BUCKLING STRENGTH OF HYPERBOLIC
- PARABOLOIDS

A thesis submitted in partial fulfilment |
of the requirements for the degree of
MASTER OF ENGINEERING
in

STRUCTURAL ENGINEERING

By
CHANDRA SHEKHAR SANWAL
(h~ \,%%’
qu \. N
T OO0ORKEE .
_,,&\‘o\?\ - "\’\Cé}qy‘\

(% AN
\ "\/‘)a - f’
\\8 O\O RK.EF..b -~

DEPARTMENT OF CIVIL ENGINEERING.
UNIVERSITY OF ROORKEE
ROORKEE, anpia)

1965



RT AT

CRRTI?LED that the dissertation entitled "Buckling
Strength of Hyperbolic Paraboloids®™, which 1is being
subnitted by Sri Cuandra Shekhar Sanwal, in partial ful-
filment for the award of the Degreec of Master of |
Enginesring in "Structural Engincering” of the University
of Roorkea, Boorkee is a reoord of studanth own work
carried by him under my supervision and guidance, The
'mttcr u-boaud 1n the dissertation has not been submitted
for the award of any other Degres or Niploma,

%mu is further to certify that he has worked for a
period of seven months from Deoember 15 to July!Y in

preparing dissertation for Master of Engineoring Degree at

MCogn

A 1‘"8'?5: to
saistan rector
Dated |4 & gu1y,1008, Sohool of Research snd Training
in Earthquake Enginesring,
Universi ty of Roorkee,
ROO!*QM

the University,



ACKNOWLEDGEMENTS

The author expressos his desp and sincers
gratitude to Pr, A,3,Aryn, Assistant Mreotor, School
of Research and Training in Earthquake Engineering,
University of Roorkee, Roorkee for his eonstant help
and the ablest guidanoo and foels extremely indebted

for tho encouragement given by him at every stage,

The author is also thankful to Sri Bishambar Das,
Incharge of the Workshop of the Struotures Scotion for
his best possible cooperation and appreciastes his koen

intersst in casting tho shell model,



CBAPTER I-

CHAPTER 1X-

CHAPTER I1I.

CONTENTS
INTROU CTX ON,

1.1 Introduotion,
1.2 Objoot ond Scope,
1,3 Notations,

THEORY OF BUCKLING,

2,1 Historical Review,
2.2 Theoretiocal Investigations,

DESIGN OF TIE SHELL,

3,1 Design Dimensions,

3.2 Membrane Amalysis and Design,
3,3 Bending Anal yais and Design,
3,4 Design of Edge Deams,

3.6 Buckling Loads According
to Various Theories,

CHAPTER IV~ MODEL TES?,

CHAPTER V-

4,1 Chotoe of Model 3onle,
4,3 Hodel Design,

4,3 Buokiing Loads {Theoretioal)
~ 1n Model

4,4 Construotional Detatls,
4,5 Observations and Results,
4,6 Discussion of Results,

CONCLUSION,
5.1 Conoclusion,
REFERENCES,

LA X J
LE R/

(XX}

LR N ]

e

LA
LR
ave

L XX ]

oo

*ee

80
LR N
(R X ]

(R X

L X X J

LE X

Page

1-3

4-8

7-11
11-30

31-34
3542
42-48
48-57

56-65

66..690
69-77

(&4

7893

04..109
103-122

133
124-120



SHAPTER X
INTRODUCTION
1.1 Introduotion

T™he hyperbolio paraboloid shells have beoome
very popular a'lli over the world on ncoount of their
pleasing appearance and ease of construotion, This
shell roof has been made popular by the interesting
examplos of Felix Candella {13) and others, Some vary
bold and sesthotioally pleasing structures have been
duunnd' making use of the excellant arohiteotaml
possibilities of this type of memdbrane shell, The
umbrelila type shell is so well known now, The formwork
becomes even simpler than those for oylindrical shells
because of the pesculiar geometrionl property of the
hyperbolic paraboloid that 1t oan be generated by the
translation of a straight line so that each end travels
alunj another straight 1ine, The two straight lines are
contained in two parallel planes but are not at (he samne
time in a common plane and thersefors the sntime form work
can be made out of stratght boards or planks although
the shell surfooe itself is doubly ourved and of negative

gaussian ourvature,
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Farthorsors, we obtatn an economical use of the

oom truction mterials, At ihe same tims, the shell has

a simple struoctural aotion, By relying on form or shape’
for strength than on mp8s, tho double ourvature ensbles
the 1oads to be transferred to supports almost nntti'ely
by direot forces 80 that most of the material in the
oross-ssction of the shell is uniformly stressed, Esonomy
in the construotion and case in design of hyporbolioe
paraboloids alloy e architsot to dspart from the éonvan..
tional praotioe of t’otalng all ltmotww to oonform to
networks of linocar membors confined to three perpendoular

plangs and to mako imnginative use of the many graceful
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Farthermore, we obtain an sconomical use of the
ooms truotion mteriale, At the nﬁ;m tins, the a.bon has
o simple structural aotion, By relying on fors or shape’
for strength than on mass, tho double ourvature enhables
the loads to be transferrsd to supports almost outiiely
by direct forces so that most of the moterial in the
oross-ssotion of the shell is uniformly stressed, Eoonomy
in the construction and ease in Gesign of hyporbolie
paraboloids allor the architest to &apart from the &onvun-
tional praotice of foroing all limctww to oonform to
networks of linenr members oonfined to three perpendoular
plands and to mako imnginative uss of the many graceful

shppes that may he develeped,

As various rnsareh‘ worksrs hava noted and also
sxporiences of field enginesrs have shown, the donger of
failures of the thin mesbrane shells is mainly due to
bueckling, Nioolas Eaguilion{10) has ocommented,

* In our opinion, fatlures qauud by shear

or mokiing are mé only daﬂlgar@ in a thin
shell roo?, These fallures are more dangerous
beoaus® no outward symptoms precede their
ovourrence, failure ie almost instantanoous with
the appearance of oracking (shear) or a first
1ight fold (buckliing),®



Also as 3alvadori(12) comments

* ,use The shell thiokness 1s never dotor-‘
uined by membrane stresses, but by stresses

due to bending, tomperature and buckit ng,”

At present the knowledge on the dbuokling of shells
is soant, Most available information is regarding the
oylindri cal shells only, It 18 known that doudbly ourved
shells oro more stable ageinst buckling than oylindwmoal
- ones because of tho surfaces being non-developadble, The
anti-olastio surfaoes must be more eo due to the curvatures
of opposite naturo in two dtrections, ome supporting the
other in restisting the buokling ae compared to the synolas.
tio shells, |

The analysis and design of hyperbolic paraboloid
shells themselves are still under a stage of research and
exporinmts, Various theoriss have besn proposed from time
to timo, but they are all quite complicated sven w th
several simplifying assumptions and none could be well
established so far, The buokling phenomenon could hardly
be sabotantia;ly applied to those types of shells so far
and mach research work remains to bo done before the
fmokltu strength of anti-glastic surfaces ocould be
predioted, |



1,3 Qbieot and Scope,

The objoot of thie thosis s to study the wode )
of fatlure of a R,C, hyperbolio paratioloid and correlate
the various theorios of buokling nmt'lablo'proat otin('
the buokling load with the observations made from the

“p.ﬂ.ﬂlt ™

A simplo hyperbolic paraboloid shell has boen
designed by uoabrﬁm theory and edge perturbances are
provided for acocording to the empiriocal relations given by
Vroedenburgh (X)), The original shell dimensions are
112'x118'( In plan)centre to centre of supports and 4%
thiokness with Swo diagonolly opposite corners raised
by 30 £t, and 38,3 £t respeotively with respsot t:o the
otaer two, which are at the same level, A geometrical ly
sinilar retnforeed conorste model reduced in the ratio
of 9,33 has boon tested t111 fatlure oocurred,

1.3 Notationg

Tiw following notations have bHeen used uniess
otheorwise monti oned;

a,b Stdes of the shell in plan

aysby ¥idths of the boams along X and Y-directions,

D Floxural Rigidisy of the shell,



Young's Modulus of Elastioity,
Rise of the shell,

Moments of Inertis of the Beaws In X pnd Y.
Direations,

Prinoipal Curvatures,

Foros par unit length in x-dirsction on the
projeoted elenment,

Foroe per untt length in y.direotion on the
projeated elenent,

Shear on the projected ol ement,

Critical lood untformly dietributed per unit
area, , .

Untformly distributed load in vertioal 1.0,
2~ direotion over shell surface,

Load per unit area of projeoted surfaos,
Radius of wmurvaturse,

Foroe 2" unit length in the aotual shell
slement almg x-axin,

Force per unit length in the aotunl shell ele-
ment along y-nxis,

Shoar per unit length on aotual shell slement,



3 Thickness o the shell,

u‘.uy.- Displacoments {n X.Y‘md‘ zdtrmtionq.
v Potential msrgi.

v Strain Energy,

XX, yY,5%5 Axes of x,y and g,

X, Y,8 Coordinat es of any point,

o( Buokling Coeffiotent, ;
y Poisson's Ratio,
T Shearing Stress.

%%  3tralns in X, Y and 2~ treotions.

A Charaoteristic length,



SAAPTER -1X

TUEORY_OF BUCKLI NG,

2.1, Historioql Review,

Zeolly in 1018 gave the following formula for
the oritioal lond per unit area of the mriaon of a
spherionl shell to cause buokling wiioh was based on
Wansleben's thoory (1) |

T 2
/3 {1-v)

Por

Whers % 4 the thiokness and R the radius of
ourvature the shell and » , B are the Poisson's ratio and
Young's modnlus of elastioity respeotively for the material,

From thie formula it oan be sesn that the buokling
load inoresscs that is to say the danger of buokling
decroasss as the radius of curvature beoomes small, In other
words the stability inoroases as the curvature decreases,
Farther, the danger of buckling can de substantiaslly reduced
by inoreasing the thiokness of the shell, |

Howaver, the results according to the forsula d1d

not tally with experimsntpl observations and in due course



as a result of many observations thé formuly was given

the form:

2
Por ® < '«-ﬁ% s+ Where X 18 baokling cooffiotent,
Sinco then the investigaters have been attempting to find
out a suitable value of < , though they are very few

in oumber,

Probably Csonka{6) was the first pera_ori to suggest
a buckling formula for the doubly ourved shalle 1in 19568 in

the form

2
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1.0, the term 83 for the spherical shells was
replaced by 3183 the prodaot of the two radii of curvature
for the sholls of double ourvature, The formla is foaund
to be suftable :tbr synclastic shells but whether 1t will be
applicable as such to the negative gauss ourvaturo shells

also romains to be explored,

“Further it remains to be deoided whether the forme
of the oxprossion must be the same or n more involved one
has to bo usod, As will bo seen later tho oxpressions
obtatned theoretiocally for hyperbolio paraboloid shells

are quiteo different, they involve the rise to spon ratio



.°ot the shell and the fMexurpgl rigidites, Since the
buckling oertainly depmnds upon the shallowness or depth
of the shells, atleast the faotor *h' {.,e, rise of the
shell must be signifiocantly represented in the express!on,

H,5chuidt (4) of Dresden performod tosts to deter-
mine the walue of <« for doudbly curved shells in general,
In order to dotermine the buokling factor Ceight alum.
infum transiation sholl models having o oiroular generatrix
were loaded until thoy buckled by phnesumatio load
evenly distributed on the whole shell surface, Follow-
ing the resulte of his experiments the buokling factor
takes the value of 6.330 for pracotical dimensi oning of the
sholls, (= 0,30 is suggested in cave of shells, which oan
be built with relatively greater acouracy of dimensions eo.g,
mtalu.md plastice, In oose of shells bullt with lesser
gocuracy o,g. R,C, shells X w 0,18 {8 rocommended, Regarding
factor of safety for conorete shells, the comaent of (5)
P.¥, Aboles, howsver, is important, * ,,,. it seems not
to bo appropriate to ignore buokiing for R,C, anmi rely
solely upon the high factor of safety for R,C, It 1s,
therefore, suggested that researoh should be oarried out to
determine the faotor for R,C, oowbined with appropriaste
B.value so a8 to bsoome independent from guessing these

ooelfi cients based on tests 61’ steel or nluminium,*
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Tuis shows the laok of knowledge and 1littie work

done on tho reinforced conorste ah&lh.

