 126300 	15000000 +13600 

Or, 8.5n3+2T20n2 + 208700n .. 1532?000 a 0 

. •nw45ins 
Equation (iv) gives 

1* ilo,0505~$AS+53600-40-5  J a 354x4.86x106 

or 	C [83900  +4$300J 
	

• 2BOX40 8Ox10 

•«. 	0 , 30x40 	 0 918 p.a.1. (sate) 

a 18100 p.e.1. 

The extra bare prpvtded for the tension wilt a000unt for tide 
slight tnoreaee in the value of the tensile stress in the 
steel than 18000 p,we,*i. 

End Heeott on (sorrel) .39xi 1 d I'3 dx~~ 	- 

0 251 i 00020 
Taking J • 0,86 (on the aster aide) 
Shear stress a 	86a~39x11, 	~► 07'«8 p.e.t. (Rate) 

Minima number of bars required 
for bond stress  to be eats 

1.e. 120 p.6 .i. a 3 044 	6,62 ~ 4 
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toe bars provided are more than eotftatent for 'bond, 

or ooapression 
0,8% of prose.-soottouai area 	* 39 x 115 

20,.3 bare ii ins, ha. 

Direct cos.prassire stress 	g T 106 
at the end of beau with «. 
oast considering steel 

- 223 p.e•i. 

Rena. resultant egress will be within sato limits 
even it only 22 bar# i.e. It each at top nad bottom 
are provided at the end upto 25 ftt as soon by testing 
the seotiopt there, However, the curtailment will be done 
at 22.8 ftt., from the end as shown, 

Two4ossed stirrups 1 ins, S4 , 2 It s a/o will be 
provided all along the length of the beam. 

The been oust be provided for the torsion of 1422 
lbe ,,tt.,eft, Ooatng at the edges from the slab, which has 
a negative moment of this value. It can safely be a enamel 
to be uni f o throughout the .length of the bons. 

Assuming the ends to be restrained for torsion by 
the beam in the perpendicular direction, the end torque 

,f 	~ 3 	1Sh6.lS x 12 lbs,tn * 10,8 x 105 lbe.in. 
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Sate diagonal tension for 1:1,8:3 Reinforced Concrete !195 p.s.t. 

Using ii.J.Cowan's formula for torsion (24) and using hoops 

T .~ 1063A a ~--- (taking *A a 1.63) p 

A a area enclosed by reinforcement 

a 33*100 (e8y) 

a 3300 sq.tns, 

Using a din hoops,, 

of a 0„196 sq.in. 

Shear stress would be max! mum at the ends due to torsion. 

S s -mom=— 	(for . 	c gW S k a 0.265 ) 

1422 xl205 	a 24.4 lbs/tn2 (Sate) 
0 * 265 39 *110 

Spacing of !ho din, hoops along leng th 

.bag X .33 *. 01442 x 10000 N 	1422 z 126,5 * 6 

* 397 Its. 

The two.-logged stirrups already provided will suffice. 



Long cU at hoops r 3;( t1 io) e 288 ins, 
e 

'dot a1 voluas of 	 z 388 z 0.442 hoops. 

a8050 eu „tns r. 

To provide equal voluw iongt tudtnaliy, 

required a re& a . 	8050  
126.6 x 12 

a 5,8 in3  

.urea provided by tour bare 1.3 ins. die. is 7,08 i. n2  
Two bars on eaph side of the beam shca I be provided in addi. 
Lion to the provi a ones as shown in ?tgu re Ko,,13„ 

At ends other noente being zero#  only the end torque 
shall be transferred from, the neighbouring perpandiouiar 
beuss as the negative bonding moment whose angiitulle is 
10,8x1O lbs.in., &ile the ourtaf2ell section provided till 
awl of boom with 11 bars each at top and bo+tUnn is ebie to 
take up s ich greater bending moment i.e. Q0 x 10 ibs Min,, 
and so no further pror tiion of reinforcement Is necessary, 



BERM PEWOPCFME~~ 

12 
L 	

Ii 
1z6 
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2W$ H 
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Saab section will be provided, the ourtatlaient 
being done at 19.8 St from to ends inetoad or 22.8 _t. 

lensile fo 'o. * 1.88x106. 3091184 3- 	,,5 

+ 39118z 	x114} rr 

Mintaus steel area required a  2.3n 1000  131 aq « ins 
ie 000 

For considerations of satet' 300 eq ins may be provided, 

57 
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3.5 !tuok1 tJgdA 	4 	ft r! 
li.3c1 &tdt !2m1n ww•Mri?:1rn nw.i wwr+r5r Iwiiwwn ■ .7n- i rr r 

t 
0.15 	o o.15 I't2, 11, k2 

k 	
_O0064 

1 	ti,(O.0OO2 x':.a. at3a~j 3/2 

.... 	2A ____ o2A 
a~,. a~ ►a~a 	

„ 
3/2 J14.00003a 

t 
1
_' 

	

ROTATION OF AXES 	X 

Y 

X 
0 	 P 

(INTERMEDIATE 

r7t1 U UGC 9/. 

7.Z 

and 	
Jr 

x' 	•  



Por the .Print i,i2„i  

 a112 jI  

Q.00624 - 
• III t (o,as8 _ 4«$K 1 3/2 

* _0x+964 
11 + 0 „T362 

r 
1054 x 1.24 

59 

* 0.0032? 

a ,.0600624 

k1 k2 	 s► .1„0400264 

!9r41 agint (Q.11&) , *~}ae An for. 1j12.0 ) 4 

a 7' a 	*79.2 

a 0.00573 and Ica 	-0,0045 

k k2 	• -0,0000258 

Fo t. 	t 	D 

x l 	* yo a U 

32 ~x+O.0634} 
r 0.00569 +D 00624 

" 1. 61. OSa 



' s0 

'k2 	a ..0.00624 

k1'k * ...o.0000355 

Fo 	eLat $$ 5 	seta as for (56,0)   

*19.2 

p40M  
1 	j1.(0.49# 0.2$2)2j72 	! O5 x1.QS 

r 0.00513 

ka  • .0,,00634 , tl' 	.-0.0000358 

PRODUCT OF CURVATURES 

LOWEST 	 HIGHEST 

	

258.10 	 204.10 

358.10 

	

355.107 	 258 10 
INTERMEDIATE 	 _OWE 57 

FIG  UPE_15 
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Thus tie ainiaua value of the pr auot of ourvatu. 

lies at the highest point endangering starting of buoklina 

at that point (oort deri ng only numerical value) 

Taking .9 for the oonorete as 2x146  p.s.1. and 
t , 4 f ns, 

per 	a 0,18x 2 x 10 * 42  a 204XI O-T  

a 98 p.8.t. 

At the middle 
of shell, or 	w 9 	. 172 p. a.t. 

r 	' a 

dy 	 ,. 0, fly St2  /11 k2   
Reno o Par  for the highest point a 33 p.s .f, 
and for the middle of the $bell a 6? p.s .!. 

