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Chapter I

INTRODUCTION

In the rapidly expanding world today there is an
ever-increasing neéd to preserve and store water, This will
bé either fresh.water pumped frdm wells or purified water
: cqming.from a treatment,facility._ Whichever the cése, the
7 watef_must be stored_andfaﬁailabié when needed,by”maniqr

industry. Thus there is an extreme need for large,
efficient, and econdmical storage facilities.

"The solution to this problem is not trivial. The
intent of this thesis is to suggest that a possible solution
to this préblem is the use of a thin shell. A thin shell is
a curved surface 6r_shéll whosé thickness is'relatively
small compargd with its othef dimensions and its radii of

curvature. 1In reference to an egg; its shell is

approximately 0.025 inches thick and its length is ?
~approximately 2.25 inches which yields a ratio of 0.011. %
Now~conside; a spherical dome with a radius of 100 feet and ;
a design thickness of 3 inches; Its ratio is 0.0025. A _%
considerable difference; but yet the dome is structurally g
sound. Therefore, there_are many advantages to a thin E-
shell; FPirst and forémost is itsfinherent shape which %
yields strength and stability. This means that large %
quantities of materials are not needed to obtain structural 3

(e
1

=
%%ﬂﬂ%ﬁﬁﬁﬁf??




soundness, A dome also has a certain aesthetic beauty
because of its smooth, rounded surface.

With modern technology, the concrete thin shell is
becoming more economical to construct. In the past, it has
been set a51de because of the high cost of formlng, but in
~recent years thlS has changed because of a balloon -
téchnique. " This new system makes use of an inflatable
balloon which actsras'the.form fot'the dcme. A urethane_
foam is then sprayed on the inside_of the balloon which
stiffens the systemrenough to tie the'reinforcing steel.
The concrete is placed by shotcrete methods. After
completlon, the balloon can be removed and reused, The

‘urethane is left in place as 1t serves as 1nsu1at10n for

-the structure,
Cbiective

Today water tanks have taken on many shapes and
configuraticns. Most common among these is a cyliﬁdrical
tenk with a roof of either a one or two-way slab or a
partial spherical dome. Coénstruction material has been
‘eithet steel or reinforced cencrete; ‘Ahothet shepe comﬁonly
used, but mostly with steel construction, is that of a
sphere,

- The intent of this thesis is to determine the
feasibility of using reinforced concrete in the design of a
spherical water tank from which suggestions will be given

for the best design. A mathematical solution using thin
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shell equations will describe the forces in the shell. A

fo;tran program will be made of this mathematical solution

for future use. A finite element selution will then be made

'to verify the results obtained from the mathematical

appreoach., Also, a cost c0mpa;ison_will.be made of a

~cylindrical

The

'freqﬁEntlyiin thin shell analysis will also be used 'in this

thesis.,

17-

- Ehe dome to

2.
the . dome to
3.

-.apex to the

4,
excéeding a

5-

versus a spherical tank of equal volumes,

Definition of'Terms

following definitjon of terms and symbols used

Phi (¢): the angle measured from the edge of
a point on the dome.
Psi (¥): the angle measured from the edge of

a point on the dome.

“Alpha (a): the total angle of the dome from the

edge of the dome.
Half sphere: a portion of a spherical dome not
total angle alpha of 90°.

Full sphere: referred to in this text as a

.spherical dome with a total angle alpha of more than 90°.

6.
7.
8.

®
N,

-y

the radial stress component in the shell,

- the hoop stress component in the shell,

Stress resultant: a force per unit length

described by thin shell equations.
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Chapter II

ANALYSES

Mathemat'ical Shell Analysis

7 f The equatlons ‘used in thlS analy51s are those ‘common
to thln shell structures Their appllcablllty, of course,-
. is dependent on the englneer S experiences and judgment. VA
constant thickness of a shell will be used to simplify both
the'matﬁematical and finite element analysis.- chever, in
-the actual de51gn of a thin. shell concrete sphere, it is
deei;able to vary the thickness of the shell from apex to
edge.

