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NOMENCLATURE . *_ : , N
"« Dimensionless numerical factor (See Apper&j’x_ 1
B Dimensionless numerical factor (See_ Appendi,x_l) .

Yy . Density of the.content, lb/in3 (kg/’m3) .

g Stress, psi (MPa)

| . ‘ Opax Maximum stress, psi (HPJa‘)H
, , a  Width of tank, in (m) .
T . - . ¢ -
| . A Cross-sectional area, in2 (mz) ‘
| ‘ b Length.of tank, in (m) ' -
o N - . -
d Deflection, - in (mm) : : \ . o
i — .
d Maximum deflection, in (mm) -
A max . ’ .
fo D Depth, in (m) o —
A ' . E Modulus of elasticity, psi (MPa)
' ) S
i
o h Height of tank, in (m) 4
! Moment of inertia, in (m’) . . , -
’ W, 4
1' Required moment of inertia, in (m') f
req C
‘ 1 Length, in (m) . : ‘o
- A | Bending moment, 1b=IN (N-m) . ‘ ' "o
: ‘M___ Maximum bending moment, 1b-IN (N-m) -
: , max | q _
-k P Press®ye, ps! (KPa) . '
i Ry Bottom edge. reaction, 1b/IN (N/m)
‘ : ' -
' Rh Intermediate horizontal stiffener reaction, 1b/IN (N[m)
X R, Top edge reaction, 1b/IN (N/m). ’
S  Allowable stress, psi (MPa) S o \
. . Sy Minimum yield strength, psi (MPa) -
. , ' / i
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' | 2l - .
t Plate thickness, in (mm) °
| oo ' . . 1
t,  Actual plate thickness to be used, in (mm) .
P o« ' -~
’ t Required plate thickness, in (mm) . Lo
; W _Unit load, 1b/IN (N/m) .
B ¢ ]
X Length of rectangular plate, in (m) - .
, ’
‘ y. Width of rectangular plate, in (m) . _ .
: ‘Z Section modulus; in3 (m3)‘ I - )
. ) Zreq'Required section modulus,’ in3 (mﬂ) ;
t - \ -
% \, |
d 1 , .
. | ‘ .
/ | . o
i ‘[ % P . - .
. % ) / . "
g . ‘ - \\ . ; -
' - ) ' K
: E \ T
3 - { - T
| Y < ‘ " A i "
’ . ( \ o
v —t i 2
! “~ 13 .
i _ . , -
. ) ' { i
. - S
- ' -/
! . . \ B .
: X , . ‘
i ' - " Lo
H . had ‘ . T
— —_— ¢ 7/ - ' !
\ . ‘ - \
|“" ¢ _ 1] - . !
l o . -v- — 4
| : : _
. - * % - : <
. K ‘\. / '
| ~ —
¥ \) - v W .
P T T m———— — . o T




—

e

) ' [
i

— - ’ l '
A SIMPLE METHOD FOR THE DESIGN OF RECTANGULAR STORAGE TANKS
: \!

7

- !
1.0 INTRODUCTION  ~+ . - T ’

{

The purpose of this analysis is to describe a simple method for
the design of a rectangular non-pressurized storage tank which will meet

all the design requirements stated in the following paragraphs.

’ /

Tanks are usuaily designed and fabricated according to the

minimum requirements of certain specifications or codes.
i

Codes do not have any specific requirements for rectangular storage tank

_— -

The current API
‘

design or fabrication. Recently, the ASME--Boi'ler and Pressure Vessel

<T — ! ~ -
Code, Sectin VIII Division 1, 1979 Summer Addenda issued a new set of
mandatory rules (Appendix Xl111) for the design of rectangular and obround

vessels. 'They may be used for reference.

-

Rectangular storage tank;\hre usually designed in accordance with

the following céiteria:-

.,.

7
‘\i) Rectangu?ar in shape '
ii) For nonpressurized stéragei |
fit)  Tank wall is subject t; hydrostatic head‘Snly (ive. uniformly
‘inqreas}ng load from top to bottom and normal to its plane)
’ .
iv) No external pressure t { .
v) Design temperature:- from room temperature up to 200°F
—vi) Corrosion alloxénce to be included in the desién, if required.

K
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In the following chaptefs, the basic design formulae for thin

plates under bending and membrane tension, also the effect of structural

stiffeners and the stress analysis in some cases are discussed. The most

"common tank wall configurations, unstiffened and stiffened are analysed and

their applications-are illustrated in.a numerical example‘.
i
N ; H - . f
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2.0 SCOPE . ¢ )
. ' The design of rectangular storage tanks is based on the stress :
analysisrof flat rectangular plates under different cases of loading and
edge conditions. _— v
The bending properties of a flat plate depend largely on its _ ) -
thickness as compared to its other dimensions. Plate theory usually g
distinguishes three different categories: , a o
1) Thin plates with small deflection } ’
ii) Thin plates with large deflections . ‘
i1i)  Thick plates. - ’ ' o a
2.1 -Thin Plates With Small Deflections .
7y
If the deflection of a plate is small in comparison with its :
\ ‘ \ —
q%hi;kness, a very satisfactory approximate theory of bending of the :aﬁte ) .
. by lateral loads can be developed by making the following assumptions: -
: ‘ i
, v
i) There is no deformation in the middle blane of the plate. This , ]
' -
— is often called the neutral plane. } !
~— . - \ .
ii)  Points“f the plate lying initially in a normal-to-the-middle E
B [
T planq\of the plate remain on the normal-to-the-middle plane of .
thé‘plate ;fter.bending. The effect of shear forces on the
- deflection of the thin plates is considered negligible. - {
iii)  The normal stress in the direction transverse to the plate can
be disregarded.
- 3 - .
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All stress components can be expressed by the deflection of the -

plate, which is a function of the two coordinates in the plane-of the

. roo : g
plate. This function can be expressed as a linear partial differential’

P

4 equation. For a given set of boundary conditions, the stresses at any
’ 2

point of the plate can be calculated. . For rectangular plate analysis, .

