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DESIGN OF
GE TANKS

Design elevated tanks Dynamic Analysis

Response spectrum Spring mass model
Examples solved according to
Egyptian - European -Code
Models High tanks — floor-design
Roofed - exposed - concrete - metal

1. High-tank reinforced concrete roofed propped on a framework (4) columns
2. - High-roofed reinforced concrete tank propped on a framework (6) columns
3 - High-roofed reinforced concrete tank propped on Core Reinforced Concrete
4 - Ground-roofed metal circular tank propped directly on the soil

5 - Ground tank Exposed reinforced concrete circular propped directly on the soil

6. - Ground tank Exposed reinforced concrete rectangular propped directly on the soil



. INTRODUCTION
-1t is well recognized that liquid storage tanks possess low ductility and energy
Absorbing capacity as compared to the conventional buildings. Accordingly, various
Design codes provide higher level of design seismic forces for tanks. In this article,
Provisions of 1BC 2000, ACI, AWWA, API, Euro code 8 and NZSEE guidelines are
Reviewed to assess the severity of design seismic forces for tanks vis-a-vis those
Buildings It is seen that, depending on the type of tank, design seismic force for tanks
Seismic safety of liquid storage tanks is of considerable importance.

Water storage tanks should remain functional in the post earthquake period to
ensure potable water supply to earthquake-affected regions and to cater the
need for fire fighting. Industrial liquid containing tanks may contain highly

toxic and inflammable liquids and these tanks should not loose their contents
during the earthquake. Liquid storage tanks are mainly of two types: ground

supported tanks and elevated tanks. Elevated tanks are mainly used for water
supply schemes and they could be supported on RCC shaft, RCC or steel
frame, or masonry pedestal
Dy Hrrredcter
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CONTENTS

PART 2: Explanatory Examples for

Seismic Design of Liquid Storage Tanks

Ex. e Page
Type of Tank i Description
No. yp Capacity P No.
(m’)
1. Elevated Water 50 Staging consists of 4 RC columns; 57
Tank Supported on Staging height is 14 m with 4 brace levels;
4 Column Staging Container is circular in shape, Seismic
zone Il and soft soil strata.
2. Elevated Water 250 Staging consists of 6 RC columns; 64
Tank Supported on Staging height is 16.3 m with 3 brace
6 Column Staging levels; Container is of intze type, Seismic
zone IV and hard soil strata.
3. Elevated Water 250 Staging consists of hollow RC shaft of 71
Tank Supported on diameter 6.28 m; Shaft height is 16.4 m
RC Shaft above ground level; Container is of intze
type, Seismic zone IV and hard soil strata
4. Ground Supported 1,000 Steel tank of diameter 12 m and height 76
: 10.5 m is resting on ground; Seismic zone
ClrcularSleel Tank V and hard soil strata.
5. Ground Supported 1,000 Concrete tank of diameter 14 m and 81
Circular Concrete height 7 m is resting on ground; Seismic
Tank zone IV and soft soil strata
6. Ground Supported 1,000 Rectangular concrete tank with plan 84
Rectangular dimension 20 x 10 m and height of 5.3 m
Concrete Tank is resting on ground; Seismic zone V and
hard soil strata




HTK-GSDMA Guidelines for seismic design of liquid storage tanks

PROVISIONS

liq_uid (m;/ 2) and mass of one wall
(my,)
Height of convective mass above

bottom of tank wall ( without
considering base pressure )

Height of impulsive mass above
bottom of tank wall ( without
considering base pressure)

Structural height of staging,
measured from top of foundation to
the bottom of container wall

Height of center of gravity of roof
mass above bottom of tank wall

Height of center of gravity of wall
mass above bottom of tank wall

Height of convective mass above
bottom of tank wall (considering
base pressure)

Height of impulsive mass above
bottom of tank wall (considering

base pressure)

Height of center of gravity of the
empty container of elevated tank,
measured from base of staging

Importance factor given in Table 1
of this code

Spring stiffnress of convective
mode

Lateral stiffness of elevated tank
staging

Length of a strip at the base of
circular tank, along the direction of
seismic force

Inside length of rectangular tank

parallel to the direction of seismic
force

Total mass of liquid in tank
Mass of base slab / plate

Convective mass of liquid
Impulsive mass of liquid

COMMENTARY

h., h,, h., h aredescribed in Figure C-la to
Id

Moment of inertia of a stnp of unit
width of rectangular tank wall for out of
plane bending; Refer Clause 4.3.1.2

ks Dynamic coefficient of carth pressure

Refer Figure 8a

Refer Figure C-3

In SI unit, mass is to be specified in kg, while the
weight is in Newton (N). Weight (W) is equal to
mass (m) times acceleration due to gravity (g).
This implics that a weight of 9.81 N has a mass of
I kg.

Page 9
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HITK-GSDMA Guidelines for seismic design of liquid storage tanks

Pco

Pew

P

Pw

P,

Paw

PROVISIONS

Mass of empty container of
elevated tank and one-third mass
of staging

Mass of roof slab
Mass of tank wall

Mass of one wall of rectangular
tank perpendicular to the direction
of loading

Total bending moment at the
bottom of tank wall

Total overturning moment at base

Bending moment in convective
mode at the bottom of tank wall

Overturning moment in convective
mode at the base

Bending moment in impulsive
mode at the bottom of tank wall

Overtuming moment in impulsive
mode at the base

Maximum hydrodynamic pressure
on wall

Convective hydrodynamic pressure
on tank base

Convective hydrodynamic pressure
on tank wall

Impulsive hydrodynamic pressure
on tank base

Impulsive hydrodynamic pressure
on tank wall

Hydrodynamic pressure on tank
wall due to \vertical ground

acceleration
Pressure on wall due to its inertia

Uniformly distributed pressure on
one wall of rectangular tank in the
direction of ground motion

Coefficient of convective pressure
on tank base

Coefficient of convective pressure

COMMENTARY

Refer Clause 4.2.2.3

Refer Clause 4.3.1.2

Refer Clause 4.10.2
Refer Clause 4.9.2

Refer Clause 4.9.2

Refer Clause 4.3.1.2 and Figure C-2

4

4

Impulsive hydrodynamic force per unit
length of wall

Convective hydrodynamic force per
unit length of wall

Page 10
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PROVISIONS COMMENTARY

on tank wall

Q, Coefficient of impulsive pressure
on tank base

Q,, Coefficient of impulsive pressure
on tank wall

R Response reduction factor given in
Table 2 of this code

(S,/g) Average response acceleration
coefficient as per IS 1893 (Part 1):
2002 and Clause 4.5 of this code

t Thickness of tank wall

ty Thickness of base slab T  Time period in seconds

T. Time period of convective mode (in
seconds)

T, Time period of impulsive mode ( in
seconds)

v Total base shear

V' Design base shear at the bottom of
base slab/plate of ground supported
tank

V. Base shear in convective mode

V, Base shear in impulsive mode

X Horizontal distance in the direction  Refer Figure 8a
of seismic force, of a point on base
slab from the reference axis at the
center of tank

y Vertical distance of a point on tank
wall from the bottom of tank wall

Z Seismic zone factor as per Table 2
of IS 1893 (Part 1): 2002

Refer Figure 8a

¥s Density of soil
1. Convective bending moment coefficient

P Mass density of liquid #;  Impulsive bending moment coefficient

pw  Mass density of tank wall In SI Units, mass deasity. will be in kg/os’, while

Circumferential angle as described weight density will be in Newton N/m
in Figure 8a

-

A Deflection of center of gravity of tank
when a lateral force of magnitude
(m,+m)g is applied at the center of
gravity of tank

Page 11
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HITK-GSDMA Guidelines for seismic design of liquid storage tanks

PROVISIONS

4. - Provisions for
Seismic Design

4.1 - General

Hydrodynamic forces exerted by liquid on
tank wall shall be considered in the analysis
in addition to hydrostatic forces. These
hydrodynamic forces are evaluated with the
help of spring mass model of tanks.

4.2 - Spring Mass Model for
Seismic Analysis

When a tank containing liquid vibrates, the
liquid exerts impulsive and convective
hydrodynamic pressure on the tank wall and
the tank base in addition to the hydrostatic
pressure. In order to include the effect of
hydrodynamic pressure in the analysis, tank
can be idealized by an equivalent spring
mass model, which includes the effect of tank
wall - liquid interaction. The parameters of
this model depend on geometry of the tank
and its flexibility.

COMMENTARY

C4.— Provisions for Seismic
Design

C4.1 -

Dynamic analysis of liquid containing tank is a
complex problem involving  fluid-structure
interaction. Based on numerous analytical,
numerical, and expenimental studies, simple
spring mass models of tank-liquid system have
been developed to evaluate hydrodynamic forces.

C4.2 - Spring Mass Model for
Seismic Analysis

When a tank containing liquid with a free surface
is subjected to horizontal ecarthquake ground
motion, tank wall and liquid are subjected to
horizontal acceleration. The liquid in the lower
region of tank behaves like a mass that is ngidly
connected to tank wall. This mass is termed as
impulsive liquid mass which accelerates along
with the wall and induces impulsive
hydrodynamic pressure on tank wall and similarly
on base. Liquid mass in the upper region of tank
undergoes sloshing motion. This mass is termed
as convective liquid mass and it exerts convective
hydrodynamic pressure on tank wall and base.
Thus, total hiquid mass gets divided into two
parts, i.¢., impulsive mass and convective mass.
In spring mass model of tank-liquid system, these
two liquid masses are to be suitably represented.

A qualitative description of impulsive and
convective hydrodynamic pressure distribution on
tank wall and base is given in Figure C-1.

Sometimes, vertical columns and shaft are present
inside the tank. These elements cause obstruction
to sloshing motion of liquid. In the presence of
such obstructions, impulsive and convective
pressure distributions are likely to change. At
present, no study is available to quantify effect of
such obstructions on impulsive and convective
pressures. However, it is reasonable to expect that
due to presence of such obstructions, impulsive
pressure will increase and connective pressure
will decrease.

Page 12
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PROVISIONS

4.2.1 - Ground Supported Tank

4211~

Ground supported tanks can be idealized as
spring-mass model shown in Figure 1. The
impulsive mass of liquid, m is rigidly attached
to tank wall at height h;, (or h ). Similarly,
convective mass, m, is attached to the tank
wall at height h(or h.) by a spring of
stiffness Kc.

COMMENTARY

C4.2.1 - Ground Supported Tank

C4.2.1.1 -

The spring mass model for ground supported tank
is based on work of Housner (1963a).

In the spring mass model of tank, A, is the height
at which the resultant of impulsive hydrodynamic
pressure on wall is located from the bottom of
tank wall. On the other hand, &, is the height at
which the resultant of impulsive pressure on wall
and base is located from the bottom of tank wall.
Thus, if effect of base pressure is not considered,
impulsive mass of liquid, m, will act at a height of
h, and if effect of base pressure is considered, m,
will act at &,". Heights h,and h,", are schematically
described in Figures C-la and C-1b.

Similarly, &, is the height at which resultant of
convective pressure on wall is located from the
bottom of tank wall, while, 4. is the height at
which resultant of convective pressure on wall
and base is located. Heights h. and A are
described in Figures C-1¢ and C-1d .

Resultant of impulsive
pressure on wall

Resultant of impulsive
pressure on wall and base

/ :

'
I"‘ ﬂh\
(a) Impulsive pressure on (b) Impulsive pressure on wall
wall and base
Resultant of convective Resultant of convective
pressure on wall pressure on wall and base
0
h, é
(¢) Convective (d) Convective pressure on
pressure on wall wall and base
Figure C-1  Qualitative description of
hydrodynamic pressure distribution on tank
wall and base
Page 13
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PROVISIONS

4.2.1.2 - Circular and Rectangular Tank

For circular tanks, parametersm, m_._h; h/,

h., h; and K_shall be obtained from Figure
2 and for rectangular tanks these parameters
shall be obtained from Figure 3. h, and h,
account for hydrodynamic pressure on the
tank wall only. h/ and h. account for

hydrodynamic pressure on tank wall and the
tank base. Hence, the value of h, and A,

shall be used to calculate moment due to
hydrodynamic pressure at the bottom of the

tank wall. The value of h; and h. shall be

used to calculate overtuming moment at the
base of tank.

COMMENTARY

C4.2.1.2 - Circular and Rectangular Tank

The parameters of spring mass model depend on
tank geometry and were onginally derived by
Housner (1963a). The parameters shown in
Figures 2 and 3 are slightly different from those
given by Housner (1963a), and have been taken
from ACI 350.3 (2001). Expressions for these
parameters are given in Table C-1.

It may be mentioned that these parameters are for
tanks with nigid walls. In the literature, spring-
mass models for tanks with flexible walls are also
available (Haroun and Housner (1981) and
Veletsos (1984)). Generally, concrete tanks are
considered as tanks with nigid wall; while steel
tanks are considered as tanks with flexible wall.
Spring mass models for tanks with flexible walls
arc more cumbersome to use. Morcover,

difference in the parameters (m, m__h,_h , h,_,
h! and K_) obtained from rigid and flexible tank
models is not substantial (Jaiswal et al. (2004b)).

Hence in the present code, parameters
corresponding to tanks with rigid wall are
recommended for all types of tanks.

Further, flexibility of soil or ¢lastic pads between
wall and base do not have appreciable influence

on these parameters.

It may also be noted that for certain values of &/D
ratio, sum of impulsive mass (m,) and convective
mass (m.) will not be equal to total mass (m) of
liquid; however, the difference is  usually small
(2 to 3%). This difference is attnbuted to
assumptions and approximations made in the
derivation of these quantities.

One should also note that for shallow tanks,
values of &, and A" can be greater than & (Refer
Figures 2b and 3b) duc to predominant
contribution of hydrodynamic pressure on base.

If vertical columns and shaft are present inside
the tank, then impulsive and convective masses
will change. Though, no study is available to
quantify effect of such obstructions, it is
reasonable to expect that with the presence of
such obstructions, impulsive mass will increase
and convective mass will decrease. In absence of
more detailed analysis of such tanks, as an
approximation, an equivalent cylindrical tank of
same height and actual water mass may be
considered to obtain impulsive and convective
Masses.

Page 14
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PROVISIONS
|+ K, K,
. ;] 2
W me WA [—
h Rigid m : he
no (B
(h)
X | L
S S S S
|‘ Dorl .|
(b) Spring mass model

(a) Tank
Figure 1 — Spring mass model for ground supported circular and rectangular tank
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COMMENTARY
Table C 1 - Expression for parameters of spring mass model
Circular tank Rectangular tank
tanh| 0.866 b mm{u_gﬁ.ﬁf]
mj h i/ .
— - L-
" 0.866 % 0.866-+
hi h
—= 0.375 for b/ D<075 # =0.375 for h/L<0.75
0.09375 0.09375
=05~ =05- for A/ L >0.75
0.5 51D for k/ D >0.75 N1 or >
. o866l po 08667
i ® h 0.125 e t 7 0125
g zum{ n.sﬂ-%] zml{a,aﬁ-ﬁ I]
for A/ D =133 for h/L<1.33
=04 for hiL>1.
= 0.45 for h/D>133 04 or AfL=1.33

h K " 3.Iﬁ£sinh[3.lﬁ£]
3.EEEﬂnI{3.6E —] L L

e, ml{lﬁﬂ%]-l.l} e nm[lm%]-l'ﬂ
h

h
h m:b[ll-ﬁ—]- 2.01
. md{lﬁﬂﬁ] - 2.01 & " 1 L

h I [ 3-lﬁ—s'nl\[3.lﬁ—]
E.GBEsmh[.}.ﬁEE] 7" 3

K. =0836"% m-.hi[ 3_53i] K, =0.833"% tanh 1[3_15£]
h D h L
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PROVISIONS

25
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(b) Heights of impulsive and convective masses

Figure 2 — Parameters of the spring mass model for circular tank
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PROVISIONS

(a) Impulsive and convective mass and convective spring stiffness

i T — T —T —

l— —

N S —

— —_— —_— — — —

— — —_— —_— — — A

==+ -

ot e e bl il ol S

—_—

1.5

0.5

(b) Heights of impulsive and convective masses
Figure 3 — Parameters of the spring mass model for rectangular tank
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PROVISIONS

423~

For tank shapes other than circular and
rectangular (like intze, truncated conical
shape), the value of h/D shall correspond to
that of an equivalent circular tank of same
volume and diameter equal to diameter of

tank at top level of liquid; and m, m, h, h/,
h., h. and K_of equivalent circular tank
shall be used.