A design will be made from the-forces and condiﬁions
determined from the thin shell equations. The geometry of'
this-simple design wili then be ceded and used in the finite
element analysis. These tesults, which shall show the
varlatlons, should be, within reason, the stresses found in
the initial mathematical de51gn. .

The analysis of a shell of revolution is divided into
four parts(Bl%llngton,Z).

1. A primary system consisting of the membrane
eolution. |

2. The calculation of the errors due to membrane

stress resultants (the rotation and horizontal wovement of

4
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chell edge).

3. Determine the corrections due to the unit loads
at the boundaries.
4, Compatibility is accomplished by computing the
siée of,the edqe'effects;hecessgrf to éliminétg the .errors.
The thin shell equations used in this analysis are
iunow to;bg.pre9§n£éd._ Eaéh,eQﬁaEion Qill-be given with sqﬁe-.
of the'conditioﬁs and the limitations of use. All stress
tresultants w1ll follow: the usual 51gn conventlon, i.e.

negatlve (-) is compre551on and positive {+) is ten31on.

e e

Fixed-Fdge Analysis

Primary sttem. Consider the membﬁane soclution for

RO

.the following_conditions.

‘..,....,.
P e e
s e

A

1. Deadiload: uniform load over the surface

S ' , ' Fol
(Figure ). - . =~ . B o S S : ﬁ%
2. Live load: uniform horizontally projected load

over surface (Figure 2).

Figure 1. Dead Load
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Figute 2. Live Load

Figure 3. Constant Internal Pressure
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_cons;dered to be free to move at its edges (Figure 5). It

_ 7

3. Pressure load: internal [+pr] or external [~pr]

pressure (Figure 3).

4. Fluid pressure: pressure increasing with depth

of fluid (Figure 4).

“Figure 4. Fluid Pressure

A membrane condltlon is one in whlch the shell is

also assumes that there is no bending in the shell, The

membrane solution is a straightforward and relatively

simple solution for a given geometry. It can also prOV1de a

- reasonableé basis- for- design, but'is subject to the folldw1ng

llm;tatxons(Bllllngton 2) .

1. The dlsplacements due to membrane stress

'resultants can not give rise to apprec1able bendlng in the

shell.

2. The loading is distributed smoothly over the

surface of the shell.

3. The boundary conditions must be such to supply
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Figure 5. Support Cendition for Membrane Theory
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the forces and permit the displacements requiréd by the

membrane stress resultants,

A very detailed discussion of the limitations of the

membrane theory can be found in Goldenveizer (6:4?4).
When considering the dead load (Figure 1) of the

shell, ‘the stress resultants become:

- 1
.. o N!' = = —_———
' ¢ 2 T3 cos $

: PR I S
- N¢., 2 T T aos g =~ 8 ¢)
‘a = radlus of curvatlon of shell (ft)
g = dead load (psf)
o o= angle ‘measured from shell apex

Figure 6 shows the. distribution of. these stress resultants

over a;sphere. It can be noted that at approx1mately 51°

_the hoop stresses become ten51on.-

¢ = o°

d = 51°50"

b = 909~

b = 130°

Figure 6. Distribution of Stresses for Dead Load
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10
When considering a live load (Figqure 2) application, ?
the stress resultants are:
v - - 2B
g = - 3 cos 2¢ :
P ='liverload'(psf) _ ' ;;Ei
Fsgure 7 shows the dlstrlbutlon of these stress resultants ' ) ii
.over ‘a’ sphere. "It can be ‘noted that at 45u the hoop
'stresses become tension.
— b = 45° }f
— e
— ¢ = 90° =2
P 2
— ()
-2p : = o__é' -' L -.E-E
> . ¢ = 180 g =
ol ' 3

Figure 7. Distribution of Stresses for Live Load




i
Ty

sy L by,

| | 11

RS
IS

When considering an internal pressure (Figure 3),

the stress resultants become:

R S I LI
PRt

a *
N' = P,
. ' 2 -
. ap_ -
f L
» Yo = T2
. 'ﬁ,. : o @r pressure A{pst) . )

,Flgure 8 shows the dlstrlbutlon of - these stress . resultants
-'over a sphere. The stresses lnduced by thls loadlng