3

these equations are very well explained in many plate theory books [8]..
, . ‘ .
2.2 Thin Plate With Large Deflection — R

-,

. R \
< When the deflection becomes larger than about one-half the

thickness, there is strain in the middle p]éne: The/ﬁtress in this middle

plane cannot be ignored. This, stress, called diapﬁragh stress or d[;éct

stress, .enables the plate.to carry part of the load as a diaphragm iq
. direct tension. This tension may bp‘baLanced by radiai tension at the edges

if the edge§ are held or by circumferential compression if the edges are ‘not

[]
¢

-+ .
horizontally restrained. . .
. - Y - . ' BN N

© B

-

: Membrane stresses would also arise in such auplatp if its edges

' are fmmqvable in its plane and the deflections are sufficiently large:

iy

: . . *
If all these-are taken into consideration in deriving the

-

differential equation, a nonlinear load-deflection and load-stress *

relation. is 'obtained.  However, for rectangular plates under uniform .
’ i -

" > . ‘. . 2
load producing large deflections, analytical solutions which relate ‘load,

deflection ard stress in terms of numerical values of the dimensionless

coefficients: d/t, th[Eth and obZ/Et2 can be obtained from [5].

bl il . Il
L g ~
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2.3 . ' Thick Plates ‘ '-

¢

The app}oximaxe theories of thin plates becomes unreliable in

—

1

the cgsé of plates q} considerable thickhess, especially in the case of!
highly qoqcentratedvloads. In such a case, the thick;plateOtheory shogld .
be applied. This theory congider§ the problem of plates as a three-.
dimensional problem of elasticity.

-
L
.

2.4 ‘ Thin Plate Theory For Rectangular Tank Design

[

solutions of numerical analysis are obtained from [5], (6], [7] and [8]

’ and can be\accepted as sufficiently accurate so long as the folldwing

‘ assumptions hold true: .

a
2

i) The plate is flat, of uniform thickness and of homogeneous .

,isettepic material.

ii) The piate thickness is not more than about one-quarter of

the least transverse dimension-

iii) The naxiﬁum deflection is not more than about one-hal f of the

» B
- f , 1

L -, . plate thickness. -

"
<
&

iv) The loadings are normal to the plane of the plate.

’ v) The plate is nowhere stressed beyond the elastic limit

: f} ‘ ) (i”e..Thggry of linear elasticity is appliéd).

—~ 3N .
4 »
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3.0 . 'DESIGN OF TANK SIDE WALLS WITHOUT STIFFENERS

[}

The tank wall is subjected to an uniformly increasing load _

N .
~ which varies from top to bottom edge. This internal pressure is due
. . - o ’ N
to the weight of the contents. The hydrostatic pressure can be expressed
L]

|
i

as:- {See Figure 1)

199

P = maximum hydrostatic pressure

. ' 3 ' o . . - V ' !
s ! ‘ ) = hY - ‘/ — . (‘) M
where /
’ ' <, N
h = the maximum height of the contents, height of the ‘tank ‘ ;
“or height to overflow nozzle
vy = density of the contents T \%
. - , A
o * For conservative design, it is simply to analyse only the longest

side wall, having the greatest span between supports. Tanks without
étfffeners will have their top edge free and the remaining three edges

simply supported. A typical tank wall is illustrated in Figure 2. The

maximum bending stress and deflection on the wall can be determined by b
applytng flat plate formulas with the above, loadsng and edge conditions. )
These maximum stress and deflectlon are given by - 3
; ' M ' . ‘ .
' o- = maximum bending stress in the plate’ e
: -y max - ’ .
‘ . - ﬁPbZ/tZ : C(2)
d = maximum deflection of the plate ' ' .
max .

= aPb /L3 ‘ (3)




sy

<

_m.--..-v‘.[w. —

.
-
!
"
’
.
2 - t
A
\
’
,
@
2

Y

¥ . &
“ -
[4 - -
' \ . o .
. ' .
. Ta
R
.fa — - ’
. —x
* il
?
‘ .
4 Y -
v | o :
. b £
9 - o -
&l e - .
3 . 3
v (]
/ ,
Supported , P
. ‘ -
b wefiipent .
. ) ~ . o
/7 i - b
Il
- - \ »
1 i
N 3 t
N . :
. T " '
o v P
- ./
*° N - -
* ; :
. ' , . - {
. ’ ( -
. A ) , ,
- - - .' "
. , o ‘ o
. (Figure 2. Wall Panel Without Stiffeners
: . o n R
' -8 - ’ ~ . .
~
' \ :
. /
i ay e s wade e - hemreepre————

o b e




/
where ", Lo . s

a = dimensjonless numerical fattor depending on the ratio
. - . height, h; to the length, b (i.e. b/b). Values can be
obtained from Graph #1 ‘

B = dimensionless numerical factor, see Graph #l

plate thickness -

. t=
T E = modulus of elasticity \\\ . L
v .
By rearranging equation (2), the required wall thickness is:-
ta = minimum required walk thickness
/ BP - ng/ s‘ '
. = b§y=— - ! . . 4
’ VS' ‘ e . (B)

i . where o

[

S = maximum allowable\stress

1

K N - N .

Corrosion allowance should be considered in deriving the actual

x

plate thickness ta. However, in no case will the minimum required
wall thickness be less than 3/16 inch for all carbon steel tanks as

PN 4 —

; . recommended 'by AP| codes. Generally, stainless steel tanks may be \

designed with less than 3/16 inch thick wall panel.

Iy [

a7 The actual plate thickness t (less corrosion allowa?ce) can be

- ety e bt s o

3

. emﬁloyed in equaf%bn (3) to determine the maximum deflection. The

maximum deflection should not exceed one half of the require& plate thickness.

— N

N e i e s e e e e - b
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The available numerical data, as shown on Graph #1 are Coe
~ B /

lin{i ted for values of h/b from 0.5 to 5. For extreme cases, such.as,

g e

* " very long (h/k+ 0) and very high (h/b + =) recténgula’r tanks which are

¥
! -
b very seldom used, flat plate theory may be replaced by straight beam
§ . ‘ '
! > analysis. —— .
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can be obtained by equations (3) and (4) with appropriate values of a-and.B
, - / .

