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Hence: 

aac = 

~ao = 

aco ::: 
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+ ,)1.2? ~bc .= + 9.8? 
EI EI 

- 116.?6 q 
EI 

~bO = - 6.')8 
EI 

- 1')')0.5 q 0 

EI 

q 

Xa (10. ':n) -I­
EI 

o + Xc Sl.2? = 176.26 Q 
EI EI-

o + Xb 12.14 + Xc 9.82 = 6.')8 q 
EI EI EI 

Xa Sl.?? + Xb ~. -I- X 35fi 
EI EI c EI 

Xa ... - ?2.35q 

Xb = - 3.5?q 

Xc = -t 5.13q 

= 13"'0.7 q 
EI 

Xc could have been determined by the eq: 
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Xb can also be determined from stat.ics by taking mmments 

about the line AB. Thus only the first equ8.tion obtained 

above is necessary to' solve for Xa o 

Note that Xa (= Mba) is not uernendiculer to the cross­

section at Ii anr' B; Xb (= Tba) is also not acting in plane 

of the cross'setins at A and B. Xa has been cho~en to be 

narallel to line AB, Xb normal to it • 

• '. The moment at A and B ,acting norm;:~l. to the section is: 

Xa • c~s(?i 30') = - ?2.35q ( 0.92388) = ~ 20.6Sq 
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The torsion at A or B. acting in nlsne of the section 

Xb • sin(2?o30') = - 3.52o(O.38?68) = - 1.350 

20.65 x ?90() = -61'), (')r)r') ft-l b. 

Ta - 1.~5 'x 2900 = -3,900 ft-lb~ 

PAGE 3 

is: 

This torsion is relieved by that which is nroduced by the 

weight of the floor slab resting on the circular ~ir0 er. 

The torsion effect of the D.L. of the floo~ is determined 

m8.thematj cally in what follows: 

This anuroximAte method is 

based on consideration of a 

simnly sunnorted slab which 

is formed by jOining the 

nojnts ABCD shO'.'nl in Fig.( 16) 

The sides AD,BC are considered 

simnly sunDorted, the curves 

AB, DC are anuroximFlted by' 

the lines AB and DC. 

(a) T;:;king ABCD with coord inate's 

1> 
Fig. (/6) 

The floor slab resting 
on the cirlcular e:irder 

'd 1 . an cc~.umI1 s .M~ 

btl 

and boundary cond i ti0I1S as shovm ,(Fi~.11) S.'5. 
'5.5. 

VTe can determine the slope at the 

edge AB as follows: 

Let moment annlied ated~e AB be 

Or---~--~----~ 

''!j 

Fig~ (11) 
~ : .... rl)' :)"','r-ortcJ. SkLb, wiO\I.. 
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which causes a deflection surface ,.,.* • .. . 
00 sin rn11'x 

Wm ... a? ~ a Em(C<m tanh«m cash mTIy = mllvsinh 
?rrlD 11<\,,-1 m?cosh~m 

Here a - AB, b - Be 

'."There Em is to be determined later. 

O(m= mTTb 
2a 

- .J!!!II. m Tf cosh my1T 
a a a 

The slope at y - b/2 will be: 

( 
d VT~) 
7JY)y=b/? 

mlTbcosh -1ll1T.Q - sinh -- 2a 2a 

~i 
sin ~ 

Em {Dtm = a 
?TID fA,,-1 m coshq'm 

-( cosh~m)O< m - 'sinhOo<'m 

on. cit. '0. 182. 

a a 
...... - - . ( '3) 

mflb} 
2a , 

tanhO<m sinh(X 
m 

'~ 
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(b) Taking a uniformly loaded rectangular plate simply 

PAGE 39 

supported at the four edges,and supporting a load qt(= dead 
(*) 

weight of the floor slab) ,the, deflection surfa~e is 

Ws =-4q t a
4 ~.-..:L Ii - C<m.tanhc<m t 2 .cosh 2°cm.y/b 

1t5 L 5 \ 2 coshD<m ' 
D 1tI\_13Sm ' 

- J J 

+ "'m .-'.L-.sinh 2~y ) sin l11IDl. 
2cosh~ b a 

. m b 
4q ta4 

00 

5 ~ -1.... sin .m..:::o;. {- 2"\:'m DCm tanho..'b i- 2 • 
Tt' D 1V'\:.1,3,5 m5 a _ • • 

, b 2 co" f.t ex 
• sinh 2o(mY -t 2c.cm• cxm 'lY\. 

t, b' • .-2L, cosh 2tXmY +(.a'A'm • sinh2~y 
" 2cosh~m b b '\DJ~ -0--

,3 00. 2 2cosh~m, 
= - 205ntl- Z +s~n~ 5tanhO(m -Ot"m,- tanhdmJ ' 

rr. M,,-I),5 m 

--

• 

(c) Let f= the final slope at the edges of the plate and 

the circular girder. F~om St. Venant's analysis the angle' 
, ( .... ) 

of twist per unit length is given ,as: 

= ( I/pbh')(T/G) 

where b,h are the width and height of the beam, respectively; 

~is a coefficient depending on the ratio (b/h); T is the 

torsional moment,and G is the modulus of rigidity of the 

beam. 

is due to the accumulation of torsional effect from 

the- end of the beam in the direction of the centre; the 

torsion in the middle is zero. Torsion at any point A I (Fi,. 18) 

is given by the equation: 
.J-------(~"') Sec 'the' :teference,' ' .... :. IIAdvanced Mecl;ar;ics Of Materials 

by Fred B.Seely & James O.~lm~~.!:; second ed~t~ontI952,New Yor 
,John l'lilcy & Sor:;:?"Tnc. - P. (fl 
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A 
TA = S f\r.dx 

o 
be taken as 

? 
- D.; ( '(}'-w 

.. Q.y2m 

that corresponding to 
2 + v. d wm ) 

"d x 2 

It can be shown that: 

Hence: 
Tx 

where (~) 

00 

1. 2.. . Em- sin mTrx 
D 1'/1\:1 a 

e><> 

= :2£ Em* 
rm. ..:./ 

sin mT!' x 
a 

!L...cos ~Jo./z 
mn-. a g 

00 

= + ~ E • ~.(cosmrr~- cosIDjL) 
. ""':/ m mlf a 2 

is the abscissa of any point 

between x = 0 and x = a/2. 

Kno\'!ing 

. 
• • 

Equating + = 

PAGE 40: 

I 
2 

I 
i 

I 
! 
I 

I 

• • Em. = 2 ia~ 
rr4-D 

The above is summed 

t£ ;!;.; ("'- t .... J,.'",,_ - «-+ -t:Aid .. «~)· I 
Z {(~!»( 0( "M. t(5\.)1. \.\.z. ~ MI. - "" /WI. - tao \\ h 0.: MI.) _ .y1l"\1T,B b k

3 
G J ~ 

up in the fact that the final shape of the 

edge of the plate on top of the circular girder is given. by the 
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angle of twist (c/:» in eq. ( I 0 ) 
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For numerical evaluation of the final approximate torsion 

the following steps are taken: 

At the edge of the circular plate the moment is 

Mr rca = -' q'.a2/8 
(P.,./q) 

•• Torsion at point A shown lis: 

f e l1ikrD . 
Tl = 0 mdx = 0 (_q'a

2
/8) .a.ag 

_(q' .a3/8) . (gIL/181)) 

A 

•••••••••••••• ( 1.1 ) 

I 
I 

"I 
I 
~ ., 
i (ii) The moment at the built in ed[e of a rectangulaT plate with , 
e 

tl','O oDDosi te ed ges simply supnorted a.nd the others fixed, 

The 

4 q' a.Z 2 s;V\ ~ . _c>(.:..:.:\')\~----.:"k_Y\._h_C< __ .-:(_1 _T-;-o{_""_"tA_ ..... k_o(_W\~)<-
rc 3 IVIrl/3,'> 111' o(M - to. ... l~"" (~W\ tu.. .... k ol.'Y\. - I) 

torsion at point A\~ill .ia/2 fi~. 2.0 

be: 

T2 -' rii.~dx -- 0 ,Y - (>6 

.. 4~' a.i ja./z ~ S;Y\ ~ 
n:'3 0 0 '1 

o(w- - *" ... (..0{_ ( I + otw:k. ... lol .... ) 

0("" - {p. .• .I.,O/_(c{ ...... b. ... l..c( ... -i) 
"'01, ',;'.. '\'1'\ 

O<'M - "k ..... ld ..... (I -t- oIw-i:tt ... l ~ •• ) _ _ _ (I:n . 
0<"" - -tA ... l w ..... (o!....."., ta. .. lO("" _I) 

(only odd values are taken as 

_ .... -,--------
(*) on.cit. p. 186 

i 
i ; 
~ s 

I 

I 
I 
i 
~ 
~ 

I 
~ 

I 
II 
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.. r, .'; .... : "." 