There is no record of any RK,C, snti-oclastio shell
tested for buokling so far, Even {n oase of synolastio
shells such oxperimonts are imry fow in nunber, Only
experiments conduoted on buokling of snob R,C, shells
soonm £o havo been made by E,Torrojs (€) who obtained 0,00
as the value of the faotor o,

P, Caonks(6) observed the failure of an aotual
apheroidal (elliptioal paraboloid) R,C, shell (built {n
1950 and deformntions observed in 1984), The shell duilt
by couorete bshaved satisfactorily for a normal show
load Mondition, but the paraboloid buckled two years after
oxs truetion when it was subjeoted to an oxceptional snow
‘load, Ue found <o 0,083 with some mmerioal approximations,
Allowing a Iaotor of 20 persent to bs still safer he
suggosied X e 0,08, '

Tho valus ts only one third as compared to
Sohmidt's faotor < v 0,18, Thus theo vast devintion makcs
those investigati ons by tests on R,0, shells zl1l the more

negessary so a® to affeot economiocal dostigne in future,

Howover, if tho faotor < is taken 0,03 for anticlastio

shells tleir designs may bo too conservative sinoe the
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buokling sirongth of antiolastic shells is likely to ba
higher, Of course, for ocondrete shells one has to be careful
spooially on acoount of the phenomena like shrinkage, poss.

ible oraok formation and orsep stratns loading to delayed
buokiing, ' ‘

The collapse of two hyperbolic parsboloid is reported
in e U,5,A, Ons (34) of thewa was & reinforoed conorete
sholl T0'xT0' of the inverted umbrslla type, which collapsed
8 months after oonstmotion, The other hyperbolio iaara‘bolom
(25) made of laminat #d wood aollapsed at the Seattle world
falr several days after tho false work had boen removed, The
shell had a span of 80 feot and rise of 60 fest, The precise
oguses of thess coliapses are not known, It is suspeoted that
tho fat lure may have ocourred becauss of oreep buokiing sinoe
the oollapsos did not ocour immedintely after removing thi

form work,

Henoe, the need of detniled iniaatigation and tes ting
prograoxso oan not be overwemphasised and till that is done,
great cautton and oare in the Jdesign of large hyperholio
paraboloid shells of reinforced conorete has to bo taken,

3.3 Maenyetioal Investigations,

It 18 not an sasy matteor to determine theoretically
the atability of shells, partioularly when, apsrt from
buokling phenomenon, second order buckiing (oil-oanning)
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48 to be taken into acownt, The latter phemomenon
oonsists of the shell suddenly adopting n new posttion
of equilibrium tnvolving displnooments of finite nagnl-.
tade, The conventional theory, which gssumes only

infinitesinally small deformations i{s no longer amw!io-
able and mast be roplaced by a scoond order theory,

» 'Vreqdenbmﬁ&(m) states farther,

¥ As regards the danger of uocm;! ordor buokling,
which i s moro serious than the danger ‘of buokling,
it seoms to us that the hyporbelto parabolotidal
ghell will ba less wulnersble, owing to the saddle
forn, than the sphsrtcal shell. Although this haw
‘not yet baon proved thoorstiocally, our conjeoturs
ts novertheless confined to samwe extent by the
vory high stability of hyper shells, as obtal ned
in te model tasia‘ on the Philips Pavilion®,

The Lew Attmpta for obtaining an wxpression for the

buokling load (untiformly dfstributed over the shell surface)

will now briefly bo Qesoribed,

Exio Reissner in his paper (7) "On Some Aspoots of

the Thoory of Thin Elastic Shells® has utilised the equations

of statios, Systomatio omission of all hut the first terms

in the expressions in powers of shell rise furnishes a
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system of equations suitable for ?he analysis of shallow
mombranes, This has been shown to be o specisl onus

of general shallow.shoell theory basad on the statesent

of Marguears (8) in his genersl theory for shallow shells, -
which considers benling aotion as well as linoar sffeots,

The use of general shell theory is illustrated with
the help of two basto problems of the hyperbolic parabolotd
shell ander the inflauence of its own weight, The first
problem concerns the possible buckling of such a shell,

The second problem however goneiders the edge effects,

Anthony Ralston(9) also stanaﬂ' wn;h- the same
equat fon of 5 hyperbolic parabolotd nmi auuupt;ons ay
Reisaner and obtained the same azi‘tnmuuil aquations, A
nuwrioalwiomt ion wan attemptoed and curves betwoen the
load abﬂtmtmt; a fonotion of the uniformly distributed
load md the ratio of thioknons to rlse wore plotted for
sguare hyperbolio parabolotids, mear, the ourves do not

enable us in goneralising the result as is discussed later,

dyaravnam and Usprstle{17) have sttacked the problem

by moans of energy proosdaro,

According to the membrans theory, hyperboli o parab.-

’ 01014 shells under uniforms vertical loading are subjeot



to uniform shoar stress in the plans of the shell, At the
edges of such shells those shear c.troa?us are transfgrr;d\_
to the supporting edge memberw as uniformly appiied
axial 1cads waioh may lead to ﬁu baekling of these
mowbers and this possibility has to be considersd in the
design of the stroture, In the past an approximmte
‘buokling load was obtained by considering the edge
menmber isolatod from the shell ant oalonlating its
baokling load under uniformly applied axial loads(18),
Sinoe this approach neglects all interaction between
shell and edge beam, it will at least be a emurﬂiuva

lower bound,

The authors in theixy paper havoe attaoked the
buckling proklenx bty means of an energy msthod, An
‘mpr-uion for the potantial enorgy of shell is established,
an appropriate series sxpression is assumed for the
defl soted shape, which satisfies oompatibility betwesn
shell and edge members, It is detormined by minimisation
0f the potenti al snargy that the behaviour s of the
nature of a beam~oolumn in whioh the deformation tnoreases
non~1inoarly with inoreasing load, The oritinal value
of the membrane shoar stress (oorresponding to non-uniqune
deformations) isthen founmd by equating the determinant
of the oharaoteristic aqmﬂnn to gero, Only shallow lh-‘lll

have bsan assumed,



157
Curvas have besn plotted to indloate the

infiuence of tho various paramotsrs on the buoiling

strongth of square sholls, The buokling londs thus

ostnblished are compared with te those obtained by
E.Ratasnor(?),

The shell has the mid-.sarface cquation as

Z2wh, % * %

| It 15 assamod that the ahel) is acted upon by
uni fornly distriduted lond tn the s-airootion only,
Ay = Do The edges Xm 040 and ¥y e o h_ are supposed
to have mosent~frae support and the edge stiffenting
mombe re are rigid in thn'dinouon of thotr axes and
have negligible bending resistance ih planes tangent
to tho shell, It is found pftor simplifioation that
for %. « 1, where ¢t 1im tho thickness and h 1s
the rise of the oholl, the shell “orinkles® into waves
in the direotion of the existing compresaion, The value
~at whioh orinkling takms places fo obintined ps

" .l-@a“ » M
S0 al v?

Por
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- Comparing 1t with the Plate (Stability) formuls,

ox 2B (2}

p
or 1 -ya

It i3 scon that the Plate Formula depends on the
various dimensions of the sholl whioch differ from the
shell formula. The Shell Theory formula shows s wore
pronounced dependence on shell rise 'h! and a less
proncunced dependence on the shell thiokness 't' than

the Plate Theory formila,

Replaoing the oritical load by crittonl shearing
stress prodioed by the load p,,. ve have

N P
T b
o " - o
- B . T
g ab

Agaln oomparing this buckiing formula with the
corresponding formula for mimply sapported plates

PR TN T8 X - i

¥We find that except for a atffer-noe in the

numorionl cosfficionts the shell formula differs from
the plate formula in that the thiokness squere faoctor
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is replaced by the product of shell thickness and
rise,

Numerj oal Solutions and P-/° curves

The differential equations are of the form:

2h 2

2 2 d
VY ¢ =Eh = ¢ i
‘ ab Jxdy
2 3 Y
z 2h.2g_, , eb. lx
Dvvw = -5 " Sxay * Po nh 3xdy

.

g 1s a stress function and other quantities
are same as referred earlier, A numeriocal solution has
been attempted, The deflected shape is assumed in the

following Ioi‘m as done earlier by Reissner:

i " mTx nTy
we = Z_ Aope Sin = Sin
m=1 nel a b

Calculati ons were made for the case of square
shape 12, 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

po _/T2(1i-%) iy

‘ﬁ P"

P=



1§

whero £ {- (thioknoss to rise ratio), the ourves

between P and '/s were plotted, whose shapes are given
below (Figare No,l)

P- 5 CURVES FOR H.P. SHELLS

3

|

FIGURE .

%o aotually find the oriticgl load for any given
shell in plan we deteraine /& and then from the figure
find oritical value of p, Using the formula,

2
4EFp n
p B o e ’
or T-T——-” =T b

the oritionl load can easily be obtained,
The oritioal curve tn the figure has been shown only
for values of /3 as small as 0,01, It seems likely



that for values of f smaller than this, the oritios!

ourve will rematn very olose to ‘th.o minimom line at

1 for the value of P,

flenco for,e( 0,01 t,8, h > 100 ¢

P " *—AQ—-—“ L] nﬁﬁ—-—
or W b‘
</12(1-7 )

The results obtained here may bo oxtended to
hyperbolio paraboloidal shells where a#b. But for each
- value of 1.0, % » 2 Gomplete new oaloulation tr,o#
the original equation mmm have to be made and a now

ocurve analogous to this would have to be plotted,
Conmpnt,

The ouarves do not seem to be signifioant in
goneralising the result, besause thers i3 no regular
variation, The spacesbetwoen the tyiangular partiwlv
(0.8, Pl("’)’. P'a(“), 1) are also not rarylng in a regnlar
fasbion, Morsover the contontion of the author that the
ourve will be quite close to Pwl Itne pftor p(0.0I& .aoen
not soem to be final, unless aotually the ourveslaxtinded
taking wore terms in the series expansion, This shows
also that the buoklmg load 13 not a simple character-

h

istic of the ratlo ﬁ‘ s prodably the ratio a or %

may be also signifioant or even mors important than the

!
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ratio %. Henoo curves with ratios of Aiffermnt
paramsters as agbsoissas have to hs plotted until a
rogular relattonship oan be evolved whioh can bde
furthor verified by actual tests, As sugpgested dy
some fnvestigators the buckling strength may be
sainly a funotion of the shell rise *h* (4{f not soldy
80) as compared to the span length 'e', the shallow

shells buokling at muoh lower loads,

However, the liatit of shallowness or flathness
foxr buokling considerations hns to be differenttated
from the limit for validity of membrane anal ysis, as the
fow authors have shown that upto the rise to span rattio
of about one fifth or one sixth the second order terms
can be odtoly negl eoted and momhrane theory applied,
According to A,L, Parme(ll) " One quostion that arises
about thess shells 43 the degroe of flatness that oan be
used without invalidating .the mombrane agnalysis, This
depends to a large extent on the magntitude of the secondary
bondi ng moments caused by axial strain, The analysis
presented is based on a satisfaoction solely of the
squilibriam of forces and no attention is given to the
compatability betweon utraini and stresses, For the usual
rise of %n % or % I~ é— s the effoot of exial strains
is animportant and oan be ighorsd safely, However, when

the ratio % deoreases, the effeot of axial stirnins
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begins to exert a dominant influence on the dehaviour
of the shell,®

- Howover, 1t can be pointed out that Reissnor's
formula is exaotly the samo as that obtatned by Ralsten
for the range of p{@,ditl.0s the rise s more than one
nnndx;nd timos the thiokness of the sholl, Thus the
Retssner's formula is o special oase of Balston's resulte

for h > 100 ¢,
Enopxy Method,

A shallow hypsrbolto paraboloid of side 'a’ and
rise 'h' 1s constdored having equation as g » 33. Xy,
a

The coordinates being as shown (Pigure No,3)

GEOMETRY OF H.P. SHELL

ORIGIN

/L{-——”—_ e ———W——_‘“ﬂ ————— —> X

FIGURE .2
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The shell is assumed to be framed hetwsen
edge mombors which are simply supported at their

corneyrs, Membrane analysis results in

ﬁxyﬁ‘«-‘-q. '2-&-

The shear ftz-'ua ny

supporting members at tho shell edges,

18 transmitted to the

NMaregarding tho conditions of compatability
betwesn sholl and edge member and assuming that tho
uni forsly distributed shenr forces follow the deformed
ggta of the =meabar, an alementary buokling anatysis
for this supporting member rosults in a oriticoal load
equal to (19)

[“xvl R ;-%— .