_condltlon add a- 31mp1e constant stress throughout the shell.

a pr - R S iap
_ = ge° . _r_
7 $ =0 R
1
é = 90° ,
ROME | (+) .
T T . .i—-
Lor
i
b
b = 180° — L
. Ny i . Ng : i

Figure 8. Distribution of Stresses for a Constant
Internal Pressure
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12

When considering a fluid presstre (Figure 4), the

stress .resultants become (Flugge,5:32):

: 2 : ,
oyt = Ya' [l - cos ¢ '
N¢ 6 (l + cos ¢ 1+ 2'C°S'¢)
“Yya? {1l - co§"¢ ' b
[ - L .
s 6 (1-+ cos ¢ s * % cos @)

'Y = unit weight of fluid (pcf)

1’Figure 9 shows the'disﬁribution of stress resultants over a

‘sphére;f'it'ié‘importént'to'noté here, that:asrq théoréti¢a1

support gets closer to the bottom of the tank, the stresses

Vﬂarand N% approach infinity, but in oppesing directions.

The radial stresses are approaching infinite compression

while, transvérély, the hcop stresses are approaching

infinite tension.

X———————— 6 =0
2 B
Ya _l! N m = 45°
9 _.l.
-
2 -
el - ¢ = 90°
i
- -
0—71 ¢ = 120°
$ = 180°
N N
] 2

Figure 9.

Distribution of Stresses for Fluid_Pressure
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Errors. When the locadings from the membrane

condition are'emaluated, it can be observed that there will

be horizontal and rotational deformations. Thus it is

necessary to calculate those deformations. The general

__equatlons Wthh can be used for any membrane condition upon

substltutlon .0f the proper membrane equatlons are:

A = Dy

Iy

I

A, = Do

D cobb . C T d-(.AH ) )
S co ! (r, 1) )= | ——
= ——Tl— [N¢ (r1 + \)rz) - Ne(rz + vryl] r1d¢ sin ¢

D - rpsin ¢

R "NJJ
'ar(for a shell of revolubion]
a jfor'e_sbell of revolution)
Young's modulus of elasticity

Poisson's ratio

. thickness of. shell {may -be modlfled in next -

sectlon)
horizontal movement of shell edge
'rotation'of"shell edge

= horlzontal deformation due to membrane stress
resultants

= rotatlon due'to membrane stress resultants

Thus, the equatlons for horlzontal dlsplacement and

rotatlon for any glven membrane condltlon can be formed

For the constant shell thickness or uniform lbad over

"the dome surface, the errors are:

2 ;
D a'g ¢ 1 + v I )
= = = - Ple_n
P1o " Eh {1+ cos 6 O ﬁf'
= DzoD = -2 (2 + V) sin &

Eh

ig )

netg

I 3
o P
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For a uniform horizontally projected load, the errors

become:
5 = py,P -2 (v - cos 2¢) sin o
H 10 2Eh : _ :
‘A, =D P (3 + V) si 2¢
o~ U2 % 2Eh &

For a uniform internal pressure, the errors become:

o 2 o

. p -4 P T .

by =Dio =- I sin ¢ (1 - V)
- . 2Eh

For an internal fluid pressure, these errors become:

3 . '
_ a . 1 - cos ¢
AH = Di1g sER  Sin ¢(1 o N 5+ 4 cos -V - 2V cos b
D Ya2
6¢' = Doy - Eﬁ-—' sin ¢

Sign Convention, The sign convention for the

- ‘deformations due to the membrane stress fesultants are shown

in Figure 10. An-outward horizontal movement of the shell

edge is con31dered 9051t1ve When- con31der1ng the - left edge -

of the shell, a counterclockw1se rotatlon of that edge is

con51dered 9051t1ve.
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(b)

o —--[ I<-;AH (e}

Figure 10. (a) Shéll Deformations due to Membrane Stress
Resultants (b} Deformed Shape Under Membrane Loading

(c) Deformed Shape and Deformations that Result from
Membrane Loadings of Water Tank .
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Corrections. It is now necessary to calculate unit

 forces that will be required to correct the deformations

that took place due to the. membrane stress resultants. it

VlS also necessary to con51der the effects of bendlng.
_In the oonsiderations for bending and the derivation .