COMMENTARY

C4.2.3 -

Parameters of spring mass models (i.e., m, m_
h, k', h., h. and K_) are available for circular

and rectangular tanks only. For tanks of other
shapes, equivalent circular tank is to be
considered. Joshi (2000) has shown that such an
approach gives satisfactory results for intze tanks.
Similarly, for tanks of truncated conical shape,
Eurocode 8 (1998) has suggested equivalent
circular tank approach.

Page 20
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PROVISIONS
/ Roof slab
»
¥ 2 2
Container
- "/ e T
Wall . v p he
/ K i
Floor slab
Staging h,
Top of foundation
Vararawar ey ey e
(a) Elevated tank (b) Spring mass model
Ke
Ty + My my + My
Ks Ks
Ke
(c) Two mass idealization of elevated tank (d) Equivalent uncoupled system
(Refer Clause 4.2.2.4)

Figure 4 — Two mass idealization for elevated tank
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PROVISIONS COMMENTARY
4.3 — Time Period C4.3 — Time Period
4.3.1 = Impulsive Mode C4.3.1 = Impulsive Mode

4.3.1.1 = Ground Supported Circular Tank C4.3.1.1 - Ground Supported Circular Tank

For a ground supported circular tank, wherein  The coefficient C; used in the expression of time
wall is rigidly connected with the base slab  period T and plotted in Figure 5, is given by
(Figure 6a, 6b and 6c), time period of

impulsive mode of vibration Tj, in seconds, is ={ ! ]

given by vhi D[ﬂ.ﬂ'ﬁﬁ—{l.lh [ D+0.067(h/ D}EJ
ﬁ,i,I'E The expression for the impulsive mode time
Iy =G VDVE period of circular tank is taken from Eurocode 8
VUDVE (1998). Basically this expression was developed
where for roofless steel tank fixed at base and filled

, ) . ) . with water. However, this may also be used for
C; = Coefficient of time period for impulsive  giher tank materials and fluids. Further, it may

mode. Value of C; can be obtained be mentioned that this expression is denved

i based on the assumption that tank mass is quite
from Figure 5,

" small compared to mass of fluid. This condition
h = Maximum depth of liquid, is usually satisfied by most of the tanks. More
_ ; I information on exact expression for time period
Heln e of circular tank may be obtained from Veletsos

t = Thickness of tank wall, (1984) and Natchigall et al. (2003).
E = Modulus of elasticity of tank wall, and In case of tanks with varable wall thickness
) o (particularly, steel tanks with step variation of
p = Mass density of liquid. thickness), thickness of tank wall at 1/3rd height

NOTE: In some circular tanks, wall may from the base should be used in the expression

have flexible connection with the base for impulstve time pexiod.
slab. (Different types of wall to base slab  Expression for T, given in this section is
conneclions are described in Figure 6.) applicable to only those circular tanks in which
For tanks with flexible connections with  wall is rigidly attached to base slab. In some
base slab, time period evaluation may concrete tanks, wall is not rigidly attached to the
properly account for the flexibility of wall  base slab, and flexible pads are used between the
to base connection. wall and the base slab (Figure 6d to 6f). In such
cases, flexibility of pads affects the impulsive
mode time period. Vanous types of flexible
connections  between  wall and  base  slab
described in Figure 6 are taken from ACI 3503
{2001), which provides more information on
effect of flexible pads on impulsive mode time
period.

4.3.1.2 - Ground Supported Rectangular C4.3.1.2-Ground Supported Rectangular
Tank Tank

For a ground supported rectangular tank, Eurocode 8 (1998) and Preistley et al. (1986)
wherein wall is rnigidly connected with the also specify the same expression for obtaining
base slab, time period of impulsive mode of  time period of rectangular tank.

vibration, T; in seconds, is given by
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PROVISIONS COMMENTARY
T =2 9 h is the height of combined center of gravity of
g half impulsive mass of liquid (m, /2), and mass
where of one wall ( m ).

d = deflection of the tank wall on the vertical For tanks without roof, deflection, d can be
obtained by assuming wall to be free at top and

center-line at a height of h, when loaded  fixed at three edges (Figures C-2a).

it""m“'_“f“’“h’ distributed pressure Of  , -y 3503 (2001) and NZS 3106 (1986) have
ntensity g, suggested a simpler approach for obtaiming
m, deflection, d for tanks without roof. As per this
[?"‘mw]ﬂ approach, assuming that wall takes pressure g by
q= Bh " cantilever action, one can find the deflection, 4,
by considering wall strip of unit width and

ﬂh,- +m,, L height &, which is subjected to concentrated
h=-2 Z2 load, P = g h (Figures C-2b and C-2¢). Thus,
ﬁ_,_ — for a tank with wall of uniform thickness, one
2 . can obtain 4 as follows:
m, = Mass of one tank wall perpendicular P(h)? 102>

to the direction of seismic force, and @ =5 where [, =2
=  Inside wi K.
s o T The above approach will give quite accurate
results for tanks with long walls (say, length
greater than twice the height). For tanks with

roofs and/or tanks in which walls are not very
long, the deflection of wall shall be obtained

using appropriate method.
-
b
r £
- £
-
d -
- -
T .L iy
X Section XX
(a) Rectangular tank wall subjected to wniformly
distributed pressure
1.0
R
i
the T -
th _h
.-7""7"—';.--?_ » | 3

SI:I'q:l I:Irq.l1|'|..'l.-|'n|]1.|1.
{h) Description of strip of wall () Cantilever of unit width

Figure C-1 Description of deflection d, of
rectangular tank wall
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4.3.1.3 - Elevated Tank C4.3.1.3 - Elevated Tank
Time period of impulsive mode, T, in seconds, Time period of elevated tank can also be
is given by expressed as:
A

- m, +m T, =27 |—
1; - 2)1 —K"—‘ / P
where where, A is deflection of center of gravity of

tank when a lateral force of magnitude (m, +
m, = mass of container and one-third mass m;)g is applied at the center of gravity of tank.

of staging, and Center of gravity of tank can be approximated as
K, = lateral stiffness of staging. combined center of mass of empty container and
impulsive mass of liquid. The impulsive mass m,

Lateral stifiness of the staging is the  acts ata height of A, from top of floor slab.
horizontal force required to be applied at the
center of gravity of the tank o Cause 8 ..\ " oo the lateral stiffness can be
corresponding unit horizontal displacement. evaluated ily gcomputcr analysis or by simple

NOTE: The flexibility of bracing beam procedures (Sameer and Jain, 1992), or by

shall be considered in calculating the established structural analysis method.

lateral stiffness, K, of elevated moment- | .. analysis of staging, due consideration

resisting frame type tank staging. shall be given to modeling of such parts as spiral
staircase, which may cause ecccentricity in
otherwise symmetrical staging configuration,

For clevated tanks with moment resisting type

For elevated tanks with shaft type staging, in
addition to the effect of flexural deformation, the
effect of shear deformation may be included
while calculating the lateral stiffness of staging.
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Figure 5 - Coefficient of impulsive (Cj) and convective | C. ) mode time period for circular

tank
e Tank wall Wall Wall
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a) Fixed base b} Hinged base ¢} Pinned base
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Sesmic Cables Contamment '/
Fads
/ or Anchors hiD Flexible base pad
Base glab
Flexible base pad i /,— Bage glab
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base base base

Figure 6 - Types of connections between tank wall and base slab
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4.3.2 - Convective Mode

4321~

Time period of convective mode, in seconds,
is given by

The values of m, and K. can be obtained

from Figures 2a and 3a respectively, for
circular and rectangular tanks.

4322~

Since the expressions for m. and K. are
known, the expression for 7. can be
alternatively expressed as:

(a) Circular Tank: Time period of convective
mode, T, in seconds, is given by

T =C, \/D/g

where

C. = Coefficient of time period for convective
mode. Value of C_ can be obtained
from Figure 5, and

D = Inner diameter of tank.

(b) Rectangular Tank: Time period of
convective mode of vibration, T in seconds,
is given by

! =Cc‘}LIg

where

C. = Coefficient of time period for convective
mode. Value of C_ can be obtained from

Figure 7, and

L = Inside length of tank parallel to the

COMMENTARY

C4.3.2 - Convective Mode

C4.3.2.2 -

Expressions given in Clause 4.3.2.1 and 4.3.2.2
are mathematically same. The expressions for
convective mode time period of circular and
rectangular tanks are taken from ACI 350.3
(2001), which are based on work of Housner
(1963a). The coefficients C. in the expressions for
convective mode time period plotted in Figure 5
and 7 are given below:

(a) For circular tank:

C = 2r

© J3.68tanh(3.68h/ D)
(b) For rectangular tank:
C = 2x

¢

J3.16tanh (3.16(h/ L))

Convective mode time period expressions
correspond to tanks with ngid wall. It is well
established that flexibility of wall, elastic pads,
and soil does not affect the convective mode time

period.

For rectangular tank, L is the inside length of tank
parallel to the direction of loading, as described in
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direction of seismic force.

433 -

For tanks resting on soft soil, effect of
flexibility of soil may be considered while
evaluating the time period. Generally, soil
flexibility does not affect the convective mode
time period. However, soil flexibility may affect

COMMENTARY

Figure C-3.
B L - L IB -
- > 1
| -
Direction of
Darection of Scismic Force
Seismic Force
Figure C-3 Description of length, L and
breadth, B of rectangular tank
C4.3.3 -

Soil structure interaction has two effects: Firstly,
it clongates the time period of impulsive mode
and secondly it increases the total damping of the
system. Increase in damping is mainly due to
radial damping effect of soil media. A simple but

impulsive mode time period. approximate approach to obtain the time period of
impulsive mode and damping of tank-soil system
is provided by Veletsos (1984). This simple
approach has been used in Eurocode 8 (1998) and
Priestley et al. (1986).
L] . 1 . l ! ' L] . .' L] ' L) || ' L) ] L ¥
"l A 1 1 1 l A 1 ' 1 A L A A l A 1 L L
0 0.5 h/L 1 1.5 2

Figure 7 - Coefficient of convective mode time period (C,) for rectangular tank
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4.4 - Damping

Damping in the convective mode for all types
of liquids and for all types of tanks shall be
taken as 0.5% of the critical.

Damping in the impulsive mode shall be taken
as 2% of the critical for steel tanks and 5% of
the critical for concrete or masonry tanks.

4.5 - Design Horizontal
Seismic Coefficient

Design horizontal seismic coefficient, A, shall

be obtained by the following expression,
subject to Clauses 4.5.1104.54

Z1S,

" 2R g
where

Z = Zone factor given in Table 2 of IS 1893
(Part 1): 2002,

I = Importance factor given in Table 1 of this
guideline,

Response reduction factor given in
Table 2 of this guideline, and

S/g = Average response acceleration
coefficient as given by Figure 2 and
Table 3 of IS 1893(Part 1): 2002 and
subject to Clauses 4.5.1 to 4.5.4 of
this guideline.

R

COMMENTARY

C4.4 - Damping

For convective mode damping of 0.5% is used in
most of the international codes.

C4.5 — Design Horizontal Seismic
Coefficient

Importance factor (/), is meant to ensure a better
scismic performance of important and critical
tanks. Its value depends on functional need,
consequences of failure, and post carthquake
utility of the tank.

In this guideline, liquid containing tanks are put in
three categories and importance factor to each
category is assigned (Table 1). Highest value of /
=1.75 is assigned to tanks used for storing
hazardous materials. Since release of these
materials can be harmful to human life, the highest
value of / is assigned to these tanks. For tanks
used in water distribution systems, value of / is
kept as 1.5, which is same as value of | assigned to
hospital, telephone exchange, and fire station
buildings in IS 1893 (Part 1):2002. Less important
tanks are assigned /= 1.0.

Response reduction factor (R), represents ratio of
maximum scismic force on a structure during
specified ground motion if it were to remain
clastic to the design seismic force. Thus, actual
seismic forces are reduced by a factor R to obtain
design forces, This reduction depends on
overstrength, redundancy, and ductility of
structure. Generally, liquid containing tanks
posses low overstrength, redundancy, and ductility
as compared to buildings. In buildings, non
structural components substantially contribute to
overstrength; in  tanks, such non structural
components are not present. Buildings with frame
type structures have high redundancy; ground
supported tanks and elevated tanks with shaft type
staging have comparatively low redundancy.
Moreover, due to presence of non structural
clements lhike masonry walls, ¢energy absorbing
capacity of buildings is much higher than that of
tanks. Based on these considerations, value of R
for tanks needs to be lower than that for buildings.
All the intermational codes specify much lower
values of R for tanks than those for buildings. As
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Table 1 - Importance factor, /
Type of liquid storage tank I/

Tanks used for storing drinking
water, non-volatile material, low
inflammable petrochemicals etc. | 15
and intended for emergency
services such as fire fighting
services. Tanks of post earthquake

importance.

All other tanks with no risk to life
and with negligible consequences 1.0
to environment, society and|
economy.

Note- Values of importance factor, | given in
IS 1893 (Part 4) may be used where
appropriate.

COMMENTARY

an example, values of R used in IBC 2000 are
shown in Table C-2. It is seen that for a building
with special moment resisting frame value of R is
8.0 whereas, for an elevated tank on frame type
staging (i.e., braced legs), value of R is 3.0.
Further, it may also be noted that value of R for
tanks varies from 3.0 to 1.5,

Values of R given in the present guideline
(Table 2) are based on studies of Jaiswal et al.
(2004a, 2004b). In this study, an exhaustive
review of response reduction factors used in
various international codes is presented. In Table
2, the highest value of R is 2.5 and lowest value is
1.3. The rationale behind these values of R can be
seen from Figures C-4a and C-4b,

In Figure C-4a, base shear cocfficients (i.c.. ratio
of lateral seismic force to weight) obtained from
IBC 2000 and IS 1893 (Part 1):2002 is compared
for a building with special moment resisting
frame. This comparison is done for the most
severe seismic zone of IBC 2000 and IS 1893
(Part 1):2002. It 1s seen that base shear coefficient
from IS 1893 (Part 1%2002 and IBC 2000
compare well, particularly up to time peniod of 1.7
sec.

In Figure C-4b, base shear coefficient for tanks is
compared. This comparison is done for the highest
as well as lowest value of R from IBC 2000 and
present code. It is seen that base shear coefficient
match well for highest and lowest value of R.
Thus, the specified values of R are quite
reasonable and in line with international practices.

Elevated tanks arc inverted pendulum type
structures and hence, moment resisting frames
being used in staging of these tanks are assigned
much smaller R values than moment resisting
frames of building and industrial frames. For
elevated tanks on frame type staging, response
reduction factor is R = 2.5 and for elevated tanks
on RC shaft, R = 1.8, Lower value of R for RC
shaft is due to its low redundancy and poor
ductility (Zahn, 1999; Rai 2002).
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Table 2 — Response reduction factor, R
Type of tank R
Elevated tank
"Tank supported on masonry shaft
a) Masonry shaft reinforced with horizontal bands 1.3
b) h!asunr:.r shaft mnfnmad with horizontal bands and vertical bars at comers and 15
jambs of openings
Tank supported on RC shaft
RC shaft with two curtains of reinforcement, each having horizontal and vertical | 1.8
reinforcement
Tank supported on RC frame"
a) Frame not conforming to ductile detailing, i.e., ordinary moment resisting frame | 1.8
(OMRF)
b) Frame conforming to ductile detailing, i.e., special moment resisting frame (SMRF) | 2.5
Tank supported on steel frame” 25
Ground s nk
Masonry tank
a) Masonry wall reinforced with horizontal bands’ 1.3

b) Masonry wall reinforced with horizontal bands and vertical bars at corners and | 1.5
jambs of openings

RC | prestressed tank

a) Fixed or hinged/pinned base tank (Figures 6a, 6b, 6¢) 2.0
b) Anchored flexible base tank (Figure 6d) 2.5
&) Unanchored contained or uncontained tank (Figures Ge, 6f) 1.5
Steel tank

a) Unanchored base 2.0
b) Anchored base 25
Underground RC and steel tank’ 4.0

* These R values are meant for liquid retaining tanks on frame type staging which are inverted
pendulum type structures. These R values shall not be misunderstood for those given in other
parts of IS 1893 for building and industrial frames.