3ince additi onal stremgth is supplied to the
odge member by the attached shell, it must be canoluded
that this buokling lond oconstitutes g possidly extremely
oonservative lower bound,

Tae authors{17) have made auss of Rits minimising
method of the potential energy of the system, The total



strain cnergy consists of two parts:

1. Strain Ensrgy V’l of a plate subjected to
direoct and bendi ng stressos (negleoting stretohing of the
widdle surface ) ie equal to {(30),

1 "5 ”[“ <D “v‘(g)g o v, 52 32

* %Hff(xm [ (-3:‘:3 . -213-‘) - 3(1-)
e e

x° 9 dxdy

where D{(x y) 1s the flexural stiffness of the

struoture at{x,y) and 1s the Potsson's ratio,

3. The strain energy Va correspond ng to the
strotohing of the mid-surfanoe of the shell is equal to (3'),

e B[l e D -n 0 @G 4] @

‘where €X, €¥ are the strains duo to strotohing of
the middle surface of the shell,

To relate the gliddu surface strains to the Adisplaec-

mn
oments wo express tho[pxam dlaplacements U_, U_ of the

y
shell in terms of those of the middle surfacs displacements
U 6',, _ 15
U w U [ - Y e

- W el V]
x x 'ax'"y y
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and then differentiante to obtain the strains, Now since
g and w are small for shallov shoells under small
defleotions, the higher order terms in those variables-

oan be dropped. Thus we obtain

o= y dy
Y 3

Negleoting the widdle surface displacements Ux and Vy
as assumed by Bleich and Salvaderi (21) we get

éxnﬁ,eyno.exy..;g%.'

a8
| 2 2
Henoe, V, = -—gz’- H' dA,

Thus the totsal internal strain onsrgy of the structure

is givon Dy the expression

N
QRN R 2 9 J ) ar
et ey B g Gy )

2 2 3
el | (2P e s 50 (—%-3,)2 | as

Endg [{
R
a
The strain onergy as given above is exaotly

the stratn energy of a pinte on #n elastic foundats on



with the foundation modulus 35%-93 . flenoe, the problem
n L 4

reduoes to that of & plate on elastio foundation, as

alrendy obsorvod by Bletoch and Salvadort (313,

The potaenti ) enorgy has bLoon evaiuated in four |
parts for the ontiroe stmwotures.

1, The shell alone for whioh

N, uﬂynO, ﬁzyn-w-;:-

3¢ The edge bonms parallel to x-axle, for whioh

,
NowN, w0 N w- %%-;—;;x
4 4
am D (x,y) = '-;;'“-

where a, 1is the width and Bxa 18 thes Llexaral
rigidity of theso beaws,

3. the adge boaws parsilel o y-axis, for whioh,
3
‘ 8
L - )Ixyp o, Ry - - %EB; o ¥

- |
and D{xy) . gia- , where b, s the width and
mb the flexural rigidity,



20

4, Loss of potential energy dne to the drop of the
applied surface load q, through a distance w 1is

a b

U nqu wix Ay,

oo

The expréssion for the total enorgy is thus obiained ns

ab
v.-u ..-g-jg (-F-i)"‘ 2 () (—-g 1 |axay

- axagf--i-) ax4El [‘"‘!"’uo ay
ax yuO

a

- IE-&- -—-!-xd:,oty * £x(—§-§)§‘o ax

b b

K( ) ay].. B‘%vadx@;

@y oo
..quxay whero k e q 8B
. [o 2N e

2
and ‘l u"g‘ﬁ""g"

£ A X .
a1 EILI D

The case' of buckling of the shell along with 1ts four
simply snpported edge beams 19 considered, the boundary cond.
itions being |

w =0 at (xe0,8) and (y=0,b)

M, w0 at (ze0yn) and N, = O ot (y=0,b),
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Satiafying theso boundary gonditioas, the deformntion may be

assumed a8,

wa = = a sin ALK gqp JUX.

=l fOsl an
©o oqa
S B sip BLEL 2. \ ..BP
* - 1" &» c Stn
S 8 " pa O

Substi tating thess daformations into tho energy sxpresastion
and nininising with respeot to the ccoffiofemts A, B, C,,
~ throo sisnltanecas oquations are obtatned, Thd oritioal lond
oan de oblained by squat ing the doterminant of these coeff..

icients to be equal to zero,

Considering Iu - Ib »Ilandmwsn, for the square
shell and nulwttng the tornm Jg a® comparsd to unity the
n
oritioal load assooianted with the th buokling mode is

obtained ns

N N R e

cY
AE. (b3 (&
To find the buokling wodo for whioh the orlum\f

load takes its lowest wvalue we oan do thias by trial ond

orror for any partiocular shell, 1£f, for convenieme it is



der

108

40y

30

20t

assumed that 'n' is continuous instead of having

only integral vatues, we can set

P
-3?.95..0

Jn

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

(""&"') * f%i' )

and

h, .2 ,t.2
q, =28(3)° () %{142—-53.)
et
BUCKLING CURVES
ns=) )
n=2 _(:""100
El _ o
i Da -
Ner
(DAYARATNAM )

a
FIGURE .3 h



Results, .
The values have been plotted (Pigure Ne,3) for
o squars shell with 2%; as ordinate sgainst -g'- ae
absoissa for the various valuss of 'n' and 1t was
found that the Doy SGXVO 1498 lower to other ourves show-

ing tho accuracy of the minisizing procedure assuming

variation of n as conttnaous,,

Also it is seon that the buokling load of the deam
without consideration of the shell interaotion is oonsi-
derably lower, A limiting oondttion of this would bo that
¢f the ahell dDecoming infinitely thin so that the rdatm’.nt
offercd by the shell to the odge beam should vanish,
Similating this omdition by "ttthg B e 0 and nel in the
expression for qn,, Wwe get (ny)or » 10,70 %:5 against

(Nw)” m 18,008 % ns obtatned by A.?J’luuar, a olose
upper hound to the latter exaot solution,

Rotasner{?) had considored the possibility of bugkling

.! B _BiiBL . 71 th pur .1. 'J LAY WL ’ RELN b ‘ thﬁ lnttﬂ!‘
had suffiojontly largs flexural wigidity., On this dasis

Roy 18 th-hinod equal to

-j.; R (B-)3(E,)2,

and thie curve s also plotted for camparison, thi,qh 14 es



(LOAD INTENSITY)
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iowdr to the orition)l mrve qu,, bowever higher to the

pure column curve of A,P, Plflueger,

The authors attenpied to o mpare these two buokling
modes 1,8, one constdering buckling of shall with edge beams
and weoond that of shell only and they found that for all
post tive value of ﬂ' the seoond oase oontirolled in the
exauples considered by them, It oould be oonoluded, thero-
fore, that for all cawes, wrinkling of the shell will ooour
prior to buckling of the edge beams according to small
defiootion thoory, However considering ths figure No.d
which indioates the shape of the load-deilvotion curve,

LOAD DEFLECTION CURVE FOR H.P.SHELL

4
!

o 42_1
s

1
!
|
!
] WI_T—#M
o

cr !
DEFLECTION & ——=

FIGURE.4

we obuwc that considerable dofienttions of mon-linear

defleotions- of nen=iinear nature may be t:‘:pcctod prior
o
to the ocourrence of buokiing and may befimportance.
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CHARTER XXX
D N OF SHELL
3.1 Depign Dimensions,
113 P? x 113 PT o/o in plan,

Rise of the corners (diagonally opposite)

= 30 £t nd 56,3 £t respeotively with respect to

the other two which are at saome lovael,

a“’.‘n Loaﬁ L~ 70!).!.’.

SHELL DIMENSIONS

FIGURE.S

L]
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Let the hypsrbolio parabolodld be OP' EP suoh that
points P and P' are at tho eame level and 30 ft, lower
to 0 and E 1s 58,3 £¢t, higher to P and ',

If the points O, P and P' were gt tho same level
with the rise of E bdeing 'h', then taking x,y and z axes
as shown with origin at 0, the 'oguation to the hyperbolloe

paraboloid would have. been s = --%- Xy, vhere 'a! is the
a
side of hyperbolic paradoloid in plan,.

If tho inolination of OP and OP'with 1ine 0X am
0Y respectively be V 1in the vertical planes, the cquation
to the hyperbolio paraboloid oan be expressed as

2 = ;%-xy « (xey) tany
Wioro tan e —Afe

To caloulat e t-la value of h, wostbstitute the

coordinates of point 'E' in abova.

- 80,
38.3 = -iﬁ-mf; X 113x113 - 2x113x¢s

or h = 38,3 ¢« 40 = 78,3

¢+ 8 » 0,00634xy - 0,1786 (x4y)



bie N
¢ O e shol ALRL R U002 2 ;
(w=0,00624 xy - 0,176 (xsy) ,Ht, 464z

OSRARTIA L - "

x 0 8 16 e 40 48

0 48,000 46,371 45,142 43,713 43,384 40,858 30,438

8 40,571 45,542 44,012 43.482 43,483 41,423 40,308

16 45,142 44,312 43,683 43,252 43,633 41,492 41,362

36 43,713 43,483 43,282 43,0230 43,780 43,589 43,328

32 43,084 42,453 432,022 43,780 42,080 43,128 43,207

40 40,655 41,422 41,903 43,850 45,138 43,008 44,264

48 30,428 40,303 41,362 42,330 43,307 44,264 45,233

56 38,000 39,308 40,733 42,008 43,408 44,831 46,108

64 36,580 96,343 40,103 41,866 43,633 45,308 47,162

72 35,150 37,313 30,476 41,638 43,808 45,076 48,130

80 33,710 36,2680 36,841 41,403 43,968 46,5238 49,003

68 32,390 35,261 38,214 1,176 44,3104 47,108 50,073

06 30,860 34,231 37,582 40,082 44,311 47,67 51,041

104 20,430 33,182 96,048 40,702 . 44,476 48,292 53,008

122 28,000 32,160 36,320 40,480 44,040 48,800 83,980

Continued,..,

NB, To avold minus sighe the hoight of the point O‘has

boen asoumed as 48 £t

arbitrarily,

« abovoe the groand lavel



e sosum

TR AR O v A . SRR

x " 86 64 13 80 88 96 104 12 -
0 36,000 38,660 30,180 33,710 33,290 30,860 30,430 38,000
8 39,308 38,343 37,313 36,361 35,361 34,321 33,182 82,160
16 40,733 40,103 39,476 38,841 36,214 37,583 36,046 36,320
24 42,008 41,886 41,838 41,402 41,176 40,043 40,702 40,480
32  43.4C5 43,633 43,808 43,008 44,144 44,311 44,476 44,640
40 44,831 45,308 45,000 46,528 47,108 47,071 48,233 48,800
48 45,198 47,102 48,130 40,002 80,073 51,041 853,008 53,060
86 47,562 48,034 50,300 51,080 83,037 84,302 §8,786 87,120
64 48,034 50,204 52,447 84,210 65,080 57,736 50,480 61,310
72 50,300 53,447 54,638 56,780 58,060 61,130 63,240 65,440
80 51,650 54,210 56,780 50,780 61,000 04,440 67,000 69,600
88 53,027 85,080 55,060 61,000 04,880 67,868 70,760 73,760
96 54,393 87,738 61,130 64,440 87,848 71,200 74,520 77,920

104 55,750 09,480 63,240 67,000 70,760 74,620 78,280 82,040
68,440 69,600 73,760 77,020 83,080 86,300

112 57,130 61,210

cﬂolﬁdﬁﬁv [IX2}



343 Membrane Analysis and Design,

SHELL ELEMENT AND ITS PROJECTION

7 /Nx

PROJECTED
ELEMENT

|

!
|
|
|
|
|
l
|

N

SHELL ELEMENT

FIGURE 6

B ‘ 3

S, and 3y are A reot tor»mu for uni t length, and
sxy is the shoaring foroe also per unit 1«:5“;. lﬂx. uy and
‘ ny are foross por unit length aoting on thoe projected
slemont, dp and dq are the lengths of shell.elment along
X and y axes,

The tinsile forces are taken positive and shears
onatin@ tenston along positive direotion of the diagonal
ars taken positive, The surfnoe lopd W' iy considered

posi tive when acting downwards,
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The foroes aoting on the e}mont are reduced
into components that aro parallel to the coordinate
systom but have their dreotion tangential to the sur!neo;
Henoo, faroe Sy 4s parallel to sy plane but is inclined
at an angle 'Y ' to the xy plane,

The expressions for thejqniubﬂ.u- of foroces
parailel to the various axes are considerably simplified
12 the actual forces are tranaformed 1nto fioti tious

tordaé aoting on the projected area of the element;

The analytiocal details and the resolution of foroes
in three directions along with the simplifying assumptions
need not be given here, as they oan be available in the

reference (23), The results, however, are as follows:-

N -9 i+ 02
Yy y ,l‘qz
s, aw, B aa s, e, fless
1.0, - and - o
’ X x 1‘.q y y l*p
S w N
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» 0,00824y - 0,1786

- 0,005“! - 9.1780

\

. - 8 2
Py 'p"/hpﬁoqs = po(1+% +3)
shexre po and Py are the loads per square Zoot
of the surface and horigontal projection respeotively,

In a-Direoctt on

2 a
uxﬁ- ;auwﬁ*nyﬂag .0y
c-p'

N 2 3
. o Zﬂx,.Snp' -po,(lwﬂ-og-)
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. 38

3x0,00634 ¥, » p, . [u %(0.00024y - 0,1788)"
N - 80 p [1 + § (0,0083¢y -0,1786)3
xy o' ) L] . 4

. % (0,60824x - omsn)“]

In x~direction,
4R an ' ‘
—-a-‘-‘ 4\1&-03 w 0 x =0
x y '

. an
. ngﬁ L= .- - f- -1;& dx
o |
.-z S(o‘ooaa‘y - 0,1760)d,¢ £ (¥)
OB, N, " - ;9_ x (0,00024y ~ 0,1788)4 2(y)
In y-direction, we got simtlarly

N . jdu’

n - 30~ o7 (0,00834x - 0,1780)f (x)



Co,

Ba,

At the edge x = O, Ny= O

and at

y=0, N

Substituting these we get,

and

Now

and

The ta;ces Noo Ny. N

£(x)

2(y)

xy

n 0

y

w 0

-po & (0,00624y - 0,1786)

-po ¥ (0,0062¢x - 0,1788)

Ny leq2
1+§i

are gcalculat ed and given in the acoompanying table

(Tabl. NOOS) .

