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Theoretical models proposed in the literature and seismic design codes make the basis of analysis and the
design procedures of fluid storage tanks. These models are derived based on many simplified and approximate
assumptions. Under realistic conditions, however, different factors cause violation of these assumptions, causing
the fluid flow and fluid-structure interaction (FSI) to diverge from theories. In this research work, 38 swept-sine
tests and 63 seismic ground motions were applied to a full-scale highly flexible unanchored thin-walled stainless
steel fluid tank. The experimental natural frequencies of the system for three different aspect ratios of 2.1,
2.8, and 3.5 were calculated and compared with the theoretical ones. Damping ratios for different modes were
calculated using the half-power bandwidth analysis. Experimental results revealed discrepancies between the
theoretical and experimentally detected natural frequencies, especially for the convective mode. Closer matches
were found for the aspect ratios of 2.8 and 3.5, for the impulsive mode. Acceleration amplification factors at
different heights of the shell were calculated which showed a nonlinear behaviour with a descending trend
from the base to the mid-height and then an ascending one towards the fluid surface. Maximum acceleration
amplification factor occurred at the surface of the fluid. The axial strains around the base are maximum and
decrease bi-linearly towards the upper heights of the shell. Effects of the input excitation frequency content
over the structural responses of the system were examined. Frequency characteristics of the input excitation
considerably affected the maximum acceleration amplification factors and axial strains in the shell.

1. Introduction presented by Housner [8,9], Haroun [10], Veletsos [11], and Malho-

tra [12], among others, which form the design basis of many seismic

Thin-walled stainless steel fluid storage tanks are used in a va-
riety of applications and industries including wineries, dairy prod-
ucts industries, water storage purposes, and petrochemical industries,
to name but a few. Related industries were heavily damaged finan-
cially during past earthquakes. Examples of past occurrences which
resulted in massive losses are the 2010 Maul earthquake in Chile [1],
the 2011 Christchurch [2], the 2013 Marlborough [3], and the 2016
Kaikoura [4] earthquakes in New Zealand, the 2012 Emilia earthquake
in Italy [5], the 2014 Napa earthquake in California [6], and the 1989
Loma Prieta earthquake [7], among others. Due to the huge inflicted
losses caused by these events, it is imperative to understand the way
these structures will behave realistically during seismic events. This will
help modify the current analysis procedures for more accurate designs
of these structures to avoid future catastrophes.

The main approaches that are applied for the analysis and design of
these tanks are based on the equivalent mechanical models proposed
in the literature. Mostly used techniques for this purpose include those
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codes in different parts of the world including American Petroleum
Institute (API) 650 [13], Eurocode 8, Part 4 [14], and the New Zealand
Society for Earthquake Engineering (NZSEE) [15]. These simplified
techniques were substantial efforts to express a highly complicated
phenomenon in these structures which is the fluid-structure inter-
action (FSI) in a closed-form mathematical expression that could be
easily applied for calculations. However, there are many approximate
and simplified assumptions behind these mechanical models, the most
important of which are irrotationality and small-amplitude surface
fluid oscillations when formulating the Navier-Stokes equations. A
comprehensive literature review conducted by the authors studied in
detail a variety of dynamic modelling techniques proposed for these
structural systems [16], different types of damages observed in past
seismic events, different methodologies proposed in the literature for
analysing the fluid tanks, the assumptions made for each technique, and
the modified proposed models. Among the crucial factors that cause
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the violation of these assumptions and substantial differences between
mathematical results, and what occurs in practice, the below items can
be mentioned:

flexibility of the tank shell in thin-walled steel tanks [17,18].
the fixity conditions of the tank base plate to the ground or
foundation [19].

the rotational and chaotic behaviour of the surface water oscilla-
tions [20].

interaction between the underlying soil and the tank [21].
characteristics of the ground motion, including duration, mecha-
nism, frequency content, and amplitude [22].

second order (P-4) and material nonlinearities, as well as un-
certainties in properties of the tank materials and geometry,
contained liquid, and excitation [23,24] and finally,

fluid flow characteristics such as multi-phase flow and Coriolis
effects [25].