L.o- DESIGN OF TANK SIDE WALLS WITH TOP_EDGE STIFFENERS \ T

%

B $
If the plate thickness as determined by the previous section
seems uneconomical, or the plage deflection is too large and exceeds one

half of its thickness, a top edge stiffener should be added.

Top edge stiffeners are required for—gpen-top tank. Stiffehers

shall be located at the top and preferably on the outside of the tank *

shell. In this case, all edges of the tank wall may be considered to

be'simply supported. The minimum wall thickness and the maximum deflectipn

3

from Graph #2 for h < b or from Graph #3 for h > b. (See Figure 3.)

For sizing the top edge stiffeners of small tanks, straight
|

beam analysis may be used without taking 'into account the corner moments
-l - 1

at the top edge frame. —
v ) / |
| For a top and bottom supported tank wall, the top and bottom edge"

.

reactions can be expressed as

/
v ; :
\ 4

Rt = top edgé reaction per unit length #
Rb = bottom edge reaction per unit leﬁgth )
= Ph/3 . . (6) -
i N

The top edge stiffener is subjected\to the uﬁiformly distributed .
. \ . \
load R,. The maximum deflection of the beam for this load is given by

1

"‘2" ) /\JW

’ /

s




\
Since this maximum deflection of the panel is limited to one-

N —

half of the plate thickness, we have -

¢

> t, ! /
t R bh ’ ’
2 = T SRR (8)
7 T WEET. o

'By rearranging equatlon (8), the size of the top edgdd stlfFeners

can be determined from its minimum requured moment of lnertla. That is

l. P

R, b (
| | . ’ ’ (9)"
req 192Eta .
) ) .
) For an economical design, a rigid frame with corner moment
: " connections should be used rather than simply sﬁpported beams. Since the
_J
\\ top edge stiffeners form a closed rectangular frame with moment connections
©  at the corners, the stiffeﬁqps can be analysed as rigid frame. (See
Figure 4.)
) \
; (I L By apﬁlying the three-moment-equation, the corner moment and
’ E ‘ .the maximum moment at each span (using a constant moment of inertia for
N , _
: all sides of the frame) can be obtained as follows
i
. 7
\ . ' M_ = corner moment ' -
. E£ b3 + a3
12>+ a (10)
‘
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t

M, = max i mum bending moment orf length side of stifféner

R, b0 : o ,
-5 K L an -
. . N - 1
M_ = maximum bending moment on width side of stiffener
[ a -7 - —

Rt a , ' .

- - 1
—5 "M o : (12)

Then, the bending stresses at the above locations of the top
7 ( *

edge stiffeners can be éxprgssed as

’

o_ = bending stress at corner
. e .

. MC 4 . . ~ s - P - "‘ s '
.ot = .z—- B . F ‘_,\ [ ‘“ i - ’:, . (‘3)
% ¢ EERY I S ’ i B

q -
]

max imum bendinéfqtress 3t<qfﬁ§§h side Qf'stifféner

' b ’ ' .

"7 , - | : (jh),
n g, = maximum-bending ;t«fss at width side of stiffener, ‘

=;€ T - (15)

$
Z = section modulus of stiffener

- |

These bending stresses must be less thafi the allowable stress
\

for the given material. For structural members, CSA Standard S16 - ‘

Steel Structures for Buildings is recommended as a guideline. ’ .
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5.0 DESIGN OF TANK SIDE WALLS WITH HORIZONTAL STIFFENERS

The plate thickness can be reduced considerably by adding
horizontal or vertical sfiffenérs or a combination of both. -The

addition of stiffeners will increase the rigidity of the tank wall by

’

increasing the moment of inertia of the combined section.

-

[, .
For the design of tank walls with intermediate horizontal
stiffeners, there is no simple formula available. For a conservative
design, wall panels may be analysed as §§raight beams by considering

strips of unit width, of the plate under the hydrostatic load.

L .

JUSEN

The first step is to locate the stiffener. The optim@b positfon
is located at the point where the moment due to the distributed load above

the stiffener is equal to that produced by the load below it. (See Figures

5 and 6.) R
We have, :’,, ]
. ' Mht = f?xed end moment due to distributed load above the
stiffener
2 ,
o _ {mP) (mh) ;
S | (16)

' j”
v -~

Mhb a fixed .and moment due to distributed load below the i .

N stiffener

2P (nm)? (m|=f)3(nm¥2

. - 120 . (17)

[ - 17 - T ,

i, e L . . .

. -
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SUNDU - S ) - .
« . / ) . ' ,\ 4
t . ‘., = T »
; ’ By equating equations (16) and (17), we obtain:.
5 . . . » . e ' , - o~ ¢ \
i ) | | R . ) 5
W b, - . , , . o . r .
' . pmh?  7pn3h? . pun?h? ‘, L .
-, . S 15 . l}p\ B ~
’ ” ’ Al - . ' f ' . -
E ’ - ) 8m3 = 7n3 + lSth~ff R (18) ‘
b b . : .
k . ...‘.. . ' , N - ! *
‘}‘ . ’ ’ ) ‘ ¢ ® "V'l ' ’
v : also, we have - , y ) , .
. m4n=1 -, 1 : (e
N . - ‘
- ! ) : . Y] .
& Sqlv‘(!ng equations (18) and (19) for m aind n, we find . e b .
:' . "”\..“ i .- - f ’,{;i , T .
- : . 'm = —;— (2 /2 - ') ,,- o " o ‘
. = 0_6] ‘ a ’v )
FEEN S ) .
nn%(h-Z/Z)L . : o I
- =0.39 ﬂ N :
- . _ ] , . "
“~By subs;itﬁting the values %ﬁm and n Int e‘ither" equation _(16) or-(17),
we can:i obtain -the i:ending_moment at the intermediate horizontal stiffener -
"in terms of P and-h. e .
: ‘ Y ‘ S
. ) Mh = bending mom:nt at intermediate horizontal stiffener
', ' = Mht ~ MHb . Q» & "" /\) 1
‘ e 3,2 o .
o . __Pmlg oz !
. o . A2 v2 - 25 th e . .
. = -0.91505 th . o . % (20) |
PR s - . ) L
“ - T 1 |
Lo @ ' '
s , T s / “
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N\ . ° To determine the top edge reaction Rys the jntermediate stiffener reaction  ,

. A
Rh-and the bottom edge reaction Rb’ we have,

; . =123 _ : ’ :
Lo . % Rtmh 'y Ph™m \ﬁh ) i ! ~ : ‘
i e , - ’ -

N\
(

i S RS 8w Y BT 1 s

0.03715 Ph X e (21) , -
. “ :
For- the intermediate horizontal stiffener feaction: . f

H - _ : 2 N ] )
8 - Rth + Rhnh B'Ph' - ) .