.- .... :.:.'.': 
" .- ,4 = 

"'.: "'. 

,'. . . 

6'f( T) is:', " . 

. , . . 

to~:;d.o.n,obtail1ed ' on . , , 

,is 

=i;ris~nsit1.ve 'to the 

.- , . 
" . 

I 
.J 

~'~r,;~;~I~"'j:: :~tt~~i1f~;~~1:ttt8:d¢~~~irie'~o~#; "yar~~9ular e,,~ibits··. thi 8 

~::' i,:..;.:.: .. :~<.:· B~::;~~i~l~:~h$:':fii.gt th~'~~,:t~~~s ,';f'the Fo'urie~ se~~ies for. (TY~ 
, • !'. ~" :-:.:-' 

"4.:" 

"Fromt1i€di'~ensi;;n's<"of 'the:'{loo,r slab,and, the pos:Ijions of:' the 
',.' '. "0:.,:'-", ',: .>,' .. " ~" '''','" ':,: ", .:., '~ , .' . 

. , "c~lu~;: t~p~') 'th~'~'le~gtEx':, (~) , Ylhich is,the 1,ine:,A;B,can' be found 

~obe',,~'~(rial' to ;( ~'.:~4',~::,t:'~·4) , , ' .. 

, ,','.' .'::'~ <"T:':"'~ ·~·',,-'i';~;,"'(~/18f)\ 
. , ..... ~~ ~" '''.'_ "',.,,:,~ . ~ I - ;", ' 

.• ' .. Af,G:"~1i~a7::1~1~'4~t\:ft.l,b. 
'., -max - " . . . ' . 

. : '~~~:::'Thi~':V~~1i:eCnme:'·9'~1;'.:t} ber~the~' s~Hill due to the ·fe.ct that 

...... ·~"t:k:~~~i;afl~:i~t~t<;::::::;:O:j:::t:~a:: ::: : ::: :: :::p 
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I . Steel for bend ing momen.e\· . 

I Pig. (~2) gives the bending moment along the gir0rr 

The value 34.7 q at the center can be obtained from 

I 
d I 

q: 1.2 31 
~------------------~~--------. <p=o 

1- Longitudinal st0~1 for torsion: 

Torsional mnment = - 3442 ft.lb. 
(at the fixed end) 

20.b5 'i 

Relievinr Torsion= 

Pinal +orsion pt 
the fixed end 

1.16~ -do-

1976 ft.lb. 

According to the German code (*) 

lonpitudinol steel £or torsinn is:(~~. 2~ 

2-

As = (A7 . s) / (2 be dc fa> 

S = (14 -1- 14) / ? = 14" 

As = (lg76 X 10 ) X 14 
2 X 14 X 14 X?O,00 

= (). 04? 3 sq. in 

(one b:-;.r) 

As = 4X O.0.1 0 3 = 0.1692 so.in. 

steel for bending moment: 

A - M/fC"'jc1 = s - .. ) ]00,0'10 X J.? 

?n,ono XO.87~ x 16 

4.?9 ~ 0.1692 = 4.4;9? sa.in. 

= I}.?9 

b 

2." 

Sf! , in. 

Fse 4 - 1.'5 11 Vi bt'",rs rivinp As = 4.q sq.in. 

/1 
2. 

F:~. 23 

TITO of these brrs ere discontinued at a distance of 

3'-511 on both sides of the cel1ter. 

ht the fixed edr-e: 

sn.in. 

Use 4- (lS/1611
) 0 pivinp: As = 2.76 sq.in. 

(*) Journal of the American Concrete Insti tute ,January 1964 

~ an article by Paul Zin. , n. 1 

,) 
21 

I 
I 
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Two of these are discontinued 2t 3" from each end. 

steel for torsional moment: 

According to the German code (*), shearinf stress is: 

rr = 

Av = 

MT/A.D = 4.()7 x (1976x12) = 16.5 L 264 psi. 
(18x18) x 18) 

C1976x1?) t = O.003()? t 
?x14x14x20,OOO 

(OK) 

. For loops of #4 bars: t = 0.196/0 .003()? = 65" 

But use a maximum sn8cing of 18T
' = 1.5' (The section actu8.11y 

needs to be changed; but it is left here as it is to sho'll the 

p:ener2,l procedure) 10. 0 /1.5 = 6.8 •• use 7 loo~s. Se~ t=,< . .2 4. 

( b) (c) 

II " " 
II II /I 

12 ~ /4 I .2 r 4.( 4·, 4.(, 

Ttl fT /~ 15 
If, I /8 '1 P I II 

14 

It/~ t,r lJ j 
If 

( 1 r 
4.6" t ~211 /4- 1'1 1,1 4.6 /1 4.61/ 

18/
1 (I 

t 'r --- 18 

Sec h'<I'r\ A-A '3ec:-t;cS'>\ ~- ~ 
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In torsional 2nd moment calculations the direct 

effect of wDter \'las not considered since'the shell waILili and 

the circu1er girder, both act as 8, deep beam{ where shears 

distribute -themselves suchthet the effect Boes to the top 

of the eight co111mns. 

C) Design of walls: (See 1>1>' 20- 31) 

PAGE 45 

Ci) For hoop tension in the fixed edge condition, the 

max. hoop tension is ... 9056 lb., and it occurs at 0.4 x 14' 

= 5.6' from the toP. 

In the hinged case the max. honn tension = + 9986 lb. 

and it occurs 8,t' ()."3 x 14 : 4.2' from the top. 

A -s - I'fmax./fs = 9986 
" 14,000 

= 0.71 sq. in. per ft. 

Use 115 95 @ 10.511 o.c. in each of two curtains p;iving a tota1 

area of 0.71 so.in. 

For top portion: 

A - 6650 :0.475 sq.in. 
s 140()1) 

•• Use #5 0 @ 15" o.c. in eaeh of tVlO curtAiTls giving 

As = 0.49 so.in. 

For'bottom '»ortion use same 28 for top portion. 

These bars are 18.nned for a len p:th of 40 d,ic>meters ::40xo. 695=2511 

(The laps ~re tied with 16 g~uge sbft iron wir2 to keen the bars 

from being disturbed on ple,cing concrete.) 

Max. tensiJe 8+res8 in the cnncrete including the effect of 

shrinkage is: 

= 0.()0'l3 x 30 
9 x 12 

fc = C Es As -1- Tm~x. 
A f nAs (*) 

c 

x 106 x 0.71 -1- 9qR6 - 14? psi. L 300 psi. ,.(O.X~ y 
-1- 10 x 0.71 

(*) "Circular Concrete Tanks Without Prestres r.ing"-Portland 
Cement Association. 
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The max. nositive moment occurs at the top where 

M - ~ 1637 ft-1b (in the hinged case) - 1640 ft.-lb • 

. 0. continue the reinf0rcement 2t the top of the r00f slab 

PAGE 46 

@ the wall/roof connection; i.e. Use #4 ¢ @ 9.5" O.c. up to' 

0.7 x 14 ~ 33 d iRmeters. = 10' .9" f,(om the top. 

Use same ;~einforcement in the insid p curtain , with connection 

extending into the bottom of the roof sleb a distpJI.ce of ?' • 

At the bot+om of the wall Mmax. - ?570 ft.-lb. 

This moment will be opnosed by th~t resuJting from 

the d e8.d weight of the floor s12b, and the weipht of water 

weiP.'ht. 

Weight of floor slab - 6.S xlxlxlSO=8l lb./sq.ft. 
12 

Weight of wp.ter - lxlxI4x6':'.5=875 II II 11 

Total •••••. : 956 " II " 

Moment @: edge of fJ orlr slab due to its '.7ei{r'ht ~ wt .of vmter is: 

M ~ -q.a0/8 = 956 (1~2? : -20,200 ft.-lb./ft. 
8 

20,200 - 2'570 : 17630 ft.-lb./ft. 
-

This moment wiJl be distributed between the wall and 

the floor s12b 8ccordinp: to their stiffnesses. 

Let thickness of the floor slab - 6.5 1l 

-
T1elative stiffness of the wall = 1.010 x i.9.)2 = 52.5 

14-
" It II " slab = n.104 xC 6.:22 3 = 3.37 

13 
•.• distrib~ting factors erA: 

Wall: 50 .5/(5?5 ~ 3.37) = 0.94 

Sla.b = .. ~ ................ .. 0.06 
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Moment distribution: 
Wall Floor 

Distribution factor 0.94 0.06 

FEM. + 0 - 17630 

Distributed M. 
'" 

16,570 + 1,060 

Final Momellt. + 16,570 ";'16,570 

.-. at the bottom of the wa] 1 induced net moment = + 40?3 ft .1b/ft 

As = fA/fsjd =(16f)70 x 1::»/(20,Ono x 0.875 x 7.5) = 1.51 sq.in. 