Erl.o 4eiaanor's For u a 

L' #► x  
_T31  •; -) 
;*240°x4 h2  

/3(1-o.l5f x (112z12) 4 p.a. . 

a 0400166 h2  p,a,,t. whore 'hI is in tnohos. 
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The formula has been dsrive~1 for the hyperbolic 
paraboloid where one of the corners has been raised by 
height 'h' with respect to the other three which  are at 
the some level, the equation being 

* * ssr zy 	* -.~.xy (itab) 
a 

in the present case the two oppo$t t s corners have 
been raised by 20 feet and 58,3 ft. roe pe6tivel y with 
respect to the other two which are at the ease level, the 
equation being z - +xy- (zpy) tan there, ere, ht 078.3 foot 

n 
obtained by substituting the coordinates of cone fixed 
point chosen on the sh of l . 

Obviously, it only one point say E were 58.3 feet 
higher than the other three points at the same level, t ► e 
buckling strength would have been lesser, since the effect 
of antioiuSti o curvature gets increased as soon as we raise 
the other corners by some asount„ 3tnoe 'h' occurs in the 
nuserator In all the formula g for buckling load, this 
increase in the value of ;h' is Justified: 

For b 18.3, aor a ( 	)2x08.8 147O pef, 

Afljhanr 

 

ti For+4la 

For h a T8.8 !t, , 	 a 235 > 100 

11 
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II utoe, we onn dtr.otl y use the forRule 
4  .22 

or  
Ji2 i-U)  b 

which would give values exactly an &ova. 

A&RAILES~  X IL- i= .b 

2 
Ogs~i~Mr ■ in1..~.1Plwi~r,M~ 

	

Nay 1 or 	* 	05 	e 
J  

For 	h 	r U. 3 ft. 

f~ 
,37 	

ilt 
3T X 	86x+11 5 OO 8 3xl2 ~r 

a 	1.58 Tx l O zl l 2x125 	p. s . f. 

W 11680 fit. e. t. 

or 
	* (k) ax(1'x 	~ e frx'""') 

a  a 

E 	+e 2z106 p.e,t. h a 78.3 ft„ 
a 	ar 112x12 inches a 1344 in,.  

$ 1 I 	a 	(uegloottng steel) 

39Z11 	to4 a '4.95 z 106 !rid` 
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3 

A 	t E t 	 v 0.15• 

Iw  v * 1•`0,0225 ,• 0.970 

For  0 51100 p;e.f, 

The values seen to be of only theoretical isportenos 
apparently, though it is posatble that the assured typo of 

buckling nay zvsr take place for the present *bell, t„e. 
the shell along with the edge beaus way not reach the 

critical unstable state of energy#  failure having oeourred 

much earlier duo to other reasons„ 

' eee rowlts eon be tabulated as below (T►ble No,,3) 

Working load r TO p.e;.f. 
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No. Author 	Po r1 	 .Buckling ReuQ*e. 

1 * UU.8oha idt, 	per U0.1 	 98 psZ . Forriux no 12 	 ) are t nio.. 
pendent 
a'!~' and 2. Conk. 	por~ So ~.1d~ 	 33 pet. oa  

12 

as 
3. Rote,ner 	per, e~ 	„ .~ 	1470 pet, 

as 
4. Rjtoj 	for " .. — • R 	1470 pet,* 

° 
(orr<0.0i ) 

be A.Ptluger 	pe „ a 37,9! 	11660 pet 	It con tics 
a 	 buckling of 

edge bona 
only, 

8,. Dayaratnan 
and Gentle por ~ n 

/4;;i ) 
it 

$1100 vet, 



r1. 

The design diwenet one of the actual sltafl are 
quite large i.e, 112 feet by 112 toe$*  oentr+s to centre 
of supports to plan ett# two opposite corners raised by 
20 feet and 58* 3 ft. respectively with rospeot to the 
other two. The shell ttriokasss is 4 inches. Any step 
eod•i could be tested, the iiritattons being the labora-
tory toot litte * available and the total amount in hand*, 
A geovetrica i i y sts : lar model was preferred so as to 
obtain a true ptatu ire► of thea failuree end rutsrt el selected 
also being the same as in prototype i.e. reinforced 
occo ret e. 

Is it we want to test an el:ooticity theory (14), 
sodol.mate is 1s,, sh iota follow the assorptions of this 
theory (Hosadeurity, Isotropy, Validity of Rooke's Law) 
shall be chosen. Per exparteental design it will soastiece 
be sufficient to know the nature of doforezttions, for •uoh 
purpose more materials will be suitable*  

Two groups any be distinguished for the yodels, One, 
when we primarily copy the fore of of e to re on a reducedd 



67 

wale and this other for which In addition a reproduction 

of the properties of mat rial of the structure to core-

9n11Y achieved. In the second group, the properties of 

the acto nla of the structure Should be reproduced by 

tt►oss of the model aatertal and this reproduction should 

also hold true under increasing load. Into collapse- 

ndl tton, As a rule this aeusnt in behaviour between 

the yodel iid the Aiturs structure to Judged by comparing 

the stress-strain dtsgrai of the model materials to 

the satertels to be used. This , transition is specially 

of value for shells of reinforced oceorets, Not only a 

*book on the stress-die tributton will be this goal t the 

concurrent phenomenal like oraok...forstatton, d+ lections 

yielding of the roinforossent are equally isportnt * For a 

good agraoment between yodel and rest stmoture the stages 

in leading In which those pb ►can a occur should coincide 

Wi th rsalttyyp 

For ea ob a thorough and realistic investigation  ^ M 

di Uerent particles of the oonorete should be roduoed in 

sine according to to •o+~lo involved. If applied to the 

aggregates (gravel, sand and cement) it will lead to a 

storo oonoreto# Ro ever, a substitute for a smaller grained 

clam$ can hardly be found. It will thus be passible to 

reduce to a scaleof about I ;lO, A licit Is also set by the 



siniatia thioknese of the shell membrane of the mo4olq  
which should not be much lesser than about 1. =* on 
account of reasons of aanutaaturtng. Often mod el s of 
r*intoroed mortar are taken to be st*tfiOt*%t.' 

A soale-faotor of 9.38 was used, which was olo$s 
to th. above recoa d•d value thus requiring a ales 
of i2 ;ft* by 12 ft. contra to centre in plen, This 

dimension was & lopt end because ►o suppoi► tag beams of 
the test4ramon were already fixed at 12 test omo tree, 
The r,Intoroeaieat was taken In the nearest else avail.. 
able equal, to the diameter geoaøtrtoally reduced end 
spacing was slightly modified accordingly*  The sit* of 
the coarse aggregate was also reduced in the same 
proportI. ran and the finest available sand was used as 
the tine aggregate* `iie approximate strength was oheeked 
upto be the sacs as proVid+d In the design of the 
prototype by seem of seven days compression teats, to 
this baste the arks proportion 'had to be takeb as 1:1:2 
Instead of 1:1,6:3 as in the original design after several 

trials*  since the strength of concrete and the *egos of 
aggregate  were considered more Important " to be tallying 
than tb proporti n of mix. 