" These tanks are not allowed in seismic zones IV and V.

" For partially buried tanks, values of R can be interpolated between ground supported and
underground tanks based on depth of embedment.
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COMMENTARY

01
| =
BC2000(S =15,8 =06,F =10
0.08 I~ F =15R=8 1=1,siteclass D)
0.06 H IS 1893 (Part I) :2002 (Z = 0.36,
R=5,1=1soft soi)
0.04 *—
0.02 -
0 : ] A 1 2 1 ) ] ; ] ) ]
0 0.5 1 15 2 2.5 3
Time Period (S)

Figure C-4a Comparison of base shear coefficient obtained from IBC 2000 and IS 1893 (Part 1):2002,
for a building with special moment resisting frame. IBC values are divided by 1.4 to bring them to
working stress level (From Jaiswal et. al., 2004a)
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Figure C-4b Comparison of base shear coefficient obtained from IBC 2000 and present code, for tanks
with highest and lowest values of R. (From Jaiswal et. al., 2004a)
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451 -

Design horizontal seismic coefficient, A, will
be calculated separately for impuisive (A,),
and convective (A,). modes.

COMMENTARY
Table C-2 Values of response reduction factor

used in IBC 2000

Type of structure R
Building with special reinforced
concrete moment resisting concrete 8.0
frames
Building with intermediate reinforced
concrete moment resisting concrete 50
frames
Building with ordinary reinforced
concrete moment resisting concrete 30
frames
Building with special steel 8.0
concentrically braced frames
Elevated tanks supported on 3.0
braced/unbraced legs

Elevated tanks supported on single 20
pedestal
Tanks supported on structural towers 3.0
similar to buildings
Flat bottom ground supported 3.0
anchored steel tanks
Flat bottom ground supported 25
unanchored steel tanks
Reinforced or prestressed concrete 3.0
tanks with anchored flexible base
Reinforced or prestressed concrete 20
tanks with reinforced nonsliding base
Reinforced or prestressed concrete

tanks with unanchored and L5
unconstrained flexible base

C4.5.1 -

The values of R, given in Table 2 of this code, are
applicable to design horizontal seismic coefficient
of impulsive as well as convective mode.

It may be noted that amongst various international
codes, AWWA D-100, AWWA D-103 and
AWWA D-115 use same value of R for impulsive
and convective modes, whereas, ACI 350.3 and
Eurocode 8 suggest value of R =1 for convective
mode. The issue of value of R for convective
component is still being debated by researchers
and hence to retain the simplicity in the analysis,
in the present provision, same value of R have
been proposed for impulsive and convective
components.
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452-

If time period is less than 0.1 second, the
value of S, /g shall be taken as 2.5 for 5%
damping and be multiplied with appropriate
factor, for other damping.

453 -

For time periods greater than four seconds,
the value of S, /g shall be obtained using the
same expression which is applicable upto time
period of four seconds.

454 -

Value of multiplying factor for 0.5% damping
shall be taken as 1.75.

COMMENTARY

C4.5.3 -

Clauses 4.5.2 and 4.5.3, effectively imply response
acceleration coefficient (S, /g) as

For hard soil sites

S./g =25 for T <04
= 1.0/T for 7 204

For medium soil sites

S./g = 25 for T<0.55
= 136/T for T 20.55

For soft soil sites

S./ge =25 for T<0.67
= 1.67/T for T 20.67

C4.54 -

Table 3 of IS 1893 (Part 1): 2002 gives values of
multiplying factors for 0% and 2% damping, and
value for 0.5% damping is not given. One can not
lincarly interpolate the values of multiplying
factors because acceleration spectrum values vary
as a logarithmic function of damping (Newmark
and Hall, 1982).

In Eurocode 8 (1998), value of multiplying factor
is taken as 1.673 and as per ACI 350.3 and FEMA
368, this valuc is 1.5.
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4.6 - Base Shear

4.6.1 - Ground Supported Tank

Base shear in impulsive mode, at the bottom
of tank wall is given by

Vi =(Ap); (m; + m,, +my)g
and base shear in convective mode is given
by
vc - (Ah )c mc g
where
(Ar);= Design horizontal seismic coefficient for
impulsive mode,

(A). = Design horizontal seismic coefficient
for convective mode,

m; = Impulsive mass of water
m,, = Mass of tank wall

m, = Mass of roof slab, and

g = Acceleration due to gravity.

4.6.2 - Elevated Tank

Base shear in impulsive mode, just above the
base of staging (i.e. at the top of footing of
staging) is given by

V; = (A’, )‘ (m; + Mg )g
and base shear in convective mode is given
by

Vc a (Ah )c mc g

where

m, = Mass of container and one-third mass of
staging.

4.6.3 -

Total base shear V, can be obtained by
combining the base shear in impulsive and
convective mode through Square root of Sum
of Squares (SRSS) rule and is given as
follows

V= VsV

COMMENTARY

C4.6 — Base Shear

C4.6.1 — Ground Supported Tank

Live load on roof slab of tank is generally
neglected for seismic  load computations.
However, in some ground supported tanks, roof
slab may be used as storage space. In such cases,
suitable percentage of live load should be added in
the mass of roof slab, m,.

For concrete/masonry tanks, mass of wall and base
slab may be cvaluated using wet density of
concrete/masonry.

For ground supported tanks, to obtain base shear at
the bottom of base slab/plate, shear due to mass of
base slab/plate shall be included. If the base shear
at the bottom of tank wall is ¥ then, base shear at
the bottom of base slab, }*, will be given by

V'= V + (Ab )‘ m,,

where, m, 1s mass of base slab/plate.

C4.6.2 - Elevated Tank

Clause 4.6.2 gives shear at the base of staging.
Base shear at the bottom of tank wall can be
obtained from Clause 4.6.1.

C4.6.3 -

Except Eurocode 8 (1998) all international codes
usc SRSS rule to combine response from
impulsive and convective mode. In Eurocode 8
(1998) absolute summation rule is used, which is
based on work of Malhotra (2000). The basis for
absolute summation is that the convective mode
time period may be several times the impulsive
mode period, and hence, peak response of
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4.7 — Base Moment

4.7.1 - Ground Supported Tank

4‘+T-|l1 l1 —

Bending moment in impulsive mode, at the
bottom of wall is given by

M, = (A, ) (m; b +m, h, +m,h)g
and bending moment in convective mode is
given by
M, =(A,).mh.g
where

h,, = Height of center of gravity of wall mass,
and

h, = Height of center of gravity of roof mass.

4.71.2-

Overturning moment in impulsive mode to be
used for checking the tank stability at the
bottom of base slab/plate is given by

M;" = (Ap), my (b + tp )+ My (hy +1p)+

and overturning moment in convective mode
is given by

COMMENTARY

impulsive mode will occur simultaneously when
convective mode response is near its  peak.
However, recently through a numencal simulation
for a large number of tanks, Malhotra (2004)
showed that SRSS rule gives better results than
absolute summation rule,

C4.7 — Base Moment
C4.7.1 — Ground Supported Tank

C4.7.1.1 -

For obtaining bending moment at the bottom of
tank wall, effect of hydrodynamic pressure on wall
1s considered. Hence, m; and m_ are considered to
be located at heights & and h_, which are explained
in Figures C-1a and C-lc and Clause 4.2.1.1.

Heights, i and h. are measured from top of the
base slab or bottom of wall.

Sometimes it may be of interest to obtain bending
moment at the intermediate height of tank wall.
The bending moment at height, v from bottom will
depend only on hydrodynamic pressure and wall
mass above that height. Following Malhotra
(2004), bending moment at any height v from the
bottom of wall will be given by

Y b (l=y/h2 12
Mr'={-dﬁ} L S +m1-|. I'I.': ¥ ] I
“|+m, b (1= w/h)

Hc = {‘4.# }cmr.' 'ﬁ'rl'lf.' g

The value of w; and g can be obtained from Figure
C-5.

Second term in the expression of M, is obtained by
considening tank wall of uniform thickness.

C4.7.1.2 -

For obtaining overturning moment at the base of
tank, hydrodynamic pressure on tank wall as well
as tank base 15 considered. ﬂcnm:. m,-_and m, are
considered to be located at h, , and k., which are
described in Figures C-1b and C-1d.
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M'c =(Ap)e Me(he +1tp)g
where

m, = mass of base slab/plate, and
t, = thickness of base slab/plate.

4.7.2 - Elevated Tank

Overturning moment in impulsive mode, at the
base of the staging is given by

M =(A,)lm +h)em b, |g

and overturning moment in convective mode
is given by

Mc' . (Ah )c m, (hc. + hs)g

where

h, = Structural height of staging, measured

from top of footing of staging to the bottom
of tank wall, and

h,, = Height of center of gravity of empty
container, measured from top of footing.

4.7.3 -

Total moment shall be obtained by combining
the moment in impulsive and convective
modes through Square of Sum of Squares
(SRSS) and is given as follows

M-‘{Miz+Mg
S S
M =YMji+M¢

4.7.4 -

For elevated tanks, the design shall be
worked out for tank empty and tank full
conditions.

COMMENTARY

C4.7.2 - Elevated Tank

Structural mass m,. which includes mass of empty
container and one-third mass of staging is
considered to be acting at the center of gravity of
empty container.

Base of staging may be considered at the top of
footing.

C4.7.3 -
See commentary of Clause 4.6.3

C4.74 -

For tank empty condition, convective mode of
vibration will not be gencrated. Thus, empty
clevated tank has to be analyzed as a single degree
of freedom system wherein, mass of empty
container and one-third mass of staging must be
considered.

As such, ground supported tanks shall also be
analysed for tank empty condition. However,
being very ngid, it is unlikely that tank empty
condition will become cntical for ground
supported tanks.
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4.8 — Direction of Seismic
Force

48.1-

Ground supported rectangular tanks shall be
analyzed for horizontal earthquake force
acting non-concurrently along each of the
horizontal axes of the tank for evaluating
forces on tank walls.

48.2 -

For elevated tanks, staging components
should be designed for the critical
direction of seismic force. Different
components of staging may have different
critical directions.

48.3 -

As an alternative to 4.8.2, staging components
can be designed for either of the following
load combination rules:

i) 100% + 30% Rule:
+EL, + 03EL, and+03EL, * EL,
ii) SRSS Rule:

JELZ +EL2

Where, EL, is response quantity due to
earthquake load applied in x-direction and EL,
is response quantity due to earthquake load
applied in y-direction.

COMMENTARY

C4.8 — Direction of Seismic Force

C4.8.1 -

Base shear and stresses in a particular wall shall be
based on the analysis for earthquake loading in the
direction perpendicular to that wall.

C4.8.2 -

For clevated tanks supported on frame type
staging, the design of staging members should be
for the most cnitical direction of horizontal base
acceleration. For a staging consisting of four
columns, horizontal acceleration in  diagonal
direction (i.¢. 45° to X-direction) tums out to be
most cnitical for axial force in columns. For brace
beam, most critical direction of loading is along
the length of the brace beam.

Sameer and Jain (1994) have discussed in detail

the crtical direction of horizontal base
acceleration for frame type staging.
For some typical frame type staging

configurations, critical direction of seismic force is
described in Figure C-6.

C4.8.3 -

100% + 30% rule implies following eight load
combinations:

(EL,+03 EL,); (EL, -03EL)
AEL,+03EL);  -(EL,-03EL)
(0.3EL, + EL,); (0.3EL, - EL,)

{0.3EL, + ELy); {0.3EL, - ELy)
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Fig. C- 5 Variation of impulsive and convective bending moment coefficients with height
(From Malhotra, 2004)

Page 38



HTE-GSDMA Guidelines for seismic design of liquid storage tanks

PROVISIONS COMMENTARY

! T

(1) (11)
(1) Critical direction for shear force in brace
(i1) Critical direction for axial force in column

{a) Four column

! T

(i) (i1)

1) Critical direction for shear force in column
11) Critical direction for shear force in brace
and axial force in column

(b) Six column staging
_ . Bending _ -
Axis
(i)

(1) Critical direction for shear force in brace
(ii) Critical direction for shear force and axial

force in column

() Eight column staging

Figure C-6 Critical direction of seismic force
for tvpical frame type staging profiles
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4.9 - Hydrodynamic Pressure

During lateral base excitation, tank wall is
subjected to lateral hydrodynamic pressure
and tank base is subjected to hydrodynamic
pressure in vertical direction (Figure C-1).

4.9.1 - Impulsive Hydrodynamic
Pressure

The impulsive hydrodynamic pressure exerted
by the liquid on the tank wall and base is
given by

(a) For Circular Tank (Figure 8a )
Lateral hydrodynamic impulsive pressure on
the wall, p,, ., is given by

Piw =Quw(¥)(Ap )ipgh cosg

2

F }anh( 0.866 9)
h
where

£ = Mass density of liquid,

¢ = Circumferential angle, and

y = Vertical distance of a point on tank wall
from the bottom of tank wall.

Coefficient of impulsive hydrodynamic
pressure on wall, Q.. (y) can also be obtained
from Figure Sa.

Qi ()= 0.866 [l -(%)

Impulsive hydrodynamic pressure in vertical
direction, on base slab (y = 0) on a strip of

length /', is given by

[ X
sinh| 1.732 —
h ]

”~

pip = 0.866 (Ap } pgh

—

cosh
h

o '_]
\

where

x = Horizontal distance of a point on base of
tank in the direction of seismic force,
from the center of tank.

COMMENTARY

C4.9.1 - Impulsive Hydrodynamic
Pressure

The expressions for hydrodynamic pressure on
wall and base of circular and rectangular tanks are

based on work of Housner (1963a).

These expressions are for tanks with rigid walls.
Wall flexibility does not affect convective
pressure distribution, but can have substantial
influence on impulsive pressure distribution in tall
tanks. The effect of wall flexibility on impulsive
pressure distribution is discussed by Veletsos
(1984).

Qualitative descniption of impulsive pressure

distribution on wall and base is given in Figure C-
1b.

Vertical and horizontal distances, 1.¢., x and y and
circumferential angle, ¢, and strip length 7 are

described in Figure 8a.
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(b) For Rectangular Tank (Figure 8b)

Lateral hydrodynamic impulsive pressure on
wall p,, . is given by

Piw = Qiw (¥} A ;}ﬂﬂ'h

where, Q. (y) is same as that for a circular

tank and can be read from
Figure 9a, with h/L being used in place of
hiD.

Impulsive hydrodynamic pressure in vertical
direction, on the base slab (y = 0 ), is given

by:
P = Qi (x) (A fpgh

. X
sinh | 1.732 —
[ h]

Qjp(x)= [
cosh [n.sms F]

The value of coefficient of impulsive
hydrodynamic pressure on base Qul(x). can
also be read from Figure 9b.

4.9.2 - Convective Hydrodynamic C4.9.2 - Convective Hydrodynamie
Pressure Pressure

The convective pressure exerted by the The expressions for hydrodynamic pressure on
oscillating liquid on the tank wall and base  wall and base of circular and rectangular tanks are

shall be calculated as follows: based on work of Housner (1963a).