But by inserting a haunch of 6r, x 6" - at the bottom, 

the amount o-r steel can be reduced to: 

As = (16,570) x 1?/20,nOO x 0.875(9 -1-6.5 - 2) = 0.835 sq.in. 

:. Use lI8 0 @ 11 1/4"0.c. 

This reinforcement ','Iil1 extend also in the vertical 

direction (in the wa1]) a distance of: 

0.3 x 14 -1- 33 diameters = 6' from the bottom. 

Moment induced flt the bottom of the wall one to e2.rth-

qU8ke is: ::;;1, 3nO -lb. -ft ./ft. (see colurrm ~ esign. ) 

The ACT allows ~n increase of 33 f of allowable stresses 

in case of' earthquRkes. 

The m("lment of ± 51,'3()n ft.1b/ft. w-jll be 8fain dtstrib-

uteo between the v:ralJ --no f] oor sJ ab acc(\;'(linp to their stif-

fnesses: 
\'1 al J. 

Distribution facor: 0.94 

FEM -51,3()() -

~48,'3nn 

300 

Floor 

n.n6 

o.no 
~3()OO, 

~300() 

Considerin gthe net induced moment at the wEI1 we have,: 

A = E/fsj~ = 4P ,'30()/(?n,OOO x 1.33 x 0.875 x 13.5) = 1.85 sq. in. 
s 

Use #g 0 (') 6 t II 
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This reinforcement wi] 1 extend vertically in t.he wall 

a distance Df 3', and also in the circular gircer a distance 

of 11)". "\I/hem it ha-pnensto be within the collUm area let it 

extend a distance of?' inside the column. 

D) Design Of The Floor Slab: 

Due to the 'l!eight of the water and t.he dead weight 

resu.l ting from eHrthqua1ce, the moment induced' ~,t the floor is 

~ 3000 ft.-lb./ft • 

• ~ 3noo + 1,n60 = 4,n60 ft.-lb./ft • 

• ~ 4,060/qa0 = + 4,060/(956 x l3?) = ~ o.n?s. 

This value wi] 1 be added t.o the coefficients (~;-) of JJTr , Mt 

The result is riven in schedule II. 

Final values of Mr ' Mt 2.re obtnined ps usual by mul ti­

nlying their final coefficient. by qa2 = 956 x 13? = 162,000 

Values of Mr,Mt are plotted in Pig. (?) nage 5. 

Neg~tive reinforcement: 

Max. negrtive moment ts - 16",000 ft.-Ib./ft. 

As = M/fsjd = l6?,000 x l2/2n.oOO x O.875 x 5 = ".22 sa.in. 

Use l_3/l61F 0 @ 611 (giving As = ? .• 2~ sn. in. ) 

(*) Portland Cement Association Pamphlet, Table XII. 

--------------------------..;..-

I 
I 
Ii 
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'~~~_m----------------------------------'1 
SCHEDULE II: 

~ M"' ...... " 
O.Do. o. I /l O.2A O.3 a 0·46l. O.Sa O. (,6>. 0.7<:1. 0·80. O.'Sa. I.OQ 

l'-1v (.'\ -+.075 -t-.073 -+. 067 +.057 +.04-3 +. 02. '5 -1-.003 -. 02~ _.053 -.0$7 _. 125 

Add +.025 +0.0.25 

FLnal 
1Y1 ... 

CDt ~C. +./ +.098 1+.092 +.082 f-.068 -/-. 0'5 +.02B +.002 - .026 -.062 -.100 

Mvlft + 16200 +15900 -f-14-900 +13300 +11 tnJo +8100 +4'53D 4-3250 -4530 -/0000 _IGZOO 

M~ S'j. 0 +Ibav +2300 +4-000 +44-00 +4-000 +2700 +2300 -3600 ~9dOO _/62.00 

Mt Co£.ff. +0.0"1S' +0.074- +0.071 +0.0" +0.059 -+0.05 +0.039 -1-0.026 +0. 0/1 _O.oo~ _0·025 

Add -+ 0.025 +0.02'5 

F,,, a ( 
M~ 

Co q, If. +.1 +.099 +.096 -1-.091 +.084-+.075 +.06~ +.0 '5( +.0:36 +.Olj 0 

Ml-/# fT /6200 +16Ql)O +15506 + 14-700 +13600 -1-12(00 +I04-oC +8200 +581Jl) +3Joo 0 

This reinforcement is placed at the ton of the 

slab and into the wall. Total number of bars required js: 

2 (13)'x 12/6 = 163.28 say 164 bars. 

By referring to Fig. (2), 82 of these bars are 

disc"ntinued et a oistance of : 

0.14 a ~ 12 di8meters = 0.14 x 13 + 12 x 1.107~ ~ 1.82 + 1.1075 
I? 

.= 2.9275, say at " 11" from the inside of the wall. 

The other 8? top bars are discontinued pt a dist-

ance of 0.3 a + 12 diameters = 0.13 x 13 + I? x 1.1012 
12 

= 3.9 + 1.1075, say 'at 51 from the inside of the wall. 

Positive Reinforcement; 

Reinforcement for positive m~ments is needed mostly 

between points ~.3a, 0.5a where the dashed line has its max. 

vsl1.le. At 'Ooint ().4a t.he radi",l mr·ment ner segment is '" ,4t1.00 

ft. -lb ./ft; and t11e len p-th of the concentric circle thr01.1 gh 
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O.4a = 2 (n.4x 13) = 32.7 ft • 

•• At point 0.4a: 

As = 3?7 x Ivl/fsjd = 3?-.7 x 11,f)f)Ox 12/20,000 x 0.875 x 5 

= 49.3 sq. in. 

Use 3? - 1 7/1611 0 (giving As CI 51.9 so.in.) 

These b<?rs will be arranged [: s follovls: 

There will be eir,ht radie.1 b[-!rs in each qURdraTJt; t.he 

whole bein p: in two layers crossing at the center. '!\ccorr:1 in f, 

to .the d8shed J.ine in Fig. (2) nage 5, ler:rth of each bar, 

which m8J-:-es two br>rs in the s] 1?b , will be 19-6 fl
• The bars 

~re nIp-ceo .as sho~.lm in Fig. (25') ylith minimum sl"lc?'cing of )'1 

whe::-e t'bey cross G.t the center. 

-----4 bars 
"Fi~.25 

~4 bars 

~4 bars 

\J4 bars 

Total 16 - 17/16 11 0 

eocn is 19 t 6 ft lonp: 

t1ir: imum s'o<: d.ng © 

centre, where bars 

cross, is 3". 

The arrangemen+ of all t.he steel is r:-ho1:m in pl p+"'. II. 

E- lJesj [:]'1. Of Column.a;., 

The columns are to be' desipned for the foJlrH1inr: 

1- Dead load of the tan}~, ?nr:1 water 1 oe.d • 

?- Direct load on the colum..ns resu1 tinp: from the earthqu2ke. 

(or '.':ind); this will be ei t'her comnressi 0 n or tension. 
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-p\ 8:te 1L 

Reinforcing steel for the floor slab 
of the elevated tank • 

PAGE 51 
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3- Flexural stresses resr'ting from e2rthqua.ke (or wind) 

moments on the column. 

For the case nf fixed footings, if n = the number of 

oolumns (which 8re supnosed to be identical), the resistinr mOl'­

.ent will be equcl to the sum of the 

moments at the bases of the senar~te 

columns. The value of the Iptter is(*) 

where Vr is the axial load due to 

earthouRke (or wind) in the outer-

most column. 

Weight of the wall - 2 n(13) (0.7')) - x 

wt. of roof slab = 7t( 13? x t x 150) 

PI II floor II = rc 13? x 6.5/1? x 

14-

150 

x 

wt. of Circular r~:ir(l er = 2~(13)(1.S)9i~5) 

Total weip:ht of emnty tank ( without colmnns 
and founda.tion) 

Weipht of the wat.er =7l'(13)?(14) x 6?~ 

Total wpifht without columns &. found~tion 

:. LOBd on one column = 88,000 lb. 

F 

hJ: I .., 

I I 
I 

t 
( l5) 

ISO = l?~,OOO lb. 

= 40,O()O lb. 

= 43,50n lb. 

151'"\' x',: ?7.C)nn lb. 

= 739,!)1J0 lb. 

= ~')on lb. 