Thor* was not much choice for the strength of steel, 

since the only available quality in the vioinity of the 



required size (t,e, 2 a,ap) had to be used. However, 
the average strength was not umob different * though 
the individual test- peoiweo showed variations ons i n the 
streoe..rlxain curve and ultimate load in tension upto 
the extent of • 80%«  

Per greater cone racy and better interpretation
all these factors are Very Important, the Vartations 
may cause localised + ffects* However, due to shortage 
of time it was not possible to wait such longer and 
for all the practical purposes of the thesis the cond. 
hiss+ are taken to be representing the true prototype 
ones# 

The reinforcement in the prototype as wall as the 
model was planed along the ruling lines Instead of the 
diagonal directions of the direct stresses for the 
reasons of convenieoa o and better accuracy in plea► amen t, 
quick work and overal + onoiy, 

d#2 Mejg 

Prototype dimensions contra to centre In 
plan 

0112 ftx112ft, 
model dimensions a 12 ft. x 12 ft. 

• 
. . Scale Factor « 9,33 



d1~ 

88I NAT OF' ''8 1 TO Vii G8 POT? TS 
$t14 DiL  

y ~D 0,857 1,152.5? 3048 4,88 5,14 6,0 

0 5.14 4,08 4,,83 4.88 4,,53 4.38 4,23 4,01 
0085T 40,98 4088 44.71 4086 4,054 4043 4,33 4„28 
1.715 4,83 4,17 4048 4.88 4055 4.48 4.41. 4084 
2*51 4,088 4,85 4,68 4058 4,56 4.53 4.51 4.48 
8,43 4,58 4484 4.56 4088 4,68 4089 4001 4063 
4028 4,38 4,648 . 4,48 4.53 4. 4 4061 4,78 4.78 
$014 4,23 4083 4041 4051 4,41 4,78 4.82 4,698 
4.00 4,07 4.22 4,34 4,48 4*88 4, 4.02 5,0T 
6.83 3.92. 4,,10 4.27 4046 4.18 4.84 5.02 5.32 

OIT2 3,1? 4,00 4,81 4.44 4.87 4.90 6*13 $031 
Bob? 3061 3080 4.14 4*42 4*,69 4*08 5,24 5*51 
9.42 8«46 3.78 4„0? 4.89. 4.10. 5,02 8,34 ,,8.88 

10,88 8,31 3,01 4,00 4,,3? 4,72 Boos 5,44 5,,80. 
11*14 34,18 8.55 8.94 4,34 4*19 5.14 8.84 8,94 
12.00 3,00 8,44 3,8?  4,31 4,16 5,20 $ 84 6.08 

'Table ecn tthuet on i oxt pigs,, 
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U. ' ,T's B.4 `~ 9.+ 	t 10,28 11.14 12 

0 30 2 3.7T • 3461 3046 $031 3.16 8000 
00851 4,11 4400 3,69 SOTS 3067 3,,65 3,44 

1.716 4,2? 4021 4,14 4,07 4.00 3,94 3,,81 

3.6T 4644 4.44 4*42 4.89 4.3?  4,34 4.31 

3,43 4,65 406T 4*69 4,10 4,72 4,74 4,076 

4.20 484 4,90 4,90 5*02 5.08 5,14 5.20 

6.14 5,03 5.13 5024 6,,34 5044 5,64 5.64 

6,000 $0231 6..3T 5,51 6.65 5,,60 5,94 6003 

6,.85 5,39 6059 5,79 6,,0? 6.15 6,34 6.52 

7,72 5,59 5,82 8.05 6*29 6..51 6,14 6,,91 

8*57 5,78 6,06 8,32 6„60 60,86 7,14 1,41 

9*42 5097 6,20 6,060 6*92 7.23 7454 7.86  

10,25 6,15 6*51 6*66 1.23 7.56 7094 5.30 

11.14 6,34 6,14 744 7,84 7,94 8,34• 6.774 

12000 0,52 0.97 7041 1.06 0.30 8014 9029 

T bl• oonoluded, 
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' io' sss of main 	 ~ t~ shell body 	* 	9. 	* '' "~.. 

The *oardj nat Irø given in the a000rpanytng 
table 110.4 , where the relative heights are to be 
coast dared $ Mane actual heights depend Upon coluwur. 

Main r,inte .wont w 9 + 	sq, tni per G,33 ft. 
0.33 

Spacing or a a,a. dia C fT  Ins) wires 

* .,..wi. * ~. 
4z12? 	0.4? 

a I i inch c/o (ray) 

fle os (144/ 1*) t.e. 126 wi roe will be planed in 
each direction along the ruling lines at the old depth 

of the shell,  

Thtcksitng of the shell will be 1+me in 	lose 
1,5 ft. near the edges all na nd* which should be "a 

inch. To aaoo mdate two 1 ey►re rf the moth onvenientl y 
3/4 Inch # thickness wd l l be provided at the edges in 1.5 ft. 

width unifo ly,* tra mesh of 2 a*** wires at 1, in„o% 
will be provided at top afl along in this thickened 

portion# 
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Sotto Viii be 	ins z p -~ ins 10*0 4f inesi24 ins. 

Logth MR 6 a 13,56 ft,/o.  

Overall 	• 13 ft, $I i nun t 4* ins. Is ng th 
a 13 ft, 11 ins. 

Stool ar~re 
at 	 • 0.44? sq.ins. apt top or 	9* 3xq„3 
bottomt 

Since bond is no problem , we can use thicker 
bars, say + mob. din,, 

Number of } mob. rile. bare : o. 

■ 10 

10 bars each at top and bottom will be provided 
F' 

in two layers, 5 In each with clear top cover end clear 
distance between two layers as i inab, Further 2 bare 
on eadi side of the been will be provided egaidtetent 
troy the centre to take up the torsion. 

Inner lager will bo curtailed at 2+ fit. from 
ends at top and bottom both.( Inch' dia.)-Doubl..0legged 
e ti raraps wt U be provided at 8 ins. 0/0 throughout. 
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Ala OP .nnd GP I 

These will have same provisions as above except 
that their Inner layers ei; l l be curtailed at 2 ft. from 

ends. 

Length r  114  a 12.24 ft. c/o  933 

Overall length a 12 ft 	ins. + 4 in@. e iB. ti. T# ins„ 

Total area a 	a 2,3 eq.insr  
90.33 

4 bore I inch, die, will be provided and jointing 
at the corner shell be done for proper anchorage by means 
of ' inch. din, stirrups as shown in the accompanyingg 
Figure (No.16'), the ties being taken inside the beaes 

and .sabeded in proper length$  

TIE BARS 

2 LEGGED 4NOS,)' DIA. 

FIGURE-16 
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Approzsst a load 0 ?0 ibs/sq.ft. on ebb 

a 1#z13zl,O8z?0 a 10100 lbs. 

Approid aat s weight of beat 

a 2.x(13,56+12.24)x4,.25x13,r5 

a 2740 lbs. 