Rhnh=3jPh - 0

Eha (5-3m2) S .

X
ll

) 30n (5 3m ) . , . ya & 4 R
. =0.3316 Ph | . — ' - (22)

¥

For the bottom edge reaction: s B} o

bnh=lphmn +;Ph3 M, C e

’ ‘ = L phZun? + 1 pnZnd - Lo pnZe’ - )
ro 2 3 15
\ s
Ry * 5o (3n>-15H+10) : L ¥

= 0.1312 Ph L 23).
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Then, we have to getermine'the maximum bending moment of each

. ,
% [ S]

| sectioh above and below the immediate horizontal stiffener. (See Figure
’ u ' .
7.) For the top section, 0 < kh < mh
i o 123 N ﬂ ' ) '
{ M Rtkh B-Ph k; ) ,
y 122 1,23 L .
: IOP,hmk 'gPhk A T,
. SN M1 22 1,22
: @~ TgPhm - g Phk
¥ " . ¢
* For maximum bending moment, we have '
> ' ‘ )
b E’l‘.z 0 ,
; dk
i . /
g B or | h
5 0 = 1 pnZm? - L ph2i? ,
! 10
}, oo
i k = 2—- *
i *JS : .
| = 0.2726 /
i /
! ) o
z " . +
‘ _ Hence, the maximum bending‘moment at the top section Is:
3 . _ S .
- _ Ph%m3 _-pnZm’ - .
' ™ o5 3045 - ,
. i ! R [ !
L BT . ’
; ’ 15 V5
/ ' -
= 0.00675 Ph% % (24),
LT \
! ‘ W /
Lo . ‘ - :
] - 22 - :

[

Y]

- X e

e
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For the bottom section, mk < kh ¢ h ’ _
- R
- - _ 1 2.3 -
M Rt/kh + R h (k m) E'Ph k
=1l pp22 Ph k Ph m
75 Ph'm'k + (5 3m ) - 305 (573m %)
/_] 23 & ‘
we g-Ph k
M _ 1 22 ph? 2, 1 .22 ,
dk 7o Phm +'3o—n(5"3m)'7Phk ’ -
.. -
E;r maximum bending moment, we hgve
i /
dM _ -
K 0
or — 1
- 2 .
1 22 . Ph C, 2 ] 2,2
0 ﬁphm“'ﬁm(l‘Bm) 'i'Phk ’
' /
k = 0.859 ' f
Hence, the maximum bending moment at the Iower\sectioﬁ/}sr%‘ )
_ / .
M = 0.0090 Ph? ’ | " (25)
max ' ,

"Finally, we can determine the required wal'l thickness. By

equation (2

0), we have

o = bending stress at

2
-6 M/t
= 0.09054 th/trz

. !
o

v

R

intermediate horizontal stiffener

.

A2

T(26)



° 1

‘ o

. ' Hence, by rearranging equation (26), the required tank wall

thickness is ' ‘

) ‘ /- -
tr = required tank wall thickness .
- = 0.301' h /P75 ) o (27}

. -
!
5
-

N - g '
The sizes of the top edge and the intermediate horizontal !

stiffengfs can be approximately determined by applying equatton'(S) with N |

‘corresponding values of Rt and Rh respectively.

»

For tanks with more than one intermediate horizontal stiffener,

a similar approach of anély;is as described above can be used.' However,

in determining the required wall thidkne;s by equations (26) and (27), anly ' .
the méiimum value of tpe pending moments of all the inéefmediate borizontél

stiffeners should be used. } i /

|

Vo

SN B .

P ; . o . .
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6.0 ) DESIGN OF TANK SIDE WALLS WITH VERTICAL STIFFENERS
{

t1f the plate thickness required for unstiffened tanks is

- L]
]

In this case, the design procedure is broken down into several

steps: =
/

a) To determine the maximum stiffener spacing for a desired

plate thickness. \ )
/ . /
b) ~ To establish stiffener layout and spacing.

o

v '

~c) To determine size of vertical stiffener from panel loads.

-

d) To determine size of top and bottom support beams.
. . | /

For the first step, the panel is considered in- the form of

‘ multiple ribs. By applying straight beam analysis with both ends

fixed and under an uniformly distributed load, the maximum moment can

i

be expressed as g
9 )
/ ) . -
M ''= maximum~bending moment -
max
= PI/12 '
and ’ l, : . . -
. ‘ _ ‘ .
o = bending stress a
- 6 Mmax
. tz 3
- P2
ot th
Vi .
v T
/ ‘ Ty .
-‘25 -

| .
\
it o N Y
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. - Hence, the maximum stiffener spacing for a desired plate *

thickness is . !