= 7()A, non J.b. 

l!,Then 8n e2tthf!uake t.a)res pJ.~ ce, t1l 0. heavy taD-tank will 

resist the motion rt t~e foundation; this entails ~ horizontal 

'force (F) at the midc110. of the t.ank, vrhere: 

Tote-I moment @ the levpl of the circular beam is: 

70,400 x 7 = 49?,8nn ft.-lb. ; 49?,8IJO = 51,300 Ib.-ft./ft. 
2 (c'(13) 

Tb.is i's t"e vaJue used for c1 esign ing the end of t.he we.ll.· 

(*)R.Concrete, Ylater Towers,Bunkers,Silos,& Gantries, 'lJ .S.Gray, 
Concrete Public~ti2IUL.]Jtd""!J LonooTLJ..957. Dage ] r,q-,,-. __ _ 

r.. 



THESIS 
ROBERT COLLEGE. GRADUATE SCHOOL 

BEBEK • ISTANBUL 

Apnlying eq. ( . 15 ) we get: 
2 2 

704.00 x 38.5 : 70400 x.lQ. "" ..::Lr • 2(13) "" 4(9.19) 
2 13 

where t : r.cosg = 13 
r =13 ft. = 31825 lb. 

x 0.7071 = 9.19 ft. 

PAGE 53 

l 
= maximum direct load on the column due to earthquake. 

Shear per column : 70400/8 = 8800 lb. 

Moment on column = 8800 x 7 = 61600 ft.lb. 

Choosing a section of column = 20 lt x·20 n : 

Weight of .one column = 
= 

(20/12)2 x 30 x 150 
12500 lb. 

Total direct force on the bottom of each column is 

: 88000 ~ 12500 = 100500 lb. 

Assuming that the column is reinforced by 4- 1 1/4"0 

vertical bars,(i.e. Pg a 4.9/400 : 0.01225 ) the moment of inert­

ia of the transformed section is determined as follows: 

(1/12)bh3 

. (n-1)A
S

·y2 = 
• • • 

(1/12)(20)4 

9x4.9x(8)2 

I 

The safe axial load will be: 

P = O.18ft.Ag + 0.8 As.fs 
, 

= 
= 

: O.18x3000~400 ~ O.8x4.9x20000 = 294400 Ib :> l0050n lb 

The nominal allowable axial unit stress ·for 

tied columns is given as: 

Fa= 0.8(O.2?5 ft 
C 4 fa oPg) 

= f).8(O.2°5x3000 4 2nnOOxO.01225 

= 736 psi. 

13333 

2820 

16153 

,/ 
~ 

.-- I----~ 

I.. .~, ... 
J.1i 

/ 

in~ 
. 4 
1.n 0 

4 In. 

,8 
1 

14" • 

F;, . 2'1 

/~ 

.. ~ 

, ~ I-

" :1 11 

For 30ao psi concrete the allovlable bend ing unit' stress thC'.t 

would be nermitted if bending stress only existed is: Fb.: 

- axial loed/area of member The nominal axial stress f a - (100500 + 31825)/400 = 330.8 

1350,p~ 

psi. 
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The bending unit stress fb = bending moment/section modulus of 
transformed section(uncracked) 

:. fb = 616QOx12 xlO 
16153 

For a safe design: 

~~Q,8 -l- 458 
736 1350 

= 458 psi. 

fa/Fa .,. fbIPb 

= 0.449 ~ 0.339 
= 0.788 Ll (O.K) 

Under the above conditions the combined stresses vIi11 be: 

(i) l00500 + 31822 
444 

(ii) 100500 - 3]825 
444 

.J. 458· = .J. 756 
160 

+ 458 = ~ 613 
- 303 

psi. 
psi. 
psi. 
psi. 

where 444 so.in. is the equivalent area of the section of the 

column - 400 + (10 -l)x 4.9 = 444 sq. in. 

The above values of stresses are seen to be below allowables. 

Shear on column is ; 

v = v = 8800/(0.875x18x18) = 
0.875 bd 

As ties USE 3/8" ¢ @ 18". 

(F) Design Of The Foundation 

(i) Analysis: 

The condition of stress resulting 

in the case where the tank is not subjected 

to wind or earthquake load,is that of a 

ring under a symmetric case of loading 

as sho\vu in Fig.( ~8 l. 

If p( 5) is the intensity of a load 
. . f;, . .2'1 . . 

at the section Lf = f /, then,for the case 

of symmetric loading, p( f ) will be an even 
I . 

function of ( f) and the equations for the .. . 
deflection w(tp) , angle of twist f> (tp), 

31 psi. 

1=':~ . .2 Z . 
Stj",~etY':c 100..J..;"'5 dt 
r;";S fo",,,,J .. \:: iol'\. 

MZ '" Y(w). 

Fj. :2.q 

bending moment iVL,r(rp) ,and twisting moment Mz( tp) will be given 

i 

I 
I 
i 
I 

I 

I 
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by the equations : 
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vie tp) = 
~( l{J) -

7!/:z 

2 [P(~)d~ ~ ~4R~ 2. Yn_cosncp.j P( r)cosn5d~ 
'fC kR c><> f< 'Y\=-z.4,.. 

4R L Bn·cosntp. r p( r ).cosnJd ~ 
cxjA- 7r: ....... 'l 4 6.. 0 ?fh 

M· (If) = x 4R .!i " ilixn • co sn 'f • i P ( ~ ) • co sn y d j 
.,P-~ tt= 'Z.; 4, t.·· 1f/'1. 

= ;7r ~ ¥'izn • sinn .1f·1 p( J) . cosn 1 d ? 
. VlFL,4/~ •. 

Mz (\f) 

If the load is antisymmetrical, p( r) will be an odrl function 

of ( 5.)' In this case the expressions for deflecti()ns ,angle of 

twist,and moments will be: j((, 

AR2 ;I Yn~Sinntf~[ ~(»,sinn7dr W( 'f) = 
~( '-f) = 

O<)A.7r ",,,I,;',,," '«It 

tiR . ~ _ En.sinn <f.1 P()) • sinn j d ~ 
c("u?c' ""=~J,) tv. I 

4R7'C" ;t _ Mxn .sinn'f·l p( t ) .sinnr d t 
/-' "-,,J...... "If/. I 

4! !2. Mzn .cosn<p.;; p( t ) . sinn , d Y 
P h.I/1.~·· = -

The follo~ing nomenclature apnlies to the above formulae: 

fl.? 
- r n' 4 1 x 

nV - 2n:t n'~ fi t j\) ± ?/u. 
(I ~1...P-) :nZ '. Yn /1-' 

I .J. ?n2 
= Bn -t-. n2.Yn • , 

= C/Elx ( C = GJ = 

M 
xn 

n 
torsional rigidity 

p( y) - force(d istributed or concentrated. 

of the beam) 

R = radius of the circular foundation(beam) 

Ix = moment of inertia of beam cross-section @ the. x-axis. 

eX = EIx/R 

i\ = kR4/EI x 

k = elastic modulus of the foundation 

E = Youngs modulus of the beam. 

It should be noted that the value of(k) which is usue.lly given 

in tables is the subgrade modulus measured for the case of I sa..It 

(*) I1Deflection of Circular Beams Resting on Elastic Foundations \ 
Obtained be Methods of Harmonic Analysis"-by Enrico Volterra; 
Journal of Applied Mechanics ,June 1953, pp. ')'27 - 232. .. 

I 
J 

1 
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kt 

(ii) Design: 

Radius of the ring foundation is 

R = (26 4 2xO.75)/2 = 13.75 ft. 

Und'er a symmetric loading the neriod of the harmonic expressions 

is(8) since we have 8 symmetrically placed loads. Hence the 

expressions for deflection,angle of twist,and moments will be: 
'"02//f!? 

w( ~) =_ 41 + 8 t R· L Y", c.csY\'f ~s 1"\(2.1."3,:) 
1( 'R..k Do o<.jJ-fl: Y\,:8,",24, .. 

PCIf) . - e'R.:P 2. 13 cos-n~ CAsn(2..2° '30') 
c( jJ- n: on: 8,' '/~ 4 1"\ 

FI~. (If) - 81<.P .e:z 1\/\ C.o5h\f C0s ,,(2:2.° 30/) 
'X }J-7r' ~ /' Ix", 

MZ(tp) = 9 1<..! ~"" Mzn S,Y\nf c..oS n( 2:t 3 0
) 

P 1I=S It .. 
Only the first three terms in the above series will. be considered 

in calculations. 

Choosing a section of 30"x30" for the ring, the following 

values e.re obtained: 

Ix = 6.75 x 10
4 

in4 J = polar moment_of inertia = . 95.6?5 x 10) in4 . 

5 10 'lb . 2 1 C = Gi = 11.9 x ~O .In - torsiona rigidity, 
8 p. = 0.59 , 0( = 12.273 x 10 Ib.in. 