39



fable No,3

B =p,x Ny-p o* ”:y" P

X ) 4 q |
/ 3.?.”..2;9 =poX S =P,
@ s g [+ )
xy I ¥
x
Dot
112 0 10,000 0 92,3 -0,1786 0,6194 0,903 9,08 O
16,0 4,410 -4,18 93,3 _0,0788 0,5104 0,015 4,03 -4.84
83,0 - 1,174 -8,31 00,9 40,0310 0,6194 0,800 - 1,04 -9,33
46,0 - 6,760 13,45 01,0 40,1308 0,510 0,806 - 6,04 -13,06
64,0 ~13,370-16,61 93,7 0,2206 0,5194¢ 0,009 -11.30 -18,30
80,0 ~17,080 -20,78 94,9 0,3204 0,5194 0,033 -16,75 -23,23
96,0 -23,500 3490 97,8 0,4202 0,5104 0,068 22,65 -25,88
113,0 1,000 -39,10 -29,10

-39,100 -20,10 101,85 0,5200 0,5104
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Maximum Tension or Compression ie given by

< - sx’sz‘ »
x P

8_ -8 2
neglect the effeot of obliquity angle,

Ay (113%, 112'), S, = S_ = -20,10 p, and S, #101,8 P,

y Yy
»
« « Maximum tenston « (~29,10 »+ 101,8)p, » 82.4 p,

« 5768 1bs/ft,

Maximus compression » (-29,10 - 101,87)p,

= 130.,6 P e 0142 1bs/ft,

At point (0,113) the value of S

xy will be same as at (113,0)

L

a8 - 92,2 p,

xy

L .
o o Maximum forcos = 4,828 p ,t Po /30.348490

» (4,5 % 92, 4)p,

o'+ Maxtmum tension = 96,0 p, = 6783 1bs/ft,
Maximum compression = 87,9 p = 81853 1lbs,/ft,



i .
Shecking Stransog,
4 ins, shell thiokness is adopted !31-%:3 mix being

YTER

used, Reinforcement u% in, ¥ bars B ins, o/c in hoth direct-
tons along waliog lines at the wid-depth of the slab,

» . - :
S ETII T o B oam e 0 san s

Haxtmom ﬂn.prttal?bt‘ f5351%35“37;f3

sitress in ooncrete,
w 169 p,a.i,({safe)

Maxtwum tensile (%1
stross in steel, * o.g
w 14440 p,a.i, (safe),

Assuning all tonsion 1is taken by steel,

zﬁgﬁ::: composite . mxm ATR3 = 13804 paandd,

Thers will bs no oracks, the ultimate tensile

strength of conorete being about 2380 p,e.d.

3,3 _Banaing_anglysis (Vrecdenburah's Maryod)

Shell pansl is asnsumed colamped at the edges,

Qisracteristio length = _ 070/

whare 't = shell thiokness
and k,, kg aro ihe prinoipal gurvatures ol the shell

ot edge point,
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L 1)
[ J
L}

Negative olamping moment = “o " % Yo zivw unit width

Shear foros = G " Py

Shell soment (positive) = my = 40,10 p » at 1,57
from the odge,

2
Cuyvature w jt

H 0(‘%)3 ‘

Equation to the shell 48, % = 0,00834xy -0,1786 (xe¥)
Rotating th o axes by 45°, the equation becomes

%' = 0,00013 (x'? - y'%) _0,382x' (Figure No.T)

ROTATION OF AXES

45

FIGURE.7




. Y

Tiis 48 done sinoe along the new axes teist

2
Q!
ters =B {s goro and curvatures along thwse are the

Ixtoy!
prinocipal aurvatures,
‘ ’ .
il e 0,00624x' - 0,283
"""z%..r . = -0,00024 y'
. a® ot 2 a4
oo m—tm --L2 = 0,00624 ond &=k o 0
dx' dy' dx' day*
“ B
Sy . 0,00634
‘ ' o oxgyd? 3/2
ma ok - ~0,0062¢

f14(-0,0063¢ y*)3}3/3

For the point (0,112) in x-y syetem,

x’ = y' =2 7903 !t‘

. 24
. 1 {14(0.,494-0,282)° | .
ﬁlgoo% —
i - -0,0048
ky (1,244)



e e 2T0/OTE iy

*

-] 6.88 :t. N

0,001_/32,8930.38 :
®, =-4x70xe,38% = 1422 1bs,ft,/tt,
' o = 70x6,38 | = 40,2 1bs /18,

m, = 0, x70x6,58° = 280,4 1bs,ft./ft,
at 10 £, tmn the
tdge,

Destgn for Mowents

Thiokness of the shell will be inoreased to 6 ins, in
14 It, noar the elge and then vreduoced to 4 ins, gradaally,
The reinforcement alresdy provided i,e, % in, dia, 3 tns,0/0
will be bent to be kept at bottom at 14 ft, from edges
with 1 4n, ocover to the oentre of the lower bars, A mesh
will be provided & the same sisxs at the top as well in
10 ft, width all along the edgos, mua, givtng % in, § bars
8 1ns, ¢o/o in hoth direotions at/bozt:u.

Chocking Sireases,
Comxansive Stress in Congrete, (Figure No,8)

SHELL-SLAB SECTION AT THE EDGES

| A
(0] o Q V]

4 ’”
Y4 DIA.S ¢ /e

e

FIGURE_8



P « 0142 lbs,(direct force)

- K = 1422 £t, 1bs, (bending Ibnont)

Ay w=Ay =-3-x0,19 u 0,47 sq.in, 1n oaoh
' direotion,
A n 13%0 ¢ 3x0.47 x 13
- 12 o 13,3 » 84,4 40°
8 2
1 czﬁfwzontxun x 13
\ - 233,4 1n*

¢ ~ %}& + W ( on safer atde)

» 310 p,s.1, (safe)
Tanstle 3tress in Steel,

p « 0142 1bs,

L J
v+ 06 - AE%%I%% a.

= 1.87 im.
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-~ -

Assuming ocnservativsely that all the ooncrete has oracked,

SLAB_SECTON AT THE EDGES

v

L L] ® [ » _%/: T
3.5 ; R
® L) [} . [ "L,,
1.5 :

¥

FIGURE.S

0,47x13(x-1,0) w 14x0,47(4,5-x)

e x o 2,82 ins,

ond 4,8 ins-2,863 ins.= 1,68 ins,

‘Taking moment s about comprassion steol at bottom
0, 4Txtx3,0 e 91423 (1,8741,08)

[
4 ‘
¢ @ t - o‘ :3?& " 19?00 p.s.i

whioh is slightly higher than the permissidle walue of
18000 p.s.i, but since the formula for momonts {s edpiricnal
ond changing the @pacing of bars would de inconvenient

as well as providing extra bars will become uneconomionlj

o B



the slight overstress, 1t at all is nlloiud and no

sxtra reinforossont {s provided,

3,4 Desjgn of Rdge Aogme (Pigure No,10)

DIRECTION OF AXIAL FORCES

-

—

TIES_IN TENSION

BEAMS_.IN COMPRESSION

5{ FIGURE_10

o°, 0p' w / 1122 4 30° w114 ¢,
PE, PE'! & / m;a > 53.35 w 120,58 2%,

Bdze bua"m will be simply supported at their cornsrs,
Ties will be provided along PP' to take up the tension, The
comprossion butlds up in boanms Lfrow B and 0 towards P and ¢*
respeotively from mintmus values at B and 0O, to maximum

values a3t P and P',



" 0O ¢

Sy ® 80.70 {1 + 5 - 0*2708% 4+ & (0,00024x - o.uea)a} 1bs/2t,

o 5780 ¢+ 0.1080x° - 6,34x

Total ocompressive foros at P or P' 4in OP or OP!

respootively,
12

» F'l {aay‘) o= 5(6190 - 0,38x o o.loegxa)ﬂx

°

= 0,6 x 107 1bs,

Forge at 0 « 8780 1lbs/ft,
Beams PB and P'E
For P'B,) x « 112 It, and y varies from O to 113 ft,

S,y © 5600 { 1 « % (0,00634y - 0,1788) 2 + L(0,00624x113-0%1780)2

o 0,10803° . 8,34y + 6400,

Total compressive force at P or P' in Ep or Ep! mopaotlveiy,
132,
" 8(’8?) = - S(G“Oﬂﬁaa‘y * 001089572) dy

[
e 7.35 x 10° 1bs,
Foroe at B t,e, (113, 113) » 101,6 x 70 = 7105 1bs/ft,

* Poroe 4n Tie say ¢ 7'
Horigontgl component of Pl = 0.6:105-% " 0.5;&105 1bs,



-0

Horisontal component of Pua?,38 x 10° x 'fln%‘?i - 6,58210° 1ps;

e T (6,646,58)x10%% B s 1,88x10% 1bs,
Compressive Foroe Comwponent due to self.weight of hapms
may be added to thie whileo designing the seotion,

C = (8,625 + 7.35:% ya10® 1vs,
- 4,628x10% 118,

Component of self.weight of beoams may be added to this
while designing the seotions,

Design of Bsams EP and B0 (Pig.No,11)

BEAMS EP AND EP’

FIGURE_1
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~ =

8 n n s to Deam..

39 1ns,x116 ins, Weh 33 bars 1F ins, dla, at top
and bot tom both 4s provided, (Figure No,13)

BEAM-SECTION

22BARS 1Y, DIA.
. !
/- 7 CLEAR COVER DY .
¥
rd

.-“oon"{b.l. -]_- 7‘—

=

n

“

i
ns i
”
L
™

o] | L

5 ...'l.o:---. l_‘nﬂ hi_)i
e — |
22BARS 1 %4 DIA.

FIGURE _12

Self Load = 39x115 = 4486 1bs,/ft,

It oan be redolved into two components, ™o componont
parpaaﬁtouhr to duam ax{a ocan be oconsidered to create bending
nowent as usual and the component parallel to beanm axis will
contribute towards the axial cowmpreseion, which will be squal
to ¢485a3iad, o 2087 1bs/ft. in magnitwte, acting from &
towards P,

... Total axial conmpression at P

» 7.38x10% & 3007x126,8
= 9,97 x 109 1bs,



Total axial compression at Q

52

= 86 {(6400-3,13x5640,0363x86°) | (2067203, 28)

- 4,66x10° 1bs,

Component perpendicular to boam axis

- ad85x 7ML~ . 3080 1bs. /1t

. 3980x126,8%
' & IIQ - x 13 lb‘.in.
8

. 0.56x10° 1bs.in.

1

e m RaSEXIOC « 108,8 1ns,

4,86x10

Y e 0 gives

30xnx§ ¢ 33 x 177 t_ - 32x1.77¢ = 4,86x10°

t - L;-’-—'—“& x 130 (since m = ﬂ&-"-—(’g = 14)

o

Taking momonts about the tensile steol,

39xnx$x(110.8-3) + 32x1, 772228l x130x106

- 4,86 x 10%x(197453)
Dividing (iv) by (1) after substituting
for t, and t from (11) and (111)
10,820 (110,86 -§) + 83600 x -RztaS

10,80 + S05x-Bsdl _gean-dlabcn

(AR X R (l)

(I ERE N (11‘)

esone (111)

=280

L AL ER ¥ (1')
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"Or 3160n - 6.5n° 4 $3600- ?.%2.0.2

= 4880n ¢ 126300 - -‘!&‘-9-9“39 - J?fm‘l +13600

3,2720n% 4+ 208700n - 18327000 = ©

Or, 6,60

L]
® ¢ = ‘5 1”.'

Equation (1v) gives

ox {xs.sxos.‘axwwaeooxﬁ’a“if = 380x4,86x10%

or G {63000 44830 ] . ggoxe,s0x10®

»

¢ o C » W w 018 p.o.i, (safe)
ot s Maxnnexlal = 18700 p.s.1,

The extra bars prpvided for the tension ull. acoount for this
slight increase in the value of the tensile etress in the

atesl than 18000 p.s..