- of . the equatlons, many . assumptlons have been made. One

.con51derat10n 1s that ]USt as bendlng -was neglected 1n

7 solv1ng»for-membrane stress resultants; now-membrane'streSs

'resultants will be neglected when ¢alculating the bendlng

effects._ It is also assumed that the edge effects are

..3rapldly-damped.osc1llat1ng.functlons.- further assumptlons,

'oan;be gound in Billington'(2:59-65L

Also, an approximate solution to determlne the edge

effects w1ll be ased because of the complexlty of the exact

solution.;_rt must be noted that this approximdtion also has
eome’limitations It does not apply where there is some.

' other dlscontlnulty in the shell such as a skyllght openlng

1n the top._ However,rlf the solutlon gives negligible

dlsplacements and stresses at the opening, then the

approx1mat10n can be cons1dered valld The der1vat1on of

these equatlons can be found in Tlmoshenko (7)
In applylnq a unlform.unlt moment, M,/ at the shell

edge the results are:

D _ 2)% sin o .
Bg = D21 = En .

D 4)3
o E Eha
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EEE

« et e

ErEE et B

n ok
BE ¥

e

2




SaHE Ly TR, o LA e B0 -1-:.-_-.-.F._-.q.m-g.u'eiaﬂlﬂ{anﬂﬁ'ﬁ‘{i}gﬂ

17

and similarly applying a uniform horizontal unit force, H,

at the shell edge:

D 2a) sin? g .
. A = = ———
g - P " Eh H
D . 222 sin o
A = D E e——
o T P12 S
where: o _
i . a 2
A= 3 - v (H)

It can be noted that for H = M, then b = A, this

_:fpl;qwé-because:ofeﬁhe reeiprocity theorem.
- In applylng these unlt forces at the edge of the

,shell, then forces.are also induced into the shell, They

-ares

=
]
i

/7 cot (a = ¥)(sin o) (e Y ein W - g& H

N¢2 = - %; coe (o e w)e'k“ sin (AW) M,

-2

-
N, = - 2X sin & e sin(3Y - “é-) H

. : - 2& ‘.\2 A , . 1 -
st = - —"""""a—'-"' e sin (A QJ.MO’.

S
G-
— .
i
>

2 sin a e-'\w sin (A)E

M. - = /Ee“-h'b sin (AU + %) Mcx

o -'ww'm._";r.‘-:m_"':-‘t.; A
=y P

Ry

e

!ts-x.s‘ i, 3

o il s
g .

s i i

=1

iy,

b e
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Sign Convention. For a positive M,, there is a

pPositive rotation and a positive (outward} translation and
for an outward thruSt@ H, there'is a positive rotation and

a positive translation (Figure 11).

(3  .
— by

Figure 11. DCeformations Caused by Unit Correction Forces
Applied at the Shell Edge :
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- The horizcntal displacements found here are the
Same sicn or direction as those found in the errors,

'However, the rotatlon considered posrtlve here is not the
. same pOSltlve dlrectlon consrdered 1n the errors.

Therefore, when contlnulng from here to solve for
_the: exact horlzontal force and moment needed to- correct
[_;the errors from.the membranegsolut;oh, 1t‘w1ll be necessary_
Vto change the_Siqn'offEhe'actual"rotetionfcalculated in'the'

‘BETOLS.

CDmpatlblllty. All the necessary 1nformatlon lS now

avallable to solve for the total stress resultants. 1Slnce

hno consideration hasfbeen given to_a_ring, the solutich will

. be a flxed dome SOlUthﬂ.

The horlzontal forces are summed and set equal to

. zero- to obtaln the exact correctlonal forces (thus a. flred

'7-dome) leewlse, ‘the sum of ‘the rotatlons must also be-

zZero.
' : S - T D D
.EAH = XiD11 4+ ¥XaDy1as + Dyg =0
D D
EAG. = X1D2; .+ XzDzzD + D2y =0
where: X, = horizontal correction force
X, -= moment correction-force'
DIbD = ncrlzontal deformation due to membrane stress
S resultants
D,,° = rotation due to membrane stress resultants
D,,° = horlzontal deformation due to horlzontal unit
load
D,,° = horizontal deformation due to unit moment
D,,” = rotation due to unit moment .

o ;,w..