(**) 
k = 200 Ib/in2/in • 

• ~ kt = k( b ~ 1)2 = 2no ( 30 + 1)2 = 53.38 Ih./in? 
2b 2x30 

The final resul tf'/of the calculations are shown in terms of P, the 

(.;i) See Terzaghi and Peck's" Soil Mechanics In Enp:ineering 
Practice" n. .. . , . 

(**)See I1Theory Of Plates &. ShelJslI,by S.Timoshenko and S~ 
'lloinowsky-Krieger, f";cGrm'l-Hill Book Comnany, Inc. Second 
Edition 1959, p. 259. 

• 'Ii 

i 

I 
I 
I 

I 
I 
i 

I 

If 
I 
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load of one column, in Table ( ]X ). 

~~ __ ~ __ ur __ (_L_~C_h_~ __ )~ __ ~_' _C_r_a_d_l_~_~_S)~ __ M_x_(_l_'~_-_I_b_)~_N_\_z_(_i_~-__ lb-)---[1 
0 0 O. DOD, 012) DZS4F + I~O. 352X IOl2p _ 3.3 ~4-} 572 POll 

I ij 
~5~v~~----+I----_----'l~~;------~I'-------I~ 

O.DO~OI2)056P+1I2.75IXIO ,,-2.658,513 P ,+D.276J 8B2P ! ~ 
~~ __ ~ __ ~ ________ ~ ____________ ~ ____________ ~ ______________ I r. 

lOu 0.(00)0/2)061 P,+37.IG:J X 1O- '2 pl_l. 6'5£, 137 P 1+0.4-87)575 p. l ~ 
15

u 

o. 000) 0'2,067 pi...: G /. I B T X 10-" p.-/- 0.047, 6'38 P 1+ 0.523,423 p II 
20

v 

D. DOD, 012,06':3 pl-15S. 124- X ({)fl P + 5.7/1) 748 P 1+ 0.27 B, 138 P I ~ 
, 'I 

22.5
v 

o.ooo,OI2~OT4 P-168.g67K/o-
,z

pl+6.7(8)914- pol ~ 
The load P is determined as follovlS: (for symmetric loading): 

Load on a column = ..••..•••.••••••••.•••.• 
. 2 

weight of the foundation = 2?r(13.75)(30!1?) = 
8/150 . . . p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Using this velue of P, Table ( -z. ) is obtained ~ 

Table ( :x: ) 
Svmnetric CaRe of Loadin&r 

lO()500 lb. 

10120 lb. 

110620 lb. 