These approximations when formulating the mechanical models will
result in inaccuracies in estimating the structural characteristics of fluid
tanks including natural frequencies of the impulsive and convective
modes which are the two dominant vibrational modes in these struc-
tures. Stainless-steel fluid storage tanks have a very thin shell and are
commonly used for the storage of wine, water, dairy products, etc.
These tanks are either legged or flat-based. In terms of connection
to the ground or foundation, they could be anchored or unanchored.
Studies have shown that these structures are one of the main elements
of wineries that are vulnerable to damage even in regions that have a
low seismic risk [26].

Recently, some research efforts were dedicated to a better under-
standing of the seismic behaviour of fluid storage tanks and modifying
initial simplified mechanical models (SMMs), either numerically or
experimentally [16]. A series of experimental tests and corresponding
numerical validations have been performed over double-layer liquefied
natural gas (LNG) storage tanks [27,28]. Liu et al. [29] investigated
the effects of FSI and the validity of the small amplitude linearized
fluid motions theory of the liquid surface in a liquefied natural gas
(LNG) storage tank made of an inner steel cylindrical tank and an
outer reinforced concrete tank. They reported significant discrepancies
between their experimental results and those presented by the SMM of
Housner [9] under seismic excitations. Compagnoni and Curadelli [30]
tested a flat-based steel cylindrical tank with a thickness of 1.5 mm
using shake table excitations for aspect ratios of 0.5, 1.0, and 1.5. In
their studies, comparisons between the finite element (FE) and the SMM
results with that of experiments showed that the SMM underestimates
the fluid surface maximum vertical displacement up to 35% while
it overestimates the maximum base shear and overturning moment.
Shake table tests over an aluminium tank were implemented for two
cases of anchored and unanchored conditions by Ormefio et al. [31].
This tank model had a shell and base thickness of 3 mm. Shake
table testing of a large-scale legged fluid storage tank with a shell
thickness of 2 mm was conducted by Yazdanian et al. [32]. Shake
table examinations over a legged stainless-steel cylindrical fluid tank
were conducted by Reyes et al. [33] to study the performance of a new
isolation system. Damage assessments of fluid tanks in previous seismic
events have shown that the thickness of the shell, aspect ratio, and the
characteristics of the ground excitation are among the most important
factors that substantially contribute to the most common types of dam-
age to these structures. These damage types include diamond shape and
elephant foot buckling [4,18,34-36]. The seismic performance of self-
supported cylindrical fluid tanks during the 2023 Turkey earthquakes
was studied in [37]. In this work, typical types of damage that occurred
to these tanks were mentioned as damage to the upper part of the shell
due to the sloshing of the liquid and rupture at the location of the pipe
connections.

The numerical investigations based on a coupled boundary element
— finite element (BE-FE) analysis on the isolated tanks by researchers
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in [38] considered the wall flexibility as one of the important factors
that affect the efficiency of the isolation system. In another research by
Shekari [39], the effect of the frequency content and the predominant
period of the base excitation on the seismic behaviour of base-isolated
concrete rectangular liquid tanks were investigated using the BE-FE-
BE method. In this study, two types of rigid and flexible tanks with
thicknesses of the wall equal to 1.2 m and 0.6 m were considered. A
simplified model for structural response estimation of a rectangular
concrete fluid tank under earthquakes was proposed in [40] based
on Lagrange’s equation and combining the fundamental modes of a
cantilever beam and a rectangular-ring-shaped frame structure. The
thickness of the modelled tank in this study was considered as 1 m.
In [41] a numerical FE analysis of the nonlinear behaviour of an
unanchored cylindrical steel fluid tank was examined by considering
the effects of the underlying soil. In this research, two types of tall and
broad tanks with approximate wall thicknesses of around 15 mm were
investigated. Their results showed that the structural responses and the
hydrodynamic pressure are influenced by the base uplift and the soil
flexibility. Dynamic behaviour of cylindrical ground-supported tanks
considering the fluid-structure-soil interaction, under earthquakes with
different frequency contents was numerically investigated in [42] using
the discrete-time state-space approach. In this research, numerical
investigations were conducted over a steel tank with a thickness of
25.4 mm. It was demonstrated that the frequency content of the base
excitation is an influential factor in the seismic response of fluid tanks.
Cui et al. [43] numerically investigated the effects of the flexibility
of the tank shell on the seismic response of horizontal fluid tanks.
They proposed a simplified mechanical model for dynamic response
evaluation of flexible tanks and used a tank with a wall thickness
of 12 mm for validation of their method. Their results showed the
amplification of the tank’s seismic responses due to the shell flexibility
including the liquid dynamic peak pressure, among others, compared
to that of the rigid tanks.

