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Abstract— Liquid storage tanks are essential part of our 

infrastructure. Since these are lifeline structure, the 

various parts of the tank should be designed with utmost 

care. This paper is a brief introduction of Indian codal 

provisions and acoustic modelling techniques for liquid 

storage tanks. Finite element analysis of a circular liquid 

storage tank is also carried out considering the sloshing 

effect, to find the variation in the natural frequencies and 

mode shapes for different conditions of liquid levels and 

stiffness of the tank using ANSYS Mechanical APDL 

software. Comparison between the natural frequencies 

obtained from finite element analysis and computed from 

codal provisions show that the convective mode 

frequencies are matching whereas, the impulsive mode 

frequency values differ. 
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I. INTRODUCTION 

Liquid storage tanks are different from other 
structures because during seismic excitation the liquid 
inside the tank will exert hydrodynamic pressure on the 
walls of the tank [5] in addition to hydrostatic pressure. 
Hence the analysis becomes more complicated with these 
conditions. Under horizontal earthquake ground motion, 
the liquid mass in the lower part of a tank behaves like a 
mass that is rigidly connected to the tank wall. This mass 
is termed as impulsive liquid mass. It accelerates along 
with the wall and induces impulsive hydrodynamic 
pressure on the tank wall and base. Whereas, the liquid 
mass in the upper part of a tank undergoes sloshing 
motion. This mass is termed as convective liquid mass. It 
induces convective hydrodynamic pressure on the tank 
wall and base [3]. 

Therefore the selection of a proper model for 
liquid storage tank is very important. Chandrasekaran 
and Krishna (1954) proposed a single lumped mass 
model for elevated water tanks. When a tank is 
completely filled, it can be represented as a single 
degree of freedom system, since it prevents vertical 
sloshing. But if the tank is partially filled, the 
condition fails. And also this model assumes the 

supporting structure with uniform rigiditythroughout 
the height, which may not be the case always [1]. The 
Indian seismic code, IS:1893, requires elevated tanks 
to be analyzed as a single-degree-of-freedom system, 
i.e, a one-mass system which suggests that all fluid 
mass participates in the impulsive mode of vibration 
and moves with the container wall [7]. Later, Housner 
(1963) suggested a simplified procedure for analysis 
of elevated tanks. This procedure considered the 
elevated tank as two uncoupled masses [2]. This two 
degree of freedom approach suggested by Housner 
has been used commonly for seismic design of 
elevated tanks. 

II. REVIEW OF SEISMIC DESIGN GUIDELINES 
IS 1893-1984 has very limited provisions for 

seismic design of liquid tanks. It does not include 
ground supported tanks. Even in the case of elevated 
tanks, it does not include the sloshing of liquids. 
Hence in view of non-availability of a proper 
provisions for seismic design of liquid tanks, the code 
was revised in 2014, to help the designers for the 
seismic design of liquid storage tanks. As compared 
to IS 1893-1984, the revised code considered the 
liquid storage tank as two degree of freedom system 
as shown in Fig.1. Since the periods of two masses are 
well separated, it can be considered as two uncoupled 
single degree of freedom systems. This method is 
satisfactory for design purpose if the ratio of the 
period of the two uncoupled systems exceeds 2.5. 

The revised code also considered the ground 
supported tanks, bracing beam flexibility, the effect 
of convective hydrodynamic pressure, the effect of 
vertical acceleration on hydrodynamic pressure, etc. 
In order to include the effect of hydrodynamic 
pressure in the analysis, the tank can be idealized by 
an equivalent spring-mass model as shown in Fig.2, 
which includes the effect of tank wall-liquid 
interaction. The parameters of this model depend on 
the geometry of the tank and its flexibility and were 
originally derived by Housner (1963). An equivalent 
circular tank of same volume and diameter equal to 
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diameter of tank at top level of liquid is considered 
for tanks with shapes other than circular and 
rectangular. 