End Reaotion (normal) .ahnax%%‘-ﬂxﬂ%-ﬂ-'

- 231.000n’
Taking § » 0,86 (on the safor side)

Stoar stress = o.sexagxu g = 07,8 'p.s.t.(safa)

Minioum nusber of bars required
for bond stress to be safe

l‘ég 130 p.'.l. " 120x .2 xgog‘ x4, = 8.63
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los bars provided aroc more than suffioient for dond,

For compression . o
0,8% of cross-sectional aren % x 30 x 118

= 20,3 dbars li 1ns, din,

MHrsct comprosaive stress : . 8
at the end of beam with. - 2 ' 10
out considerxing steel .

w 223 p,.s.i,
Henoe resultant stress will be within safe linits
even if only 33 bars 1,0, 11 each at top amd bottom
are ;;mvlcl.d at the end upto 28 ft, as seen by testing
the ssotion there, However, the ocurtsilumont will be done

at 32,5 tt, from tho:qnd as shown,

Two-1segged stirrups %ins. ¢, 3 ft, o/o will be
. provided all along the length of the bens, '

The beam must be provided for tho torsion of 14233
1ba, ft,/ft, coming at the edges from the slad, whioh has
a negative momoent of this value, It oan safoly be assumed

to be uniform throughout the length of the beam,

Assuming the ends to be restrained for torsion by
the beaus in the perpendioular direotion, the end torque

T o 3423 22308 « 33 1he,tn « 20,8 x 16° 100,10,
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Safe diagonal tension for 1:1,8:3 Reftntorced Conorete =98 p.s.i.

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

a t
T w 1,634 -—3;&~— (taking ) » 1,68)

A = area enol osed bi reinforooment
e 33x100 (say)

« 3300 sqg.ins,
1!
Using 3 dia, hoops,

Shear stress would be maxt mum at the ends due to torsion,

S = —-;-i‘?—;-(for,%a %%i;g.o.zss)

422 x 126,8 x e 24,4 1bs/in® (sate)

0,268 x 39" x 110

Spacing of % in, dia, hoops along length

, 3300 0,442 x 0
- 1422 x 126,58 x 6

= 3907 1”_0 .
‘The two-legged stirrups already provided will suffice,
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Lengsh of hoops = 3x(344110) = 288 ins,

Tot al volume of B |
hoops, - lagt'm x 388 x 0,442
= 8080 cu.ine,

To provide equal volums longi tudinslly,

required axen ». .
136,85 x 12

- 5;3 1nz

Ares providoed byvtouz* bars 1,3 tns, 1a, 10 7,08 inﬂ
Two bars on sach side of the beswm shall be provided in addi-

tion to the previous ones as shown in Pigure No,13,

At ends gther moments heing zero, only the snd torqe
shall be transferred from tho neighbouring 'pgrpnnaiouiar
bonus as the nt;u'uvi bonding moment wboéa magnitude is
w.axm” 1b§.1n, wiilo the ourtailed sooﬁm provided till
end of hoaw with 11 bars saoh at top and botiow is ahle to
take up'mch ;roa.tex; bending moment 1,8, 6,0 x 107 1bs,1in,

and so no further provision of reinforcement is necessary,
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enms OP o '

Sawe socotion will be provided, the onrtailment
being dons at 19,8 ft, Lfrom the ends instead of 22,8 ft,

Design of Tie Bars, ' .
Tensile force = 1,85x10% {39;115:}%3—?1x126.5
« sommsx 8 ]l /a2
= 3,95210° 1bs.
Minimum stoel area regquired = 3,98,0000 131 sq.ine,

18,000
Por considerations of eafety am'nq‘.im. may be provided,
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| 3
Py ® 0015 W,%g = 0,15 Bt?, K Kk,

0,00824

{1 ¢(o.oooa¢x';.o.;sa)3'}—3/3

By = 000824 o —az0,00024
140,000039 y*°}

{14(-0,0062¢y")2§ 3/2 {

ROTATION OF AXES -

P E (HIGHEST)

45

45

0 P
(INTERMEDIATE )

FIGURE .14
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7' =0, x' s 112 _/3

.o kl - 0,00624 } 8/2

{1 « (0,988 - 0,283)
- 0,00624 .
1+ 0.136%]3/3
0, 00626
]
1,56 x 1,33
= 0,00337

kg = ~0,00824

k, k, » -0,0000204

For the potnt (0,112) ' Some s for (113,0)

X' = y' | . - 79.2
2

kl s 0,00573 and kg = ~0,0048

»
e+ K B3 = -0,0000258
For the point (0,0

x! = Y' =0

¢ 0,00634 0,00624
k - ’ " —'-.-—T—-———"u B ' = 0,00%869
* 1 {140.0636} 1,0634x1,032 |
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ka = ~0,0002¢
p.. kllﬂ = -0.0009855

Eo ¢ _(56,86) samo as for (56,0)

y' » 0,x' » 56 /3 » 70,2

{14(0,494-0,2532)° } T,0868x1,08
‘ = 0,00373 »
k, » -0,00024 ; Kk, u-0,0000368

PRODUCT OF CURVATURES

LOWEST HIGHE ST
256.10" 204. 107
358.10"
- 7
355.10" 258 10
INTERMEDIATE OWEST
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Thus te minimum value of the produot of curvatu.
lies at the highest point emdangering ntarﬁng of buokling’
at that point (ooneidering only mumerical valuo)

Taking .E for the oconorete aw 2x10% PsSy1, and .
t » 4 1!13; |

Poy e 0,15 x 3 x 10% x 42 x 204x10"7
= 98 p.agt‘
At the middle |
of mneil, Por  « 08BE .13 ..,

Cs ‘s £

» = 0,05 E4% / B B

or ¢ 1 72
Henoe p,, for the bighest point = 33 .p,.s.f,
and for the middle of the shell = 57 p.e.f,

Erigc Relasner's Formulg

2,3
E ]
Por * = x T
. ' </ (1 -y a
, 2x3 !gox‘a hﬂ
» b

pPeSad
J/30-0,18F x maaant T

= 0,00166 ha pes,t, where *'h' {s {n inchoes,
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The formula has boen dmrived for the hyperbolio
paraboloid where ono of the gorners has boen raised by
height 'h' with respeot to the other thros which are at

the same level, the equation being

5 a-gt-xy u-nixy (1 a = b)

a

In the presont ocase the two opposite corners have
been raised by 20 feet and 56,3 ft, rospedtively with
rospsot to the other two which are at the same level, the
equation being g = -%- xy - (xey) tan} wheoere, h =78,3 faoot
obt ained by subattt:una the coordtnates of some fixed
point ohosen on the shell, |

Obviously, if only one point say E were Be.altaat
higher than the othor three -pointu at the same level, the
buckling strength would have beon lesser, since the effoot
of anticlastio ourvature goets inoreasod ags soon as wo raise
the other corners by some amount, Since 'h' ccocurs in the
numerator in all the formulag for buokling load, tils

inorcase in the value of 'h' is Justified.
Bor h = 78,3, pg, = (1322 )3x05.6 1470 par,
Anthony Ralstan's Pormula

Por b w 78,3 ft,, § « 18213 2385100
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Henoe, we oan direotly use tho formula

48 2.2
Por * . .!.;:L
/A3(1-5)
which would give values exaotly ns above,
q 002
, Xr
[NxY] or * 18.95% - -%—
For h = 78,8 1t,
6 6 ‘
31.2%3 37 .9x2,10 x4,08x10 f,3x13x14
or a 1.867x10%x112x12°%  p.s.f.

w 11660 p.s.f,
Dayaratnnm's Formain,

Por . * gs(ﬁ)"x(ﬁ)ax [Ta. Ly

2,2
- l-!';%" /—‘3(103‘;%3)

B « 2x10% poe.t, b 76,3 28,
a = 112x12 inches = 1344 1ns,

3
» _llv_g__ (neglooting stoel)

.3
- .ﬁﬂﬁlﬁ._ m“ w 4,95 x 106 1n‘
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. . .
D = *:—2-‘-:-&-;)- . Yw 0,18

1-» '

1o ¥ = 1-0,0338 = 0,078

6
* x1
o o P w <RI 15,018 « 678

PO!’

e 51100 p.s,.f,

The values seem to be of only theoretical importance
apparenny, though it is possible that tho assumed typs of
buckling may never take place for the present shell {.,e,
the shell along with the edge baams may not woach the
oritioal unstable state of energy, failure having ocounrred

ruoch earlier dueo to other reasons,

fuese results con he tabulated as below (Table No,3)
Horking 1024 = 70 p.s.f,



Table No,3
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No, Author

Formala

Buockling Remarks,

loods.

.1, HeSohmidt,

2. Qﬂﬁﬂkﬁo

3. Roissner

4, Ralston

8, A,Pfluger

68, Dayaratnam
and Gerstle

Por

3
0,08t
1 By

ag P

_/3(v) B

-——a&-‘-i;lla

a0 ®

(Por,0,01)

» 37, 921"“3'
a

98 pst.’.
33 pat.s

1470 pstf,

1470 ps?,

11660 psf,

51100 pst,

Pormul ao
are inde.
pondent

of ‘h' and
ia!

It ooneti ders
buokling of
edgo beam
only,
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SHAPTER ¢
MODEL _TEST

4.1. Chotce of Mode] Sonle,

the design dimenst ons of the aotual shell are
quite large {,0, 112 feot by 113 feet, oentu to centre
of sapports in plan with two opposite corners raised dy
30 foet and 58,3 ft, respeotively with respsot to the
other two, The shell thiokness is 4 inches, Any size
modsl could be tosted, the limitations heing the labora-
tory faoilities available and the total amount 4in hand,
A goometrically similar model wns preferred so as to
obtain a tyue pioture of the fatlure and material sslected
also being tho same as in prototype 1,e, roinforoed

conorete,

* If wo want to test an clastioity theory (14);
modol.materials, vhioh follow the assumptions of this
theory (liomogeneity, Isotropy, Validity of Hooke's Law)
shall be chosen, Por expertmwontal design it will sou'eti-u
be suffioient to know the nature of doformations, for such

purpose more materials wili be suitadble,

fwo groups may be distinguished for the models, One,
when we primarily copy the form of structure on a reduced
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soale and the other for mﬁn in addition a reproduotion
of the propertics of materinl of tho etructure ts oare-
tully achieved, In the seocond group, the properties of

the materials of tho atruoture should be reprofuced by
those of the model material and this reproduotion should
qilo hold true under inercasing load fnto oollapne-

condi tion, As a mlo this agyxeement in dehaviour botween
the modsl end the future struoture s judged by comparing
the stress-strain diagrams of the modsl mat erials to

the materials to be used, This transition is spocially

of value for shells of reinforoed oconorste, Not only a
check on the stress-distribtution will be the goal, the
concarrent phenomenas like oraok-formation, defleation,
yislding of the reinforoement are equally important. For a
good agrooment botween model and real stmoture the stages
in loading in whioh these phenomenae ocour should osoinoide
with reality,

For such p thorough and rialisbio tnvesti gation the
di fferent particles of the conorete should be reduoed in
size according to the soale involved, If applied to the
&urogatos (gravol, sand and ocement) 4t will lead to &
sl oro~conorete, However, a substituts Lor a smaller gratned
osnent oan hardly be found, Xt will thas be phntbu to
rodace to a sonle of about 1310, A limit is also set by the
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minimum thickness of the shell membrane of the model,
which should not be muoh lssser than about 10 mm, on
acocount of reasons of manufaoturing, Often models of

reinforoed mortar are taken to be suffioiet,”

A sonle~faotor of 9,38 was used, which was olose
to the above rocommendsd value thus requiring a sige
of 13 £t, by 12 £4, osntre to centrs in plan, Mis
‘dimenst on wag adopted becauss the suppoating beams of
the test«fromes were already fixed at 12 fest omtres,
The reinforoesent was taken in the nosrest size avail-.
abis equal to the dismeter geometrionlly mﬁnmﬁ end
spaoing was siightly modified accordingly, The size of
the coarse aggregate was also rofuced in the same
proportion and the finost available sand was used as
the fine aggregaio, Tue approximato strangih was checked
upto be the same as prbvidad in the design of the
prototype by means of seven days compression tests, On
this basie the mix proportion had to be token as 13132
instend of 1:1,5:0 av in the original dosign after several
trials, sinos the strength of concrete and the sigos of
nggrogate were considersd more important to be tallying
than the proportion of mix,

Thers was not much chotoe for the strangth of steel,
since the only available quality in the vicinity of the
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- -

required size (t,e, 3 m,u.) had to be used, However,
the average sirength was not muoh differaont, though
the l.ndtvidﬁal test-spooimen showed variations tn the
sirsso-~strain curve and ultimato load in tenston upte

tho extent of + 50%,

For greater acouraocy and detter interpretation
all thess factors are very important, the variations
- moy oaus® locslised effeots, However, due to shortage
of time i't was not possible to wait much longer and
for all the practiosl purposes of the thesis the cond-
. 1tions aroe taken to be representing the true prototype

ones,

T™e reinforooment in the proto-type as woll as the
model was placed along the ruling lines instead of the
diogonal direcvtions of the direot stresses for the
reasons of convenienoo and better acouracy in placoment,

quick work and overal economy,

443 Modsl Design

Prototype dimensions oentro to centre in
plan

= 118 £¢t x 113 ft,
Model dimensions » 13 £t, x 12 £t,

... Sople faotor « 9,33



Table No,4,

RDINATES OF TH% TOP SURFACE POINTS
éb?1iE‘%%iEE1§§5§E“g“§““"é‘"“"“‘"'”

0

- .