cp w{inch~5) ~ C radia.ns)r· My (ih.- Ib) r M z (\.n.-Ih) I 
~O~O~~\/--4---~--------+.-~-----------r1 ------------~I----------~---I 
~~~--I.-3_3-3-4-1 ____ ~+ __ '_5_5_.-5-2-X-(-D--r~i--·-3-7-5-~ __ 5_5_0 __ ~I ____ O _________ ; 

50 7 I I I 

~ 

I 
i 

I 

~~ __ ~{'_3_3_3_6_3~ __ -r+ __ ,_.2_4-_._7._2_X_I_D_-~r-__ 2_9_8_>_5_D_O ____ !~_,~3~O~)_6~3_0 _____ ! 

~1-0~·u~~-I-.-3-3-4-1-8 ____ ~~--~-2--.-2-3-X-J-O---7~,---18-~_~_? __ 3_o_o __ ~I_+~5~3~,9_4 __ 0 ____ 1 i 

l5
u 

1.334-65 -t;1.68xIO-:7 l+ 5~ 280 IT 57.,900 i 
~----~------------+--------------+------------~~~~~~------i 
~Oo 1.33507 -/7{- 59X /0-

7 +613, 830 +30),75 I 
~--~~----~------~------------~----~------~----~--------

22.5
0 

7 0 I' (.33562 -186.91 X 10- + 74-3) 250 . 

The variatiou. of Mx ~ 1.7z along the portion betvleen any two 

columns is plotted in Fig. ( 30 ). 

In a similar manner the antisymmetri"c case of loading is 

ane.lysed ; however ,in this case, the Fourier expressions hav,.e to. be 

talren for all odd values of n. These expressions will be.: 

- ~ -------~~-------- --
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~--------------------------~-------------=--------------------------------~ 

I 
I 

(a) 

....... - ... . ", .... , ........ -, I 

'':"-: -));"..3~ ... ______ ... ___ .... 

_./ .,. , 

(b) 

.. ... 0._ .. __ 
... --- - . -- '"-"" ... -----. -- --'0 

..-;_<.:':"\~1.".~O __ ~,_. ____ .. ___ ..•. _ 

Fig. 30 (a) iJariation of bending moment a10ng the ring 

foundation in the symmetric case. 

(b) Variation of tvlisting moment along the ring 

foundation in the symmetric .case. 



I 

61(1) 
W( if ) = o(r 7r 

p( If) = <31:.1> 
0(~7C 

MX(if) = 81(.1 
plf 

T'flZ ( rp) -- 8Rf 
}J-7r' 
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00 

~.,,~ .. '( S.'"\n'f SIV\"f'I(1.t° '10') 

r 13n "5;,,'1\1{> 5: 't\ YI. (2;l.° "3:) 
"":',1/"'-

~-
""I/J~) 

M)Cn ~:,,'I\<f S;"''h (22
0 1°') 

~ Mzn C.05'n~ S;,,'n(2.2
6
3/) 

\,\=1,1,";: . 

PAGE 5 

The value of P which has to be used in the above ex pressions is 

P = 100500 ~ 31825 ~ 132325 lb. 

Using this value Table ( XI ) was obtained. 

(XI ) 
A Case of Load in '. 

cp I.I'z (in. lb. ) 

00 0 .... 2188390 

?2.5 -4- 2386000 + 29900 

45 + 1656580 1429900 

67 .. 5 4596840 .,. 36880 

90° 2534950 
, . 

0 

The values of the ben~ing and twisting morne nts are 

plotted in Fig. ( '31 ). 

By referring to Tables (2[ ),( 2tt) and Fig.s ( 30 ) &( 31 

it is seen that the maximum positive moments and rna x. negative 

moments occur in the case of antisymmetric loadinF 

will be used in designing the ring foundation. 

4

df 
Max. twisting moment 

MT .t 

= 2188390 in. lb. 
I 

"1 
0\/,22\ 

?x?2x?2xl.33x20000 
= 0.085 t 

For 3/411 ¢ hoons , t = O.Lt418/0.085 = 5.19"' 

:. USE 3/411. ¢ hoops @ 5" o.c. (Ft"j. '32) 

AlIt 

The area of the longitudinal reinforcement at each 

be: As = ll:~. S _ 21883g0x (?2 ~22"'/2 = 
2.bc .dc .fs 2x2?x?2x20000xl.33 

• These values 
CJ 5 11 

r4~ C/ •• ,. 

'\ '30 If 

t 
P 

b ('J 

~ l . J. ) i ) 

411 hL ;;12-1 4 '1 

f";~. 3.:'2. 
, 

corner will .. 
1.869 in. 

2 

--------
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r-----------~~------------------------==~----=------.-----------------------------

(a) 

.' 

(b) 

e -:0· 
~----.,..--- --- ------ .•.. __ ._._-- -- - _._- -----------..----..,. 

FiV. 31 

(a) Variation of bending moment along the 

ring foundat"ion in the antisymeletric case. 

(b) Variation of "t"wisting moment along the 

ring foundation in the antisymmetric C8.se. ' 

I 



THESIS 
ROBERT COLLEGE GRADUATE SCHOOL PAGE 61 

SEBEK ,ISTANBUL 

STEEL FOR BENDING MOMENTS 

1. Positive moment: its max. occurs @ ~= 22 0 30',or the middle 

point between any two uolumnbases. 

= 2386000/(20000x1.33xO.875x26)· = 0.396 

At the base of a column area of steel is 

As = 1656580/(20()f")Ox 1.33 x 0.875 x 26) = 0.274 in. 2 

2 •. Negative moment: 

At a column base area of steel.is 

As = .2534950/(20000 x 1.33x 0.875 x 26) = 0.4·19 in. 2 

At midpoint: 

As = 4596840/(20000 x 1.33 x 0.875 x 26) = 1.34 in. 2 

2 
in. 

Combining the effects of torsional and bending moments , 

the reinf6rcement will be as follows: 

At the base of a column: 

Positive steel = 0.274 in. 2 + 2(1.869) bars, 

:. USE 2- 1 .9..-11 ¢ at corners, and 2- 7/16" ¢ in between. ' 
. 16 

Negative steel = 0.419 in. 2 + 2(1.869)bars, 

• e. USE 2- 1 L II $6 at corners, and 2- til ¢ in between. 
16 

At the mid-point between the bases of two columns: 

(
.) 2_1_/~n1 0 <.4\' ... cys/~!. 2-(c:J 

posi tive steel = (). 396 + 2 1.869 bars . uS E" . ,'_ b.+ 
Y\Ujo.~,'vo( Sh. .. l = I. 14 + :1 ( I', a (~) bo.rs 

:. USE 2- 1 .9...-" ¢ at corners, and 3- 3/411 ¢ in between. 
16 

Length of positive and negative reinforcement at the base of a 

colu~n will be 7 ft., 3.5ft. on each side of the centre. 

Details of the reinforce!!lent are shovm in Fig. ( 3'3 ) 
1- {+ 2-1{14/ 3 - 1.' if 

.-;;) c..~c"5. r;j 33 II II 
1-

1
" ~r--. ,f 

I.d C4>-~~ vj 
u ... " 

1/ 

v 
~ 

'$_ L cf 
2 ,.. 

Sect~ 6) 'In:cI!\o:"t hd..,~~ c..l ... _ 

- I 
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(II) 

ANALYSIS & DESIGN OF A GROUND-SUPPORTED 

REINFORCED CONCRETE CIRCULAR WATER TANK 

---**---
(A) 

(i) Economical Analysis:-

PAGE 62 

Using the same notation on page( 2) , we have: 
, 

Total cost 

= n D .-AL.C"l 
'iT'D2' 1 

dC = 0 = - ~.CVl + ..1QL.Cr 
dD D~ 2 
.'. The ontimum diameter will be : 

D = 
(ii) Let the required capacity of the tank be 250ono gallons,or 

335()() cu.ft. Assuming the relation between C C w' f is given by 

the equality: Cw = 2Cf 
" 3..; . then D = 2. cf,2'iJ7rr'J 

. D 2. V 2 x 33500/rr 55.4 ft. •• - -- -
Let it be 57 ft. Then H = 33500/(~)(57/?)2 = 13.1 ft. 

AGoing 0.9 ft for clearance makes H = 14 ft. 

(B) 

DESIGN OF \'IALL 

Since the height, of this tank is the same as tha.t of the, 

elevated one, the stresses developed ill the tank will be exactly 

as those determined for the case of free top/fixed bottom, and 

for free top/hinged bottom since we do not know ,exactly how the 

subgrade'is gOing to behave. The results for hinged and fixed 
i, 

'bottom cases are given in Table I and plotted on Fig. (' 10 ). 

-----,-. __ ~~ ___ a q ...... _, ________________________ _ 
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The effect of water surging during an earthquake is to be 

superposed on the hydrostatic effect of water;but the mass of 

water in this case is much larger than that in the elevated one. 

Furthermore,here we have to consider the· case of a free top/fixed 

bottom wall, subjected to an inner pressure which is assumed to 

be 1.:!1iniform;this pressure is thatresu]ting from water surging. 

Following is the development of the solution to the effect of 

water surging during 8..1'1 earthquake. 

Solution: 
In the general solution for the she 1] problem,viz. 

w = Clsin?x.sinhrx + C2sinpx.coshfx + C3cospx.sinhfx 

~ C4cos~x.coshpx + f(x). 

the particular solution f(x) results from solving the equation: 

~ '" 4 f w = Z = - p/D 
dx4 D 

This is the case because a uniform outward pressure (-p) is 

assumed to e~ist in the case of earth-shaking. The particular 

solution will be: 4 
wI = -p/4 D 

The four conditions to solve for the four unknowns Cl 'C
2

'C3'C4 aT 

(1) (w)x:o = 0 = _pa
2
/Eh -+ C4 

•• C
4 

= pa2/E~ ••••••••••. (i) 

(2) lllE) = 0 = lCl(pcos~x sinhpx ~~sinpxcoshrx) + 
dx x".() 

C2(pCoSrx.coshrx +rsinpx.sinhpx) ~ C3( -fsin~x.sinhrx + 
~cosrx.coshrx).~ C4(- -~sinrx.coshrx 4- Cos?x.sinhrx ) \ 

) x= 0 
:. C2 + C3 = 0 •..•.••••.•.••••.••••• (ii). 

( '5) p:~ 1 x= d C - D G! 2\11 = 0 
. ~x2Jx=d ... \ d2~1 = 0 '" j Cl~(-rSinrX.sinhrX + fcosrx.cos11t'~ 

~ rcg~rx=:cgshrx + rsinfx.sinh~x) + C2 r (- rsinrx.cosbrx .. I 

> " • 

-\- rcosfx.sinh~x -\- rcos('x.~inhrx 4- psinrx:cosh~x) fC'5~(-(3c~, 
sinh~x -rsinpx.coshfx -fslnfxocoshfx -fslnrXCOSrx+pcospxs~ 
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.. 
+ C4 P( -rCOS~X.COShfX -pSin~x.sinhrX -rsinpx.sinhrx + SOg~XCOShrX1 
:. C1cospd.coshpd -l- C2COs~d.sinhrd - C3sinFd.coshfd 

- C4sinrd.sinh~d = a ••••••••••••••••••••.•• (iii) 

(4) LQ]x;:o = t/T~) x-a = 0 

:. 1 C1 (- ~sinrx. coshr x '" pcos~ x. sinh fX ) .,. C2( - rain ~x. sinhrx + 
pcosrx.eoshpx) -C3(Feos~x.eosh~x + sinrx.sin1fx) 

-:- C 4 (feos ~x. sinh~x+ fSinfx. coshpx) J = a 