Totel load a 13440 lbs. 

weigh on one column 
a 6120 lbs, 

Allowing for unknowns ultimate load of the shell 
(since load-taotor any be even I or 8 and the normal :sotor 
of safst? of 3 any not Buff*oe) # the failure of supports 
is in the least desirable, 

Let the columns be dsiqi ~yned !cr a load of d-1- 
1,s. 11920 lbs. For 1*0 assent and sand sorter in brick 
taco nry, 

Mi,nirurs dap required • 	, d0 sgAns. 

Virthir mvtding for une ai distribution of the loud us 
a whole on the columns or ooentrtoity diis to innoouraoy 
of cons trooti on as well an the selt..4oad of columns and 



idestals the ooluon site. to the x o4e1 Bove been 

proms de% ae 13 toe x 18 las t  the former dimension 
being limited by the width of supporting bottom-beam 
of the loading froso in the test hail. This would also 
omit the danger of buckling of ooiurns these elves, 
one of the being Aft. high.. 

CC Psdes talk 

For uniform load distribution over the oolu*is, 
pedestals of reinforced concrete monolithic with the 
shell were oast below the four corners Joining the 
two b►aarr, 

"A a design was done as for the staple toundtttoner 
and need not be giwoa here. 

Because of large elopes of the 'surfnoe,-  a uniform 

loading by moans of bricks or blocks was not possible, 

For buckling tests#  pneumatic pressure loading to the 
best but this could not be arranged, Uenoe unUUaraly 

distributed load was epproxisat+off!C Load over the shell 

surfaoe)by applying uniform load at 16 uniformly spaced 
points of the shell surface. Load applied by sagas of 
one Jack was. transferred to the 1d points uni tarmly 

through a eye  tea of beams simply supported at m de M 
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The bot tova.-o3 t beeae rested over bri ok oolnrne 
9 ins u 0 ins. In section. 

The loading system (boane and brick columns) were 
designed to take up a total load of 50 tons, though the 
deal gn4oad to about 4,7 tons only. The ales of brick 
ooluan bases was determined by *boar and punching 
load oapaoi t y of the thin curved shell -su rf noe. 

4.3 lack In 1Aadx..In .. t -.,Kno1eia . 

Sinop geometrically stellar model hoe been adopted,, 
the uniformly distributed load intensity per unit area 
of the shell surface reaaine the eaae In the nodal and 
prototype. The total buckling load on the shell can now 
be calculated eoatly. (Table No.5) 

Area a 1#06z(11.646)2 s 143,7 sq.. 

The intensities of the loads have been calls hated in 
Chapter 3, article 3,.5 according to various theories. 

LWa NI& 4WA I~IIM~,~r1~4M 

No. Aetbor 	Load iatenst y► SllcMtn, load ire 
In p.e.f. 	tons (Total over 

l.J3.Sohaidt• 98 6..a$ 
2. Ceonbe 33 2.12. 
3, Aeiluoner 1+iT0 04,30 
4,, Ralston 1470 94.30 
5.  A,Pflugor 11660 748.00 
6.  Dayaratnar '51100 3280 00 

and Gera tl o 
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4.4 	stxuotaa Detnits. 

The Important points of constxuotion Including 
the difficulties experienced and .hugge8 rttona for future 
work are given below* 

i « 	Although the shuttering consists of straight 
plank., smoothening of joints between planks was 
necessary because the thickness of the shall was only 

in*  Moreover the tts r available was not fully seasoned 
and got warped by the time Casting was don.. The effect 
of such variations is far from negligible due to the 
change in geometry specially belauss the thickness is so 
small* Tbe straights ss of the ruling lines to all the sore 
important as the rsinforosaent wires ar+e very thin* Dais to 
warping the original beau width of d ins was reduced to 

ins« at places and beano beoaso curved in plane, Hence, 
plywood or some suit able herd-board suet be used instead 
of ordinary ohir wood, p'ut l y seasoned deodar or teak wood 
may also be used. 

2. Battens are very necessary along the curved 
surface at dose interval* below the shuttering planks 
and should be supported by props at close intervals other-
si f• th • shuttering becomes very fiexibis and tries to take 
Its own deformed shape under salf..land and persons working 

above it. It was found that shntt erl ng of edge beam at 
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the oorner i.e. the highest point shifted Inwards 

towards the osntre of the Shell. As a result the load 
on column would have beclone 0000ntrio.. Therefore $  the 
ooluafl was widened on the inner side so os to, make the 
tea aw loads oentral on it. 

EXTENSION OF COLUMN 

ORIGINAL POSITION  
OFF THE BEAM., 

"""""-"""' 	 ORIGINAL 
T  ^_ 	 COLUMN 

SHIFTED 
POSITION 

EXTENDED 
COLUMN 

BEAM IN PLAN 

FIGURE_17 



Plgurs No.18 Bottomz View of Shuttering, 

30 	T e surface of the shell #battering wwe prep. 
,tred in the following manner„ After the planks were `l rd, 
planing was done to give a uniform surfaoe and the boles 
and crevacos were packa4 with 11 caber pieces0 ruts n was 
applied to =ill in the gaps ao!spietaly sMoh was prepared 
by mixing chalk powder in saree, A cement sal sand ltd 
mortar lay'r was appiiod for further unifortitty over 
which tar paper places were stuck by glue to check water 

,4, +~WR ,~t~ PApy INVERS7Ty of , 	, 
4 v~ WORK . 
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of concrete rinsing through timber. 

4. 	The thin wires took considerable time in 
straightening then, as a kink of 1/8 inch would cause 
30% alteration in the effective depth of the shell, 
which could very easily occur in the 1angtbe of 12 to 
14 feet„ 

d„ 	In attempting to reduce the bean reinforoe~. 
was size in the ratio of the seals factor, the wall 
also created lot of difficulty, since 1* ins, to 2 ins.  

diameter %are are used in prototype. but In model even 
1/4 inch diameter bare became inoonventint in 12 ft. to 
15 ft„ long beaus, lienoe, thinker bars should have been 
used keeping the. total area as calculated by disenstonal 

analysts. * 

0, 	At corners after the plaoing of ties It +sas 
difficult to accoasodate the heavy bear rslnloroauent 
along with ten at proper spacing with proper cover due to 
overall width being only about 4 Ins. ftsnoe, shat can be 
done is to prepare ehutteri.ng without the sides of the 
bean j place the reinforoecent and thenfix the sides 
of bean shuttering, 



Figure No.IG. t o ,ntQ~ n*ngt jjt a„ MMrAg, 

T* 	The 2 ■.m. din, wire mesh had to be soldered 
at close intervals since binding wire would increase 
the thickness. Sand.-papering and application of bydro-
chlortw acid on the wires had to be done so that solders 
b eoaae of t.otive, Further tying was also tit xti oul t of no. 
the wires used to eIJ g on the sloping surface and 
soldering all arar nd the edges held then better. 

0 

Very small oonorote blocks of required sizes 
at di, ff Brent points depending upon t to cover desired were 
stunk to the tar paper surface by slue so as to cheek 
their sliding over the curved surface. 