——- -.-—:‘!1,.,?'.
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e

These values of X , (H} and X (M } can now be

TR
St T

o

multlplled by the previous equations and then added to the

respective membrane condltlon to obtaln the total stress

ST b i e
T T Ll

resultants.

- ""'"-I" P

,Shell-Ring—Analysis'

Membrane.f The menbrane solutlon is the same as

- - -

WPt KD e St b 1 e
Ty i

e

‘= in the previous sectlon.' The horlzontal-component'of7N$

_-at the edge is now to be held by the ring. The tension

Fois

~in therrlng w1ll be.

4§3E5

-
b

T = N&,rg cesa

et L

L

a sin

i l'—"“ where: ¢

=
]

the;radial stress component'et shell .edde -

iR

[ "_'-'k___'}.'

‘2
I

total angle of shell | |
It is'impertent,-however, to recognize that since
.f there'ﬁill be bendlng 1n the shell near the edge, that 1t
'w1ll be neceseary to 1ncrease the th1ckness in the shell as
,shown in Flgure 12, ThlS allows the steel to be placed so

as to he more efficient. Since the shell will be thickened

' then this will also change the shell deformations as

-calculated previously.

Therefore, the agsumption is made that the thickness
“of the shell is constant and equal to the actual thickness,

l' ~h, at’ a certain distance from the edge (Figure 12).

where: § = the dlstance from the shell edge to the design
®  thickness

numerical average thickness of thickened region

o
]
il
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It is also assumed that the total length of the

thickened region is:

f

s = 2/3n
It is important to note that as the thickness of the

shell iﬁcreaséSy the dome will'bé-"stiffet" than the ring,

-and ‘hence, would. take more of the horlzontal thrust by hocp

ten51on.' L1kew15e, if the - rlnq was "Stlfferj" by

7_7 comparlson to the dome, then the hoop ten51on and bendlng

moments in the. dome become Smaller, but the tension in the.

'rlng 1ncreases.

Figure 12, Thickened Portion of Shell
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Errors. When including a ring, the errors involve
four deformations at the shell'edge:
1. Horizontal displacement of dome.
;12, Rotation ef dome.
,3.-‘Horlzonta1 dlsplacement of ring.

'l4.'-Rotat10n of . rlng.

P WFF.F
| ﬂl':'r .a—A“-,-.P

22

. The flrSt two, whlch depend on shell loadlng, were,_

glven 1n the flxed-edge analysis,seetion. The ring -

- deformatlons ‘due to the membranejstress-résultantSiat the

-',:eheli'edge-a;e:

. 2
R o o
8, = Dio =_(°—;’f"—e_+ l;—“—)é'a-m'
H _ L A UL ILE o
R r.a
Al = pyoR = -Zal -
o 20 EI_ o

-
P
n

moment of inertia of ring

-area of ring

e

g

= eccentricity of Nh'on ring

The eccentricity can be calculated for a half sphere dome

‘_ e’ = tyg *(5/2"? d' taha) Eana)-cosu"

ahd for a fukl sphere a- mlrror angle (180 - ) needs to
be used w1th the follow1ng equatlon-

e = ((b/2 ~ d'tana) tana - yg) cosa

where: .

s e
|. |_.-,r'
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Sign Cohvention.

sty -'n"- ST

The sign convention

deformations are summarized in Figure 13. N!

.11 ..;.1.1,1?:1 J}L'!, .H].' ..LJf1. ‘!‘,,,.'._

23
for these

is téken as

'negatlve (compre551on) and ‘e is positive, when applled to

the rlng, as shown in Flgure 13

Inward, translatlon and ' .