Researchers have utilized different excitation methods for the vibra-
tional analysis of fluid storage tanks in literature. The contribution of
the second convective mode in responses of rigid liquid storage tanks
using wavelets was examined numerically in [44]. Wavelet analysis was
used for numerical seismic response evaluation of base-isolated liquid
storage tanks [45]. Sine and ricker wavelet excitation tests have been
applied for shake table testing of a low-density polyethylene (LDPE)
tank with a thickness of 4 mm [36]. Pulse tests by shake table were used
for the same tank in [46] for free-vibration frequency determination of
the fluid tank for rigid and flexible support conditions.

Compared to a considerable number of numerical investigations
conducted on the dynamic behaviour modelling of fluid storage tanks in
the literature, fewer experimental investigations have been conducted.
Authors believe that experimental research on full-scale stainless steel
unanchored circular cylindrical fluid tanks with very small thicknesses
(as small as 0.5 mm investigated in this research) is rare in the liter-
ature. It is of paramount importance to truly understand the dynamic
performance of such tanks in terms of their structural characteristics
and how they behave under base excitations. It is noteworthy that shell
thickness in stainless-steel tanks plays a pivotal role in the flexibility of
the coupled fluid-tank system, and hence the dynamic characteristics
of the structure including natural frequencies and damping ratios.

In this research work, experimental findings of shake table tests
conducted over a thin-walled stainless steel cylindrical fluid storage
tank are examined and discussed. The tested tank had a capacity of
1000 1 and a very thin shell thickness of 0.5 mm. The very thin shell
contributed to the highly flexible behaviour of the tank-liquid system.
The fluid tank was set up over the shake table without any type of
connection, allowing it to freely uplift under applied base excitations.
This tank was tested for three different capacities of the tank, i.e. 50%,
70%, and 85% full, resulting in aspect ratios of 2.1, 2.8, and 3.5,
respectively. Swept-sine excitation tests have been proved as simple and
efficient means for natural frequency estimation of structures which
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offer robustness, rapidity, and stability, as well [47-49]. They also
have found successful applications for structural health monitoring
purposes [48,50]. Thus, to evaluate the dynamic performance of such
a full-scale thin-walled stainless steel tank, two types of excitations
including swept-sine tests with different frequency bands, durations,
and amplitudes, and five seismic records of selected past devastating
earthquakes were applied to the shake table. Applied seismic records
had different characteristics including Near-fault, Far-fault, Pulse-like,
and different mechanisms of Strike-Slip and Reverse-Oblique. These
records were scaled to different intensities which were gradually in-
creased to allow for a sufficient number of tests and data collection
before the final collapse of the system. Since the tank was very thin
and completely free for uplift motions, finally it collapsed through the
formation of a crack in the base plate. Signal processing based on
frequency domain analyses using Fast Fourier Transform (FFT), Power
Spectral Density (PSD), Cross Power Spectral Density (CPSD), and time—
frequency domain analyses using Short-time Fourier Transform (STFT)
(Spectrogram) were applied to the experimental data using Signal
Processing Toolbox in MATLAB R2023a [51] for data analysis. The aim
of the data analysis was to extract the structural characteristics of the
tank-liquid system including natural frequencies and damping ratios
for such a highly flexible stainless-steel full-scale fluid storage tank.
Additionally, the frequency content of the excitations and their effect
on the developed responses of the tank were examined. Experimental
results were compared to those of the theoretical model using the
equivalent mechanical model mostly used in the seismic codes for the
analysis and design of tanks. The results of analyses demonstrated how
closely and well these two types of results match each other. Conducted
comparative studies enabled a better understanding of the fluid tanks’
seismic behaviour under actual ground motions compared to numerical
simulations using simplified equations.