Figure No.2O -_Y ew o9 aei. _ i oroten 

8. 	Bending of I in. +dla tie rods so as to e000 ►o4 t 
the bonds, and hooks within the small been wtdth was also a 

difficult tack. Thinner ties also are not advisable, sines 

the number would become too large to be ace omruodoted within 
the bean-depth. The ties aust be bent and placed in position 
prior to the fixing of beams side_ehutterjng. The piercing 
through the slab has to be done carefully,*  

Proper length of embedment of ties was provided 
in beans (two on ei ther side) which were tied by (stirrups 
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as already/in Figure No,26. 

welding tho straight ties at ends a! th the bents 
prepred . r1ier would be more convenient and their p1ooing 
oar be douo easily' after the shuttering has boon prop.. 
ored completely (mar, No.21 ) . 

BETTER ARRANGEMENTS FOR TIES 

WELDING 

,r DENT OF SAME DIA. 

F IG'JRE _21 

9. 	itonoltthio A.C. pedaetals were provided, ever the 

bri 0k columns belo all the four ehell..00rnere for uni fora 

distribution of the load. The pedestals and the +column 

rant be over safe so as to guard against the high unknown 
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range of load.4actor, unequal load-distribution on 
the ooluens and the eooentrtaitioe introduced at 
various •tads, so that the test on the boll may 
be carried to its ultimate without any premature 

failure in the auxiliary members such as the supports. 

The ontuans and bases in the present experiment 

were designed on the baste of a load-taotor equal to 8,, 

Though the ioadutactor actually found was 4 only yet 

one of the pedestals at the touiioet column had started 

lifting up towards the and of experiment,, 

Figure die, 32 .- Sfe l j- Eeadv,..,f oona ttP 

10, 	Due to very small thicknesses of slab { inch) 

and the reinforcing wire ( 3 mi v̂ ) the six• of  coarse 
aggregate had to be rsstrlatsd to 2 a.w., also as required 
according to model coals. Conotderable tier was urine*zrod 

in procuring this sand by #loving from various ballast 



stacks. Approadwat. strength was Judged by casting 
and testing inches cubes for seven. days  strength, 
A rsaso abl a mix was achieved only after three trials 
hanca this must be done invariably in all oases of very 
thin aggregates, since there Is a large variation tn-
Weir strengths with redaction of sire, 

U. 	Duo to high accuracy required for small @hell 
thtoknsss,sovsssnts over the shuttering as well as the 
slab after casting have to be avoided, Woreover It is 
very diffi cult even to stand on the surface due to 

rge slope, Therefore, a Frame work of pipets was used, 
which were clasped and ,tied with ropes to each other and 
outside girders,,. The workers could woe over the planks 
placed suitably over then with the help of ropes. 

After removal of shuttering persons need sovng 
about the shell for pasting strain gauges, placing the 
loading arrsngoweat and casting loading columns and taking 
observations, which cause live toads and sot up vibrati one 

in the shell, Therefore an elaborate stepping system rant 
be made independent of the shell so that the observations 
are not disturbed. The steps must be quite close to the 
surfa*a so that they way be utilt sod safely and oltabing 
over shell surf sac is not required, 



1a„ 	in absence of the arrangement of applying 
uniformly distributed load pneumatically the load was 
applied at 16 points uniformly placed over the shell 
eurtaos„ Small baseh of 9 In,,, a 9 In,$  •eeti,on with their 
top horisontal were oast siwultanoously► with the shill 
c nd snail steel bar pieces of 	in„ die, were inserted 
through then to the shell to not as dowels any thick 
shearing off . Later brick oolusns of 9 tnx9 in, ate* 
were oonstzuoted over then#  such that their tops were 
all at the same level 

Girders were placed simply supported, each 
transferring the load applied at its old point to the 
lower two beam at its ends placed below it. 

Snail Plato end It 3/8 inoh diameter bars welded 
over then were used to avoid moments and allow rotations 
at all such supports to the loading beans thus acting 

as rollers. 

The beans mot be designed for a total load 

larger than that which is actual expected to ooze over 
tries, Careful consideration should be given to the 
lateral stability of the beans, hence that of the whole 
loading errangewant, otherwise the whole skeleton of ti. ere 



UPPORTS 

PLAN 

FIGURE_23 

of bea ► any collapse ouddonly and accidents any occur. 
Stiffeners are essentially roqufrod on boar web at points of 

concentrated load* and reaottcna.. 

However the method of replacing nazitormly distrt.. 
buted load by many concentrated loads to not noourats 
enough. In thin shell# like the one tested loaelised 
effects become large, The effects are even more adverse 
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in the study of buokli.ne behaviour wheat the stittuess 

propertt os may also got modified oonst derably boo tie 

of loading columns, For the ptrposo of present thesis 
the load applied has boon taken an nut tar,ly► distributed 

and the stiffness properties assu*,d unchanged, 

I 	 ' 	
- 

J 

I 	 !ri .•- 

L.::k!s2 1T 
Figure No,34 Aneneji.tof  

13. 	The apace between the shell.4urfaoa and the 

bottom of the loodtag4z'aae girder must be checked in 
the beginning to a000a~odat a all the l oadtnt3 b eom # 

Jock and proving ring or a load ecul of the required 
oapaotty,, bo coil or the ring cyst be oaltbaratod and 
checked in advance to avoid May at the eleventh hour 
otter the heavy loading oya taco has been pl coed on the 

shell. 
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Figure No.2 ,.  Zest i n Pro mm .,. 

14, 	Strain-6&USes(Lanuraetured in %orkee 'hit 
Ourgss'" ) were used for the stretn.aeasurersuts•  Wood n 
bloeks of slightly Inner sI su were left to the cover 
tor the reinforcement bars, where strain was to be 
measured whiffs oasting, which were taken out later. 
Copper toils were used over the concrete surface for 
better results id protection from moisture. 
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In ease curing Is to be continued even after 
pasting the strein-gauges due to shortage of ttse, some 
water-proof 000pound must be applied over then, A water-. 
repellent compound (No.514) 1s available With "Rohs t" of 
Roorkee, which however could not be tried in the present 
expert astat ,, 

15. Tet.speoiaen. of concrete sizes used e.g„ 
cylinders, b*ams, cubes, tension.-specimen etc. suet be 
cured under the ease oondt ti ons as the shell model it 
the same place, 

Ili, 	Safety arrangement must be sade below the shell 
for the people to take the dial gouge and deto meter 
readings there. Planks can be placed over dry brick 
columns raised upto slightly below the bottom of the 
shell as a simple device„ This Would tlow the people 
to record observations without any fear and danger of 
e sudden collapse, 

17. 	Dial gauges were fixed at various ' points with 
their magnetic bases attached to steel plates plo.oed.,over 

4 ins, square columns of concrete cubes in 1:6 mortar. 
$rioks may also be used, It is better to construct then 

•early so as to have an idea of the space available for 
movement and arranging safety precautions against any 
possibility of a sudden collapse. 
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LOCATIONS OF LOADINC CC'_LMNS AND MEASUFdNG GAUGES 

P 	_ -- ,E 	LOADING CGL.,MNS r i T 
h+. 9,, ; C LLMNS )6 hos 

U 	t G C I 	THIC(ENING 
i re L1 IN 16 EDGES 	

LINES A.B. 	E 	G 	WERE DRAWN 
FOR CONbENIENCE CF STUDYING 

I, 	~F F F F 	~~ 	 CRACK PATTERN I 

-41  BEAM 

Li 1 A ~~ J8 	1 d 

-7t(1_ _ '.I 

POSITIONS OF STRAIN GAUGES 

P E 

1. 