'counterclockw1se rotatlon ‘are taken as POSlthE. Therefore

when N' is Ln compreSSLGn, hence negatlve, a negatlve

'(outward) translatlon and a p051t1ve (counterclockw1se)

‘rotation on the ring occurs, as shown in Figure 14.

e ]
f

Figure‘l3.
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Shell-Ring Deformations

" Flgure 14,
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Corrections. When a unit force is placed on the

ring at y_ ' then the ring horizontal displacements become:

' - - lR Il Vuz r%
A =D ==t — | =
H 1 A I_ | E

R o
_ - o,
”-&é'='Der = - ;;?*
ol - BT,

‘and wheh a unit moment is placed on the ring then the ring B

~ rotations become: -

. . - 2
- R rave ‘R
A =D o
T A
R
2
j: r

A = Dy = =

“The ring corrections are now added to the dome

.vbottéétidﬁs'to,obféih the_tbtal cofrectidﬁs.

D R
D11=D1]__ + D1y
. .D . R
D1z = D127 + Dz,

D R
Dzz = D22 + D22

Compatibility. The COmPaulbllltY equatlons are

wrltten as before and solved for the exact correctlons

Tneeded to satlsfy compatlblllty.

Ring-Tension. It shduld be noted that from the-

‘membrane theory the ring is in tension and the dome.is in

L S
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compression. From membrane theory, the ring tension, as

previously noted is:

p. o

_ The dome movenent is outward but not as far as

T = W} r_-cpso

,_predlcted by membrane theory (A ) because of the restralnt

.of <+he dome. Thus, the rlng tensron lS reﬁuced by the

correctlon force xl,'and dome ten51on occurs’ and some

o bendlng. F;guresr15_anﬂ716 show free body diagrams of shellr

-'rlngs for the'casés'of‘a dome roof and a water tank

h?éspeéti&ely,_ The-figures show the directions of each
correctlon force for the glven shell. Taklng the sign
conventlon used 1n the analy51s and SUbStltUtlng X, and ﬁ'
(wrth thelr respectlve 51gns from the equatlonsj then the f

ring tension is deflned by*

T = (-Nézcosu = %) fo

P

B

et gt e
‘ 'l'-i-'-"‘!

- pemca

e sl

» T r ™ .

T -
L= ] Spp— —

TR

S
e

oy

-
[

T e B



- —

27

N . Ve L

3

Figure 15. ;F#ee;sodijiagram for Shell-Ring Of-a;-

. Partial ’ Sphere’

Figure 16. Free-Body Diégram for Shell—Ring of a
Full Sphere
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-.The final stress resultantS'are'shown-in Table I. These
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- Chapter III i
- E';'_-:;l'—'
DESIGN AND 'VRES.':ULTS- g
- The chosen problem has the follow1ng parameters. _ £
| Ca =40 £t ' o
. e o - [
& = 120°. L’z
h = 12 in (constant) | E?'
'and the follow1ng concrete propert1e5° .'?E-
- ; i
. o fp,‘ 3,000‘per ,%f
“unit weight = 150 pef ?ﬂ
. ) : fo
v = 0.2 s
: L . _ . ks
the loading conditions are: s
dead load = 150 psf ;
:'?-.' i
live 10ad = 30 psf Eéj
.unlt welght of water = 62.4 pcf r;“
the attached ring beam is: | ' f J
b = 18 in lEiJ
d = 24 in

stress resultants can now be used to determlne the necessary

steel requrrements, thus a complete deSLgn 1s-eccompllshed
In order to compare costs of tanks of equal volumes,_

1t w1ll be necessary to use the tollow1ng geometry to obtain

a total volume of 2 million gallons.
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- ‘STRESS. RESULTANTS FROM MATHEMATICAL ANALYSIS

-WITH DEAD AND LIVE LOAD AND FLUID PRESSURE:_ _

Anglé

From Dome

- Apex

N-Phi
‘Radial.

- Rips/ft |

N-Theta

- Hoop

KipS/fE

M-Phi
Moment

" Ft=Kip/ft

120.0

119.0 -

118.0
117.0

116.0 -

115.0 .
li;b?d
105.0
30.0.
60.0
,30.0
0.0

-8.636

-g:108

7424 -

“6.615
-5.709

;74.?35__
;0,36q_' |
a0l
10.040

6.494

,—=0.551

-3.600

38.998
35.212
70.437

84.276

96.482

106.930

133.930

131.528

90.295
40.144
7.831

-3.600

-3.806

-7.872

. =10-.640
-12.335

~13.164 '

-13.315
-8.860
-3.335
0.478

~ -0.004
..=0.000.