(a) Circular Tank ( Figure 8a ) quﬂl_ilﬂti}"i: descnption of anj.rccti'l_.-'c pressure
Lateral convective pressure on the wall p,, . J;I;mhulmn on wall and base is given in Figure C-
is given by

Pew = Qow (¥) A, )cp g 5{1' %MEI i]mﬁﬁ

md Y
315‘?4 T—
D]

h
oual'{E-.ﬁ‘.-'r-lE}

The value of le:}’} can also be read from
Figure 10a.

Convective pressure in vertical direction, on
the base slab (y =0) is given by

Qe (¥) = 0.5625
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P = Qe (x4 ). pg D
where

Qup(x)=1. 125{— _< — \sem[: f-?d

The value of Q. (x) may also be read from
Figure 10b.

{b) Rectangular Tank (Figure Bb )
The hydrodynamic pressure on the wall p_, .
is given by

Pow = Qe (¥ N Ay Jpg L

cofi]
==

The value of Q. (y) can also be obtained
from Figure 11a.

The pressure on the base slab (y = 0 ) is given
by

Peb = Qen(x)(Ap )epglL

ﬂmir}-lzi[—-— x ]mﬁ[ 1627

The value of Q. (x) can also be obtained
from Figure 11b.

Qo (¥) = 0.4165

493 -

In circular tanks, hydrodynamic pressure due
to horizontal excitation wvaries around the
circumference of the tank. However, for
convenience in stress analysis of the tank
wall, the hydrodynamic pressure on the tank
wall may be approximated by an outward
pressure distribution of intensity equal to that
of the maximum hydrodynamic pressure
(Figure 12a).

494 -

Hydrodynamic pressure due to horizontal
excitation has curvilinear varnation along wall
height. However, in the absence of more

COMMENTARY

C4.9.3 -

This clause is adapted from Priestley et al. (1986).
Since hydrodynamic pressure varies slowly in the
circumferential direction, the design stresses can
be obtained by considering pressure distnbution to
be uniform along the circumferential direction.

C4.94 -

Equivalent linear distribution of pressure along
wall height 15 described in Figures 12b and 12¢,
respectively, for impulsive and convective
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exact analysis, an equivalent linear pressure
distribution may be assumed so as to give the
same base shear and bending moment at the
bottom of tank wall (Figures 12b and 12c).

4.9.5 - Pressure Due to Wall Inertia

Pressure on tank wall due to its inertia is given
by

Puww = (Ah );'ng
where
Pm = Mass density of tank wall, and

t = Wall thickness.

COMMENTARY

pressure.

For circular tanks, maximum hydrodynamic force
per unit circumferential length at ¢ = 0, for
impulsive and convective mode, is given by

_A)m, _ (). m,
“=Zpn ® ™= bn

For rectangular tanks, maximum hydrodynamic
force per unit length of wall for impulsive and
convective mode is given by

o (Ab )imo = (AA )rmt
ST
The equivalent linear pressure distribution for

impulsive and convective modes, shown in Figure
12b and 12¢ can be obtained as:

q,

a =

q _q
- (4h-6h,) and b, -h—;(Sh, ~2h )

a, =i’—:;,—(4h—6hr) and b, =%§-(6hr ~2h )

C4.9.5 - Pressure Due to Wall Inertia

Pressure due to wall inertia will act in the same
direction as that of seismic force.

For steel tanks, wall inertia may not be significant.
However, for concrete tanks, wall inertia may be
substantial,

Pressure due to wall inertia, which is constant
along the wall height for walls of uniform
thickness, should be added to impulsive
hydrodynamic pressure.
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Figure 8 — Geometry of (a) Circular tank and (b) Rectangular tank
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4.10 - Effect of Vertical
Ground Acceleration

Due to vertical ground acceleration, effective
weight of liquid increases, this induces
additional pressure on tank wall, whose
distribution is similar to that of hydrostatic
pressure.

4101 -

Hydrodynamic pressure on tank wall due to
vertical ground acceleration may be taken as

p, =(A)ogh(1-y/h)

ST E A
A"s(sz"g]

where

y = vertical distance of point under
consideration from bottom of tank wall,
and

%9- = Average response acceleration
coefficient given by Figure 2 and Table 3
of IS 1893 (Part 1):2002 and subject to

Clauses 4.5.2 and 4.5.3 of this code.

In absence of more refined analysis, time
period of vertical mode of vibration for all
types of tank may be taken as 0.3 sec.

4.10.2 -

The maximum value of hydrodynamic
pressure should be obtained by combining
pressure due to horizontal and vertical
excitation through square root of sum of
squares (SRSS) rule, which can be given as

P=\(Pu +Pus) +PL +P,

COMMENTARY

C4.10 - Effect of Vertical
Ground Acceleration

Vertical ground acceleration induces hydrodynamic
pressure on wall in addition to that due to horizontal
ground acceleration. In circular tanks, this pressure
is uniformly distributed in the circumferential
direction.

C4.10.1 -

Distribution of hydrodynamic pressure due to
vertical ground acceleration is similar to that of
hydrostatic pressure. This expression is based on
rigid wall assumption. Effect of wall flexibility on
hydrodynamic pressure distribution is described in
Eurocode 8 (1998).

Design vertical acceleration spectrum is taken as
two-third of design horizontal acceleration spectrum,
as per clause 6.4.5 of IS 1893 (Partl).

To avoid complexities associated with the
evaluation of time period of vertical mode, time
period of vertical mode is assumed as 0.3 seconds
for all types of tanks. However, for ground
supported circular tanks, expression for time period
of vertical mode of vibration (i.e., breathing mode)
can be obtained using expressions given in ACI
350.3 (2001) and Eurocode 8 (1998).

While considering the vertical acceleration, effect of
increase in weight density of tank and its content
may also be considered.
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4.11 — Sloshing Wave Height
Maximum sloshing wave height is given by

Orae = (A, ). R % For circular tank
e = (A,). R % For rectangular tank

where
(4,). = Design horizontal seismic coefficient
corresponding to convectlive time period.

4.12 - Anchorage
Requirement
Circular ground supported tanks shall be

anchored to their foundation (Figure 13)
when

a1

D L“I#L

In case of rectangular tank, the same
expression may be used with L instead of D.

. L
h Meat ( Ay ) G
£y ~—I
h
2 Mg
H - e
5 v

Figure 13 - Initiation of rocking of tank

COMMENTARY

C4.11 — Sloshing Wave Height

Expression for maximum sloshing wave height is
taken from ACI 350.3 (2001).

Free board to be provided in a tank may be based on
maximum value of sloshing wave height. This is
particularly important for tanks containing toxic
liquids, where loss of liquid needs to be prevented.
If sufficient free board is not provided roof structure
should be designed to resist the uplift pressure due
to sloshing of liquid.

Moreover, if there 15 obstruction to free movement
of convective mass due to insufficient free board,
the amount of liquid in convective mode will also
get changed. More information regarding loads on
roof structure and revised convective mass can be
obtained in Malhotra (2004).

C4.12 - Anchorage
Requirement

This condition i1s described by Priestley et al,
(1986). Consider a tank which is about to rock
(Figure 13). Let M, denotes the total mass of
the tank-hiquid system, 0D denote the tank
diameter, and (4, ), g denote the peak response

acceleration. Taking moments about the edge,

fr D
Hm{*‘h}gg—:ng_
2 2
L
0 (4),

Thus, when A/ D exceeds the value indicated
above, the tank should be anchored to its
foundation. The derivation assumes that the
entire liquid responds in the impulsive mode.
This approximation is reasonable for tanks with
high &/D ratios that are susceptible to
overturning.
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4.13 — Miscellaneous

4.13.1 — Piping

Piping systems connected to tanks shall
consider the potential movement of the
connection points during earthquake and
provide for sufficient flexibility to avoid
damage. The piping system shall be
designed so as not to impart significant
mechanical loading on tank. Local loads at
pipe connections can be considered in the
design of the tank. Mechanical devices,
which add flexibility to piping such as
bellows, expansion joints and other special
couplings, may be used in the connections.

4.13.2 - Buckling of Shell

Ground supported tanks (particularly, steel
tanks) shall be checked for failure against
buckling. Similarly, safety of shaft type of
staging of elevated tanks against buckling
shall be ensured.

4.13.3 — Buried Tanks

Dynamic earth pressure shall be taken into
account while computing the base shear of a
partially or fully buried tank. Earth pressure
shall also be considered in the design of
walls. In buried tanks, dynamic earth
pressure shall not be relied upon to reduce
dynamic effects due to liquid.

COMMENTARY

C4.13 — Miscellaneous

C4.13.1 - Piping

FEMA 368 (2000) provides more information
on flexibility requirements of piping system.

C4.13.2 - Buckling of Shell

More information of buckling of steel tanks is
given by Priestley et al. (1986).

C4.13.3 - Buried Tanks

The value of response reduction factor for
buried tanks is given in Table 2.

For buried tanks, the analysis procedure remains
same as that for ground supported tank except
for consideration of dynamic earth pressure. For
effect of dynamic carth pressure, following
comments from Munshi and Sherman (2004)
are taken:

The effect of dynamic carth pressure is
commonly approximated by Monobe-Okabe
theory (1992). This involves the use of constant
honizontal and vertical acceleration from the
carthquake acting on the soil mass comprising
Coulomb’s active or passive wedge. This theory
assumes that wall movements are sufficient to
fully mobilize the shear resistance along the
backfill wedge. In sufficiently rigid tanks (such
as concrete tanks), the wall deformation and
consequent movement into the surrounding soil
is usually small enough that the active or
passive soil wedge is not fully activated, For
dense, medium-dense, and loose sands, a
deformation equal to 0.1, 02, and 0.4%,
respectively, of wall height is necessary to
activate the active soil reaction (Ebeling, R.M,
and Momison, E.E. (1993) and Clough, G. W.
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4.13.4 — Shear Transfer

The lateral earthquake force generates shear
between wall and base slab and between

roof and wall. Wall-to-base slab, wall-to-roof
slab and wall-to-wall joints shall be suitably
designed to transfer shear forces. Similarly in
elevated tanks, connection between
container and staging should be suitably
designed to transfer the shear force.

4.13.5 - P- Delta Effect

For elevated tanks with tall staging (say.
staging height more than five times the least
lateral dimension) it may be required to
include the P-Delta effect. For such tall tanks,
it must also be confirmed that higher modes
of staging do not have significant contribution
to dynamic response.

COMMENTARY

and Duncan, JM. (1991)). Similarly, a
deformation of 1, 2, and 4% of the wall height is
required to activate the passive resistance of
these sands. Therefore, determination of
dynamic active and passive pressures may not
be necessary when wall deformations are small,
Dynamic carth pressure at rest should be
included, however, as given by the following
equation by Clough and Duncan (1991)
F =k H

where k, is the dynamic coefficient of earth
pressure; ¥, is the density of the soil; and H, is
the height of soil being retained. This force
acting at height 0.6& above the base should be
used to increase or decrease the at-rest pressure
when wall deformations are small.

C4.13.5 — P-Delta Effect

P-delta effect could be sigmificant in elevated
tanks with tall staging. P-delta effect can be
minimized by restricting total lateral deflection
of staging to h/500, where h, is height of
staging.

For small capacity tanks with tall staging,
weight of staging can be considerable
compared to total weight of tank. Hence,
contribution from higher modes of staging
shall also be ascertained. If mass excited in
higher modes of staging is significant then
these shall be included in the analysis, and

response spectrum analysis shall be
performed.
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Figure 1.1 Details of tank geometry
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Example 1 — Elevated Tank Supported on 4 Column RC Staging

1. Problem Statement:

A RC circular water container of 50 m’ capacity has internal diameter of 4.65 m and height of 3.3 m
(including freeboard of 0.3 m). It is supported on RC staging consisting of 4 columns of 450 mm dia with
horizontal bracings of 300 x 450 mm at four levels. The lowest supply level is 12 m above ground level,
Staging conforms to ductile detailing as per IS13920. Staging columns have isolated rectangular footings at
a depth of 2m from ground level. Tank is located on soft soil in seismic zone Il. Grade of staging concrete

and steel are M20 and Fed15, respectively. Density of concrete is 25 kN/m’. Analyze the tank for seismic
loads.

Solution:
Tank must be analysed for tank full and empty conditions.

1.1. Preliminary Data

Details of sizes of various components and geometry are shown in Table 1.1 and Figure 1.1.
Table 1.1 Sizes of various components

Component Size (mm)
Roof Slab 120 thick
Wall 200 thick
Floor Slab 200 thick
Gallery 110 thick
Floor Beams 250 x 600
Braces 300 x 450
Columns 450 dia.

1.2. Weight Calculations
Table 1.2 Weight of various components

Component Calculations Weight (kN)
Roof Slab [xx (505 x(0.12x25)) 4 60. 1
Wall ax485x020x3.30x25 251.4
Floor Slab [xx (505 x020x25]/4 100.2
Floor Beam AX485x025x(0.60-020)x 25 38.1
Gallery [Rx ((7.05)F =(505F)x(0.110x25)) 4 52.3
Columns [xx(045) x 11.7x4x25]/4 186.1
Braces 343x030x045x 4 x4x25 185.2
Water [ x 4.65 x 3.0x9.81]/4 499.8

MNote: 1) Weights of floor finish and plaster should be accounted, wherever applicable.
1i) Live load on roof slab and gallery is not considered for seismic load computations.
111) Water load is considered as dead load.
1v) For seismic analysis, freeboard i1s not included in depth of water.
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Figure 1.1 Details of tank geometry
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From Table 1.2,
Weight of staging = 186.1 + 185.2 = 371.3 kN.

Weight of empty container = 60.1 + 251.4 + 100.2
+ 38.1 +52.3 =502.1 kN.

Hence, weight of container + one third weight of
staging = 502.1 + 371.3 /3 = 626 kN.
1.3. Center of Gravity of Empty Container

Components of empty container are: roof slab,
wall, floor slab, gallery and floor beam. With
reference to Figure 1.2, height of CG of empty
container from top of floor slab will be

= [(60.1 x 3.36) + (251.4 x 1.65)
~(100.2 x 0.1) - (52.3 x 0.055)
—(38.1 x 0.4)] / 502.1
=1.18m.

Hence, height of CG of empty container from top
of footing will be 14 + 1.18 = 15.18 m.

Y
4 —— Roof slab 0.12m thick
|
3.3m CG Gallery
0.1 1m thick
1.19m

—t | .
kN Floor Slab

Floor Beam -ﬂ.-ﬂ-m_/ 0.2m thick

thick

Figure 1.2 CG of empty container

1.4. Parameters of Spring Mass Model
Weight of water = 499 8 kN = 4,99 800 N.
Hence, mass of water, m = 4,99 800 /9 .81

= 50,948 kg.
Depth of water, i = 3.0 m.
Inner diameter of the tank, 7= 4.65m.
Hence, for i /D= 3.0/ 4.65 = 0.65,
m;/m =065 m=0065x 50948 = 33,116 kg.
m./m=035 m.=035x50948 = 17,832 kg
hi/h =0375; h;=0375x3.0=1.13m
h™ 7h =0.64; b, =064%x3.0=192m

ho/h =065 h =065x%3.0=195
h'/h =073 h' =073x3.0=2.19m.
( Section 4.2.2.2)

MNote that the sum of impulsive and convective
masses 15 50,948 kg which compares well with
the total mass. However in some cases, there may
be difference of 2 to 3%.

Mass of empty container + one third mass of
staging
m,=(502.1 +371.3/3)x (1,000 /9.81)
= 63,799 kg,

1.5. Lateral Stiffness of Staging

Lateral stiffness of staging 1s defined as the force
required to be applied at the CG of tank so as to
get a corresponding unit deflection. As per
Section 4.3.1.3, CG of tank s the combined CG
of empty container and impulsive mass. However,
in this example, CG of tank is taken as CG of
emptiy container.