2. Experimental set-up
2.1. Installations, dimensions, and supporting frame

The investigated fluid storage tank was set over the unidirectional
shake table in the Structural Engineering Laboratory of the Auckland
University of Technology (AUT) as seen in Figs. 1 and 2. The shake
table platform is a unidirectional table with dimensions of 4000 mm
by 2896 mm and a maximum horizontal stroke of + 200 mm, run by
the Shore Western controller. The maximum payload of the table is 1
ton and it is capable of producing accelerations up to 2g. As there were
no connections from the tank base to the table, a supporting frame
was provided as shown in Fig. 2. This supporting frame consists of
steel columns and beams, timber beams, and a timber plate underneath
the tank to avoid any kind of damage to the shake table and other
apparatus in case of overturning, buckling, or rupture of the shell or
base plate that could cause flow of water over the table. This tank was
made of stainless steel of grade 304, had a capacity of 1000 1, and
a height, diameter, and thickness equal to 1900 mm, 850 mm, and
0.5 mm, respectively. The tank was filled in three stages up to 50%,
70%, and 85% of its capacity with water to conduct tests.

2.2. Instrumentation

The fluid storage tank was instrumented according to Fig. 3. Dif-
ferent types of sensors including accelerometers, strain gauges, draw
wires, and LVDTs were employed to measure structural responses of
the system. These measurements include lateral accelerations and dis-
placements of the shell, axial strains in the shell, and uplift of the tank
base. Data acquisition was provided using the National Instruments
Data Acquisition (NI DAQ) system for receiving and logging signals
from the sensors. One accelerometer was attached to the shake table
to measure the table’s acceleration time history.
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Fig. 1. Isogeometric perspective of the experimental set-up using SOLIDWORKS.

Fig. 2. Physical model of the tank and the supporting frame.

3. Base excitation tests

Two types of excitation were applied to the shake table including
swept-sine tests and displacement time histories of five past historic
ground motions. A total of 101 tests were conducted which consisted
of 38 swept-sine tests and 63 seismic ground motion tests. More precise
details of the conducted tests and base excitations can be found in
Tables 1-3.

3.1. Swept-sine tests

Swept-sine excitation tests have demonstrated high performance
and efficiency in vibration tests and structural health monitoring tech-
niques in terms of simplicity, rapidity, robustness, and repeatabil-
ity [47-50]. A swept-sine excitation with a linear frequency rate can
be mathematically represented as Eq. (1),

. pr?
A(t) = Agyypsin |27 (foz + > + 9 o
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Fig. 3. Instrumentation of the fluid tank.

where A,,, is the amplitude of the swept-sine, f, is the initial fre-
quency, f, is the final frequency, T is the sweep duration, f is the
sweep rate, and ¢, is the initial phase.

In this study, each swept-sine test had a different frequency band,
duration, and amplitude. The swept-sine tests were of linear type for the
frequency of the sweep with constant amplitude. Each test was applied
with a specific constant amplitude. Some of the tests were repeated up
to three times to account for uncertainties and noise influences. The
swept-sine tests were conducted for three different capacities of the
tank, i.e. 50%, 70%, and 85% equivalent to aspect ratios of 2.1, 2.8,
and 3.5, respectively. Accordingly, the frequency band of the swept-sine
was regulated to target the natural frequencies of the system at specific
ranges. The higher the values of the frequency band of the swept-sine
test, the lower the displacement amplitude of the sweep was applied.