0.000 -
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a = 42,25 ft . 3y
@ = 120°
ht_= 6 in (top)
__'hd_-_= 12 in (edge)

The detalled calculatlon for thls water tank’ can be’

;~Lfound 1n Appendlx A, It also 1ncludes steel,calculatlons,
quantltles, and a de51gn draw1ng. 'The'réquiréa QEaﬁtitieé

of materlal for this tank . are'

L vo;ume.of concrete = 450 cubic yards

' reinforcing steel = 346 730 pounds

- Cost estimate:

Concrete in place _
€@ '$200 per cu-yd = § 90,000 .

Steel'in place . o
@ $.40 per pound = $138,692

Total Cost _ 5228 692
A 2 mllllon gallon cyllndrlcal tank recently bu11t

:equ1red 1 260 cublc yards of concrete and resulted in a

total cost of $239 000 ($190 per cu. yd., which included the

cost of the steel)., Chapter V gives an alternative design

* that reduces the cost of the spheﬁical tank.
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Cﬁapter,IV'.
DISCUSSION OF aESULTe_

 CoﬁEatieen.
._“1Iﬁ Orderito'betterfcompate thefrestltelfrem the
mathemat1cal and the f1n1te element analysis, it w111 be

necessary to modlfy the results of the mathematlcal

analys1s to show only the stresses due to the flu1d

'pressure. The previous mathematical analysis included dead

~load and live load which were not included on the finite

element analysis. This modification is shown in Table ITT.

'The units from the finite element analysis are

pounds per square foot. To make these equivalent to those
of the mathematlcal analy51s, 1t is necessary to multlply by

_”the thlckness of the shell to obtain a force per unit

length. Since the thickness is 12 inches, or one foot, then

there is no numerical change.

- Upon inspection of Table IV, it can be seen that the
stresses are very near the same, ThlS shows that, at least

at the crltlcal 901nts, the two methods of ana1y51s are

'good. It should be'kept in mind that the finite element

. solution is an approximate solution, but the mathematical

analysis used is also an approximate solution. The latter
has been proven £o be a good approximate solution

(Timoshenko,7).
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" TABLE IIT

.Apex- . ! - Kips/ft Kips/ft - - FE-Kip/ft - SRR

. . , - 3

. T S - - B

. - STRESS. RESULTANTS FROM MATHEMATICAL ANALYSIS = 1

: . - FOR ONLY .FLUID PRESSURE . .. . .- . o

-Angle 1 N-Phi .|.  N-Theta . M-Phi . v

'~ From Pome- 7 ° Radial 7: Hoop Moment - 2
a

120000 i 2422 © 70,146 . -3.087
119.0 | 3.074 | 79.848 . ~5.557

R :
o

~118.0 - 3,800 . 88.864 o -7.211

T
LRTEM

117.00 . 4.582 © 96.956 . | © -8.193

116.0 ' 5.402 103.978 . -8.636
- 115.0 © . 6.244 - 109.863  -8.659-
S ,?110.0 - 104303 123.227 ~5.617

Mik

TR R T T T T e v
"ty e P N L

|" '105.0 " 13.4109 1 118.153 ' . -2.063

90.0 l16.640 83.484 : 0.305

T T

- RS RS I

60.0 - 11.094 ' 38.838 -0.003

Ty

ey
e

3000 77 3264 10.112  g.goo

0.0 .8.000 - 0.000 - 0.000




 TABLE IV

- -

. STRESS RESULTANTS: FINITE ELEMENT ANALYSIS VERSUS

‘MATHEMATICAL ANALYSIS

vt e

- Finite
Element
Analysis
{(Average)

Mathematical
Analysis

b LR OO TR e oy
EiREn T

. Radial
‘Stress

- AL- ¢ = 90°

Hoop
Stress

At ¢ = 105°

Tension
In Ring
Beam

.. 17,000 lbs/ft

107,100 lbs/ft

(free) 270 Eips
- average 158 kips

(fixed) 45 kips

16,400 1bs/ft

118,153 ibs/ft

167 kips

;
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Chapter Vv

. CONCLUSIONS

Summary -of 'Possible Désigng ™

: As a result of the research conducted, the follow1ng
de51gns are p0551ble.