From the deflection of CG of tank due to an
arbitrary lateral force one can get the stiffness of

staging.
Finite element software is used to model the
staging (Refer Figure 1.3). Modulus of elasticity

tor M20 concrete 15 obtamned as 5,000, 7, =

5,000 x /20 = 22,360 MPa or 22.36 x 10° kN/m".
Since container portion 1s quite ngid, a ngid hink
15 assumed from top of staging to the CG of tank.

In FE model of staging, length of ngid link is
=1.18+03=148m.

Further, to account for the ngidity imparted due to
floor slab, floor beams are modeled as T-beams.
Here, stiffness of staging is to be obtained in X-
direction (Refer Figure 1.1), hence, one single

frame of staging can be analysed in this case.

From the analysis, deflection of CG of tank due to
an arbitrary 10 kN force is obtained as 0.00330 m.

Thus, lateral stiffness of one frame of staging
= 10 /0.00330 = 3,030 kN/m.

Since staging consists of two such frames, total
lateral stiffness of staging,

K, =2 x 3,030 = 6,060 kN/m.

Above analysis can also be performed manually
by using standard structural analysis methods.
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Here, analysis of staging is being performed for
earthquake loading in X-direction. However, for
some staging members this may not be the critical
direction.

P Rigid Link

10 kN e
1 1480
T

2985

Q80

980

o v, v

2980

-

1775

re . e
, 3430

& |

(All Dimensions in mm)

Figure 1.3 FE model of staging

1.6. Time Period
Time period of impulsive mode,

m, +m,

Ti=2xn
K

{ Section 4.3.1.3)

E ]

_ 2n\)33.l|ﬁ+63,?99 = 0.80sec.

60,60,000
Time period of convective mode,
?:' - Cr JE
4

Forh /D =065, C.=3.28.
( Section 4.3.2.2 (a))

Thus, T.= 3'r.23.1||ﬂ = 2.26 sec.
0%1

1.7. Design Horizontal Seismic Coefficient

Design  horizontal  seismic  coefficient for
impulsive mode,

ZI[ S
A= 21| 2a
(A IR[S];

{ Sections 4.5 and 4.5.1)
Where,

Z=10.1 (IS 1893(Part 1): Table 2; Zone II)
=15 ( Table 1)

Since staging has special moment resisting frames
(SMRF), R is taken as 2.5

( Table 2)
Here, T; = 0.80 sec,
Site has soft soil,
Damping = 5%, ( Section 4.4)

Hence, (8. /2) = 2.09
(IS 1893(Part 1): Figure 2)

0.1 1.
(Ap)i= —x —Exl[ﬁ' = .00,
2 2.5

Design  horizontal  seismic  coefficient for
convective mode,

ZI S
Ly =222
{”'zdgl

{ Sections 4.5 and 4.5.1)

Where,
£=0.1 (IS 1893(Part 1): Table 2; Zone I1)
f=1.5 { Table 1)
R=25

For convective mode, value of R is taken same as
that for impulsive mode as per Section 4.5.1.

Here, T. = 2.26 sec,

Site has soft soil,

Damping = 0.5%,

Hence, (5./2).=1.75x0.74=1.3
(IS 1893(Part 1): Figure 2)

Multiplying factor of 1.75 is used to obtain §, /g
values for 0.5% damping from that for 5%
damping,

( Section 4.4)

( Section 4.5.4)

01 1.5
A)= — x =2 x1.3 =0.04
o= x5

1.8. Base Shear

Base shear at the bottom of staging, in impulsive
mode,

Vi = (Ap)i (m; +m,) g
( Section 4.6.2)
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= (.06 x (33,116 + 63,799) x 9.81

= 59.9 kN.
Similarly, base shear in convective mode,
Ve=(As)-m. g { Section 4.6.2)
=0.04 x 17,832 x 9.81
= 7.0 kN.

Total base shear at the bottom of staging,

V=¥ +¥

= J(59.9)° +(7.0)
= 60 kN.

Total lateral base shear is about 5% of total
seismic weight (1,126 kN). It may be noted that
this tank is located in seismic zone 11

{ Section 4.6.3)

1.9. Base Moment

Overtuming moment at the base of staging, in
impulsive mode,

M =(A)i[m (h+h)+m hylg
( Section 4.7.2)
=006 x [33,116 x(1.92+ 14)+
(63,799 x 15.18)] x 9.81
= 924 kN-m.

Similarly, overtuming moment in conveclive
mode,

M. =(dg.m.(h. + h) g ( Section 4.7.2)
=0.04 x 17,832 x(2.19 +14) x 9.81
=113 kN-m.

Total overturning moment at the base of staging,

M = -..|IIM..'E +Mc.1

= J(924) +(113)°

=931 kN-m.

{ Section 4.7.3)

1.10. Hydrodynamic Pressure

1.10.1. Impulsive Hydrodvnamic Pressure
Impulsive hydrodynamic pressure on wall
Pod¥) = Qudy) (Ap)i p g b cos g
Ondv) = 0.866 [1 -( v/ h)' ] tanh (0.866 D / k)
( Section 4.9.1(a))

Maximum pressure will occur at ¢b = 0.
At base of wall, v =0;

Qndy = 0) = 0.866[ 1-(0/3.0) )x tanh (0.866
x 4.65 /3.0)

=0.76
Impulsive pressure at the base of wall,
Pody=0=0.76x 006 x 1,000 x 9.81 x 3.0x 1
= 1.41 kN/m’.

Impulsive hydrodynamic pressure on the base
slab (y = 0)

P =0.866(4, ), pgh sinh(0.866x/ L)/cosh(0.866! / k)

{ Section 4.9.1(a))

0,866 x 006 x 1,000 x 981 x 3.0 x
sinh (0866 x 465 / ( 2 x 3.0)) /
cosh { 0.866 x 465 /2 x 3.0)

= 0.95 kN/m"

I.10.2. Convective Hydrodvnamic Pressure

Convective hydrodynamic pressure on wall,

Pew = Qo) (A p g D [1- 1/3 cos’eh] cos ¢b

O () = 0.5625 cosh (3.674 wD)cosh(3.674h /D)
( Section 4.9.2(a))

Maximum pressure will occur at ¢b = 0.

At base of wall, y = 0;

Oy =0)=0.5625 x cosh (0) / cosh (3.674 x 3.0

/4.65)
={.10.
Convective pressure at the base of wall,
Pouly = 0)
=0.10x 0.04 x 1,000 x 9.81 x 4.65 x 0.67 x |
=0.12 kN/m’

Aty = J;

Oy = k) = 0.5625

Convective pressure at v = h,

Pody = h)

=0.5625x0.04 x 1,000 x 98]l x 4.65x0.67x 1
= 0,69 kN/m”.

Convective hydrodynamic pressure on the base
slab (y = 0)

Pes = Ol x) (Ay). p g D
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O.4(x) = 1.125[x/D = 4/3 (x/D)*] sech (3.674 kD)
( Section 4.9.2(a))

= L.125[D/2D — 4/3 (DV2DY'] sech (3.674 x
3 /14.65)

=0.07
Convective pressure on top of base slab (y = 0)
Pe=007x0.04 x 1,000 x 9.81 x 4.65
=0.13 kN/m’

1.11. Pressure Due to Wall Inertia
Pressure on wall due to its inertia,
Pow=(Ap)i t pm 2 (Section 4.9.5)
=006x02x 25

= 0.32 kN/m",

This pressure is uniformly distributed along the
wall height.

1.12. Pressure Due to Vertical Excitation

Hydrodynamic pressure on tank wall due to
vertical ground acceleration,

po=Adlpgh(l-y/h)]

( Section 4.10.1)
_2(£135,

" 3\2R g

Z=10.] (IS 1893(Part 1): Table 2; Zone II)

I=15 ( Table 1)

Time period of vertical mode of wvibration 1s
recommended as 0.3 sec in Section 4.10.1. For 5
% damping, S, /g = 2.5.

Hence,
A, =Ex[ﬂx E 2 5]
3 2 2.5
= (.05

At the base of wall, i.e., y=0,
pe=005x [1x98lx3x(1-0/3)]
= 1.47 kN/m’.

In this case, hydrodynamic pressure due to
vertical ground acceleration is more than
impulsive hydrodynamic pressure due to lateral
excitation,

1.13. Maximum Hvdrodynamic Pressure

Maximum hydrodynamic pressure,

P= (P + PV +P0’ + P,
( Section 4.10.2)
At the base of wall,

p=(1.41+0.32) +0.12* +1.47°

=227 kN/m’.

This maximum hydrodynamic pressure is about
8 % of hydrostatic pressure at base (p g h = 1,000
x 9.81 x 3.0 = 29.43 kN/m’").

In practice, container of tank is designed by
working stress method. When ecarthquake forces
are considered, permissible stresses are increased
by 33%. Hence, hydrodynamic pressure in this
case does not affect container design.

1.14.Sloshing Wave Height
Maximum sloshing wave height,
e = (Ap)- R D/ 2

=004 x25x4.65/2

=0.23 m.

Height of sloshing wave is less than free board of
0.3 m.

( Section 4.11)

1.15. Analysis for Tank Empty Condition

For empty condition, tank will be considered as
single degree of freedom system as descnbed in
Section 4.7 4.

Mass of empty container + one third mass of
staging, m,= 63,799 kg.

Stiffness of staging, K, = 6,060 kN/m.

1.15.1. Time Period

Time period of impulsive mode,

—
T=T= zn\}’"’

i

L [ 63799
\ 60.60.000

= (.65 sec.

Empty tank will not have convective mode of
vibration.
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1.15.2. Design Horizontal Seismic Coefficient

Design horizontal seismic coefficient
corresponding to impulsive time period 73,

ZI(s,
(A = 3 E[?]‘

( Sections 4.5 and 4.5.1)

Where,

Z=0.1 (IS 1893(Part 1): Table 2; Zone II)
I=1.5 ( Table 1)
R=25 ( Table 2)

Here, 7, = 0.65 sec,

Site has soft soil,

Damping = 5%,

Hence, (S,/¢),=2.5 (IS 1893(Part 1): Figure 2)

0.1 1.
(Ap) = 7" < x 2.5 =0.08.

25

1.15.3. Base Shear
Total base shear,
V=V,=(Ay)img
=0.08 x 63,799 x 9.81
= 50 kN.
1.15.4. Base Moment
Total base moment,
M= (Ap) m, ey g
=0.08 x 63,799 x 15.18 x 9.81
= 760 kN-m

Since total base shear (60 kN) and base moment
(931 kN-m) in tank full condition are more than
that total base shear (50 kN) and base moment
(760 kN-m) in tank empty condition, design will
be governed by tank full condition.

( Section 4.6.2)

( Section 4.7.3)
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Top dome 120 thick

163(

1750
Top ring beam (250 x 300) ' — 300
= SeEEEE £ 300
Wall 200 thick - 3700
] 8600 |

. L4
Bottom ring beam (300 x 3«‘]'41‘1!4-!:\;i _____________ + J00
Bottom dome 200 thick 1500

Conical dome 250 thick — &

Circular ring beam (500 x 600)

4000

Bracing (300 x 600) -  §
Column (650d) — . . o 4000

¥
4000
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AN 1

4000
Top of footing
Fl B d ] r [ : / x
A I -
3140
- "

(a) Elevation

Y
650 dia column L, "

33““:'.4

(b) Plan of staging

(All dimensions in mm)

Figure 2.1: Details of tank geometry
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Example 2 — Elevated Intze Tank Supported on 6 Column RC Staging

2. Problem Statement:

An intze shape water container of 250 m’ capacity is supported on RC staging of 6 columns with horizontal
bracings of 300 x 600 mm at three levels. Details of staging configuration are shown in Figure 2.1. Staging
conforms to ductile detailing as per IS 13920. Grade of concrete and steel are M20 and Fed15, respectively.
Tank is located on hard soil in seismic zone IV. Density of concrete is 25 kN/m’. Analyze the tank for
seismic loads.

Solution:
Tank must be analysed for tank full and empty conditions.

2.1. Preliminary Data
Details of sizes of various components and geometry are shown in Table 2.1 and Figure 2.1,

Table 2.1 Sizes of various components

Component Size (mm)
Top Dome 120 thick
Top Ring Beam 250 x 300
Cylindrical Wall 200 thick

Bottom Ring Beam 500 x 300

Circular Ring Beam 500 x 600

Bottom Dome 200 thick
Conical Dome 250 thick
Braces 300 x 600
Columns 650 dia.
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2.2. Weight calculations
Table 2.2 Weight of various components

Components Calculations Weight (kN)

Top Dome Radius of dome,r, = [((8.8/2) / 1.69) + 1.69)] / 2 = 6.57 209.3
2xax6.57Tx 1.69x(0.12 x 25)

Top Ring Beam AaXx(B.O6+025)x0.25x030x 25 52.1

Cylindrical Wall ax EE8x020x4.0x25 5529

Bottom Ring Beam | ax (8.6 +0.5)x 05 x030x 25 107.2

Circular Ring Beam | @ x 6.28 x 0.50 x 0.60 x 25 148

Botiom Dome Radius of dome, r; = [[E.EE-’E}’!] A0)+ 1.40) /2 =422 185.6
2xax422x1.40x020x 25

Conical Dome Length of Cone, L.=(1.65° + 1.41%)'* =2.17 321.3
ax ((B.B0+628)/2.0)x2.17Tx0.25x 25

Water [(mx86%x3.7/4)+ x5 86 +563 +(8.6x563)/12 2,508

- (ax 1.3 x(3x4.22-1.5/3)]x9.81
Columns nx(ﬂ.ﬁﬁf: 1557x6x25/4 T82
Braces 314x030x060x 3 x6x 25 254

Note: - i) Wherever floor finish and plaster is provided, their weights should be included in the weight
calculations.
ii) No live load is considered on roof slab and gallery for seismic load computations.
111) Water load is considered as dead load.
1v) For seismic analysis, free board is not included in depth of water,

From Table 2.2,

Weight of empty container = 209.3 + 52,1+ 5529 + 107.2 + 148 + 185.6 + 321.3= 1,576 kN
Weight of staging =T82 + 254 = 1,036 kN

Hence, weight of empty container + one third weight of staging = 1,576 + 1,036/ 3 = 1,921 kN
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2.3. Center of Gravity of Empty Container

Components of empty container are: top dome, top ring beam, cylindrical wall, bottom ring beam, bottom
dome, conical dome and circular ring beam. With reference to Figure 2.2,

Height of CG of empty container above top of circular ring beam,
=[(209.3 x 7.22) + (52.1 x 5.9) + (5529 x 3.8) + (107.2 x 1.65)
+(321.3x 1)+ (185.6x0.92) - (148 x 0.3)]/ 1,576

=288 m

Height of CG of empty container from top of footing, /i, = 16.3 + 2.88 = 19.18 m.

A%

Top Dome
Top Ring Beam ——

1750

300

L

Wall

Bottom Ring Beam
Bottom Dome

Conical Dome —

»X

Circular Ring Beam—

X

------- 2880 4
\/ o

{ v x

(All Dimensions in mm)

Figure 2.2 Details of tank container

2.4. Parameters of Spring Mass Model
Total weight of water = 2,508 kN = 25,08,000 N.
Volume of water = 2,508 / 9.81 = 255.65 m’
Mass of water, m = 2,55,658 kg.

Inner diameter of tank, D = 8.6 m.

For obtaining parameters of spring mass model,
an equivalent circular container of same volume
and diameter equal to diameter of tank at top level
of liquid will be considered.

( Section 4.2.3)
Let /& be the height of equivalent circular cylinder,
(D /2y h=25565
h=25565/[xx(8.6/2))]=44m
Forh/D=44/86=051,
m ;/m=0.55;
m, = 0.55 x 2,55,658 = 1,40,612 kg
m./m=043;

m,. = 0.43 x 2,55,658 = 1,09,933 kg
hi/h =0.375; h,=0375x44=165m
h'/h=0.78; h =0.78x44=343m
ho/h =061; h.= 061 x4.4=268m
h'/h =0.78; h'=078x44=343m.
( Section 4.2.1)

About 55% of liquid mass is excited in impulsive
mode while 43% liquid mass participates in
convective mode. Sum of impulsive and
convective mass is 2,50,545 kg which is about 2
% less than the total mass of liquid.