 

 
(a) 

 

(b) 
 

  
(c) (d) 

Fig.1. (a) Elevated tank, (b) Spring-mass model, (c) Two-degree of 
freedom system, (d) Equivalent uncoupled system 

 

 
Fig.2. Spring-mass model for ground supported tank 

 
The revised code IS 1893(Part 2):2014 provides 

the expression for calculating the time period for both 
ground supported and elevated tanks, under 
convective and impulsive modes. The expression for 
the time period is applicable to only those tanks in 
which the wall is rigidly attached to base slab. If the 
wall is not rigidly attached to the base slab, and 
flexible pads are used between the wall and the base 
slab, the flexibility of pads affects the impulsive mode 
time period. The soil flexibility is also included in the 
new code, which will increase the total damping of 
the system and elongates the time period of the 
impulsive mode. 

In the convective mode, the damping shall be 
taken as 0.5% of the critical for all types of liquids 
and for all types of tanks. Whereas, the 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. 

The Design horizontal seismic coefficient can be 
determined using the formula given in the IS 1893 
(Part 1). The value of response reduction factor R for 
the convective component is still being debated by 
researchers. Various international codes put forth by 
American Water Works Association AWWA D- 100, 
AWWA D-103, and AWWA D-115 use the 
same value of R for impulsive and convective modes, 
whereas, ACI 350.3 and Eurocode 8 suggest the 
value of R=1 for convective mode. Hence to retain 
the simplicity in the analysis, the revised code 
propose the same value of R for impulsive and 
convective components. Since the buildings have 
more redundancy and ductility than the tanks, the 
value of R for tanks needs to be lower than that for 
buildings. 

The value of Sa/g depends on the soil condition, 
damping and the time period. The value of this factor 
should be selected based on IS1893 (part1). The 
value shall be multiplied with appropriate factor, for 
other damping values. The value of the multiplying 
factor for 0.5% damping shall be taken as 1.75. 

The base shear and base moment for ground 
supported and elevated tanks under both impulsive 
mode and convective mode can be obtained from the 
formulae given in the code. All the international 
codes, except Eurocode 8 use SRSS rule to combine 
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response from the impulsive and convective mode. 
The Eurocode 8 uses absolute summation rule. But 
later studies show that the SRSS method gives better 
results than the Absolute summation rule [6]. 

The analysis of ground supported rectangular 
tanks shall be carried out for horizontal earthquake 
force acting non-concurrently along each of the 
horizontal axes of the tank. Whereas, in the case of 
elevated tanks, the critical direction of the seismic 
force should be considered for seismic design. The 
revised code provides expressions forhydrodynamic 
pressure on the wall and base of circular and 
rectangular tanks, based on work of Housner(1963). 
The flexibility of the tank wall does not affect 
convective pressure distribution but can influence the 
impulsive pressure distribution in tall tanks. 

The vertical ground acceleration will increase the 
effective weight of the liquid, and hence induce 
additional hydrodynamic pressure on the tank wall. 
The distribution of this pressure will be similar to that 
of hydrostatic pressure. The time period of vertical 
mode is assumed as 0.3sec, in the absence of more 
refined analysis for all types of tanks. 

The revised code provides the same expressionas 
given in ACI 350.3 (2001) for evaluating sloshing 
height. The freeboard must be provided based on the 
sloshing wave height, particularly for tanks 
containing toxic liquids. The total lateral deflection 
of staging shall be restricted to hs/500, for elevated 
tanks in order to minimize the P-delta effect, where 
hs is the height of staging. 

III. ACOUSTIC MODELLING 
ANSYS acoustic analysis program can be used to 

simulate coupled acoustic-structural interaction or the 
uncoupled pure acoustic wave in the given 
environment. The acoustic analysis usually involves 
modelling of both an acoustic fluid and a structure. 
The fluid is assumed to be compressible with zero 
mean flow. An acoustic Fluid-Structural Interaction 
(FSI) problem considers the structural dynamics 
equation along with linearized Navier-Stokes 
equations of fluid momentum and the flow continuity 
equation. 