It was found that both the frequency values of the excitation and
its amplitude had considerable influences on the vibratory behaviour of
the system. However, the influence of the frequency values of excitation
in exciting the fluid-tank system was found more influential than the
displacement amplitude. Considering the very small shell thickness
of the tank body, when the frequency of the excitation matched the
resonant frequency of the system in each test, the tank started to vibrate
terrifically. Therefore, as the dynamic behaviour of the tank was moni-
tored visually in each test, it was managed to regulate the displacement
amplitude of the next sweep test according to its frequency band values
to avoid any unexpected damage and finish the test successfully. For
some tests when it was found safe, for the same frequency band of the
sweep, the amplitude value was increased in the next test to examine its
effect on the responses of the tank. Reversely, in some tests, the sweep
amplitude was decreased and the same test was repeated again. The
duration of tests was selected as 60 s, 120 s, 240 s and 300 s. When
targeting a specific frequency of the system, the time duration was
increased and the same test was repeated to provide more data points
and allow for more accurate and comparative data analyses. Details of
the swept-sine tests have been provided in Table 1.

3.2. Seismic ground motion tests

Seismic records of five past devastating earthquakes including 1979
ElCentro, 1999 Kocaeli, 1995 Kobe, 1990 Manjil, and 2011

Christchurch were used for ground motion tests. Records of the selected
ground motions were obtained from the Pacific Earthquake Engineering
Research Center (PEER), Next Generation Attenuation (NGA-West2)
database for historical earthquake records [52], (https://ngawest2.
berkeley.edu/). Each record was scaled using SeismoSignal [53] to Peak
Ground Acceleration (PGA) values of 0.05g, 0.1g, 0.15g, 0.2g, 0.25g,
and 0.3g. Displacement time histories in (mm) were used for each
scaled ground motion and were given to the shake table to produce the
excitations. A time step of 0.02 s was used for producing time histories
using the shake table. Details of each ground motion including event
name, station, year, fault type, mechanism, moment magnitude (M),
PGA, and the dominant frequency (DF) in Hz have been presented in
Table 2. Details of conducted ground motion tests can be found in
Table 3. All ground motion tests were applied when the tank was full
up to 85% of its capacity and each test was repeated up to three times
to ensure the accuracy of tests.

4. Simplified mechanical model

A circular cylindrical base-supported fluid tank is considered as
shown in Fig. 4.

Laplace’s equation for an incompressible, inviscid, and irrotational
fluid flow in the polar coordinates, r, 6, and z is expressed as in Eq. (3),

V2p(r,0,2,1) =0 3)

where ¢ is the velocity potential of the fluid as a function of time and
position. This equation is expanded as Eq. (4),
02 a P 9
Ie 1do 179 de_, 4
or2  ror 12902 0z2
To solve this partial differential equation (PDE), a proper set of bound-
ary conditions (BC’s) should be considered. There are three main BC’s
to solve this equation as follows,
. )
BCI : =0 =0
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where g is the gravitational acceleration and H, is the distance between
the surface liquid and the base. The first boundary condition (BC1)
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Table 1
Characteristics of the swept-sine tests.
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Observation no. Tank capacity (%) Aspect ratio

Frequency band (Hz)

Amplitude (mm) Duration (s) Repetition (No.)