1. The flrSt p0551b1e solutlon could be to use
full sphere that is partially buried (Figure 36). The
:adventage_cf_thls_des;gn is that some of the stressesican be
offset by earth pressures. If the ‘tank was completely
buried, then it could 'possibly be pressurlzed to obtain a
. required heed. ‘The majo;udisadvantage is that a water test
nill be required before backfilling the earth, thus
A'reQuiring steel as if it were not buried; _
| 2. Another SOlUthH would be to stop the sphere at
.¢ = 120‘ (Flgure 37) ThlS poznt is chosen as it reduces
the radial stresses to either zero or compression., Also,
cuttlng cff the bottom does not decrease the volume of the
tank 31gn1f1cantly. This glves rise to the next de81gn
possibility. | '

3. This solution nould heve.a Sphere with a total
~angle. of 120° as_before but with a limited filling depth
(Figure 38). This-will-cecrease'the head of water
significantly while only increasing the overall diameter

56
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Figure 36. Full Sphere Water Tank Partially Buried
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Figure 37. Partial Sphere Filled with Water
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lslightly. AS an example, consider the two million gallon
tank prev1ously de51gned | The radius would be 1ncreased
- from 42.25 feet to 45 feet, | The total helght of the tank
would 1ncrease frOm 63 feet to 68 feet.- But 1nstead of
:"fllllng the tank only 46 feet of water‘would be needed to

-pbtaln the 2 mllllon gallons. Therefore, this represents a

:'loss,of 63 - 46 =17 feet of water head As prevxously
: -
noted, the crltlcal hoop stress occurs at ¢ = 105° the

'-stress at that - po1nt due only to the water preeeure can be -

R FR AR PR

PRI T
[ AR

calculated u51ng the follow1ng equatlon Wthh allows a

R T e o r——ry -
O o - T L I MY
e S S S

__varlable depth of water (Flscher,4.157L

A

NP="Y'a2
. 6.sin%}

¢ 4cosao - 3cosa cosz¢ - bcos¢ + 6Beoosa - cosiy y

T e
H i L

‘angle from shell apex. to level of water

. where: g

¢ = angle from shell apex to P01nt of desired stress £
which at- ¢ = 105° and o = 60° becomes ;
N$'= "96,100 lbs/ft é

The stress from the 42.25 fcot radius tank at that point was
| N$ = 125,000 lbs/ft

This tepresents a 23 percent'decreaee in maximum'strese.

Let that rebresent,a.23 perceﬁt reduction-in feioforcing
eteel The requ1red volume of concrete is now 500 cubic
yards. The total cost of the tank is now $206 792, which is

a $21,899 savings over the previous design. Thls also saves

a total of $32,208 over the cylindrical tank, which is a

13.5 percent decrease in the cost of the tank. (The
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23 percent reduction in steel takes into account a larger

dircumference and a 81gn1f1cant decrease of steel in the top

portlon of the sphere )

) - a;Conclcsiehsh' s o 'f_- B ¥
_ .-fhe:cenclesieﬁs-thet-ceﬂ be‘rescﬁec es,e'reSult_cf
] S _the resedrch .éon-(.iuf.‘.t'ed ‘are:

| o 1} It is pOSSlble to use a spherlcal relnforced e
concrete shell to store water._z VE;

2. The thin shell mathemat1ca1 analy31s presented _i@

hereln prov1des reasonable stress resultants needed to ;E

'deslgn steel relnforCement,' The mathematical analysis was 25

verified by the finite element analysis.

3. A 51gn1flcant savings in total cost can be

o e e
e e

achleved as a result in 1ess concrete and less relnforC1ng

steel
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Figure 38. Partial Sphere Filled to a Maximum Level -
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