Mass of empty container + one third mass of
staging,
m,=( 1,576 + 1,036 /3 ) x (1,000 /9.81)

= 1,95,821 kg.
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2.5. Lateral Stiffness of Staging

Lateral stiffness of staging is defined as the force
required to be applied at the CG of tank so as to
get a corresponding unit deflection. As per
Section 4.3.1.3, CG of tank is the combined CG
of empty container and impulsive mass. However,
in this example, CG of tank is taken as CG of
empty container.

Finite element software is used to model the
staging (Refer Figure 2.3). Modulus of elasticity

for M20 concrete is obtained as 5,000 | f, =

5000 x 20 = 22360 MPa or 22.36 x 10°
kN/m’. Since container portion is quite rigid, a
rigid link is assumed from top of staging to the
CG of tank. In FE model of staging, length of
rigid link is =2.88 + 0.3 =3.18 m.

From the analysis deflection of CG of tank due to
an arbitrary 10 kN force is obtained as
5.616E-04 m.

Thus, lateral stiffness of staging, K,
= 10/(5.616E-04) = 17,800 kKN/m

Stiffness of this type of staging can also be
obtained using method described by Sameer and
Jain (1992).

Here analysis of staging is being performed for
carthquake loading in X-direction. However, for
some members of staging, earthquake loading in
Y-direction will be critical, as described in
Section 4.8.2.

8y

*

Figure 2.3 FE model of staging

r seismic design of liquid storage tan

2.6. Time Period
Time period of impulsive mode,

m, +m,

Ii=2n ( Section 4.3.1.3)

- Jl.40.612+ 1,95,821
178.0x10°

= ().86 sec.
Time period of convective mode,

e i

g

Forh/D=051,C.= 335
( Section 4.3.2.2 (a))

Thus, T, = 3.35J-§ﬁ =314 8c0.
9.81

2.7. Design Horizontal Seismic Coefficient

Design horizontal seismic coefficient for
impulsive mode,

ZI(S,
(A E—E(?)

( Sections 4.5 and 4.5.1)

Where,
Z=10.24 (IS 1893(Part 1): Table 2; Zone 1V)
I=1.5 ( Table 1)
Since staging has special moment resisting frames
(SMRF), R is taken as 2.5

( Table 2)
Here, T, = 0.86 scc,
Site has hard soil,
Damping = 5%, ( Section 4.4)

Hence, (S,/g2),= 1.16
(IS 1893(Part 1): Figure 2)

(Ax)i= e x -L-S-XI. 16 =0.084
2 28

Design horizontal seismic coefficient for
convective mode,

(Ah)c -Ei(i’.]

( Sections 4.5 and 4.5.1)
2R\ g

Example 2/Page 68



HTE-GSDMA idelines for seismic design of liguid storage tanks

Where,
Z=10.24 (IS 1893(Part 1): Table 2; Zone V)

For convective mode, value of R is taken same as
that for impulsive mode as per Section 4.5.1.

Here, T. = 3.14 sec,
Site has hard soil,
Damping = (.5%, ( Section 4.4)

Hence, as per Section 4.5.3 and IS 1893(Part 1):
2002, Figure 2

(5./2).=1.75x 0318 =0.56

Multiplying factor of 1.75 is used to obtan §, /g
values for 0.5% damping from that for 5%
damping.

( Section 4.5.4)

024 1.5
A= — 2 2 0.56 = 0.040
(r)e= = x5

2.8. Base Shear

Base shear at the bottom of staging, in impulsive
maode,

Fi = (As)y (my; +m,) g ( Section 4.6.2)
= (),084 x (1,40,612 + 1,95,821) x 9.81

=277 kN

Similarly, base shear in convective mode,

V. = (Ay). m. g ( Section 4.6.2)
= 0.040 x 1,09,933 x 9.81
=43 kN

Total base shear at the bottom of staging,

V=K er?
= J(277) + (43)

= 280 kN,

It may be noted that total lateral base shear is
about 6 % of total seismic weight (4,429 kN) of
tank.

( Section 4.6.3)

2.9. Base Moment
Overtuming moment at the base of staging in
impulsive mode,
M = (A m (h'+h)+mhg g
{ Section 4.7.2)

= 0.084 x [1,40,612 x (3.43 + 16.3)
+(1,95,821 x 19.18)] x 9.81
= 5381 kN-m

Similarly, overturning moment In convective
mode,

M =(A).m(h. +h) g

({ Section 4.7.2)
=0.040 x 1,09933 x (3.43 + 16.3) x 9.81
= 852 kN-m
Total overturning moment,
M= JM,‘: v M ( Section 4.7.3)

= ,/(5381)" +(852)°

= 5,448 kN-m.
Mote: Hydrodynamic pressure calculations will be
similar to those shown in Example 1 and hence
are not included here.
2.10. Sloshing Wave Height
e = [ Ap). R D /2

=0.040x 2.5x8.6/2

= .43 m.

( Section 4.11)

2.11. Analysis for Tank Empty Condition

For empty condition, tank will be considered as
single degree of freedom system as described in
Section 4.7 4.

Mass of empty container + one third mass of
staging, m.= 1,935,821 kg.

Stiffness of staging, K,= 17,800 kN/m.

2.11.1. Time Period

Time period of impulsive mode,

T="T=2x |
K

i

= 5y | L95B2l = (66 sec
1780 =107

Empty tank will not convective mode of
vibration.
2.11.2. Design Horizontal Seismic Coefficient

Design horizontal seismic coecflicient
corresponding to impulsive time period T,
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Figure 3.1 Details of tank geometry
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Example 3 —Elevated Intze Tank Supported on RC Shaft

3. Problem Statement:

Intze container of previous example is considered to be supported on 15 m high hollow RC shaft with
reinforcement in two curtains. Grade of concrete and steel are M20 and Fe4135, respectively. Site of the tank
has hard soil in seismic zone IV. Density of concrete is 25 kN/m’. Analyze the tank for seismic loads.

Solution:
Tank will be analysed for tank full and empty conditions.

3.1. Preliminary Data

Container data is same as one given in previous example. Additional relevant data is listed below:

1. Thickness of shaft = 150 mm.

2. Weight of shaft=ntx 6.28 x 0.15 x 16.4 x 25 =1,213 kN

3. Weight of empty container + one third weight of staging = 1,576 + 1,213 /3 = 1,980 kN

4. Since staging height is 17 m from footing level, height of CG of empty container from top of footing,
h,=17+2.88=19.88m
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Top Dome 120 thick

JIT’SO
300

Top Ring Beam (250 x 300) g <
——————————————————— 300
Wall 200 thick . B
Bottom Ring Beam (500 x 300) 4 300
Bottom Dome 200 thickj\ 1500
>3
Conical Dome 250 thick / y 600
Circular Ring Beam (500 x 600)
14400
GL y
/KKK
2000
L2

/i
6280

le »
r =

(All dimensions in mm)

Figure 3.1 Details of tank geometry
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3.2. Parameters of Spring Mass Model
Total weight of water = 2,508 kN = 25,08,000 N.
Volume of water = 2,508 / 9.81 = 255.66 m’
Mass of water, m = 2,55,658 kg.

Inner diameter of tank, D = 8.6 m.

For obtaining parameters of spring mass model,
an equivalent circular container of same volume
and diameter equal to diameter of tank at top level
of liquid will be considered.

( Section 4.2.3)
Let / be the height of equivalent circular cylinder,
7 (D /2)° h=255.66
h=255.66/[nx(8.6/2)°]=44m
Forh/D=44/8.6=0.51,
m;/m=0.55;
m; =0.55x2,55,658 =1,40,612 kg
m./m=0.43;
m.=0.43x 2,55,658 =1,09,933 kg
h;/h =0375;h;=0375x44=1.65m
hi /h=0.78; h =0.78 x4.4=3.43m
h./h =0.61; h.= 061x44=268m
h./h =0.78; h. =078 x4.4=343m.

( Section 4.2.1)

Note that about 55% of liquid is excited in
impulsive mode while 43% participates in
convective mode. Sum of impulsive and
convective mass is about 2% less than total mass
of liquid.

Mass of empty container + one third mass of
staging,

my= (1,576 +1,213/3 )x(1,000/9.81)
=2,01,869 kg.

3.3. Lateral Stiffness of Staging

Here, shaft is considered as cantilever of length
16.4 m. This is the height of shaft from top of
footing upto bottom of circular ring beam.

Lateral Stiffness, K, =3 EI/L"
Where,

E = Modulus of elasticity = 5,000 ./ 1.,

=5,000 x /20 = 22,360 N/mm>
=22.36 x 10°kN/ m*
I = Moment of inertia of shaft cross section
=mx (6.43* 6.13%) / 64
=14.59 m*
L = Height of shaft
=164 m
Thus,
Lateral Stiffness = 3 x 22,360 x10° x 14.59 / 16.4°
=2.22x 10* N/m

NOTE:- Here, only flexural deformations are considered in
the calculation of lateral stiffness and the effect of shear
deformation is not included. If the effect of shear
deformations is included then the lateral stiffness is given by:

1
) L
IET x AG

KS=

Where, G is shear modulus, A is cross sectional area and x is
shape factor.

3.4. Time Period

Time period of impulsive mode,

m; +m,
K

5

T.= 2n ( Section 4.3.1.3)

1,40,612 + 2,01,869
=27
2.22%x10°8

= 0.25 sec.

Time period of convective mode,

r.-c. |2
g

Forh/D=0.51, C,=3.35
( Section 4.3.2.2 (a))

Thus, T,.= 3.351[ﬁ = 3.14 sec.
0.81

3.5. Design Horizontal Seismic Coefficient

Design horizontal seismic coefficient for
impulsive mode,
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ZT(8.
(A4n)i = 5 E(_J,

( Sections 4.5 and 4.5.1)
Where,
Z=0.24 (IS 1893(Part 1): Table 2; Zone 1V)
I=1.5 ( Table 1)

Shaft is considered to have reinforcement in two
curtains both horizontally and vertically. Hence R

is taken as 1.8. ( Table 2)
Here, 7; = 0.25 sec,
Site has hard soil,
Damping = 5%, ( Section 4.4)
Hence, (S,/g)i=2.5

(IS 1893(Part 1): Figure 2)

(4= %x ng.S =0.25
2 1.8

Design horizontal seismic coefficient for
convective mode,

Z IS
Ap)=2 2|2
(An) 2R(gl

( Sections 4.5 and 4.5.1)

Where,
Z=0.24 (IS 1893(Part 1): Table 2; Zone 1V)
I=1.5 ( Table 1)

For convective mode, value of R is taken same as
that for impulsive mode as per Section 4.5.1.

Here, 7. = 3.14 sec,
Site has hard soil,
Damping = 0.5%, ( Section 4.4)

Hence, as per Section 4.5.3 and IS 1893(Part 1):
2002, Figure 2

(S./2).=1.75x 0.318 = 0.56

Multiplying factor of 1.75 is used to obtain S, /g
values for 0.5% damping from that for 5%
damping.

( Section 4.5.4)

0.24 1.5

A= x — x 0.56 =0.06
“a)e= == 135

3.6. Base Shear

Base shear at the bottom of staging, in impulsive
mode,

Vi=(An)i (m; tmy) g
( Section 4.6.2)
=0.25x(1,40,612 + 2,01,869) x 9.81
= 840 kN
Similarly, base shear in convective mode,
Ve=(Ap).m. g ( Section 4.6.2)
=0.06 x 1,09,933 x 9.81
=65 kN

Total base shear at the bottom of staging,

= |/(840)* +(65)°

= 843 kN.

It may be noted that total lateral base shear is
about 19% of total seismic weight (4,488 kN) of
tank.

( Section 4.6.3)

3.7. Base Moment

Overturning moment at the base of staging in
impulsive mode,

M = (Ai[mi (hi +hy)+mhg]lg
( Section 4.7.2)
=0.25x[1,40,612x (3.43 +17)
+(2,01,869 x 19.88)] x 9.81
= 16,888 kN-m

Similarly, overturning moment in convective
mode,

Mc* = (Ah) che. (hc* * hs) g

( Section 4.7.2)
=0.06 x 1,09,933 x (3.43 +17) x 9.81
= 1,322 kN-m
Total overturning moment,
M= M, M, ( Section 4.7.3)

= /(16,888)* +(1,322)
= 16,940 kN-m.
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3.8. Sloshing Wave Height
Maximum sloshing wave height,
dpax = (Ap). RD /2
=0.06x1.8x8.6/2
=0.46 m

( Section 4.11)

Note — Hydrodynamic pressure calculations will
be similar to those shown in Example 1, hence are
not repeated.

3.9. Analysis for Tank Empty Condition

For empty condition, tank will be considered as
single degree of freedom system as described in
Section 4.7.4.

Mass of empty container + one third mass of
staging, m, = 2,01,869 kg

Stiffness of staging, K, = 2.22 x 10° N/m

3.9.1. Time Period

Time period of impulsive mode,

m.S'

T,= 27

\/ 2.01,869
2.22x10°%
=0.19 sec.

Empty tank will not have convective mode of
vibration.

3.9.2. Design Horizontal Seismic Coefficient

Design horizontal seismic coefficient
corresponding to impulsive time period 73,

( Section 4.5)

Where,
Z=0.24

(IS 1893 (Part 1): Table 2; Zone 1V)
I=15 ( Table 1)
R=1.38 ( Table 2)

Here, 7; = 0.19 sec,
Site has hard soil,
Damping = 5%
Hence, (S, /2);= 2.5
(IS 1893(Part 1): Figure 2)
A= 222512005 026
2 1.8
3.9.3. Base Shear
Total base shear,
V=V.=(A4,) msg
=0.25x2,01,869 x 9.81
=495 kN

( Section 4.6.2)

3.9.4. Base Moment
Total base moment,

M = (Ay); mshey g ( Section 4.7.3)
=0.25x 2,01,869 x 19.88 x 9.81
= 9,842 kN-m

For this tank, since total base shear in tank full
condition (843 kN) is more than that in tank
empty condition, (495 kN) design will be
governed by tank full condition.

Similarly, for base moment, tank full condition is
more critical than in tank empty condition.

Note: Pressure calculations are not shown for this
tank.
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Example 4: Ground Supported Circular Steel Tank

4. Problem Statement:

A ground supported cylindrical steel tank with 1,000 m® capacity has inside diameter of 12 m, height of 10.5
m and wall thickness is 5 mm. Roof of tank consists of stiffened steel plates supported on roof truss. Tank is
filled with liquid of specific gravity 1.0. Tank has a base plate of 10 mm thickness supported on hard soil in
zone V. Density of steel plates is 78.53 kN/m’. Analyze the tank for seismic loads.

Solution:

Roof — 2 AN e,
ry

=z

5 thick »

10 thick

GL

.‘..

10500

8840

12000

K

(All Dimensions in mm)

Figure 4.1 Sectional elevation of tank

4.1. Weight Calculations
Weight of tank wall
=xax(12+0.005)x 0005 x 78.53 x 10.5
= 156 kN

Mass of tank wall, m,,

=156 x 1,000/ 9.81

= 15,902 kg

Weight of base plate

= x (6.005) x 0.01 x 78.53
= 89 kN

Mass of base plate, m,

= 89 x 1,000 /9.81

= 9,072 kg.

Volume of liquid = 1,000 m".