A B iC 	L 	20T, 20B 

A H C 
• 

F F / 4ki-F 
6 

8 F5 	19T,`9 	
TOP) --+ 	E1 -TIE RODS 	21T 	22T 	23T 	24T 	(A"T 

21 B 	228 	235 	246 	(AT 60T TOM) 
A Ei C 

'' g' 	~8T188 
1( 	A 2(8 C31 

111 	 _ ttf 	_ 101 

OL 	)5T  16T 17T~ 
15 16B X78 

POSITIONS OF DIAL GAUGES 

F 	— — _ jjj11Tit8_ E 

7 

	

A 8 C 8 	4, 10 	11 	12 	_ FOR VERTICAL DEFLECTIONS 

o D 0 ° 	 9T 107 111 12T _ FOR HORIZONTAL GEFL F CTI ONS D - D 
AT TOP OF BEAMS 

A 
B p C 	 9H,l0H,11H,12H.FOR HORIZONTAL DEFLECTkONS 

AT BOTTOM OF BEAMS 
F  + 

12T 
F F +  F  ,  10 

tCT 

126. 10 03 tOB 
A B C 

~ G _  G G 4 
20 04 

A B c 

- 
1 	0 -59T,9B _  

FIGURE_26 



18* 	The dial-g zgee, strain-gauged and deformeterr 

readings were started only after the loading arrangement. 

%end been ptaoed on the shell • `hug in addition to the load 

load about 2 tons more had already been borne by the 

atieli, when the strains or defleotion9 were started to be 

taken.. This load was added to the load. applied by Jack 

to got the total food. To  got the strains, and the deflections 

therefore the instruments must be fixed up before the removal 

of shuttering and oven dead weight observations recorded 

for a true picture of the ahell,.aoti on. 
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4.5. 092=111 ns W !Nult*.. ~r 	nr~w r...rw»r w..r.w~.r+ 

The oylinder.specthons of the eanorote used 
in pedastale and aatn body of the shell were tested on 
the Bail day as the tasting of Shell on 200 ton compression 

chine and the s ress .etratn curves are given in Figure 
14o.21, 

The sbrese strain curves of the 2 ■,w. 4tameiar 
wires and I inch. die. bars were also obtained and are 
given in Figure No,384 

Cube S tr rut ,I& 

The results of the Date testa are tabulated ae 
below (Table No.6) i 

Cube size ; 6 inches x 6 inches u 6 inches 
!eh10 

conorete used 	Flo, Load at Vora, a 4ruehi.n 

1 74.2 tons i '° T 	2 
/in pedestals 	2 63.60 tons 64O T? 

ions, or 
3 56.60 tons 4t 	p.e.t, 

41.50 tons 1,622 
Main Shell 	2,0 54030 tons 68.46 

`dr 59.06 tons #~Otza or 
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c 1.6 

STRESS-STRAIN CURVES FOR CONCRETE MIXES  
6 1.4 + 	 ..+ - 	. 	, 	- 	_ 	• 	,• t t 

E 

1.2 + 	+ 	 } 	+ 	« + + 	+ 

IJ 
FOR CONCRETE IN 
THE PADASTALS  N 

0. « 	 r 	1 	# 4 

FOR SHELL CONCRETE 

V) 0.6 « 	 r 	r r 	 r r 	- 
W 
►- 0.4 • r 	r 	{   + 	I  

0.2 « 	i  

0 0.0012 	0.0014 0.0002 	00004 	0 0006 0.0008 	010 
STRAIN 	1p SCALE:lcm =C.0001 

FIGURE. 27 

STRESS_STRAIN CURVES OF STEEL BARS I 

r 	4 « 	r t 

w 
J 
Q 

j 	 ' 
I U } 	t 

N 4 FOR 2mrr DiA. WE 

30 « 	 r 	i 	; , 	r  

20 t { 	i } 	t 1 

R~2 DIA BARS 	t + 	l 	I 	c + 

w t0- l  	f r t 	r 	t- +---+- 

(1) * 

1 	± 	. 	 + + 	+ 

0 0. 06 	0.007 0.001 	0.002 	0.003 0.004 	0.005 
STRAIN SCALE 1 cm =0 001 

FIGURE _28 
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Weight of loading columns and beam a 2,03 tons 
ire 2 tons (say) 

Arrangements to measure the deflections and 

strains wore made at the points as shown to Figure 2„ 
Strain observations were taken by oleotrioni rre Iatroo 

strain .gaugoe an well as flnggnn..burger eztennosetor but 
the order of the doformetsr readings varied by largo 
naount5 and botnn, unreliable they were oosplotoly 
nogl eotod. 

The deflectionsand strains at various points 
with the thoresents of total load on the shell have been 

tabulated as below:- 

Tabu No0? - Vertical deflections of boasa end slab 
with respect to the total load at 
sari. n points. 

Table No.$ w. Lateral deflenttons in beams, 

Table No.9 	The average deflections and rotations in 
beats have been cr ionlated. 

Table Nos10 -- Strains th concrete, 
Table No.11 Strains in stoel o  

The load dofleoti on curves have been plotted in 

Figure No.29„ 

LrnokM And Fq.i IL 	 IL  

Crooks tensible to the naked eye began to appear 
at a load of 4 tans, The bottom sirf000 of the shell was 
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TABLE No,11-. 3TRM It XN S SIL 	(te.s1le stminw+va ) 

(coup r*e.IV• *-v, 
atia 

10 
t+ 15? 151 	18? 160 111 lira leT too ice'' 
tci 

00 0,0000 00,00000 0,00000 0.0030 0,0000 0,00000 00 00000 0.00€ .000C 
,s 0.0001 0.00000 0000 , Q' # ► 1.0.0053 0,0000 0.00000 0,00000 0,00000 .000 
*0 0,0005 0,00000 1.00O$26 .0,00 60 1.000l0 0,0000 0,00002 0.00000 .0074 
*0 0.001* 0,00 000 .0*" '.0oó50 o,00i* 0,00410 0,,00004 .o,o0+ 	1 ,0004 
,0 0,0016 0.00000 .00350 .0„0 ..O,0020 0*00020 0,00144 ,,40 	1 .0001 
.0 040 0020 -.000 	004 ,00341 .0.0010 .4,0002  0,,00 0 0,00420 .0,00001 0,0IS 
.0 0.0020 ..0.00004 +.0000311 ..0,0 12 .0.0002 0.00030 0.00104 ..0, 00001 0.000 
,o o• 	ao »o.00ues 0,00000 .0,0010 0,0006 0,00087 0,00204 .0,00 001 0,005  
,0 0,00*2 -4.00012 0.00020 -+*0006 0*0015 0,00035 0,,00204 0.00000 0,004 
,0 0.003? .0.0 010 0,,00034 .0.0004 0,0066 0,00035 0,00004 0,00002 
*0 - -0,00017 -. -' 0.00035 - 0,,00+0 
„4 -00,00041  ,.r 0,,00024 -. 0,00016 -. 