XY
"1 = maximum ‘stiffener spacing for platé thickness t

: . : "ZS ‘ ’
. - - 28)
. t P ‘ ‘ () :

- P

/ K If it is desired to limit the plate deflection to one half of

v -

- ‘ ts thi‘ckness, a similar ‘expression can be obtained’

\ ‘ diax ™ max imum deflection

ma . \
. =P I" \ g \

> 38 iE' i -
N B -~ B [geN -
, : ) where . . .
L . P

| = 312 . S \ \
/ - " \ [y N

e~ by

o v

' Heﬁce, we have
' ' 1 ’ | d - P ll‘ | . - ’ ) e
v . max 32Et3 . . ‘ )
' ] i ' ’
;
For d = t/2 we have - ' b :
i \ max PR i \ ] x
o B A ‘-
: : §
3 IS t “ 4
! - | = 2t YE7P f
o yer ,
P — .
" For tanks of low to intermediate helght, usually equation (28) - , .
in conjunction with maximum allowable stress applies. For high, reinforced
L o
tanks with vertical stiffeners only, the deflection expression, equatjon ) o
[ R .
‘ ‘ (29), may limit the stiffener spacing. M C \ ' .
| - . / ot

" aﬁ ' L
, \ s . ' . s .
. \ P / . '
3 , . ‘ L =26 - ‘ ,
.
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Flgure 8. Wall Panel With Vertical Stiffeners:
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"The addition of vertical stiffeners In accordance with the '
stiffener spacing as determined above, divides the wa]lipanel into
sr.naoller sections. Each section of the wall panel éan be/cons ildered as
a plate under a uniformly increasing load with the two vertical.edges
fixed and the horizontal edge§ simply supported. For this loading

condition, no convenient numerical data are available. Therefore, the

case of top edge simply supported and other edges fixed is usually

% \ §
substituted.. The maximum bending stress which should not exceed the P
al’lo’wabvlle stress can be expressed as:-
' 2
,a = maximum bending stress 'y
max
/ _ gp b
t2
Y
-]
Once the plate thickness and the stiffener spacing are .
determined, the stiffeners may be analysed as simple beams loaded by a B 4
uniformly increasing load. The maximum moment is given by (See Figure 8)
v \
o #
Mmax = maximum bending moment o ‘ J
= 0.0641 P1h? ; (30) . ]
!
- - ’ T o L
' Hence, thg required section modulus of the vertical stiffener is
\ X ' ]
Zreq = required section modulus \/
' Mrax - -
S a ,
= 0.0641P1he/s - - ‘ (31) #
\ '
/
- 28 -
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(see Figure 9.)

The_analysis is as descriBed previously in

r

e

I3
QL

P
¥
oo
=1

3 30,

The'selected'vertical stiffeners should have a section modulus
equal to-or greatgf than Z_ . For rolled sections such as channels or
| beams, thg contributions of\the plate are often neglected. However,
for anglés or flat rib sgctiens, ; width of 16 plate thickness on each -

side of the stiffener may be included in the available section modulus.

Finally, for sizin§ of the top and bottom suppdrting beams, it
is safe to assume that all loads transmitted through the vertical stiffener
and the tank pjate are evenly distributed along these supporting beams._

Section 4.0.

PSS
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7.0 DESIGN OF TANK BOTTOQM PLATES AND RQOF PLATES
7.1 ¢ ,Tank Bottom Plate Design

3 . L

" Generally, a rectangular tank is either sitting on a flat base
N y ® . a
or .is supported by beams. Whatever the support, the entire base plate

is acted upon by a uniformly distributed hydrostatic load.

~

~

' ”
For the former case, the qbole surfage of the base plate is

‘supported. No analysis is necessary. According to AP! Codes, a minimum

L

s thickness of 1/4 inch for.carbon steel is recommended.

4
Regardless of th;‘shape of the structural base: flat,plate
v analysis with the‘appropriate loadin; and edge conditions is applicable}
’ By applying equations (3) and (4), the minimum required plate thickness~
and the maximum deflection'can be calculﬁted. Dimension parameters,

& and B can be obtained from appropriate Graphs #5 to, 9 in Appendix I,
depending on the edge conditions. ' 4

7.2 Roof Plate Design
‘ \

As recommended by APl 650, all roofs shall be designed to
’
support a dead load, plus a uniform live load of not less than 25 1b. pé(
sq. ft. of projected area. Roof plates shall have a minimum nominal

'

thickness of 3/16 inch.

-4 {

A similar approach as the bottom base plate analysis is
applicable for the roof plate design. For self-supporting Fooﬁs, the

, minimum required thickness and the maximum deflection can be determined
by applying flat-plate thqory. The roof plate can also be stiffened by

structural shapes welded to. it.

-3 -
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In any case, corrosion allowance, [f réquifed, must be

added to the requ!r;d plate thickness to give the actual thickness to

- be used,
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of . - increase the ﬁdlty of Ilght-gage tank walls.,

Y

¢

’

N Even though vertical stiffen_eré are preferred, intermediate
hroﬁj‘fzonta{l .stiffeners are recommended for tanks with a height of more

than seven feet.

- " . . e
Lo : i ’ ‘
) \ . = * The economy-ﬁﬁ a design often depends on the availability of
- ,

certain pla;e/snzes and thlcknesses if short deliveries are called for.

, In stnch a case even lncreased labour costs due to additional welding
\

- may be offset by the benefits gained from 'on time' delivery.
O <o ) . S . . N
. In general, the use of !igh"ter-gage plate is usually offset

. Ll % -
~ . by more welding, .hence higher labour cost

. For most tan\s, there
: ‘ . v -
T exists some optimum plate thickness for which material plus
. .

A 4
Ffabric

. @IOD costs ate lowest: A‘n'y decrease of plate thickness beyond
N R o th{

N

3 v ‘
o S opamum would increase the total cost of the tank due to increase
o N ’
B g ' labour cosf. -_, : |
B )

Th?g& design method given in this paper is simple to apply and
. " "/ R !

-has been used shccessfu]ly in practices.

PR S L3

. f
3 - oy i . \A i -
, \ ~ x TN
i .;‘ * . -
.' A ‘l_‘ ~ : ¢
& . . g S N ‘\ )
R ‘ ’ . ' ( \\
1'8.0 SUMMARY QF THE QVERALL DESIGN CONCEPTS .
f'q 7, RN Sz N ' C
X f ’ L . The’\efficient use of materials is the fi;'st essential of _good
({' L. design'.

s
One way to achieve such effncnency is to use lighter- gage plate,

o, \ which is easnly fabrlcated.» Hence stiffeners are commonly employed to
5 1 n fes

~

}
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L)

Py ) - ! Figure IQ.