Weight of liquid = 9,810 kN

Mass of liquid, m = 10,00,000 kg

Assuming that roof of tank is a plate of 5 mm.
Weight of roof = 50 kN

Mass of roof, m,

=50 x 1,000/ 9.81

= 5,097 kg

4.2. Parameters of Spring Mass Model
h=884m;D=12m
Forh/D=8.84/12=0.74,

my; /m=0.703;

m, = 0.703 x 10,00,000 = 7,03,000 kg

m./m = 0309
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m.= 0309 x 10,00,000 = 3,09.000 kg
hi/h=0375; h =0375x8.84 =332 m
ho/h=067T: h. =0677x884=598m
h'/h= 0587; h'=0587x884=519m
ho/h= 0727;: h =0727x884=643m

( Section 4.2.1.2)

MNote that about 70% of liquid is excited In
impulsive mode while 30% participates in
convective mode. Total liquid mass 1s about 1%
less than sum of impulsive and convective
IMasSsEs.

4.3, Time Period
Time period of impulsive mode,
o Chp
~ Je/DWE
Where,
h = Depth of liquid = 8.84 m;
p = Mass density of liquid = 1,000 kg/m’;
r = Thickness of wall = 0.005 m;
D = Inside diameter of tank = 12 m;
E = Young's modulus for steel =2 x 10" N/m*
Forh/D=074, C;=4.23

( Section 4.3.1.1)
4.23 x 8.84x 1,000

: JO0.005/12 ), /2x10"

=0.13 sec.

Time period of convective mode,

r=c. 2
g

Forh/D=074, C.=3.29

12
Te 3.291||m 3.64 sec.

4.4. Design Horizontal Seismic Coefficient

Design  horizontal  seismic  coefficient  for
impulsive mode,

( Section 4.3.2.2(a))

ZI(s,
(A —E E[E]‘

{ Sections 4.5 and 4.5.1)

Where,

Z=10.36 (IS 1893(Part 1): Table 2; Zone V)
I=1.5 ( Table 1)
R=235 ( Table 2)

This steel tank has anchored base, hence R is
taken as 2.5.

Here, T; = 0.13 sec,

Site has hard soil,

Damping = 5%,

Hence, 5,/g=25x14=335
(IS 1893(Part 1): Figure 2)

Multiplying factor of 1.4 is used to obtain 5, /g for
2% damping from that for 5% damping.

(IS 1893(Part 1): Table 3)

{ Section 4.4)

036 13 35 =038
2.5

{-"{ ir]: =

Design  horizontal  seismic  coefficient  for
convective mode,

_Z1I(35,
(Ao 5 R[ p l

{ Sections 4.5 and 4.5.1)

Where,
£ =036 (IS 1893(Part 1): Table 2; Zone V)
f=1.5 { Table 1)
R=25

For convective mode, value of R is taken same as
that for impulsive mode, as per Section 4.5.1.

Here, T, = 3.64 sec,
Site has hard soil,
Damping = 0.5%, ( Section 4.4)

Hence, as per Section 4.5.3 and IS 1893(Part 1):
2002, Figure 2

(5+2)=175x0275=048

Multiplying factor of 1.75 is used to obtain §, /&
values for 0.5 % damping from that for 5 %
damping.

{ Section 4.5.4)

Example 4/Page 77



HTE-GSDMA Guidelines for seismic design of liguid storage tanks

.= 23,15 048 =0.0s
2 5
4.5. Base Shear

Base shear at the bottom of wall in impulsive
mode,

Vi=(Ae)i(m; + m, +m,) g
( Section 4.6.1)

=0.42 x (7,03,000 + 15,902 + 5,097) x 9.81

= 2,699 kN
Similarly, base shear in convective mode,
Ve=(Ag) . m-g ( Section 4.6.1)
= .05 x 309,000 x 9.81
= 152 kN

Total base shear at the bottom of wall,

=y¥+¥?

= (2,699) +(152)°
= 2703 kN.

Total lateral base shear 15 about 27 % of seismic
weight (10,016 kN) of tank.

( Section 4.6.3)

4.6. Moment at Bottom of Wall

Bending moment at the bottom of wall in
impulsive mode,

M, ={Ag[miby+m h, +m b ] g
( Section 4.7.1.1)
= (.38 x [(7,03,000 x 3.32) + (15,902 x 5.25)
+ (5,097 x 10.5025)] x 9.81
=0.211 kN-m
Similarly, bending moment in convective mode,
M. = (Ay). m. h.g
( Section 4.7.1.1)
=0.05 x 3,09.000 x 598 x 9.81
= 906 kN-m
Total bending moment at bottom of wall,

M= M?+M’ ( Section 4.7.3)

= J(9.211)° +(906)’

=9.255 kN-m.

4.7. Overturning Moment
Owvertuming moment at the bottom of base plate
in impulsive mode,
M, = (A [ m (h7+ 1) + m (hot 1) + (b + 1)
+myits/ 2] g
( Section 4.7.1.2)

= (.38 x [(7, 03,000 x (5.19 + 0.01)) + (15,902
x (5.25 + 0.01) + (5,097 x (10.5025
+0.01)) + (9,072 x 0.01 / 2)] x 9.81

= 14,139 kN-m.

Similarly, overturning moment in convective
mode,

M. = (A m.(h.+ 1) g
( Section 4.7.1.2)
=005 x 3,09000 x (6.43 + 0.01) x 9.81
= 976 kN-m.

Total overturning moment at the bottom of base
plate,

M = JM. +M ( Section 4.7.3)

= /(14,139)° +(976)’
= 14,173 kN-m.

4.8. Hyvdrodynamic Pressure

4.8.1. Impulsive Hyvdrodvnamic Pressure
Impulsive hydrodynamic pressure on wall
Pid¥) = Only) (Ai)ip g h cos b
.,(v) = 0.866 [1 -(y / kY’ ] tanh(0.866 D / k)
{ Section 4.9.1(a))
Maximum pressure will occur at ¢b = 0.
At base of wall, v = 0;
@iy =0)
= (). 866[1-( 0 / 8.84)"] x tanh(0.866 x12 / 8.84)
=0.72.
Impulsive pressure at the base of wall,
Py =0=0T2x038x 1,000 x 9.8l x 884 x 1
=23.73 kN/m’.
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Impulsive hydrodynamic pressure on the base
slab {(y=0)

P =0.866(4, ), pgh sinh(0.866x/ L)/cosh(0.8661 /i)

{ Section 4.9.1(a))
= DB66 x 038 x 1,000 x 981 x B84 x

sinh (0.B&66 x 12 / ( 2 x R.B4)) /
cosh (0860 x 12/2x 8.84)
= 15.07 kN/m’

4.8.2. Convective Hyvdrodvnamic Pressure

Convective hydrodynamic pressure on wall,

Pew = Q) (AR)e pg D [1- 1/3 cos’ b] cosgh

Oy) = 0.5625 cosh(3.674w/DYV cosh(3.674h /D)

( Section 4.9.2(a))

Maximum pressure will occur at ¢b = 0,

At base of wall, y = 0;

Oy =0)=0.5625 x cosh (0 / 12) / cosh (3.674
x 8.84 /12)

= 0.07.
Convective pressure at the base of wall,

Pody = 0) = 0.07 x 0.05 x 1,000 x 981 x 12 x
0.67x1

= (.28 kN/m’
Aty =h;
oy = h)=0.5625
Convective pressure at y = h,
Pody = h)

= 0. 5625 x 0.05 x 1,000 x 9.81 x 12 x
0.67x 1

=222 kN/m?’.

Convective hydrodynamic pressure on the base
slab (y = 0)

Pt = Ol x) (Ap). p g D
O.4(x) = 1.125[x/D — 4/3 (x/D)?] sech (3.674 h/D)
( Section 4.9.2(a))

= 1.125[D/2D — 43 (D/2DY’] sech (3.674 x
8.84 /12)

= 0.05
Convective pressure on top of base slab (v = 0)
Pet=0.05 x 0.05 x 1,000 x 9.81 x 12
= 0.30 kN/m®

4.8.3. Equivalent Linear Pressure Distribution

For stress analysis of tank wall, it is convenient to
have limear pressure distnbution along wall
height. As per Section 4.9.4, equivalent lincar
distribution for impulsive hydrodynamic pressure
distribution will be as follows:

Base shear due to impulsive liquid mass per unit
circumferential length,

(Ay),mg _ 0.38x7,03,000x9.81
" mxD/2 mxl2/2
= 139.0 kN/m
Pressure at bottom and top 15 given by,
a, =9 (4h-6h,) = 02 (4x8.84—6x3.32)
h 8.84°
= 27.5 kN/m*
] 139.0
b=t (6n, -2k ) = g gqr (6%3:32-2x8.84)
=398 kN/m’

Equivalent linear impulsive pressure distribution
15 shown below:

3.98
73.73 27.5
Actual Lincarised
distribution distribution

Similarly, equivalent linear distribution for
convective pressure can be obtained as follows:

Base shear due to convective liquid mass per unit
circumferential length, g.

_(A).m. g _ 0.05x3,09,000x 9.8

4= "api2 Tx12/2
= 8.04 kN/m
Pressure at bottom and top is given by,
5.04

a, = (4= B.84 - 6x5.98)

2

9.
P (45 -6k ) = -

= . .05 kN/m°
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b, = 9= (6h, -2h) = 22 (6x5.98-2x8.84)
h 8.84°

= 1.87 kN/m’

Equivalent linear convective pressure distribution
1s shown below:

2.22 1.87
» - -
| N
0.28 0.05
Actual Linearised
distribution distribution

It may be noted that the linearised distribution for
convective pressure has a very small negative
value at the base. For design purpose this may be
taken as zero.

4.9. Pressure Due to Wall Inertia
Pressure on wall due to its inertia,
Pow=(An)it P € (Section 4.9.5)
=0.38 x 0.005 x 78.53

=0.15kN/m’

This pressure is uniformly distributed along the
wall height.

It may be noted that for this steel tank pressure
due to wall inertia is negligible compared to
impulsive hydrodynamic pressure.

4.10. Pressure Due to Vertical Excitation

Hydrodynamic pressure on tank wall due to
vertical ground acceleration,

pe=A)pgh(l-y/h)]
( Section 4.10.1)

Z=10.36 (IS 1893(Part 1): Table 2; Zone V)
I=1.5 ( Table 1)
R=25

Since time period of vertical mode of vibration is
recommended as 0.3 sec in Section 4.10.1, for 2
% damping,

Hence,
Z1I1S
Uy=2[2=2e
3\2R g
=3x(0'36x-l'—5x35)
3 2 25
= 0.25

At the base of wall, i.e., y = 0,
pe =0.25x[1,000x9.81 x8.84x(1-0/8.84)]
=21.7 kN/m’

4.11.Maximum Hydrodynamic Pressure
Maximum hydrodynamic pressure,

>

P= (o + P ) + Po’ + P,
( Section 4.10.2)
At the base of wall,

p=(23.73+0.15) +0.28° +21.7°

= 32.3 kN/m".

Maximum hydrodynamic pressure is about 37%
of hydrostatic pressure (p g & = 1,000 x 9.81 x
8.84 = 86.72 kN/m’). Hence, hydrodynamic
pressure  will marginally influence container
design, as permissible stresses are already
increased by 33%.

4.12. Sloshing Wave Height

Maximum sloshing wave height,

Auax =(A). RD / 2
=005x25x12/2
=0.75m

( Section 4.11)

4.13. Anchorage Requirement

Here, i = —884 =0.74;
D 12

.
(4,) 038
i < ‘

D (4,),

No anchorage is required.

2.63

As

( Section 4.12)
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(All Dimensions in mm)

Figure 6.1 Details of tank geometry



6. Problem Statement:

A ground supported rectangular RC water tank of 1,000 m® capacity has plan dimensions of 20 x 10 m and
height of 5.3 m (including a free board of 0.3 m). Wall has a uniform thickness of 400 mm. The base slab is
500 mm thick. There is no roof slab on the tank. Tank is located on hard soil in Zone V. Grade of concrete is
M30.Analyze the tank for seismic loads.

A

NZ

— — — T

5000 | 5300

GL il mgsoo
TRRS

20000
> 4
(a) Elevation
&
.
x 10000
K 3
20000
- N
(b) Plan

(All Dimensions in mm)

Figure 6.1 Details of tank geometry

Mass of base slab, m,
=10.8x20.8x0.5x25x1,000/9.81
= 2.86,239 kg.

Volume of water = 1,000 m’

6.1. Weight Calculations
Weight of tank wall
=2x(204+104)x04x25x5.3

= 3,265 kN

Mass of tank wall, mz., Weight of water = 10 x 20 x 5 x 9.81 = 9,810 kN
=3.265x 1.000/9.81 Mass of water, m = 10,00,000 kg

= 3,32,824 kg. For rectangular tank, seismic analysis is to be

performed for loading in X- and Y- directions.
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6.2. Analysis along X-Direction
This implies that earthquake force 1s applied in

X-direction. For this case, L = 20 m and
B=10m.

6.2.1. Parameters of Spring Mass Model
For h /L =5/20=0.25,
m; m = 0.288;
m; = 0.288 x 10,00,000 = 2,88,000 kg
m./m = 0.695;
m. = 0.695 x 10,000,000 = 6,95,000 kg
hi/h=0375 ; Ik =0375x5=188m
ho/h =0.524 ; h.=0524x5 =262m
h'/h=161 : k' =161x5=805m
h/h=20 hS'=20x5=10.0m.

( Section 4.2.1.2)

For this case, i/l = 0.25, i.e. tank is quite squat
and hence, substantial amount of mass (about
T0%) participates in convective mode: and about
30% liguid mass contributes to impulsive mode.
Sum total of convective and impulsive mass is
about 1.7% less than total liquid mass.

6.2.2. Time Period
Time period of impulsive mode,

||d
T::= .l iy —
£

Where, d = deflection of the tank wall on the

vertical center-line at a height h when loaded by
a uniformly distributed pressure g,

( Section 4.3.1.2)

( Section 4.3.1.2)

m,. = mass of one tank wall perpendicular to
direction of loading.

Mass of one wall is obtained by considering its
inner dimensions only.

=53x04x 10x25x 1,000/ 9.81
= 54,027 kg

Hence,

288000 ) en .y 54.007x20

2 2
h= =2.09 m
2,585,000 + 54,027

(57 J
+ M w
W2
B h
[E.EE.U'I}D

+ 54.02?) % 9.81

10x5
= 38.9 kN/m’

To find the deflection of wall due to this pressure,
it can be considered to be fixed at three edges

and free at top.

Deflection of wall can be obtained by performing
analysis of wall or by classical analysis using
theory of plates. However, here, simple approach
given in commentary of Section 4.3.1.2 is
followed. As per this approach a strip of unit
width of wall is considered as a cantilever and
subjected to a concentrated force P=gx hx 1 =
389 x 5 x 1 =194.5 kN. Length of the cantilever

is;r . Hence,

- P

T3EL
Where,
E=5000,f, =5000x 30

= 27,390 N/mm’
= 27.39 x10° kN/m’

[ = Moment of inertia of cantilever

3 L]
=10x ——10x2Y _533x107 m*
12 12
Hence,

194.5=2.09°

= - — =0.00405 m
3% 27.39x 10° x5.33 % 10"

0.00405
9.81

Time penod of convective mode,

T;_=EEJ§
4

Ti=2n =0.13sec.
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Forh/L =025, C.=4.36
( Section 4.3.2.2(b))

7. = 436% |-20. =627 sec.

9.81

6.2.3. Design Horizontal Seismic Coefficient

Design  horizontal seismic  coefficient for
impulsive mode,

ZI(S,
(Ah)l 33(‘;’)‘

( Section 4.5.1)

Where,

Z=0.36 (IS 1893(Part 1): Table 2; Zone V)
I=15 ( Table 1)
Since this RC tank is fixed at base, R is taken as
2.0. ( Table 2)
Here, 7, = 0.13 sec,

Site has hard soil,

Damping = 5%, ( Section 4.4)

Hence, (S./g2)i= 2.5
(IS 1893(Part 1): Figure 2)
0.36 1.5
x
2 2.0

Design  horizontal seismic  coefficient  for
convective mode,

ZI(S
A =i aiadd Pt
(An). ZR(g)c

x 2.5 =034

(As)i=

( Sections 4.5 and 4.5.1)

Where,
Z=10.36 (IS 1893(Part 1): Table 2; Zone V)
I=1.5 ( Table 1)

For convective mode. value of R is taken same as
that for impulsive mode as per Section 4.5.1.