‘; Y o 0.857 1,95 2,87 3,43 4,28 8.14 6,0
0 B.14 4,08 4,83 4,68 4,53 4,38 4,383 4,07
0.857 4,08 4,88 4,77 4,68 4,854 4,43 4,33 4,23
1,718 4,83 4,77 4,60 4,08 4,55 4,48 ° 4,4 4,34

23,87 4,88 4,60 4,08 4,58 4,868 4,53 4,51 4,48
3.43 4,83 4,84 488 4,58 4,88 4,50 4,61 4,63
4,38 4,38 4,43 448 4,33 4,50 4,060 4,72 4,78

5.4 4,33 4,33 4,41 €,51 4,61 4,73 4,82 4,93

6,00 4,07 4,33 4,34 4,48 4,63 4,78 4,93 5,07
8,85 3,02 4,01 4,27 4,48 4,78 4,84 5,02 5,32
T.13 3,77 4,00 4,81  4.44 4,67 4,90 5,13 8,37
8.87 3,61 3,80 4M 4,83 4,80 4,96 35,24 5,51
0.43 3,46 3,78 4,07 4,39 4,70 5,02 8,3 5,60

10,28 3,31 3,67 4,00 4,37 4,13 6,08 5,44 5,80
11,14 3,16 8,55 3,04 4,36 4,70 5.14 5.54 5,04
12,00 3,00 8,46 3,87 4,831 4,70 5,30 §,64 6,08

T P S .

A

Table continued on auxt'pnge.,
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4 ed
i 6.85  T.73 6.87 0.43 10,38 11,4 12
0 3,93 3.7 3,61 3,48 3,31 3,16 3,00
0,85Y 4,11 4,00 9,89 8,78 8,67 3,65 3,44
1,718 4,27 4,21 4,24 4,07 4,00 3,08 3,87
3,57 4,46 4,44 4,43 4,30 4,537 4,34 4.3
3,49 6,65 4,67 4,80 4,70 4,73 4,74 4,7
4,38 4,86 4,90 €90 5,00 5,08 8,14 5,20
5,34 5,08 5,3 5,36 5,84 5,44 5,56 5,64
8,00 5,28 8,87 5,51 5,65 5,80 5,04 6,08
6,85 5,39 6,59 5,78 5,97 6,15 6,34 6,83
7,13 859 5,82 6,08 6,88 6,51 6,74 6,07
8,57 5,98 6,05 6,33 6,60 6,86 T, 7,4
9.42 8.7 6,38 6,60 6,03 7,23 71,54 7,80
10,28 6,05 6,51 6,86 7,33 1,58 7,96 8,30
11,14 6.3 6,74 7,04 7.84 7,96 6,34 8,74
12,00 6,82 6,07 T.41 7,86 8,30 8,74

0.9

Table conoluded,
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‘lﬁ\tokuom of wain - v \
shell body * 3,38 = 15 (say)
The coordinates ars given in the accompanying
table No,4 , whers the relative heights arc to be
- const dered , since aotunl heights depend upon: colusmns,

Matn reinforoement = 2‘-%;3 sq.ins, per 9,33 £t,

» —g:-g-g— sq.ins, per ft,

Spacing of 2 m,m, dia (r%:rtnu) wires

. sl 2 x Radd.
- 4x13,7 0,47

«l %moh o/o (say)

Henos (144/ 14) 1,0, 126 wires will be placed in
each dircotion along the ruling lines at the mid-depth
of tln shell,

Tutokaning of the shell will be deme in 755 1.0
1.5 ft, near the edges all avound, whioh nnuulld be 5%33
inoh, To accommodate two layers of the mesh conventently
3/4 inch, thicknoss will be provided at the edges in 1,8 ft,
width aniformly, Extra mesh of 2 m.m, Wires at 1% in,0/0
will be p?ovtaod at tdp all along 1n this thickened

portion,



Edge Beams
Seotion will be =i tns x M ing 1,0, ¢} 1nsx12} tns,

»

Bosms B ot EPY
Logtn » 42032 o 13,50 4, /b,
Qrerall w13 fe, 6 tne, o 44 tns,

Stoeol area 23x1,71 |
gt top or ® T 9.33x0.3 » 0,447 sq.ins,
ottom

Since bond is no problem , we oan use thicker

bars, say ¢ inoh, dta,

'+ Namber of } fmoh, dta, bars = S48l

- 10

10 bars each at top and bottom will be provided
in two layers, 8 in each with clear top cover and oloar
dtgtanoe between two layers as 4 inch, Purther 2 bars
on each side of the hoeam will be provided equidistant

from the centre to take up the torstion,

Inner laysrs will be curtailed at 3% ft, from
ends at top and bottom both.(& tnon d1a.)-Dounl e-1ogged
stirraps will be provided at 8 ins, o/o throughout,
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Bogms OP gnd OP!

These will have same provisions as above exoept
that their finner layers will be ocurtailed at 3 £t, from

ends,

Length = % = 12,24 £, o/o

Overall length = 12 £t a% tns, & & tne, = 13 2t, 7 tns,

Ties
'i‘ota area » ‘:%3 w 2,3 sq.ins,
. .

4 bars 1 tnoh, 4ia, will be provided and jointing
at thoe corner shall be done for proper anchorage by means
of % inoch, dia, stirrups as shown in the accompanying
f"&mro‘ (No.16), the ties being taken inside the beams
end esbeded in proper length, ‘

TIE BARS

TIE BARS
2NOS

TIE BARS”
2 NOS.

| 1
Lsrmnups :

&

2 LEGGED ‘L,NOS.‘/I, DIA.
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ves gu of Columng,
Approximat e 1oad ® 70 1ba/eq.Lt, on slsd

» 12x)18x1,0683%70 « 10700 1bs,

Approximat s weight of beams

w 2x(13.56412,24)x4,25x12,8
= 3740 1bs,

Total load = 13440 1bs,

Weight on ons oolumn

= 6730 1bs,

Mlmlﬁg for unknown ultiuat§ l&ad of the shell
(since 1load~faotor may be oven 7 or 8 and the nomal factor
of safety of 3 may not suffice), the fatlurs of supports
is in the least desirable,

Let the 'eo!u'vma be designed for a load of Q_'!g&ﬂ
1,0, 17920 1bs, Por 116 cement and sand mortar in briok

. masonry,

Minimam i %0 reguired » Lg%?. = 60 8q,.ine,

Further Ppreviding for unequal distribution of the load as
a whole on the columns or eccentrioity due to tnaoocuraoy

of construotion as well as the self.lond of columns and
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_destals the ocolumsn siges Lu the model have boe'n
provided as 13% ine x 18 ins, the former dimension
being limited by the width of supporting bottou-baa”
of the loading frowe in the test hall, This would also
omit the danger of buokling of colamns tnuul.vu,‘

one of them being 8 £t, high,

R,C,C, Pedestals,

Por unifors lond distridutien over the columns,
pedastals of reinforoed conorote monolithioc with the
shell were ocast below the four corners joining the

two beoams,

The design was done as for the stmple foundatiore

and neod not be gtim here,
Leading

Because of large slopes of the surface, a uniform
loading by means of brioks or blooks was not possidble,
For buokling tests, pneumatio pressure londing is the
best but tiis ocould not be arranged, Hence uniforaly
distribut od load was approximated( Load over the shell
surfacs)by applying uniform lond at 16 uniformly spaced
points of the shell surface, Load applied by megns of
one jnok was. transferred to the 168 points uniformly

through a system of beams htnply supported at ende,
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The bot tom-mo3t hoams rosted over briok columns

9 ins x 0 ins, in seotion,

. Tho loading system {(boams and brick columns) were
Gosigned to take up a total load of 30 tons, though the
desi gn-1oad 18 about 4.? tons only, The size of briok
column.bases was determined by shoor and punching

load oapacity of the thin ourved shell.surface,

4.3 Buokling Londs in the Model,

Sinco geometrically similar model has been adopted,
the uniformly distributed load intensity per untt @rca
of the shell surface yemains the same in the model and
prototype, The total buckling load on the shell oan now
be oaloalnted casily, {Table No,B)

 Ares o 1,00x(11,646)% w 143,7 sq.ft.
T™e intensities of the londs have been csloulated in

Chapter 3, artiole‘s.ﬁ according to various theories,

Iable No,B
No, Author Load intensity ﬁﬁbklinglload in
in p.s,f, tons (Total over .-
1.0,5cheidt, 98 6,38
2, Caonka 33 2,12
3. Reissher 1470 94,30
4, Raleton 1470 04,30
8., A,Pfluger 11680 748,00
6, Dayaratnam ‘51100 3380,00

and Gerstle




4,4 Construotion Detaile,

"The hpnrtant points of oonstruotion inoluding
the difficulties experienced and snggostions for future

work are given belowt.

) Although the shuttering ooneists of straight
planks, smoothening of joints betwaen planke was

neoessary because the thickness of the shell was only

{-3 in, Moreover tho timsber available was not fully seasoned
md got warped by the time oasting was done, The effeot

of such variagtions is far from negligible due to the
change in geometry specially bedauses the thickness is so
small, The straightness of the ruling lines 1s all the more
important as the reinforoement wires are very thin, Mue to
warping the original beaw width of 43 ins, was reduced to
al ins, at places and boams beoamo mwed in plan, Henoe,
plywmood or some suitable havrd-board msust bhe .uud tnetoad
of ordinary ohir wood, Fully seasoned deodar or tesk wood

moy also be used,

2, Battons are very necossary along the ourved
surface at olose intervals below t&io shuttering planks

and should b-n supported by props at close itntervals other-
wise the shuttering beoomes very flexible and tries to take
its own deformed shape under self.load aﬁd psrsons working

above £t, It was found that shuttering of edge bﬁsu at
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P

the oorner 1.,s. the highest point shifted inwards

towards the centre of the shell, As a result the load,
on ooluun.wouXG heve beoconme eccentrio, Therefore, the
oolumn was widened on the inner side so as to make the

beam loads central on it,

EXTENSION OF COLUMN

"
ORIGINAL POSITION
OF THE BEAM]

' {- ‘‘‘‘‘ I ORIGINAL
f.i._._.__-..___ / COLUMN
SHIFTED
POSITION ‘

{_ ¢~ E XTENDED
-=l=1--- COLUMN
Lf— BEAM IN PLAN

FIGURE_17



Pigure No,18. Bottom View of Shuttering,

3 The surface of the sholl shuttering was prep~
ared in the following manner, After the planks were 21 xed,
planing wns done to give 4 unifors surface and tho holes
and orevzoes were packed with timber plecea, Putin was
applied to fﬁli in the gaps oompletely which was prepared
by mixing ohalk powder in sares, A conet and sand 118
mortar layer was applicd for further unifornity over

whioh tar paper picces wore stuck by glus to cheok water

fhe 63637
QMIRAL 1IPPARY IHIVERSITY OF ROOREL
ROORKEE,
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of oonoreto rinsing through timber,

| deo The thin wires took considerable time {n
‘siraightening them, as a kink of 1/8 inoh would cause
30% alteration in the effective depth of the shell,
whioh éoum very easily ocour in the lengths of 12 to
14 feet,

8. In attempting to reduoe the beam reinforoe-
mont stge in the ratic of the soale faotor, the small
sige oreated lot of diffioculty, sinoce )% ins, to 2 ins,
diamoter Bars are used in prototype but {n model aven
1/4 inoh diameter bars become inoonvenient in 12 ft, to
18 ft, long beams, Henoe, thicker bars should have been
used keaping the total area as caloulated by dimensional

analysis,

| 6, At corners after the plaoing of tiss it was

a1 iti oult to accommodats the honvy beam reinforcement
nlbng with them at proper spacing with proper cover due to
overall width being only about 4 ins, Henoo, what oan be
done 18 to preparo shuttering without the sides of the
beass ; place the reinforocement and thenfix the sides

of beam shuttering,



Te The 2 m.m, din, wire mesh had to be soldered

"at olose intervals since binding wire would tnorease

the thicknosa, Sand-papering and application of hydro-
chlorio acid on the wires had to be done so that solders
became offective, Further tying was also A1fficult sinoe
theo wires used to slip on the sloping surface and

s0ldering all around the cdges held them better,

Very small oconorete blooks of required siges
at dtfferent points depending upon the cover desired were
stuck to the tar paper surface by glue so as to oheok

thoir aliding over the curved surface,



Pigure No,20 -_View of Reinforoement

8, Bending of 1 in, dia tie rods so as to socommodate

the bends and hooks within the spal)l beam width was also &
difficult task, Thinner ties also are not advisable, stnce
the number would become too large to be accommodated wilhin
the benm-depth, The ties must be bent and placed in position
prior to the ti:dng of beams sido-shuttering, v‘l'he pleroing
t.hrough the slab has to be done ocarefully,

Froper length of e-béd-ent of ties was provided
in beams (two on either eide) which were tied by stirrups
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chowun

as already /m Figure No,16,
L

Wolding tho etraight ties at ends mth"&bo bents
prepanred edrlier would be more convenient and ther plapoing
can be dono 6auuyntter theo shuttering hae dboan prope
ared complotely (Figure No,21), '

BETTER ARRANGEMENTS FOR TIES
|

A
TIES
WELDING

/

L BENT OF SAME DIA.