1 50 2.1 0.1-2.0 5 60 3

2 50 2.1 0.1-2.0 5 120 3

3 50 2.1 0.1-3.0 4 120 1

4 50 2.1 1.0-4.0 1 120 1

5 50 2.1 1.0-4.0 3 120 1

6 50 2.1 2.0-5.0 1 120 1

7 50 2.1 3.0-6.0 0.5 120 1

8 50 2.1 3.0-8.0 0.3 240 1

9 50 2.1 4.0-5.0 0.5 120 1

10 50 2.1 4.0-5.0 0.5 240 1

11 50 2.1 4.0-9.0 0.2 240 1

12 50 2.1 4.0-10.0 0.2 300 1

13 50 2.1 4.0-11.0 0.2 300 1

14 50 2.1 5.5-6.5 0.5 240 1

15 50 2.1 6.0-7.5 0.5 240 1

16 70 2.8 0.1-6.0 0.2 300 3

17 70 2.8 0.1-11.0 0.2 300 3

18 70 2.8 5.0-11.0 0.2 300 3

19 85 3.5 0.1-4.0 0.2 240 1

20 85 3.5 0.1-4.0 0.3 240 2

21 85 3.5 3.0-6.0 0.3 240 1

22 85 3.5 3.0-6.0 0.2 240 2

23 85 3.5 5.0-8.0 0.2 300 1

24 85 3.5 5.0-8.0 0.3 300 1

25 85 3.5 6.0-12.0 0.2 300 1

26 85 3.5 6.0-12.0 0.3 300 1

Table 2
Details of the earthquake records used for seismic ground motion tests of the fluid storage tank.
Event Station Year Fault type Mechanism M, PGA (g) DF (Hz)
Imperial Valley ElCentro 1979 Near-fault, Pulse-like Strike-Slip 6.53 0.449 0.33
Kocaeli Atakoy 1999 Far-fault Strike-Slip 7.51 0.168 0.91
Kobe KIMA 1995 Near-fault, Pulse-like Strike-Slip 6.9 0.834 1.45
Manjil Abbar 1990 Far-fault Strike-Slip 7.37 0.497 4.53
Christchurch Cathedral College 2011 Near-fault Reverse Oblique 6.2 0.478 0.67
Table 3
Characteristics of the ground motion tests.
Observation no. Ground motion Tank capacity (%) Aspect ratio PGA (g) Repetition (No.)

1 Christchurch 85
2 Christchurch 85
3 Christchurch 85
4 Christchurch 85
5 Christchurch 85
6 Christchurch 85
7 ElCentro 85
8 ElCentro 85
9 Kobe 85
10 Kobe 85
11 Kobe 85
12 Kobe 85
13 Kobe 85
14 Kocaeli 85
15 Kocaeli 85
16 Kocaeli 85
17 Manjil 85
18 Manjil 85
19 Manjil 85
20 Manjil 85
21 Manjil 85

3.5 0.05 3
3.5 0.10 3
3.5 0.15 3
3.5 0.20 3
3.5 0.25 3
3.5 0.30 3
3.5 0.05 3
3.5 0.10 3
3.5 0.05 3
3.5 0.10 3
3.5 0.15 3
3.5 0.20 3
3.5 0.25 3
3.5 0.05 3
3.5 0.10 3
3.5 0.15 3
3.5 0.05 3
3.5 0.10 3
3.5 0.15 3
3.5 0.20 3
3.5 0.25 3

implies zero vertical velocity at the tank base while BC2 represents
the radial velocity at the tank wall. The function W in BC2 is the
radial deformation of the tank body and is a function of z, 6, and .
This function depends on several factors, the most important of which
are the excitation characteristics and flexibility of the tank wall [11],
among others. BC3 represents the linear sloshing theory of the surface
liquid vibrations. Two modes of vibration for a fluid-tank system under
base excitation can be identified, i.e. the impulsive mode and the
convective mode. Convective mode represents vibrations of the surface
fluid which is independent of the wall flexibility while the impulsive

mode reflects the vibrations of the fluid in the lower part of the tank
and close to the base which highly depends on the flexibility of the
wall. This implies that the velocity potential function of the fluid can
be regarded as the sum of two parts of this function for impulsive (¢,,,,)
and convective (¢,,,) modes as in Eq. (6) when represented in the
cylindrical coordinates,

@(r,0,2,1) = @, (1, 0, 2,1) + @, (r, 0, 2, 1) (6)
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Fig. 4. Fluid flow representation in a circular cylindrical container under base
excitations.

Taking into account different boundary conditions at the base,
surface fluid, and the tank wall, equations of velocity potential for
impulsive mode and convective mode can be obtained, details of which
can be found in other Refs. [11,54]. Assuming small amplitude and
linearized fluid motions at the fluid surface, the jth cyclic natural
frequency of the convective mode is obtained according to Eq. (7),

fo= (i),//lj%mnh(,ljs) @

where 4; is the jth root of the first derivative of the Bessel function of
the first kind of order one (J,"). The values of the first three roots of J,’,
i.e. A, 4, and A5 are 1.8412, 5.3314, and 8.5363, respectively. g is the
gravitational acceleration, S is the aspect ratio, and R is the radius of
the tank. Corresponding to each convective mode frequency, there are
convective masses and heights. Through applying appropriate BC’s for
the surface fluid vibrations and solving Eq. (4) for the convective mode,
the height of the jrh convective mass is formulated as below [11],

1
hy=[1- Aj—Stanh(O.S/I JS)IH, ®)