Here, 7. = 6.22 sec,
Site has hard soil,
Damping = 0.5%, ( Section 4.4)

Hence, as per Section 4.5.3 and IS 1893(Part 1):
2002, Figure 2

(5./g). = 1.75 x 0.16 = 0.28

Multiplying factor of 1.75 is used to obtain S, /g
values for 0.5 % damping from that for 5§ %
damping.

( Section 4.5.4)

036 1.5
x
2 2.0

6.2.4. Base Shear

Base shear at the bottom of wall in impulsive
mode,

Vi=(Az); (m; + m, +m,)g

x 0.28 =0.038

(Ay).=

( Section 4.6.1)
=0.34 x (2,88,000 + 3,32.824 + 0) x 9.81
=2,071 kN.
Similarly, base shear in convective mode,
Ve=(Ag)cm. g ( Section 4.6.1)
=0.038 x 6,95,000 x 9.81
=259 kN

Total base shear at the bottom of wall,

V=ofV:+V.2 ( Section 4.6.3)

= /(2.071)" +(259)°

= 2,087 kN.

This lateral base shear is about 16 % of total
scismic weight (13,075 kN) of tank.

6.2.5. Moment at Bottom of Wall

Bending moment at the bottom of wall in
impulsive mode,

M; = (Ay) [ mhi+m h,+mh, ) g
( Section 4.7.1.1)
= 0.34 x [(2,88,000 x 1.88) +
(3.32.824 x 2.65) + 0] x 9.81
= 4,747 kKN-m
Similarly, bending moment in convective mode,
M, =(Ay). m.h.g
( Section 4.7.1.1)
=0.038 x 6,95,000 x 2.62 x 9.81
= 679 kN-m
Total bending moment at bottom of wall,
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M= M +M* ( Section 4.7.3)

= J(4,747)" +(679)°
= 4,795 kN-m.

6.2.6. Overturning Moment

Overturning moment at the bottom of base slab in

impulsive mode,

M = (Ap) [ my O+ 1) + my (Bt 1) + m, (h + 1)
+ my i'b..u"f 2] B

( Section 4.7.1.2)
=0(.34 x [(2,88,000 x (8.05 + 0.5) +
(3,32,824 x (2.65+05)+0
+(2,86,239x 0.5/ 2)] x 9.81
= 11,948 kN-m.

Similarly, overtuming moment n convective
mode,

M. = (A m.(h.+ 1) g
( Section 4.7.1.2)
= (.038 x 6,95,000 x (10 + (.5) x 9.81
= 2721 kN-m.
'l;:;t:] overturning moment at the bottom of base
slab,

M= MM

( Section 4.7.3)

= J(11,948)° +(2,721)°
= 12,254 kN-m.

6.2.7. Hvdrodvnamic Pressure

6.2.7. 1. Impulsive Hvdrodynamic Pressure
Impulsive hydrodynamic pressure on wall is
Poe = Qudy) (An)ip g b

) = 0.866[1-(v / k)] x tanh (0.866 L / h )

{ Section 4.9.1.(b))
At base of wall, y = 0;

Ondv=0)=0.866 [1-(0/5)"] x tanh(0.866 x 20/5)
= ().86.
Impulsive pressure at the base of wall,
Pedy=0) =086 x034 x 1,000 x 98]l x5
= 14.3 kN/m".

Impulsive hydrodynamic pressure on the base
slab (y = 0)

P = Qulx) (Au)ip g h
Oulx) = sinh (0.866 x/ L)/cosh(0.866 L/ h)
( Section 4.9.1(a))
= sinh (0.866 x 20 /10) /cosh (0.866 x 20/5)
=0.171

Impulsive pressure on top of base slab (y = 0)

Pae=0171x034 x 1,000 x 98] x5
= 2.9 kN/m’

6.2.7.2. Convective Hvdrodvnamic Pressure
Convective hydrodynamic pressure on wall is

Pew= Ocly) (As): pg L
"

cush[l 162 ¥
A

o dy)= 04165

h b
msh[ﬁ. 162 —
L

A

( Section 4,.9.2.(b))
At base of wall, y = 0

i
cosh| 3.162 x%)
Ol y=0) =0.4165x —— 5
h| 3.162 = —
CO5s = lﬂ]

=0.31.

Convective pressure at the base of wall,

Pad y=0)=031 x0.038 x 1,000 x 9.81 x 20
=2.31 kN/m®

Aty =h;

Oy =h)=0.4165

Convective pressure aty = h,

P (v =h)=04165 x 0.038 x 1,000 x 9.81 x 20
=3.11 kN/ m*

Convective hydrodynamic pressure on the base
slab (y = 0)

Pt = Qeslx) (An)-p g D
Qeslx) = 1.25[x/L — 4/3 (x/L) "] sech (3.162 h/L)
{ Section 4.9.2(a))
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= 1.25[L/2L — 4/3 (L/2L)"] sech (3.162 x
5 /20)

=0.313
Convective pressure on top of base slab (y = 0)
P =0313 x 0,038 x 1,000 x 9.81 x 20
= 2.33 kN/m’

6.2.8. Pressure Due to Wall Inertia
Pressure on wall due to its inertia,
Powe = (Ap)i § fm B
=034x04x25
= 3.4 kN/m".

( Section 4.9.5)

This pressure is uniformly distributed along the
wall height.

6.2.9. Pressure Due to Vertical Excitation

Hydrodynamic pressure on tank wall due to
vertical ground acceleration,

pe=(A)[pgh (1-y/h)]

2({Z 1S
A)=|===
) j[iﬂg]

( Section 4.10.1)

Z=10.36 (IS 1893(Part 1): Table 2; Zone V)
=15 ( Table 1)
R=20

Time period of vertical mode of vibration is
recommended as 0.3 sec in Section 4.10, for 5%

damping, 5./g = 2.5.

Hence,
2 (036 15

() _3”[ 2 ”:.c}”lsj
=0.225.

At the base of wall, i.e.,y=0,
po=0225x [1,000x 981 x5x(1-0/5)]
= 11.04 kN/m’

6.2.10. Maximum Hydrodynamic Pressure
Maximum hydrodynamic pressure,

p=(Po+ PV + P+,

{ Section 4.10.2)
At the base of wall,

p=J(143+3.4) +231° +11.04°

=21.0 kN/m".

This hydrodynamic pressure is about 43% of
hydrostatic pressure (pg h = 1,000 x 98]l x 5 =
49 kN/m’). In this case, hydrodynamic pressure
will substantially influence the design of
container,

6.2.11. Equivalent Linear Pressure Distribution

For stress analysis of tank wall, it is convenient to
have linear pressure distribution along wall
height. As per Section 4.9.4, equivalent linear
distribution for impulsive hydrodynamic pressure
distribution can be obtained as follows:

Base shear per unit circumferential length due to
impulsive liquid mass,

_ (Ag);mg _ 0.34x2.88,000x9.81
2B 210
=48.03 kN/'m

Value of linearised pressure at bottom and top is
given by,

i

a, =3 (an-6n) =280 4.5 _6x1.388)
h 5
= 16.8 kN/m*
b, =26, -2 ) = %rﬁxl.ﬂs-zxﬁ;
= 2.5 kN/m’

Equivalent linear impulsive pressure distribution
15 shown below:

2.5
=
L.
14.3 16.8
Actual Linearised
distrnbution distribution

Similarly, equvalent lincar distnbution for
convective pressure can be obtained as follows:

Base shear due to convective higuid mass per unit
circumferential length, g..
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Bh

(54209 , 05053 o

20x5

=37.2 kN/m®
Hence, P=37.2x1x5= 186 kN.
As explained in Section 6.2.2 of this example,
_Pl)
3EI,
Where,
E = 27.39 x 10° kN/m?,

3 3

t 0.4 -3 4
I =10x—=10x—=533x10"m
- 12 12 =

_ 186 = 2.1
3Ix27.39x10" x5.33x10™°

Hence, Ty=2m 1||“‘g";f'3 =0.13 280

Time period of convective mode,

?:'=CL'J§
E

For h/L =050, C.=3.69

10
T.=3.69x [ =373
“Vos1 e

6.3.3. Design Horizontal Seismic Coefficient

Design  horizontal seismic coefficiemt for
impulsive mode,

H*.-Ei[ﬂ]
2R g )

=0.00393 m

( Section 4.3.2.1)

( Section 4.5 and 4.5.1)

Where,

Z=10.36 (IS 1893(Part 1) Table 2; Zone V)
I=1.5 { Table 1)
Since this RC tank i1s fixed at base, R 1s taken as
2.0. { Table 2)

Here, T, = 0.13 sec,
Site has hard soil,
Damping = 5%,
Hence, (S, /g) ;= 2.5

{ Section 4.4)

(IS 1893(Pant 1): Figure 2)

0.36 1.5
A= —x— 2.5 =034
(Ar)i > ® 20 X

Design  horizontal  seismic  coefficient  for
convective mode,

_ZIfS,
“*_zﬂ[gl

( Section 4.5.1)
Where,
Z=0.36 (IS 1893(Part 1): Table 2; Zone V)

I=1.5 { Table 1)
For convective mode, value of R is taken same as
that for impulsive mode as per Section 4.5.1.

Here, T. = 3.73 sec,
Site has hard soil,
Damping = (.5%, { Section 4.4)

Hence, as per Section 4.5.3 and [S 1893(Part 1):
2002, Figure 2

(5./2)=1.75x027 =047

Multiplying factor of 1.75 is used to obtain &, /g
values for 0.5 % damping from that for 5 %
damping.
( Section 4.5.4)
0.36 1.5
(Ap)e= Tﬁﬂ 20 x 0,47 =0.06
6.3.4. Base Shear

Base shear at the bottom of wall in impulsive
mode,

Fi=(Ap); (m + m, + m)g
( Section 4.6.1)
=0.34 x (542,000 + 3,532,824 + () x 9.81
=2918 kN
Similarly, base shear in convective mode,
V.o=(A.m.g ( Section 4.6.1)
=0.06 x 485,000 x 9.81
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= 300 kN
Total base shear at the bottom of wall,

V=¥ +¥?2

= J(2918)° + (300)°

= 2,933 kN.

It may be noted that total lateral base shear is
about 22 % of total seismic weight (13,075 kN) of
tank.

6.3.5. Moment at Bottom of Wall
Bending moment at the bottom of wall in
impulsive mode,
M= (A [ m;bhi+m b, +mh, ) g
( Section 4.7.1.1)

( Section 4.6.3)

=0.34 x [(5,42,000 x 1.88)
+(3,32,824 x 2.65) + 0] x 9.81
= 6,340 kN-m
Similarly, bending moment in convective mode,
M. =(A}). m, h. g
{ Section 4.7.1.1)
M.=(Ay). m:h- g
= (.06 x 485,000 x 2.92 x 9.81
= 875 kN-m
Total bending moment at the bottom of wall,

M= M +M > ( Section 4.7.3)

= |/(6,340)° + (875)°
= 6,400 kN-m.

6.3.6. Overfurning Moment

Overtuming moment at the bottom of base slab in

impulsive mode,

M," = (A [ my (' t) + m (B 1) + my (b + )
+ my i',..-"'l] Z

( Section 4.7.1.2)
=0.34 x [ (5,42,000 x (4.0 + 0.5)) +
(332,824 x (2.65 + 0.5))+ 0
+(2,86,239x0.5/2) ] x9.81
= 11,870 kN-m.

Similarly, overturming moment in convective
maode,

M. =(Ag). m. (h. + 1) g
( Section 4.7.1.2)
= 0.06 x 4,85,000 x (4.3 + 0.5) x 9.81
= |, 439 kKN-m.

Total overturning moment at the bottom of base
slab,

M = \{M’,.': M

= J(11870)° +(1.439)°
= 11,957 kN-m.

6.3.7. Hvdrodynamic Pressure
6.3.7.1. Impulsive Hvdrodynamic Pressure

Impulsive hydrodynamic pressure on wall is
P = Qud¥) (An)ip g h
Qnly) = 0.866[ 1-(y / h)’] x tanh (0.866 L /h )
{ Section 4.9.1.(b))

( Section 4.7.3)

At base of wall, y = 0;
Ol ¥ = 0) = 0.866[1-(0 /5) *]x tanh(0.866 x10 /5)

= (.81

Impulsive pressure at the base of wall,

Ped y=0) =081 x 03 x 1,0 x98]1 x5
= 13.5 kN/m’".

Impulsive hydrodynamic pressure on the base
slab (y = 0)

Pis=Qulx) (Adipg h
Oylx) = sinh (0.866 x/ L)/cosh (0.866 L/ k)
( Section 4.9.1(a))
= sinh (0.866 x 10 /10) /cosh (0.866 x 10/5)
= 0.336
Impulsive pressure on top of base slab (y = 0)

pin=0.336x 0.34 x 1,000 x 9.81 x 5
= 5.6 kN/m’

6.3.7.2. Convective Hvdrodvnamic Pressure
Convective hydrodynamic pressure on wall is

Pow= Qo ¥) (An): pg L
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.
cosh(3.1622

O..(») = 0.4165 : :<
cosh| 3.162 —

\ L)
( Section 4.9.2.(b))

At base of wall, y = 0;
oosn(3. 162 %)
=0)= 04165

oosh(3.l62 %)
0}

cosh(3.162 3¢ o
10

51
hl 3.162 x —
cos( <)

Qcl ¥

= 0.4165 x

=0.16
Convective pressure at the base of wall,
P (¥y=0)=0.16 x 0.06 x 1,000 x 9.81 x 10
= 1.0 kN/m*
Aty = h;
Q. = h)= 04165
Convective pressure at the y = i

Pl v=h)=0.4165 x 0.06 x 1,000 x 9.81 x 10
=2.57 kN/m’.

Convective hydrodynamic pressure on the base
slab (v = 0)

Pt = OihX) (An).p g D
O.4(x) = 1.25[x/L — 4/3 (x/L)"] sech (3.162 h/L)
( Section 4.9.2(a))

= 1.25[L/2L - 4/3 (L2L)’] sech (3.162 x
5/10)

=0.165
Convective pressure on top of base slab (y = 0)
Ps=0.165x0.06 x 1,000 x 9.81 x 10
= 1.02 kN/m*

6.3.8. Pressure Due to Wall Inertia
Pressure on wall due to its inertia,
Prow=(Ap)it pm & ( Section 4.9.3)
=034x04x25

= 3.4 kKN/m’°.

This pressure is uniformly distributed along the
wall height.

6.3.9. Pressure Due to Vertical Excitation

Hydrodynamic pressure on tank wall due to
vertical ground acceleration,

pe=A)[pgh(-y/h)]

~2(Z18,
“) 3(2Rg)

( Section 4.10.1)

Z=10.36 (IS 1893(Part 1): Table 2; Zone V)
I=1.5 ( Table 1)
R=20

Time period of vertical mode of vibration is
recommended as 0.3 sec in Section 4.10.1, for 5%

damping, S, /g = 2.5,
Hence,

2

(4,) = ;x(

X —x2.5
2 20

036 L5 )

=(.225.
At the base of wall, i.e., y =0,

o= 0225x [1x9.81 x5x(1-0/5)]
= 11.04 kN/m’

6.3.10. Maximum Hydrodynamic Pressure
Maximum hydrodynamic pressure,

p= J(phr +p‘v)z +pnv2 +pv2
( Section 4.10.2)
At the base of wall,

p=(13.5+3.4) +1.0° +11.04°

=20.22 kN/m’.

This maximum hydrodynamic pressure is about
41 % of hydrostatic pressure (49 kN/m’). This
being more than 33%, design of tank will be
influenced by hydrodynamic pressure.
6.3.11.Sloshing Wave Height
Maximum sloshing wave height,
Aoy =(Ap)c RL /2

=006x20x10/2

=0.63m

( Section4.11)
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