FIGLRE .21

9. Monolithic R,C, pedastale were provided over the
brt ok columns below all the four shell.corners for uniform
dis t¥ibution of the lond‘. The pedestals and the golumns
mst be over safe so as to guard against tho high unknown
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- range of load-factor, unegial lnad'..dutﬂbuﬁon on
the columns and the sccentriocitics introduced at
various stages, so thpt the test on t!..w shell wmay
be carried to its ultimate without any premature

failure tn the auxiliary members such as the sapports,

The columns and basos in the pﬂmmt expori ment
were dosigned on the basis of a losd.factor equal to 8,
Though the lond-factor actually found was 4 only, yet
one of the pedastals at the topmost column hnd started

11fting up towards the end of experimemt,

Figare No.ﬂﬁ - Shel) ready for oconoreting

10, Due to very small thioknesses of slad (& inch)
and the reinforoing wire ( 2 m.m,) the sise of coarse
aggregate had to be restricted to 2 m,m,, also as required
according to model soals, Considerable time was conmumed

in proouring this sand by sieving from various ballast
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- stooks, Approximate strength was judged by oasting

and testing 4 inohes cubes for seven days strength,

A reasonable mix was achieved oniy aftor three trials
hoence this must be done imarﬁably in all oases of very
thin aggregates, since thers is a large variation in.
thelr strengths with reduotion of sige,

11, Due to high aocourascy required for samall sheill
thickness,movenents over the shuttering as woll as the
slab efter casting have to be avoided, Morsover 1t is
very diffiocult even to stand on the surface dque to
large slops, Therefors, n frane work of pipes was used,
which were olamped and tied with ropu' to each other gnd
outside girders, The workers oould move over the planks

placod ‘lultably over them with the help of ropes,

After removal of shuttering persons noed moving
about the shell for pasting etrain gaunges, placing thae
loading arrangesent and casting loanding columns and taking
‘obsorvations, which onuse live loads and sot up vibrations
in the shell, Therofore an elaborate stepping system mst
be made independent of the shell so that the obssrvations
are not disturbed, The steps muat be guite olose to the
surfade so that they may be utilised safely and olimdbing

over shell surface is not required,
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i3, In absence of the arrangemsnt of applying

unt foraly distributed lond pneumaticslly the load was
applied at 16 points uniformly plaéod'ovcr the shell
surface, Small bases of D in, x 9 {n, ssotion with thetr
top horisontal were oast amultannuquly with the shell
end small steecl bar pioces o:t-} in, dia, were tnwerted
tnmdgh thes tn the sholl to aot as donl'a’ aml check
shearing off , Later brickloolumu of 0 1nx0 in, sizse
wores constraoted over them, such that their tupﬁ were

ail at the same lovel,

Girders were placed simply supported, each
transferring the load applied at fts wid point to tlu

lower two boam at 1ts ends placed below it,

Small flats wi th 8/8 inch diameter bars welded
over thes were used to avolid moments and sllow rotatfons

at all such supoports to the loading beams thus aoting
as rollers:

The beans must be designed for a total lond
- larger than that whioch is aotual expocted to come over
them, Careful consideration should be given to the

lateral stabdllity of the besms, hence that of the whole

loading arrangement, otherwise the whole skasleton of tiers
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THE SIXTEEN POQINTS LOADIN MENT
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ﬂ% ==& :qgﬂ uk- ::f#::q%u
FIGURE_23

of beaws may collapse suddonly and ncoidents say ocour,
St1ffeners are essentielly required on beanm web at pointe of

concentrated lpad& and reaotions,

Hosever the method of replaoting uniformly distri-
butcd load by many conocentrated loads is not aocourate '
enough, In thin shells like the one tested localised

offoots bdecome large, The effeots are even more adverse
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in the study of buckling bohaviour where the stifiuness
properti 08 nay also get modified oonsiderably boonuse
of loading columns, For the purposo of presont thesis
the load aimlted has boen taken as uniformly distributed
a the stiffnoss propertioe assumoed unchanged,

Figare No,24 sonent of Londing_test

13. The spaoe betwoon the shell-surfaoce and the
bottom of the loading-frame girder must be checked in
the beginning to noocommodnte all the loading benms,
Jook and@ proving ring or a load ocll of the reqnired
oagpacity, “ue ooll or tho ring st be ooliberated and
oheoked in advonce to ovoid dolay ot the eleventh hour

pfter the hoavy loading pyaton bhns bheon placod on the
ahell,



Figure No.38, Test in Progress,

14, Strain-gauges(manufactured t{n RAoorkee *Rohit
Opuges” ) wers used for the strain.measurements, Wooden
bloocks of slightly larger size wers left in the cover
for the reinforcement bars, where strain was to de
reasured while ocasting, whioh were takon out later,
Copper foils were used over the oonorote surface for

better results and protection from woistures,
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In oawe curing is to bo oontinued even after
pasting the strain-gauges due to shortage of time, some
water~proof compound must be applied over them, A wator-
repellent qonﬁound (No,8514) 18 avatlable with "Roht t" of
Roorkee, whioch however could not bo tried in the present

experiment,

18, Tost~spocimens of concrote mixes used e,g,
oylinders, beams, cubes, tension-spooimen eto, must be
ocured under the same oconditions as the sholl model at

the same place,

16, Safety arrangement must he'uado below the shell
for the_puople to take tho d1al gauge and deformeter
roadings thore, Planks oan be plaoed over dry briok
columns raised upto elightly below the hottom of the
sholl as a simple device, This would allow the people
to reocord observations without any fear and danger of

a sudden collapse,

17,  Dial gauges wore fixed at various points with
their iagnetio‘buues attached to stoel plates plaoced over
0 ins, square columns of conorete cudbes in 1:6 wmortar,
Drioks may also be used, It is better to oconstyruct them
early so as to have an idea of tho apagce avalladble for
movoment and arranging safety precautions against any

possidbility of a sudden ocollapse,
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LOCATIONS OF LOADING COUULMNS AND MEASURING GAUGES
P, - — - - o 1E LOADING CDULMNS
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18, The di’al-zm(es. strain.gnuges and deformeter
roadings were startod only after the loading varrnngnlvant, :
Bad been placed on the shell, Thus in addition to the dead
load obout 2 tons more had already been borne by the

shell, whon tho strains or defleotions were started to be
taken,. This load was added to the lond applied by jack

to get tho total load, To got the strains and the deflections
therefore the instruments must be fixed up beforo the removal
of shuttering and even doad weight observations recorded

for a true pioture of the shell-setion,
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Stross-Straln Curves,
The oylinder-speoimens of the conorete used
in pedastals and main dody of the shell were teosted on
the oame day as tho testing of shell on 200 ton compression

anohtnb and the stress.siratn curves are gtven in Figare
NO.Q’;

The stress.strain curves of the 2 m,m, dinmeter
wires andf% 1nou; die bars were nlso obtainoed and are

given in Figure No,28B,
Gube Strength,
The rosults of the cudbe tests are tahulated ns

bolow (Table No,6):

‘Cube st g0 3 6 inches x 6 {nohes x 6 inches

Tahlo No,6
Tonorete used  No, Load ot AVorage Crashing
B Laldure . . Load Strengtha. .. .
1 74,2 tons 1.8 T/ina
Pedastals 2 63,60 tons 64,77
, , tons, or
3 56,50 tons 4000 p.s.i.

1 61,50 tons
Main 3hell 2, 854,30 tons 88,48
' 3, B0.58 tons ION%e

1.622 Tylnz
or

8640 p.8 40
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] Test

Woight of loading columns and boams = 2,02 tons
| = 3 tons(say)

. Arrangements to moasure the defleotions and
~strains wore made at the points as shown in 'Pigure 28,
Strain observations were taken by cleotrical resistenoe
strain-gauges as wo'll as Roggen-burger extensometer but
the order of the deformster readings varied by large
amount s and being unreliable they were completoly

noglected, N

The dofleotione and strains at various points
with tho inoroments of total load on the shell have been
tabulated as bolow:-

Table No,7 - Vertical defleotions of bopms and slad
with respoot to the total load at
various points,

Table No.,$ ~ Lateral defleotions in beans,

Table No,9 -~ The average dofleotions gnd rotations in
beams bave been enleulated,

Table No,10 - Strains in conorete,

Table No,11 - Strains in stoel,

Tho load dofleoiion curves have beson plotted in
Figure No,29,"

Sxagks and Foilure

Craoks wisible to tho naked sye began to appear
at a 1oad of 4 tona, The bottom surface of thoe shell was
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TADLE No,11- STRAINS IN STEEL  (tensile strainseve )
(conp ressive s-Ve )

strain
=
0
d 18T I5B 16T  16B 11T 1TB 18T 168 197

,0 0,0000 00,00000 0,00000 0,0000 ©,0000 0,00000 0,00000 0,00000 ,0000
.8 0,0001 0,00000 .0,00986 .0,0059 0,0000 0,00000 0,00000 0,00000 ,0040
«0 0,0008 0,00000 -0,00828 ~0,0088 .0,0010 0,00000 0,00003 ©,00000 ,0074
+0 0,0013 0,00000 -0,003685 ~0,0080 .0,0018 0,00010 0,00004 -0,0000% ,0004
,0 0,0016 0,00000 ~0,00350 -~0,0048 ..0,0030 0,00080 0,00144 -0,00001 ,0004
+0 0,0030 -0,00004 -0,00347 ~0,0018 ~0,0002 0,00084 0,00430 ..0,6000% 0,018
+0 0,0030 -0,00004 .0,00811 .0,0018 ~0,0002 0,00030 0,00204 -0,00001 0,000
.0 0,0030 ~0,00008 ©,00000 -0,0010 0,0008 0,0003Y 0,00204 .0,00001 O, 008
.0 0,0083 -0,000k3 0,00030 ~0,0008 0,0018 0,00038 0,00206 0,00000 0,004
o0 0,0087 .0,00038 0,00036 -0,0004 ©0,0068 0,60035 0,00004 0,00003 -
O - -0,0000T - - ~  0,00035 - 0.00008 -
b - -0,00047 - - -~ 0,000 - 0,00018 .
& ~  Collapss load, |

Tables continuesd on
next page,



Table 11~ continued,

102 v
A

Polck

no .

ad

 thns

108 20¢ 308 21T  2a? 298

26T

248

o0
)8
L‘o
1))
o0
be O
P+
.0
140
M
00
b
’..‘

M P

0,00000 0,0000 0,00000 0,00000 0,00000 0,00000
0,00000 0,0003 0,00000 0,00008 0,00004 0,00001
-0,00001 0,0012 0,00000 0,00004 0,00008 0,00003
-0,00002 0,007 0,00080 0,00008 0,00000 0,00008
~0,00002 0,0027 0,00000 00,0013 0,00012 0,00008
-0,00002 0,0037 0,00800 0,00038 O,00018 0,00000
-0,00003 06,0030 0,00380 0;00010 0,00021 0,00013
~0,000038 0,0039 0,00180 0,00030 0,00028 0,00019
-0,00004 0,0033 0,00106 0,00041 0,00038 0,00030
.0,00008 0,0022 - 0,00081 0,00030 0,00027
-0,00008 - - 0,00060 0,00033
~0.00008 - - - - -

- ey - ] - -~

0,00000
0,00008
©,00008
0,00010
0,00014
0,00018
0,00022
0,00030
0.,00041
0, 000851
0,00063