1„4 - Collapse iced, 

Table oontinued on 
iett pares. 



Table 1i- continued, _.. 

Polz* 
lie, 

)ad 193 20T 	201 21? 22? 231 24? 20 
itbns 

)00 0000000 0,,0000 0.00000 0,00000 0,00000 0.00000 0,00000 0,00000 
),5 0,0 00000 0,,00002 0000000 0000002 0.00004 0,00001 0,00003 0,00000 
1.0 •0000001 000012 0,00000 0,00004 6,0000e 0„00002 0,00005 0,00000 
1 o,0 -0400002 0.0017 06 00050 0.00006 0,00000 0,00005 0*00010 0,,00003 
1,0 -0,00002 0,0021 0,,00090 0,00CZZ 0000013 0,00000 0,000014 0000004 
1,0 -0*00002 0,0031 0,00600 0o00015 0,00018 0,00000 0.00018 0„00006 
1.0 ..0,00002 0.0030 	4 0„00250 0;00010 0,00031 0,00013 0„00022 0,,0000? 
,0 .0,00003 0.0029 0.00150 0.000 0,00025 4,00010 0,,00030 0.00012 

1,0 .0.00004 0,0022 0,00105 0.00041 0000030 0.00010 0000061 0000021 
i.0 -0,00005 0,.0022 - 0,00051 0,00030 0000021 0.00051 0.00030 
1.0 -0.00008 - O. 0600080 - 0,00038 0,00062 0„00086 
,*4 -0.00005 4- 	 4- 	4- 	4- 	_ 	- 
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CRACK PATTERN OF THE BOTTOM SURFACE (IN PLAN) 

r, 	
(HIGHEST POINT) 	E 

BEAMS 	r 

FIGURE_32 
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CRACK_PAT TERN Or THE TOP SURFACE (IN PLAN)  

BEAMS 	 luir..ccr ter. sir 	c 

C 	
P 

FIGURE 33 



divided into sixteen parts 4Dr convenience of taking 
photographs, since the space below was too wall.• Duo 
to curvature the scale to not thq sera, however, an son* 
overlapping on all sides to available, a judgement can 
be made of the travel of the orackm a  (Figur. No.30),, 
Photographs of the cracks at the top halm been taken 
in four parts ( gore No.31) , A general idea of crack 
patterns can be had from the Figure Poe. 32 and 33, Which 

have been sketched by Judgement„ 

In genara1, the *rooks at the bottom were oonoent.. 

rated and emanated from the loading oolusn-lines in both 

directions while at the top#  the orsoks appeared in the 
spaces be tyre en o oluane * Thus . there was local sagging 

under loading columns and the space between then was 

bogging up. Towards failure the boundaries of the columns 

became distinct at the bottom i.e,, they wore punching 

through the shell and deflections at the locations  were 

comparatively larger#  Uor evor, . the ., ;.dial' -gauges ware 

slightly away from the boundaries and so the results 

are expected to have boon less affected by those 'oval 

actions. The cracks at these places became wider and 

wider, more so towards the central region •of the shell, 

till failure occurred, when no further load could be 

borne by the shell*, The fai lure occurred at a load of 



with the shell rtaoi~; 
S. 

10.4 tons i.e. at 4#3 time #die design load. 

The shell renamed In tact eftet failure# though 
some lifting of the pedastal at to highest point was 
observed over the brick ooluan. 

4 	D oussio» o 1 a tl 8.  

nuori in. _ 

The load-deflection curves are practically linear 
righterupto the tai lure and the deflections did not go 
beyond one Inch in any case In the shell-aodel of oonsi-
dsrably large dinonet ons Except for the punching effects 
towards the ultimate load# oven large looslised defleotl.ons 
were not noticed anywhere,, beaoc it could safely be sail 
that the shell did not show any buckling behaviour„ The, 
failure of the shell was by yielding and punching ocabinod o 

Comparing they ultimate load with the buckling fonds 
predicted by various InVes tig.ators + It can be aeon that ti 
the buckling load* given by Sohstdt's and Ceonka{e analyses 
unier-estiNoted the strength, This result hasp however, to 
be viewed In the light of the aodifioation of shell stiff.. 
ness properties because of the attachment of , londtng oolusfti 



Fl 
We of Fal Lux it- 

the xei 1n~r d vat purely loom on 4000unt of the oono -
satrated load effects induced by t o loading Columns. The. 
load distri butt, oar could not be feasible In a sell t'bt oar. 
noes of 	inch* and colusne under load tended to punob 
through the $beta tb1obnese,, It Could 'b+ 'expiated, therefore, 
that it the load could be applied actually uniformly distr.. 
ibuted, the 1oad~-taotor would have been much higher than 
that obtained as 4.3 

Veritionttorot e 	S i r n 	r t 

The train observations at the points 1, 2, 3,9 and 11 
on the shell will be compared with the theoretical values 
as given by the membrane ana i ysi s and . Vreed onbt* rdh's edge 
soaeuts for the working toad. 

Rotating z and y axes by ° antiolockwise to obtain 
x' and y' 0 we have as before (A-rtioleo 3.3 and 3.5) 

Equation to the shall b ec+ates $ 

sw a 0.00312 (zc2 ~• y'12) -- 062$2Z' 



g 
s 4 Oobi c' - 0.2 J2 and 2 a 0.00024 

dxt 

0.00824y' and 	wr 1. QA624 
dy• 	 dye 

and l 3 	w •  

[WNY )"11 

±/7k1 

where kI and It, are prtnoi pal otu'Yaturee at the edge 
point 

p 	TA p.e,!,, 
t 	0 005 tt, 

• 
. . 

 

0,76 	• 0.537 

Val i of moments will be taken from the Vreedenbursh's 
curve (16) 	 t. 

to the thickened section (vtd. Article 3,2)j btonent of 
Inertia of equivalent oonorete-eeoti on 91 . 259,4 ink' 
Area of equivalent. concrete section  A , 84,4 in$ 
Dtet~►no* of top f tbro Fran the neutral exie, b w 3,82 the„ 
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For diroot a tred.ip,, 

.1 

p s 0,00624 y - 01788 

q w 0.00624 -. 001706 

$z •_p0zfxp 

N7 &V-Pozf zq 

The strains will be 'As or 	as the ease be. 

Corresponding edge point +. (14,0) . 

• -  .` •9.9 and ►' 	9,9 

d~ 
s 0,0810 0*252 	• , *1.904 

! 	a - 0,0618 

• 0063 	* 0*00594 
11+0*036261 

S. 
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k3a -► ---~,.,....~ 	a ,0O622 

1, 	0J07 

il (o.351.0.38?)z10 

Vs 3,09 

.' U.K, 	► 0.1 vo A 	. 7 x $. TO$X12 

a 2020 lbs .l n/t t. 