• x~ 

•• Cl(-sin?d.eosh~d '" eos~d.sinhyd) + C2(-sin\dsinh~d + 
cosrd.eosh~d) - C3(eosFd.eoshpd + sin~d.sinh~d) 
C4(cosrd.sinhFd + sin~d.cosh~d) = 0 ••••••••• (iv) 

From equations i,ii,iii we get: 

C1(eosrd.cOShrd~ C2(eos~d.sinh~d + sin?d.cosh~d) 
- Ea2(sinOd.sinh~d) = 0 .•....•. (v) 

. 'h \ 
From equations i, ii,iv we get: 

C1(- sinfd.eoshrd + eOs?d.s~nh~d) + C2(2cosrd.cosh~d) 
- na~(eos~d.sinh~d +sin~d.cosh~d) ;: 0 ••••• 0.. (vi) 
Eh. I 

From the above equations the constants are determined: 
2 2,.2 ,2 2 

C1 = - (ue ). cos I~,s~nh f3 d "" s~n fd .cosh fd 
Eh cos fd + eOSh2fd 

C3 
2 Cua ). sinhed.~oshed ~ s~nCd,cosed 

Eh cos pd +- cosh pd 

Using the values of these constants ,the closed expressions for 

the deflection,hoop tension,shear,and bending moment are obtained 

It is to be noted here that the resulting expressions are based 

on the following ones,given in terms of (w): 

N - - IDl·w - a 
Mx = - D. ~ 

dx 
d3w Qx = L(i\1x) - - D. 

dx dx3 " 
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form 
Following are tbe final closed/expressions of the deflection, 

hoop.tension,bending moment, and shear in the wall of the tank 

due to water surging during an earthquake 0 It should be remembered 

here that the variable (x) is zero at the bottom of the tank , 

and is' equal to d,the depth of the tank,at the top of the wall. 

VI = - 12a2. t I + cos
2

,oc1. sinh 2~ d~ sin2Pd 0 cosh2e' do sin pxsinhpJ 
Eh cos2/1d -l;- ~Qsh2Pd 

- sinhPd.cO~hPd + sine~.cosPd .\slnpx.coshpx - I 

. cos t3d .... cosh Pi! Z I 
cOsfx.slnhpx) - cospxocosnpx J I 

pall f ~os2p'd.~inh2(3d f ~in2&d'COSh2Ad.sin~x.sin¥x 
. cos fd +- cosh fd . 

sinhed.co~hPd ~ sinPd.cos?d.(sino/xcosh~X-coirxsinhpl 
. cos fd ~ cosh2fd 

cosrX.COShpxJ 

not cos2pa.uinh2pd + Sin2eaocosh2,11do (cosrxocoshrX) 
2 r cos

2 ~d + cosh2pd 

- sinhed. c~shedt sined. cos~d • <'CosfXSinh(x-t- sin ~xcosh~x: 
'. cos ~d +COSh2(3d 

+- ~ sinpx. sinh~x } 

p )cos2~aoSinh2ed ~ sin2~d.cosh?!d.(cosfx.sinhpx 
2P l 'cos2~d + cQshfd 
sinrXocosh~x) - sinh,ad£(Osh~d'" singa.cosr d 

. coS2f d + cosh2f3d 

(2cosrxocoshrx) 4 cosrx.sinh~x + sin~x.cosh~X) 

Values of M,H , and Q are calculated 8:t the tenth points of the 

height of the wall,and are recorded in Table VIr (t·.2J) 

Procedure of the wall design is the same as t};1at of the 

e1evateC! tank;hence,the actual desirn of tl'ewal1 is omitted to 

°a '.l- • .l-. aVOl rEmet..:!,vJon. 
and 

The co.mbined effects of water surge,(hydrostatic -pressure are I 

L 
given in TabJe .VIII (p. 66) for both cases :hinged, and fix'ed 

__ .. ~o~~~m:."... ___ ....... ___________________ -... ___ ~ 
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Combined effects of hydrostatic pressure and water surge 
on the wall of the ground-supported tank. 

Poi..nt M ft -Ib 1ft Q lh·/fl. Nf fb 1ft 
on. 

t ~(l 80 tt01Tl 60 t tOh"l 

Vl al J F ('Xe.d Ht:n,gctd Fi x ~CL Hi 'YlJIed Fixq;d. Hi.'l1~a.d 

1.0 d - 9 -3 - 3 - 4- +10081 + 10070 
."-

0.9 d - 17 - II - b - 7 + 1124-0 -+ 11215 

O. B d -23 - 23 - 2- - S 1- 12 560 +12.390 

O. 7 d. -27 - 47 + 28 + 10 + 14-15'0 +14-020 

0·6 d +50 -9 +71 +4-3 +/5530 +15430 

0·5 J +910 +38 + 140 +115 +16900 +16900 

O.4-c:1 ~4-4-6 +308 +186 +201 +170601+ 17700 

O· 3 d +6g3 + 633 +- 1 {2 +239 + 15450 +/7050 

O· 2 d +611 +884- - 263 + 69 + (1040 +137{D 

O·ld· - 343 + 612 -1140 - 566 +4-420 +7330 

0 - 3090 -1010 - 2'590 -1900 0 0 

i 

I 
i 
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The floor of the tank is subjected at its circumference to 

a uniformly distributed load (Po) per unit run ,due to the weight 

of the wall, and to a moment (M ) per unit run, due to hydrostatic a 
pressure. In analysis t',70 analogous cases are discussed here~ 

(i) The case of a circular slab with a uniformly distributed 

load Po per u.:O.itrun: 

The equation of the deflection curve of the plate in 

this case i5(*) 

where 1= 
°1 --
°2 --

W1 

'V ko/D 

'Po ."'1 
Ko 

:Po ~ 
kc> 

= C
1

-Zl (7r ) + C2 -Z2(l r ) 

ZJ (10.)';- ~!-Z; (1'[tL) 
:t,(~A) z; (-'1~ - z;( '7"-) '1,i7[a.) + J ~~ [Z(:l(7JIt) -r rz~:l (']"->] 

• 22 (71 tA) + '-7: £:("7,,-) 

and Zl,Z2' etc. are the Bessel functions whose values can be 
(**) 

obtained from tables if 1 a L.. 6 ; If a > 6 the following 

asymntotic values of these functions can be used to evaluate 

them: . 

Z1(X) 

zIt (x) 

Z2'(x) 

= + 
:: ~ 

= 

0( cos () , Z2 = -
O<'(cos cr- siner )/V2 

0« cos o-~ sin u )/\/2 

where (x) is the argument of the functions,and 

()= x/V2 - /C/a 

o(sino-

x/y'~ 
).e 

(ii). The case of a circular sleb ,of radiris a, which is loaded 

by a moment fEo :·per unit length of the periphery. 

In this case the deflection is: 
"'\ ; 

Vl = D,.Z,('f}r) .f.. D-:2-Z2('7r) 
(-YcL{+:·-l(·) Hetene?its "Beams: .. " pp. IOti-I!)7. 
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where 

Knowing that: 
2 

Il'r = - D.( dW + x. 'd'lil ) 
~ r 'dl' 

:z. 
I\IIt = -D.(l.'d w 4-V.'dW) 

r 'i3r '0'(2-

and utilizing the properties of Bes&!. functions , it can be sho'wn 

that: \ [ ~, = -o(Dt (Cl-C2)cos 0- (Cl + C2)sino-J(~ - .Jr)/V2 

,.,;.' ( CI·sin e ~ C
2

ocosa-) J 1'[ 

Mt = - CXU{ t (Cl-C2)cos tr- (Cl -+C2)sin cr)C-L - LJIV2 
,. 7. r '1].r 
- v. ( Cl • s J.n () + C 2 • cos cr) J ' ' 

The same results apnlyfor (w2 ) after replacing Cl and C
2 

by Dl 

and D2 ,respectively • 

. As r ~ 0 it becomes more convenient to evaluate Mr,tit 

by using the asymptotic values of the Z-functions: 
2 2 = -?f..r /4 

= - ~r/2 
z 

Thus ~wl = 'd y-z 

'dwI --r;rv:-

. . (Mr)r~O + , and 

lMt ) lY'0 = + D.C2 .C1 + v )/2 

Similar expressions hold for ( VT2) by using Dl a.l1d D2 for Cl , C
2 

• 

(B) Design: 

Assuming that the s18,b thickness: 12 in., the following 

values will be used in calculations: 

Po = 0.75 x 14 x 150 = 1580 Iblft of perip~ery 

ko • ko~ hf 1 J2 = = 2b 
200 ( 58 + 1.1

2 = 50 Ib/in3 . 
t 2x58 5 
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--fla = 8.85 

°1 = 0.000025' C2 = 0.000017 

Dl = 1).000239 D2 = - 0.000091 

Calculations of the moments at the tenth points of the radius of 

floor slab are recorded in Table ( 'XI[) and plotted· in figures 

( '34) and ( "3 '5" ). The effects of Mo and Po are superposed and 

plotted in Fig. ( 35 ). 

It ~s seen from these graphs that most of the moments are 

effective. near the edge of the slab,and that the maximum value 

at) the bending moment is not at the edge, but at·some short 

distance frqID the ectge. This will dra'll the attention to the 

idea of thickening the floor slab near the end so as to reduce 

the steel needed there. 

The moments -given in Table ( ~ ) canl~e used to determ~ne 

the required area of steel in the same manner that the roof and 

floor slabs of the elevated tank were designed. A/?-:ain,toavoid 

rep~tition,this detail will not be included here. 
TABLE XII 

1>0;1\1: Mr Mt 
i-n"p t" 1>. " LP t. 1'\ ...;' ..... ~ ~. 1>0 n .• ," M. Z 

0 - 640 - 500 - 1140 - 130 ')5 - 22.5. . -

0.( Cl - 4 '15 - 450 - 925 -2 () 0 - 110 - 3\0 

O·lll.. - 8 00 - 10 - 8 10 - '300 0 I 300 

0:3"- - I 050 - 300 I - ! 350 - 400 50 Ll50 

0·4 a. + 3 000 - 1600 + 2.4.00 + 1000 - Ib 00 bOO 

I 
-

0., ... + 1.2.50 T 240 00 t2'i25 0 -t 90 + 8000 + 8 0 1J0 I 

60 2800 28 60 
I 

6 .• <t 1" -t i '1 i- lioo T 3440 + 4G40 1 

0·1 a. T I 3250 _ 12000 -+ 58150. + '3150 _ ,200 00 I I ~ 850 

O'i~ + 1914'0 _.2.00420 _IS\280 + ]200 - 32 000 - .:L G 800 

0·9 It _ 451 00 _ [ 6 0 000 -2. 05 I 0 0 - bO _ 40000 - 4,D ObO 

1.M. - 188 0 0 - 4 0 b 515 _425315' I - 1140 - I 03100 - 10 5 ~ 40 
_________ . ______________ --1-____________ _ 
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l~T d.u.c to 1'0 

Fig. 34 

Variation of radial and tangenti8.1 moments 

a10ng tr.e radius of the floor slab of the 

ground-sup~orted tank. These are the 

moments due to (P ). 
o 
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tot,. cl,...c to M • 

Fig. 35 

PAGE 71 

Variation of radial and tangential moments 

due to eM ) along the radius of the floor 
o 

slab of the ground-supported tank; and- the 

resultant moments due to the joint effect 

--- -··-.-___ -. ....... __ ~, .... ~.~. __ ..... M_~ ... _d"_~ ___ ..... _____________ = ... ______________ """ .. _."., .. == .... __ ......... 
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------------------------~-----------------------------------------~ 