Base’ﬁiate is supported on (6) W6x15.5 beams at locations as shown' in

$
\
- % > :
| " 9.0 hesu‘;n REPORT TO |LLUSTRATE THE DESIGN METHOD
] L,
Ty o 9.1 esign Conditions and Requirements )
e | ’ _
‘ ! Med ium NAOH “Solu
' Density of NAQOH Solution 93.35 Ib}%fEQL
Operating capacity 460 ft3 (13 m?)
Total volume 460 ft3 (13 m3)
- Internal pressure Atmospheric
' ’ External pressure Nil
Design temperature 150°F (65°C)
Opératihg temperature 90°F max. (32°C) -
" Weight empty 7,700 1bs. (3500 474(\
° * Corrosion allowance NIl
N ’ _Material Specifications:- /
£ ;
Plates: - " Austentic Stainless Stégl
| ASTM A-240-Type 316L
3 . - S = allowable stress _
. g = lh8h0 psi (see Section 9.2)
Stiffeners:- Structural Steel :
. ‘ . ASTM A-36 or equivalent

allowable stress
per CSA S16 Standard for main support beams”
or

18000 psi for secondary stiffeners etc.

+
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hd a

Tank Dimensions:= . b T~ -

h =102 in. ‘ ‘ —
a= 60 in. . '
« " .
b =132 in.
. ! o
9.2 Allowable Stresses

) Stregses as recommended by the ASME Code for pressure vessels

2

may be increased when used in designing tanks under hydrostatic pressure ,
only. The maximum allowable-stress s the lower of one-quarter of the
ultimate tensile/strength or five-eights of the minimum specified yield

!
| étrength of the material.

. : r, B 'Y
- However, for circular storage.tank per APl 650, an allowable

stress of 21,000 psi for all'materials is suggested for membrane stresses

P

only. For all other tanks, also elevated circular storage tanks where

high bending stresses may exist, the criteria of APl 620 should be used.

- /
Allowable stress per APl 620 are limited to 30/25 of allowable stresses

per 'ASME Code Section Vill Division 1. , -

For stFGcturaL members, allowable stresses per CSA S16 should

P M Wl s e v e =

{ " »  be used.
b 9.3 - Design Calculation /
? | ) , - B
9.3.1 Hydrostatic Pressure at Tank Bottom
ro \ P = hy | , x P i ‘
= 102 x 93.35 x 1/1728 : ’
= 5.5 psi a . '
: ©- 36 - /




—t

9.3.2 Selection of Plate Thickness - Stiffener Spacing

- . 423 /

- . ] = t .F_ .

- t"2;( 18840 .
- 5.5 .

t  1/8 - 3/16 174 5/16  3/8
1 10.35 15.52 20.69 25.87 31.04

Since the height of taﬁk just exceed 7 ft., one horizontal

Intermediate stiffener at location 5 ft. from top -is used.

9.3.3 ° Design of Tank Wall ) ; e

N\

+
/

\
al Lower Panel

Try using 3/16" TK. plate with 8 panels spaced at 16 1/2'.,

The hydrostatic pressdre at horizontal intermediate stiffener is:

By principle of superposition, each panel can be consLdered,subject

to a uniform load and a triangular load.’

-37- " ' -

of f o, /
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Ve
h _ 42
b 16.5
= 2.54 ‘
B, = 0.500 {from Graph #9)
B, = 0.270 (from Graph #4).
Tmax ~ max imum bending'stress
B,P Y EP,bY
R I B
t e
b, 2 L
= (2 P, + B,P
e (1652
\0.1375
= 17200 psi !
a < S
max

i.e. 17200 < 18830

Condition Satisfied.

Check with avéragé load

Py = 172 (P +P)) .

= 1/2 (5.5 + 3.2)
= 4,35 psi

Cmax maximumzbgnding stress
i ¢2 .
0.500 x 4.35 x 16.52

0.18752

(0.500 x 3.2 + 0.270 x 2.3)

o ot b s it
P

g g R ———_— . : - A e -
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b)

d
max

- . V . . b . \
Condition Satisfied .
i

Max imum deflection of panel

« = 0.029 (from GFaph #9)

d__' = maximum deflection
max

a Pav b

E ¢3 : E

| 0.029 x b.35 x 16.5" t\

29.0 x 10° x 0.18753

/ .

0.049 in. ‘ .
< ta/2 '
T.e. 0.049 < 0.094

Condition Satisfied ' ‘ i o ~ : ,

UEEer Panel
) 28 _
For: 1 =t & —
- t"2x 18840 ! .
3.2 ‘ o
€ /8 316 4 5N6 38

. /-

1 13.56 20.35 . 37.13 33.91 40.69

Try using 3/16 TK plate with 6 panels spaced at 22"
[ ’ '

Ly ‘

I N e

. h 60
- i} b 22 B . :
-2'73 / N s 0
B = 0.275 (from Graph #4)
a = 0.0177 (from Graph #4)
. . \
\ “‘39" ,

: B - gman g . L mp— -
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e e et

s

1 . Py

= imum i
max - maximu hending stress

‘0.275 x 3.2 x 222

0.18752

12100 psi

< s
T max ,S

i.e. 12100 < 18840

Condition Satisfied

~

\ : = maximum d i
dmax ximum deflection .

a'P b ,

- Et3 : { -
- R . .

0.0177 x 3.2 x 224 t

29.0 x 10° x 0':18753 .
S ‘ ,
0.07 in.

-

,
"

d

max < 06094

Condition Satisfied

¥

9.3.4 Design-of Vertical 'Stiffener

\

A)

Lower Panel ;

Try using 3/8" x 4" bar,
By principle of superposition, each stiffener can’ be considered

subject to a uniform load and a traingular load.

as
;e

.y . . oA
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L
R \ .
— ~ + -
. \ \ — I\
. i _wj ¥y
[ g -
W, = 16.5x 3.2 . , ”
/ P
§ . .
= 53 1b/in - . ,
W, = 16.5 x 2.3 o .
. =38 1b/in “ :
) Mmax = maximum bending moment. :
S Ve ) *
2 <
w] h 2 ’ —
= -—B-— + 0.0641 wz h ' .
i = (82 + 0.0641 x 38) x 2% k
i J = 16000 1b-in - JE
f , b T o
Z = section modulus -~ N ' - o v s
. - /
L . . 0.375 x 42
= 1.00 in ‘
f / .
f 3 . Opax ™ maximum‘bending stress o
i. \ - Mmax ’ 4
2 7.
| ? : ‘ .
g : . 16poo , Y
i - o ! loo '
; . ) ; .
" = 16000 psi \ o : . :
e J"/” Onax < S .o " Vo /\
i"e. 16000 < 18000 . - -
- S Condition Satisfied _
- T ,
- b - -
1 i ) ‘




B)

9.3.5

Upper Panel -

Try using 3/8" x 4" bar

Py

/

!