 
Fig.3. Full tank model in ANSYS 

In order to demonstrate the acoustic modelling and 
to study the impulsive and convective frequencies for 
different thickness of storage tank wall, a numerical 
study is carried out by modelling a circular steel tank 
of 3m radius and 8m height using ANSYS mechanical 
APDL software as shown in Fig.3. 

The model is studied for wall thickness of 10mm, 
20mm, and 30mm and for different liquid depth of 
full, half and quarter filled conditions. The bottom 
plate is clamped. The partially filled liquid tank model 
is shown in Fig.4. The structural mesh is generated 
with 4-noded shell elements and liquid mesh with 8 
noded fluid elements. In partially filled liquid tanks, 
the free surface is also included as boundary condition 
to study the sloshing of liquid in the tank. 

 

Fig.4. Half-filled liquid tank model 

IV. RESULTS AND DISCUSSION 
The first six natural frequencies under full tank 

condition for different thickness of tank wall are 
shown in TABLE 1. The frequency is found to 
increase with the increase of the stiffness of the tank 
wall. The mode shapes and displacement contours 
corresponding to the first three natural frequencies are 
given in Fig.5 and Fig.6 respectively. The TABLE 2 
represents the impulsive and convective frequencies 
of the liquid tank under half filled and quarter filled 
conditions. 

 
TABLE 1. NATURAL FREQUENCIES IN FULL TANK CONDITION FOR 

DIFFERENT WALL THICKNESS (Hz) 

 Natural frequency(Hz) 
 

 10mm 20mm 30mm 

1 15.25 20.80 24.65 

2 41.49 47.91 66.29 

3 59.64 56.74 73.27 

4 64.97 62.49 94.74 

5 75.98 80.66 119.98 

6 87.69 95.43 126.68 
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Fig.5. Mode shapes corresponding to first three natural frequencies 

of liquid tank under half filled condition Fig.6. Displacement contours of liquid tank under half filled 
condition for first three modes 
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TABLE 2. IMPULSIVE AND CONVECTIVE FREQUENCIES UNDER HALF 

FILLED AND QUARTER FILLED CONDITIONS (Hz) 
 Natural frequency(Hz) 

Impulsive Convective 

Liquid 

Mode  
Depth 4m 2m 4m 2m 

1 31.46 69.07 0.389 0.360 
2 62.55 102.68 0.506 0.490 
3 74.83 118.67 0.570 0.567 
4 81.89 159.07 0.598 0.596 
5 96.74 172.67 0.678 0.678 
6 101.42 173.83 0.679 0.679 

 

While comparing the frequencies under three 
different liquid depths viz., 8m, 4m and 2m, the 
frequency is found to increase with the decrease in 
liquid depth for impulsive mode. Whereas, under 
convective mode the frequencies are almost the same 
under different liquid depths, and these are found to 
be in good conformity with the values obtained using 
the expression given in the revised IS 1893 (Part 
2):2014. The frequency under convective mode for 
4m liquid depth is 0.399 Hz and for 2m liquid depth 
is 0.355 Hz as per IS code. But in the case of 
impulsive mode, there is variation in the frequencies 
obtained from the numerical analysis and that using 
the codal expression. The variation in frequency 
under impulsive mode for 8m liquid depth is 11.4%, 
for 4m liquid depth is 11.8% and for 2m liquid depth 
is 5.9%. Hence, the variation of frequency with 
reference to the codal expression increases with 
liquid depth. 

CONCLUSION 

This paper reviewed the seismic provisions given 
in revised IS 1893(Part 2):2014 for seismic design of 

liquid storage tanks. The application of acoustic 
modelling by using fluid-structure interaction is 
illustrated in this paper by generating a circular liquid 
tank model in ANSYS. The natural frequency of 
structure is studied for different thickness of tank 
wall. The impulsive frequency is found to increase 
with higher stiffness of the tank wall whereas, the 
convective frequency is almost the same for a tank 
irrespective of thickness of tank wall. The frequency 
values in convective mode are found to be in good 
conformity with that obtained from the expression 
given in the code. But the variation in impulsive mode 
frequencies from that obtained from IS code increases 
with increase in liquid depth. 
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