(III) 

ANALYSIS & DESIGN OF AN UNDERGROUND 

REINFORCED CONCRETE CIRCULAR WATER 

TANK • 

--**--
The analysis of this type of tanks is based to a great extent 

on the same line of analysis followed in the cases of the 

elevated and ground-supnorted tanks. Similarities and differen-

ces between the underground tanks and the other tvlO types are 

cited below as a guide in analysis and design. 

(1) The economical analysis is equally applicable to all of 

the three types. 

(2) The analysis of a moment at the top of the wall of the 

elevated tank is apnlicable to the underground one. In the former ~: 

the moment at the wall/roof connection resulted from the weight 

of the roof plus sno'."l load. In the latter, the same situation 

arises if the wall/roof connection is continuous,but,this time, 

the supernosed load on top of the floor shouJd be considered; it 

may be the surcharge of a highway or a soil fil1,for example. 

(3) The analysis for earthquake stresses apDlied in the first 

tYro cases is also applicable to the third. The analysis for a 

fixed bottom/fixeo top,which may be needed here, is already 

deal t '.vi th in the elevated tank design. 

(4) StresSes resulting from hydrostatic pressure are the same 

in the elevateCl and the underground tanks if the latter has a 

continuous wal] /rooi: connection in particular-( as, a matter of 

fact, this 'boundary condition will not have a serious effect on 

the resulting stresses~if the wall is deep enough. 
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~ analysis of the fl~or -=- the underground tank resemble:--I 

that of the ground-supportedone;and the design of both I 
resembles that of the roof and floor slabs of the elevated tank. ~ 

However, if the underground tank is too wide columns will be 

needed to the suprort the roof. In case one column is used in 

the middle of the slab, the moments cah be determined from the 

deflection formula: 
. 2 

Vi = (Po/41 ~D).Z3(1r) 

where Po is the load of the colurnn,. Z3( 1. r) is 8 Bessel function 

whose asymntotic value. is: 

1) t t as 

2). -t- V2/rrr."l r 

x~n . . 

• (e- "? r/al2 ).sinC 'Ylr 
vr 

as x ~ C>c=> 

These asymptotic values are often applicable since the middle 

load Po causes a dishing effect in such a manner that the 

deflection is usuCl,lJy cqnfined to the near vicinity of the 

apDlied load. 

(6) The underground t::mk exhibits a new feature thatvras not 

encountered on analysing the elevated and ground-sunnoy-ted tanks. 

It is that a sneci('l,l cere is needed in analysis of the wall 

'!Tn ieh has to SUTIDort the surround inr, soil pressure, esneci(3,lly 

when the tank is emnty. This active soil pressure is piven by 

the formula: 

where: = 
= 

H = 

= t 'Y H2,. 1 - sin ¢ .. cosi 
1 ..f. sin ¢ 

the resultant pressure on the wall, 

unit weight of the soil, 

heif,ht of the VIall, 
_______ • ___ .. ~, __ ... -.-____ "''''' ______________________ ,_ .. ____ ~ ..... :a;;.~;_"~ 
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-------------------------~~---------------------~ 
i = angle of slope of the back fiJI, and 

~ = angle of internal friction f~r the soil. 

Stresses resulting from active soil pressure should be taken by 

properly placed steel denending on the intensity of the pressure. 

(7) Another feature of the ~nderground tanks is yet to be 

considered,viz. consideration of the stability of the tank in 

wet ground. The upward pressure of the ground water may be high 

enough to lift or tilt the tank,e$pecially when it is empty. 

In stability c;ulalysis the upward pressure is assumed to be 

uniform,and it has to be less than the total weight of the tank. 

If it hapnens that the upward. pressure exceeds the tots.l down­

ward force( weight) ,the tank has to be mao e hee.vier by building 

'an additional toe 8.t the edges, or by constructing be,tters on 

the sides of the wall. 

. . 
--... ------... -.-.~~---~~~---------------------------~ 
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It sho~ld become clear from such 8, \'lork of analysis that the 

whose value W8.S rather small and could have been neglected after 

making some justified assumptions as to the behaviour of the 

circular girder with respect to the floor slab. However, this 

approach is often useful,and sometimes necessary, in explaining 

the way forces behave in the te.nk structure, and in apnlying the 

methods of elasticity to engineering structures. The method of 

supernosition has been sufficiently clarified by the formulae 

derived for the different factors that bring about stresses in 

the tank, especially those due t9 earthquake and wind effects. 

The elevated tank design shows that it is much better to 

build a steel one rather than a concrete tank if the size.of the 

tank is considerably huge,hence more rigid than others. Such 

huge concrete tanks bring about problems regarding the size of 

the columns and the supnorting foundation. Whereas concrete tanks I 

are not allowed to deflect, steel tanks are allovled to have· ! 

about 15 inches of deflection at the top of the tank. This 

flexibility in structure is sometimes more recommended than 

r1eic1 i ty , although many sunport the onposi te vie'.']. The stef:)l tanl: 

tower m8.y have ties i'ri th springs connecting' o"o1)08i te columns 

toge+her,so that one tie is stretched while the other is relaxed 

dllrinp; 2,n earthquR}:e. This clevi ce he} ps in get tin g at a consider-

ably flexible and slender structure in which aesthetic consider~ 

cttions are s8.tisfi~~c1, un] i}~e t1-:e case \'Ii th a~ 11ery ri[:id a.nd '. 

massive structure. 
~r~. __ .................... _.._.A_ ... ~~~~_~~6'...,.., ___ ........ ~ _________________ ~-.-__ 
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P~·~C 

Thus it is recommended that concrete tanks be built if they 

are ground-supported or below {Y,round. In case a tanl;: is grouna-

supported, the smaller the diameter.the more economical it is as 

compared to 8. simil1?r rectangular tank. As the' grOll..'tJ.d-Slipported 

tank gets larger , it will be better to have it recte.ngular rathe.r 

I 
I 
I 
I 
l 

than circular, and design will thence of vertic21 sl~bs subject- ~ 
j 

ed to hydrostatic,or any,pressure with sides fixed or hinged. 

The floor of the ground-supported ta.l1k exhi bi ts the fact 

that its edges are subjected to huge moments ';Thich have their 

maximum value at some distance from the edge. These moments can 

be partly offset by building a toe at the edge,thus helping the 

floor/mill connection in supporting the applied moments. 

The ~ariation of the moments in this floor slab shows 

that,as the tank gets wider,the momental effect on the centre 

decreases; this leads to the idea of designing the floor,espec-

ielly in ~he middle,by using one or two steel meshes instead of 

placing the bars ra.dielly as in floors with small diameters. 

Furthermore,this momental variation suggests that the vicinity 

i 
~ 

~ 
~ 
~ 

I 
~ 
~ 
! 

I 
I 
I 
~ 

I 
~ 
& 

~ 
of the ed ges of the slab be thickened more than the midd Ie so i 
8S to provide a higher effective depth, end, conserp.lently, a lower I 
steel percentage. 

~ 
~ 
§ 

~ 
I 
~ 
~ • f 

~ 
I 
~ 
J 
" 
~ 
~ 

l __ . _______ ~~,~.~___ _ ______ -----...,4J 
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APPENDIX 

Derivation of' the formuJ ae f,r determin d;inn of 

the recl1!J1dF.n+'s in the circuJ~'r p-i!'cler of t,~~e elevated t8.nlc: 

1. (0. :-
Ma.=- cos (ep-B) It I 
To.. S i-Vi. ((r~ 8) 

cis R d.B 

:J.p 21J 

:= S til: ds+ S T~ ds 
o EI 0 GJ 
l~ , Z, 

= S ~l ~s"( if-e) de + ~ J sln'(rp- e)d8 
d 0 

:J.rjJ 

~I 5 , f [/ + Cos 2 ( cp - e)] cd e 2<? 

o + R SJ.. [1-' Cc52(cjJ-&J]d8 
0 2 

o 

2"'?¢J 2rj> 29 
R (d. (9 + R J CO.5 2(¢ - 8) de + R_ 'S.a e - R-. (cos2(¢-8) de 

2ET) 2EI 2GJ 2GJ)' 
o ~ 0 "0 

2~ 

R-)5 CoS 2 /~- tJ)d9 
2GJ \.. , 

o 

Noy.'; 

2~ 

SCos2(?-e)d8 -
() 

R 

ra. a. :::: R (2 cP -j- s; Y\. 2 if» + 1L ( 2 tb - S 'l h. 2 rb \) • . ~ 
2fT ' ' 2GJ - 'f '1 a 

---··---··-·-----..-~-,· .......... ·~ ... _-,_ . ._ ___ r~- .. 4. ..... .,.-· .... u. .............. -_l'l .... .&lIl~~ IF*" c-.s_i.1'1IIOOO4e¥! ww !Iii". i Li$olII'I-. ..... . 'U~-.:~...._~~~ .• ,:_~,,_)j 
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