W=22 x 3.2

= 70 1b/in

M . s
hax — Mmaximum bending moment

.0.06k WhZ

0.0641 x 70 x 60

16200 1b-in

Y.
a = maximum bending stress
ok

z

16200
1.0

16200 psi

. a < S

max
i.e. 16200 < 18000

Condition Satisfied

Design of Intermediate Horizontal Stiffener

%

= 0.3316 Ph |
= 0.3316 x 5.5 x 102 _
= 186 1b/in. .

F = axial force on length side of stiffener

"= 186 x 60 x 1/2

1

= 5580 1b

= jntermediate horizontal stiffener reaction

R

e



—~———— - - - g J :‘
. ‘
o

3
Try using wide flange beam B x 17 ASTM-A36
- / ’
. : Mh = bending moment at intermediate horizoqtal stiffener
e , -
oo . 12 b+a- . \
; S S 186 1323w 60?
f | . 12 132 4+ 60
i ' To = 203000 1b-in .
oy = bending stress : ‘ | ' L/—/
nﬂ- fo ) ' ‘ — ‘ ‘,J
v 7 . <
_ 203000 ‘
‘ 1A o
- = 14400 psi ' -
4/.

o = axial stress

_’ ’ n F e -

e BR T ae

5.01
= 1100 psi

' Sy = minimum yield strength

= 36000 psi

According to CSA S16 Standard - Steel Structures for Buildings

1 + S, =allowable stress in tension
- = 0.60 Sy
. ) 3 | | ‘
/ = 0.60 x 36000 : CA

21600 psi

¥
i

- . ‘ 2 . N -
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‘ Spt = allowable bending stress in tension
= 0.66 Sy
~" = 0.66 x 36000 - \
= 23760 psi
'Sbc = allowable bending stress in compression
‘ 0.28 s, .
=1.15 Sbt (1 --—s—]—-—) if Sbt>Slz_2/3 sbt
. , . < :
or =§, ' / ‘ if S] 2/3 sbt
where
AR 2
S] = 52 + 53
g = 12X 108
2" TTo/A;
149 x 10° ‘ ,
Sy = — 7"
(1/r) .
, t \
"Af = area of compression flange . -
= 1.617 in?
1 = unsupported length of compression flange
= 132 in 7 )
D = depth of section 7
= B.00 in . |
ry = radius of gyration about its axis o’f symmetry of a tee
section comprising the compression flange and 1/16 of
the web ’
= 1,40 in. - L
! S~
) Therefore, \,we have
| s '_ 12.x 108 x 1617 - 18400 bsl. -
2" 132 x 8 pst: .o
e i ' .
- 4y -
\ ‘ ™
- r W T v
e U T .

A




. Y
— - ¢
s '\f\_N
L7l - M9 x 108 x 1.40 u ,
: 3 5 )
132 .
= 16760 psi '
P s, -1{]8#062 + 16760
4 “ ‘
= 24900 psi |
Il { B
. .> 2/3 Sbt ' '
. . _ . |
. . _ 0.28 x 23760 ;
. Sb: 1.15 x 23760 (! - 24500 ) ;
= 20000 psi ;
- . . :
For ,combined axia]?(bending stress o . ; 3 f
s . % _ 1100 /14k00 : , . -
‘ 5. *5 " 21600 * 20000 ‘ ~ -
C t bc : o T : - C
P \ - = 0.77 \
;" . ~?
< 1.0 — A
Condition Satisfied u o . :
; .9.3.6 Desig;n of Bottom Horizontal Stiffener . ‘ -
i o .
! ) _
- Rb = bottom reaction
o , ° = 0.1312 Ph = :
5 . |
4 = 0.1312 x 5.5 x 102 ' X
o = 7h 1b/in : / |
B \/ 'g: | F = axial force on length side of stiffener .
[ Ll =74 x 60 x 1/2 . .
N E “= 2220 1b
Try usiﬁg channel \8 x 11.5 ASTM-A36 o ‘ ' S o
‘,. . M‘-E-P-xb3+a3 o « o
[ ‘ ' " T2* b +a .
ERR - ;
o :
i , - 45 - > .
s T e L S = —




PR

_gh o132+ 600
12 X 7132 + 60

= 80800 1b-in i

o, = bending stress
M

_ 80800 . 5 |
AL !

9900 psi

o = axial stress
F
B
A

2220
3.38

660 psi

Sy = minimum yield strength

36000 psi

St = allowable stress'ih tension

~

= 21600 psi . . .

S, = allowable bending stress in tension

bt
‘m 23760 psi

_12x10

Sy I0/A, ~ )

=12 x 106 X 0:882
/ (132 x 8

10000 psi
149 x 106 _ —
3 (I/rt)?

149 x 10° x 0.6252

1322
33yo.psi

A %
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. - 9.3.7. Top Edge Sgiffener

o ? : The top edge. stiffener in a closed tank is not subject to ' .

Bgnding.fa The sjdewall reactions:are taken up bY the roaf plate. A

steel angle h x k x 3/8 s suggested for the top edge S”";Q”-

, ’ R E ~\ |
' 9.3.8 Design o® Tank Bottom Plate - . . ) ‘ K :
R S o f e . . 3 ¥

" 0 ¢ «

¥ ’ . . Try using 3/8" x 3'“bar as stiffener along center of the \ f

7‘ length side for a 174 TK. base plate. ' i
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 _0.395 x 5.5 x 24?
g 0.252
= 20000 psi

/ 4 e -

> S . : f
B Gmax ’ ot .

i.e. 20000 > 18840

Condition not satisfied '

v
v . a o
. -

This theoretical bending stresslseems to be too higH.