The velocity potential equation for the impulsive mode highly re-
lates to the flexibility of the wall. Shell flexibility, the flexibility of
the base, the thickness of the shell, the direction of ground excitations
(horizontal or vertical), and the base fixity conditions are among the
factors that affect the boundary conditions required for solving the
impulsive velocity potential function. These important factors subse-
quently affect the closed-form formulas presented for the structural
characteristics of the tank including cyclic natural frequencies, masses,
and heights of the equivalent lumped masses. The structural charac-
teristics of fluid tanks have been examined by different researchers
using various methods such as the FE method, Rayleigh-Ritz method,
etc. [55-58]. Recently efforts by various researchers were made to
modify the originally proposed equation in this regard [23,59-62].
Here, the fundamental impulsive cyclic natural frequency for a flexible
tank is obtained from Eq. (9) [15,54],

C 1 [Eg
fin = =\, 9
where E, is Young’s modulus of elasticity of the tank material, g is
the gravitational acceleration, y, is the density of water, H, is the
height of liquid in the tank, and C is a dimensionless parameter, called
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“Frequency Parameter” which depends on several factors including
aspect ratio (.5), the ratio of the thickness of the wall to the radius of
the tank (%), E,, v,, and Poisson’s ratio of the tank material (v) [11].
This parameter can be found through charts presented in [11,15,54]
and is represented as below,

C =, H,y /% (10)
t

which w;; is the fundamental impulsive circular natural frequency of
the tank-water system. The height of the impulsive mass depends on
both the aspect ratio (.5) and the ratio of the wall thickness to the
radius ("—Ig) of the tank and has been presented in graphs for the design
of tanks [15,54].

5. Experimental results

A sampling rate of 200 Hz with a Nyquist frequency of 100 Hz
was used for data acquisition for swept-sine and ground motion tests.
Acquired data were analysed in frequency and time—frequency domains
based on FFT, PSD, CPSD, and STFT (Spectrogram) analyses using
the Signal Processing Toolbox of MATLAB R2023a. These analyses
were applied to obtain the natural frequencies and damping ratios of
the detected vibrational modes. Furthermore, they were employed to
investigate the effect of the frequency content of the input excitation
over structural responses of the system including shell accelerations and
strain values. Details of conducted data analysis to achieve the aims of
this research are elucidated in the below sub-sections.

5.1. Swept-sine tests: Damping ratios and natural frequencies

In total, 38 swept-sine tests with different frequencies ranging from
0.1 Hz to 12 Hz and amplitudes from 0.2 mm up to 5 mm, as described
in detail for each test in Table 1, were applied to the tank. Frequency
domain and time—frequency domain analyses were conducted over
time-history measurements of sensors attached to the tank. The PSD,
FFT, and STFT or Spectrogram were calculated for time-history mea-
surements of accelerations, displacements, and strains recorded by the
respective sensors. The PSD analyses were conducted using the Autore-
gressive (AR) spectral density estimate based on the Burg’s method [63—
66] which applies an AR linear prediction filter to the input signal
while constraining the filter parameters to fulfil the Levinson-Durbin
recursion [67,68]. Using the applied analyses, natural frequencies of
different modes of the vibrations of the coupled fluid-tank system were
detected.

The half power bandwidth (-3 dB rule) method [69-71] was used
to calculate the damping ratio (¢) of each detected mode of vibration,
and a quality (amplification) factor (Q) was calculated corresponding to
each damping ratio. The relationship between the amplification factor,
the damping ratio, and the bandwidth are as defined in Egs. (11) and
(12) [69,70],

1

0=5 an

o~ —2 a2
W) — W

where, w, is the peak frequency in Hz, and (@, - ;) is the bandwidth
in Hz corresponding to positions where peak power amplitude (A4,,,,)

drops for 3 dB which corresponds to positions of the 72 A,y Fig. 5 (a—
e) illustrates the power amplitude graph of a series of signals versus the
Nyquist frequency f in Hz and F, is the centre frequency in Hz at which
the damping ratio has been calculated using the half-power bandwidth
method. The power amplitude graphs of accelerometers No. 2 and 3
for the aspect ratios of 2.1 and 2.8, respectively, and accelerometers
No. 2, 7, and 11 for the aspect ratio of 3.5 have been illustrated in
Fig. 5 (a—e) for calculations of damping ratios at different frequencies
using the half-power bandwidth method. Damping ratios of 0.5% and
3% have been widely used in literature and seismic design codes of fluid
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Evaluated experimental and theoretical natural frequencies of the thin-walled steel fluid-tank system.