0,00000
0,00000
0,00000
0,00008
0,00004
0,00006
0,00007
0,00012
0,00021
0,00030
0,00088

R

———
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CRACK PATTERN OF THE BQTTOM SURFACE ( IN PLAN)
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CRACK_PAT TERN OF THE TOP, SURFACE {IN PLAN)
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dividod into sixteen parts i\or conveni ence 6! taking
photo;raphs, singe the npaoa below was too auaxfl.' Dcu'

to ourvature the sonlo is not thy Bale: however, as some
overlapping on all sides is available, a Judgessent oan
be made of the travel of the oracks, (Figure No,30),
Photographs of the oracks at the to;fhan becn taken

in four parts (Figure No,31), A ;enw;l 1daa of orack
patterns can be had from the Pigure Nos, 32 and 33, whioh

have been sketohed by judgoment,

In general, the oracks at the bottom were conoent.
rated and emanated from the loading column-~lines in both
direotions while at the top, the oraoks appeared in the
spaoes betwaen columns, Thus, there was looal sagging
under loading columns and the ‘lpaOQ between them wns
hogging up. Towards failure the houndaries of the columns
- became distinot at the dbottom 1,e, they wers punching
through the shell and defleotions at the looatloné were
comparatively larger, Howsvor, the .dial' -BaUges were
slightly away from the boundaries and so the results
are expectod to have boen less affeoted by these local
aotions, The oracks at these places became wider and
wider, more 'no towards the ocentral region of the shell,
t111 failure goourred, when no further load could de

borne by the shell, The fai lure ocourred at s load of



10,4 tons §,08, at 4,3 times t\n dosign load,

The shell unainad in tact aftey failure, thon;h
some 1ifting of the podastal at tDe highest point was

observed over the brick column,

4,8, Dipoussion of Results, o

Buokling- . '

| The load-defleotion carves are praotioally ltinear
right-upto the failure and the defleotions did not go
beyond one inoh in any case in the sholl-model of conei.
derably large dimensions, Except for the punching effects
townrds the ultimate load, even large localised deflasctions
wire not noticed anywhere, henco {t could safely be said
that the shell‘dld not show any buokling bshaviour, The
failure of the sholl was by yislding and panching combined,

Comparing the ultimate load with the buckling londs

¢

predicted by verious investigators , 1t oan be secn that -

the buckling loads given by Sohmidt's and Csonka's analygu' '
aonier-estimated the strength, This result has, however, to

be viewed in the 1ight of the modifioation of shell stiff.
ness properties bocause of the attachment of,louding'oomufi'u

with the shell ssrfach.



Mgde of Failure,

The Lailure was purely local on account of the cono-
entratod load effeots 'mau.oed by tye 1oa.dtng columns, ‘éhr
load distribution oculd not bo feasible in a small thiock-
noss of %-5 inoh, and columns under lom} tonded to punch
through the shell thickness, I¢ uom.n.‘bn axpeated, therefore,
that 4£ the load could be applied actually uniforaly distr- |
ibuted, the load-factor would have been muoh higher than
that obtained as 4.3,

v 4 £ The Strain rvati

The strain observations at the points 1,2,3,0 and 11
on the sholl will be oompared with the theoretical values
a8 given by the membrano analysis and Vreedonburgh's edge

moments for the working 'load.

Sollations of Straine,

Rotating x and y axes by 456 antiolockwise to obiain

x' and y' , we have as before (A-rticles 3,3 and 3,8)

" . =Etd g XA

A -2

Equation to the shell bocomes,

£' = 0,00012 (x*2 ~ y'3) - o.282x"



, . ] ' .
Qi . o0.00636x" - o.at\a and ﬁ = 0,00024
X .

8x = - 0,00824y' and LR « -0,00634

ay*?
Ly
kl ™ dx'a .

M [

{1 0(‘%‘;‘.7)31 - ;

a_,
.A..l.ﬁ

and kﬁ .[1,.,(%;‘;')8l ;
- 0.,16_/%

where k, and k, are prinoipal ourvaturaes at the edge

point
P ’ 70 p.&y‘.
t » - 0.5 ‘tg

[ ]
. s 0,76 _/8° = 0,537

Values of moments will be taken from the Vroodenburgh ‘s

ourve (10)

In the thickened seotion (vide Article 3,2); Moment of

Inertia of equivalent oonoreta.section ,I « 383,4 un"

Area of equivalent. concrete seotion A o 84,4 mz

Distanoe of top f£ibre from the nesutral axis, h =« 3,82 ins,
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For direot stresdes,

|

p = 0,00834 y -~ 0,17686

q = 0,00824 x - 0,1786

3
Nx t«npaxz.‘tp
b4
Ny ..-poxaxq .

Sy = Ny, /i "anas . /e
1+p l«oq

The strains will be --r‘ or + as the auo be,

(I) Point No,1 (14,14)

Corresponding edge point = (14,0)

o‘c x'ew :%' 9,0 and y'w - 0,9
Lz, .o,0016 - 0,288 0,180

$ )
—“-g-;. - - 0,0016

.u. kl - -Mggﬁ-—m s 0,00804

[140,03028]



0,0083¢ -
X, = - W \ . -.ooaaa'

N o e 0,707 . 8,70 £¢,
(0.38140,387)x10™

o
. 2 a
o o BM, = » 0,1 p°7\ s 7T x8,70%12
= 2030 lbs,.in/ft,
M h 2820 x 2,82
Top strain (compressive) = -5 =
X 263, 4x2,14x10°

- 14.08x10°°

For the dreot af.rau,

q e 0,00824x - 0,1186 « ~-0,00124
Ny & -py X £ x (0.00624x ~ 0,1788)u 44,2 1bs/ft,
°.9 N 3 '
o S,= N, Lﬂa = 44,2 1bs /L8,
iep o
8
... strﬁin - ﬁ"' = ‘g‘L

8¢.4 x 10%x3,14
. 2,45 x 10T (tensile)



Resultant strain at top ttbi‘t

» (140,8 -3,45) x 10~7
AN
= 0,0000144 (compressive),

(1) potnt No,3 (3828) |

Corresponding edge potnt = (56,0) .

o« +» X! = 30,6 M y' = 30,6

%;' = 0,008
%g-'f . 0,347

ky = 0,00024

)\ - M——-—u
 4/(0.3040,328)x10~4

- 8,84 22,

4
“‘;"ler = 3,08

O.Q 30“0 = 0 0.1 po 7\2‘ " fﬂ.s‘axlﬂ

= 3860 1b,in/ft,

Top etrain({compressive) - ~H000.X 2,89

283.4 x 3,14x10°

» 14,78x10"8

g
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For direct strese,

] L 3 1-000912" . » G - Q’.l?O’.

~

N = -837 1b/ft,

y 8, = -860 1b,/ft,

y
s ..

,., Stratn » '~zz§~ .

SN T —
84,4 x 3,14 x 10

» 6,17 x 1078 {oompressive)

.‘¢ Resultant strain at top fidre

» (16,78 + 6,77) x 1070
» 0,0000106 (compressive)

(111) pornt No,3,(98,14)

Corresponding edge point = (98,0)

x « <28 « 60,3 and y' » -69.3
-/5 '
ax?



X . 8,04 x 10~

X, -8z

A = 0,70 x 0,70V e 8,14 £8,

4/0,351 ¢ 0,238 x 107 .

. -‘%-x "37 » 3,91

» &

BM, = +0,1p,% = 7x6,14% x 13

« 3170 lbs,in/ft,

Total strain (coupressive) = —31!2-5-3521--—-5

253,44 x 3,14 x 10

. 16,8 x 10~°

For 4f reot stress,

P . -0,00134 and q « 0,4304

N, = -30,6 1b/ft, and 9, = -33.3 b /2%,

SR ; 7% H——

. ' s ‘
» Strain » -
* =t 84.4 x 3,24 x 10%

. 1,337 x 1077

{ compressive)

]
. + Resultant strain at top fibre

» (18,5 »+ 0.13237) x io'° - .0_0N00148

118
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(IV) Reint No,o (112, 18) “ ,"‘

[

The poiut is on the edge 1teelf, , .

L ]
-

V UAlelt gy o MouB
x‘ﬂ 80 3 ¥ _/5

—~41 - 0,303
-ﬁg—}- . 0,633
k, = 0,004

X, = ~0.00484

0a78 x 0,707 = 8,38 £¢t,
N ow — _
s /0.20840,234x107}

SoBa, = 0.8 p % = -38x6,28%13
o ~16600 1b,in/tt,

253.4 x 2,14x10

- 8.4 x 10~° (tenstle)

For aireot stress,

p s -0,00123 , q = 0,5304

N_ = 338 1b/ft, and 8, = 316,2 Ib/ft,

~



. |
Strain e ;—5—3- - 1,788 x 10" (tensile)
x o 9

-8 6

.'. Resultant strain =« 88,4 x 10™" & 1,?58 x 10

» 0,000088 (tensile)

(V)_Roint No,1] (%6,0)

The point is on the eidge ftself

X' m=Ste 80,6 and y' = ~30.8

.ja
-%;-} . -0,008

1
e 0,241
k, » 0,00024

- 2l 101

¢ /0,3940,38Tx1072

» 5.“ ‘t.
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B, = -35x5,806°x13 - o 14280 1b,in/28,

Stratn on the top fibre = LE280.X 2,83 6
aBJ.4x 2,14 x 10

e T4,4 x 107 (tenstle)

For €ireot strees,

Stnoe Ny = 0, 5,, » 0 and therefore strain is sero,

»

e « Resultant strain = 0,000074 (tensile)

The results oan be tabulated as below:

Table No.23

Point
Ros, 1 2 3 9 11
Sixains , - -

Calculated -0,000014¢4 ~0,0000106 -0,0000168 o0,000088 40, 00007

R N R

Obs erved ~0,0000148 -0,00002Y .0,000088 +0,000078 4+0,00003

—— e AP S R

The strains are of the same order and sign, In magn-
ftude they are guite closo sxoept for the point No,3, whioh
shows that the membrane analysis and the relations gt;nn
by V resdenburgh hold well at least within the working -
range of the load, The strains are varying alwost linsarly
in thio range as it shonld ho within tho slastis range{Fig.No,34
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The strains measured on the ﬂfﬁ{ﬁ;&gédt 'in; "

the beams are, however, irregular,

Strpins in Yggﬁn;s.

Por the four tie bars of 1 in, diameter in the
sholl model, if the total tonsile firoe be P,

Stress = "T%_ s Whers A ia the orosa-sectiomal
arsa ol all bars,

o ! b

Nil
.'. stmin - -—.-a...— 8
T x30x10

P in Prototype = 1.85 x 10% 1vs,
) 6
o« P in vodel o BB X120 L,

L

¢ o Strain in model ties w 0,00023
Strains as observed are as below at the werking loand of

4,8 tons,

LY T IR T AN ¥ | A & N 5 SR | .
8



L obsorvo. s olose proximity of these volues with
the caloulated ones, The order is the same und at three
points the values ara very olou. ‘l’hvgreuur dtrterence e’
1ies at those points , where sirain gauges were pasted a{
bottom and 4t 18 gquite likely that full stratn omld not
be transferred thore due to imperfept pasting of the
gouges, Again the airains upto this doad art'mrﬁng
1inearly proving the socouraoy in the elastic range
(Figure No,38).

Anplysis and | Te

Further, 1t can be said that the model anal ysis
and model test imparted s rairly gocd 1dea of the strass
strain conditions in the proto~typo, since all ocaloulations
for the theoreiiocal vhlues have been based on the prototype
design and compared with the observattons in the model,
‘whioh have tallied satisfaotorily,. |
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PTER §
CONCLUST ON

The following oonomoiom aro dram rrou tho cx;m-inmt‘:-

(1) The buokling strength of hyperbolic paraboloids is
expected to bs high and the valuses predioted by Csonka or
Sohmsdt for synolasti© shells are teir.too conservative
when applied to antiolastioc shells, If is possible that the

simple double curvature formla Por =% say mot

rr
‘ 1°3
hold good at all in the ocase of gniiolastic shells, T™a shell

rise to 'pa.n ratio may be too {mportant to be neglected,

(11) e ultimate strength of such shells also appears
to be high, Inspite of many adverse condittons (thinness
of slad, canoentration of loads causing punohing) the load-

factor is 4,3, Henoce much Mghot load~faotor may Ye availadle,

(414) The membrane analysis and the approximet ¢ edge moment
relations given by Vresedenburgh seem to give fairly good and
acourat ¢ values at least within the working range,

(1v) The limesrity in the elastio rangse holds good in

the shell oconorete and tie bars,

(v) The model test of the R,C, hyperbolic paraboloid
shell represents a satisfaotorily true pioture of the values
-gptimated in the design of the proto-types at least in

o

the elastioc range,
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