However, due to the large support of the 6 x 15.5/wide flange

L2

- beam, an effective stiffener spacing of 22" is acceptable.

(See Figure 11.)

- * h_30 | B |
b 22 ;
: | = 1.36 | ) - "
- B=0.42 (from Graph #9) ' B
- a = 0.02] ‘ (from'Gréph #9) ~ 7 )
Tmax maximum bending stress "-;m
° - _0.h2 x 5.5 x 22 , I
| ! ‘ 0.25% T | ‘ ‘
5" = 17900 psi : . o '
. . ; ' ) ‘ .
- ] Onax < S ' ) )
ire. 17900 < 18840
Condition Satisfied v . - )
. CoN ’
N
4 , CA
N ' -1'9 -

G h e ottt
3
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- - d = maximum deflection
) . a P bl‘ v
EtS | *

4

x 0.021 x 5.5 x 22
Do J 29.0 x lo6 X 0.253

0.059 in . !

/ . ’ I

drax < ta/2 . ‘ ‘ . <

B i T WS

i.e. 0.059 < 0.125

Condition Satisfied . ‘ .
’ . N ‘\‘

;.le’-*—*"‘% Size of Stiffening rib ' . ! : . g’

A
- W' = unit load |
=30x85 - | ‘
- 165 b/in_ '

M = maximum bending moment

12

. . L. 165 x 24% ' ,
. 12 : :

o ’ = 7920 1b-in -
L 4 - secti.on modulus - )

0.375 x 3.00° n ‘ ' S

g i T = 0.56 ind ..

| _50_
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3 | -
o = maximum bending stress
max 3 g
-4 ’
z
- 7920 ‘
0.56 NS
= 14100 psi '
o <SS
max

i.e. 14100 < 18000

Condition Satisfied

of Tank Roqf

Design
PI =
Pd =

Y
P =

-
B
. F -

live load
25 psf

0.174 psi

dead load

0.053 psi for

total load
0.174 + 0.053
0.227 psi

/

75
tNF

~

76.4 in

132
60
2.2

o075 yf 000

3/16" plate

14

say using P = 0.25 psi
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=D
]

- 0.500 - (from graph #9) \?

/ ‘/ ‘
« =0.0282  “(from Graph #9)
Onax = maximum bending stress \ _
_BP b ” ' |
t2 ‘ D
. _ 0.500 x 0.250 x 60° . o '
4 0.1875% L o
) | = 12800 psi I , T
~ 4 ‘
g <S - .
max . _
0 - I : = ..
x i.e. 12 4o psi ' ‘ ' ’
S i.e. 12800 < 18840 psi . S ,
Condition Satisfied .
’ +
d = maximum deflection ! - .
max ' oo
= aP bk ‘ ’ i
- E t3 fo . I}
1 ' N
- 0.0282 x 0.250 x 60“- . A '
290 x 10° x 0.1875 ’ |
='0.480 in , |
{ - 1
. | . ' o
dmax > ta/2 ‘ L , P
i.e. 0.480 > 0.094 : - oo ;
Condition not satisfied | - A
However, the roof plate may be considered to carry part of the
- ) . n !
load in direct tension (diaphragm tension). The top frame.which must take
up this tension is held in place by the fluid hydrostatic pressure. )
Therefore, thin‘plate with largE deflection analysis may be applicable in
/ B ~ . T )
this case.’ .
- 52 -
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N4 -
\

“lp bt 0125 x 60"

Et' 29.0 x 10° x 0.1875" )

“ o
] = 90.4 .
a 132 ' ' S
TS |
-2.2 | ‘

From Reference 5, article 10.11 for the case of edges held but not fixed:

N . L\
d_,’ ' | , | ‘
?- ]:S“ \ . /
2 J x ,
g, b
d 5 = 6.39 ‘
Et
)
2 N - ) - [
25 = 13.80 :
E t
| '
. o 6.39 Et?
. d b2 ) .
. 639 x 29.0 x 10 x 0.1875%
- © 602
’ = 1810 psi
o4
, ‘g .= total stress
_'13.80 Et? ‘
b2 o
6 2
- 13.80 x 29.0 x 10°(x 0.1875
, , 602
= 3910 psi ’
» ~
A 7 .
g < S
' /
, .
. , - 53 -
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f.e. 3910 < 18840 psi

v

Condition Satisfied

PO Y

d = deflection of panel

= .54 ¢
= 1,54 x 0.1875 |

= 0.289 in - acceptable
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10.0 ; CONCLUSIONS

L

This report has outlined a method for the design of rectangular
storage tanks based on flat-plate theory and flexural analysis straight //

beam.

Actual.detailed anafysis by numerical computation or by experimental !
ahalysis is very complex and tedious. Several rectangular storage tanks
o6f various sizgs have been successfully built for the chemical industry

using the design approach described in this thesis.
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12.0 APPENDIX |

Numerical Graphs
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Graph 1
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Top edge free, simply supported other edges.
Load increasing uniformly from zero at top edge A
to a maximum P at bottom edge., -
(From Reference 5, Table 26 Case 2d)
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. . A1l edges simply supported’ h>b .
.Load increasing uniformly from zero at top edge . .
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- "Top edge s'impl‘y—supported, other edges fixed. )
Load increasing uniformly from zero at top edge . L P
. " to. a maximum P at bottom edge.
. -~ (From Reference 5 Table 26 Case 9d and 8d)
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Graph 5 ' . .

I4 »

1
Three edges simply supported and one long
edge (x) fixed. 1 .
. Uniformly distributed load. ‘
(From Reference 5, Table 26 Case 4a)
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Gragh 6 ' ' ~J

! »

¢
Three edges simply supported and one short edge (y) fixed.
Uniformly distributed load.

(From Reference 5, Table 26 Case 3a)

2 r

'
{




Vo
\ v :
Graph 7
i
Two long edges (x) fixed and two short edges .
(y) simply supported. .
Uniformly distributed load. — ,
(From Reference 5, Table 26 Case 6a)
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Graph 8

/

Two long edges (x) simply supported and two
short edges (y) fixed.

, Uniformly distributed load.
¢ (From Reference 5, Table 26 Case 5a)