Top atroin (0om, *eeety • L 20 X Air Wi 

253.422, x4x1Q'l 

for the direct stress, 

p 	• 0.008247 0,1786 	o .0,09124 

q 	a 0.00624* - 0.1186 	a -0„09124 

NY 	• 	x x (0.00634* O,1786) 4.2 lbs/It. 

2 
osy • 	 a 44.2 lbs/ft. tN 	 .. 

I 	 ~~  44.2a 
84.4 x 216x9,14 

e 2.45 * 104 (tonsil.) 



2860 lb,in/tt. 

253.4 x 2.14x106 
r 1.t8x10 

Resultant strain at top tib~• 

r 0.00001 	ooap .1i s ►s ) . 

(H) oint N001-182,141 

Corr.s poaatag •dge point a (56 ,0) 

iR O,005 , 

kx 	a 0000624 

s • 0.0O5? 

y(O.30+0.325)40.4 

* 5,54 ft. 

_&iz 

 

A. 	a 3.0 

* . .Dom. 	 •0.1 po  

Top •train(oosproulyo) 
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for direct strew, 

K7 	a ~' 83T lb/ft. 8 	a ..eeo lb./ft. 

• • 

a- 
84.4 z2*14x10 

s. 4*T7 a l4"'Q (oonpruruirs) 

• 	, Rr.iltarzx strain at top Mrs 

(14.18 • *ITT) x 10.4 
0.0000196 (oospre.siv*) 

(Izi) 	&& , (28.14'! 

Oorruspondin •dte point a 	, 

a 0 #3 and fir' * .. r *3 

JILt 	a 0,180 
dx' 

4 0 .0.432 

0 



. $0 * 10 

,r .4,83 z 10-3 

i►. tft ,r ~Cf ~, ~t 	c 	i 'r`k 	' 

1t 	7r 

, 0#1 po 1~ 	i?x6,14 z12 

. 3110 Ibs.tn/ft,. 

Total *train (oia*pre ette) a AILO X ,14 

•16.5*,106 

For direct stress, 

a -0, 09124 and 4 « 0,4204 

+• -1046 lb/ft. ttd 97 * 42.3 lb/ft. 

• 
Strain ! 	$4.4 z 2.14 z tO 

4,23? z 01"01 

( +oapr.s si rs) 

. . l rultant *train at top fibre 
* 06,65 , 0.12371 x 1a"4 w _0_110 It~A 
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(IV) Egip9 a.2 C112 1061 

the peth t to an tb • Oda* t t.elf. 

s~ ■ 	 ~x 	y 
a 

.,.4. + 0,:303 

a 0*00544 

kg a •:-0.004" 

'„_9_ 	,•0.2R ft. 

• w 46000 tb,tnftt. 

fopetretn* 
253.4 * 2,,14x10 

:tr*so 
60.4 z 10.6 (tunsi1e) 

for dir 00t, 	 ,, 

g 	x..0.0912, q • 0.5204 

~1•r 350 l b/ft. and $x a 310.2 lb/ft. 



Strain . - -- 	. 1.15 S x104  (tensile) Az2 

.► Resultant strain a 06„4 z 1O + 1.75$ c 10 

0#000088 (tonsil,r 

0 

(V)Dtp  No. i 	6 0I 

the point to on the .4ge itself 

# 
	 * 30.6 and 7+ a 49.6 

..0,00 5 

ki  a 0.00024  

k2  •uO, 00573 

/*+o. $?zL0 

r5$4ft. 
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•  

0M,  

Strain on the top fibre ■ 

• 443 ►lb.x/'ft. 

2 
3 ..d c2.3;41~t1 

0 74.4 x 10 (tensile) 

For argot strues, 

Sine. N7 a Of 3 f, « 0 azzI therefore *train to soro. 

0 
0 0 Resultant *train a 0,,004074 (tensile) 

The results oon be tabulated as b+~lowt 

Point 
Moe. 	1 	2 	$ 	1 	11. 

Cftl oral atoll .0M 0000144 -0.0000190 .0.0+C 166 ;0,, 000088 *0.00007 

Observed 	O.00O0l46 -0.000021  ...0,000068 0.000015 +0000003 

The strains are of the sere order and sign* Its san. ~ 
itude they are quite close •xoept for the point No.3, iob 
above that the m rane analysts and the relations given 
by V roodonburgh hold well at least within the worltf r 
range of the fond. The strains are Varying almost linearly 
in this raft• as it should bo within tho eloetto rongs(?ig.'No.34 
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ante s t rat no seam red cm the 
the beams are, however, Irregular, 

Atrj 	e- !a► ' 4 	"r8L +wAr A 	 w~ 
I 

For the four tie bar* of I In« dia*eter in the 
shell sold d i ` the total tensile foroe be P, 

	

Stress * 	, whore A is the +cross-seats owl 
area of all bars. 

	

a 	7r 

• 1 Strain • 7r xsozio6 

P In Prototype a 1.85 z 106 lbs . 
6 

	

. . P to aodel 	a -' 	p.13.i. 
9#33 

a 
• . Strain in sadel ties 	a 0000022 
Strains be observed are as below at the working 'lond of 
4.5 tons, 

!Øl e1° J3 

Am 



We observe a close. proximity of thasw va'i!i with 
the calculated ones. The order is the same and at three 
points the values are vary deal, The -Ogreatsr dtfloronoo • 
lies at ttO** points I  where strain , .uges were pasted at 
bottom and it to qu ,te likely that full stratn oazld not 
be transferred there u to iiper#opt pasting of the 
j au;SM. Again the strains upto this load are varying 
linearly proving the SOVAraoy in the elastic rang• 
(Figure $o,$5). 

A 1 	 t 

Further, it can be said that the model analysis 
and modal test imparted a Early good idea of the stress 
strain oonditions to the proto-typo, since all calculations 
for the theoretical cat is ss have been based on the prototype 
design and compared with the observations in the model*  
which have t allied satesfactori ly. 
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N C L U 9 ON 
• 

The following + onotustons are drawn from the experinea rt«. 

(t) The bizokltng strength of hYperbolic paraboloids is % 
expected to be hi gh and the values predicted by Osonka or 
Scheldt for synolastio shells are f4rtoo conservative 
when applied to auttoleett a shells. tt is possible that the 
simple double os rVaturs formula por w o' 	«. say not 
hold good at all In the can* of ontiolastie shells. The shell 
rise to *pan ratio say be too important to be neglected. 

(Ii) The ultimate strength of such shells also appears 
to be high,, Ins pity of many adverse conditions ( annexe 
of slab$  concentration of meads pausing punching) the load. 
factor is 4.3. Hence wnoh higher load..feotor any be available„ 

.(it!) Th. membrane analysis and the approxtnets edge moment 
relations given by V r's.d.nbar fah soon to give fatly good and 
a0earats Yalues at least within the working ranges. 

(iv) The linearity in the elastic range holds good in 
the shell 0000rote and tie bars*  

(M) The model test of the RC 	hyperbolic paraboloid 
shell represents a satisfactorily true picture of the.vidnes 
estimated in the design of the proto-type at least in 
the st as ti a rater.. 

0 
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