N Experimentally detected modes (Hz) Theoretical modes (Hz)

1 2 3 4 5 6 7 8 9 10 11 fa fo S
2.1 1.85 3.60 5.60 7.20 9.80 14.30 20.20 33.10 35.90 42.50 70.04 1.037 1.77 78.11
2.8 - 4.02 5.52 6.50 9.80 14.30 20.30 32.60 36.40 42.30 56.30 1.038 1.77 55.02
35 - 3.70 5.50 6.90 9.60 14.80 19.60 32.70 35.60 41.66 77.10 1.038 1.77 41.51

storage tanks for the convective and impulsive modes, respectively.
The half-power bandwidth analysis conducted over power amplitude
graphs of signal measurements at different natural frequencies detected
different damping ratios mostly in the range of 0.3%-3%. In Fig. 5 (a,
b) damping ratios of 0.3% at the location of the convective mass and
0.4% at the location of accelerometer channel No. 2, both for the centre
frequency of 9.5 Hz and the aspect ratio of 3.5, have been calculated.
These values fall near the recommended value of 0.5% for the first
convective mode. Fig. 5(e) shows a damping ratio of 2.56% at the
location of accelerometer channel No. 11 for the centre frequency of
27.70 Hz and the aspect ratio of 3.5 that is a well-matched value to
the advised damping ratio of 3% in seismic codes and the literature for
analysis and design of stainless steel fluid tanks.

Evaluated natural frequencies and comparisons between theoretical
and experimental results have been illustrated in Table 4. In this table,
the detected experimental and calculated theoretical natural frequen-
cies have been presented for each aspect ratio (5) examined in this
research. For the theoretical modes, the first and second convective
modes and the first impulsive mode according to Egs. (7) and (9),
respectively, have been considered. To calculate the fundamental im-
pulsive frequency of the tank-water system, E, and y, for the material
of the tank were considered as 200 GPa, and 7850 (Kg/m3), respectively.
Natural frequencies reported in Table 4 are the most frequently ob-
served and dominant frequencies through PSD analysis of signals in
almost all sensors for all tests conducted over a specific aspect ratio
of the tested fluid storage tank.

Fig. 6 (a, b) shows the PSD graphs versus frequency in Hz illustrated
for the acceleration time-history of a series of accelerometers for the
aspect ratios of .§ = 2.1 and § = 2.8. Examining the experimental
results demonstrated that the closest match between the theoretical and
experimental convective frequency could be attributed to the aspect
ratio of 2.1 that resulted in a frequency of 1.85 Hz which matches the
second convective mode frequency f,, according to Eq. (7). For the
theoretical impulsive mode of the coupled system, the best matches
were found for the aspect ratios of 2.8 and 3.5 for the experimen-
tally detected natural frequencies of 56.30 and 41.66 Hz, respectively.
These frequencies match the calculated fundamental impulsive natural
frequencies of the fluid tank via Eq. (9). Other observed frequencies
from the experimental results were 2.85 Hz for the aspect ratio of 2.1,
and 73.30 Hz for the aspect ratio of 3.5. It may be concluded that
for the impulsive mode of the system, the higher the aspect ratio the
closer the theoretical value to the experimental results. This could be
attributed to the fact that the high values of the aspect ratio cause the
system to behave more like a flexural beam which corresponds to the
theory used for formulating the mathematical model. The discrepancies
found between the theoretical and experimentally detected natural
frequencies of the coupled fluid-tank system could be attributed to
the chaotic, rotational, and highly nonlinear vibrations of the fluid
in the tank that violate the simplified hypotheses considered when
formulating the SMM of these structures. Observations of fluid surface
vibrations during swept-sine tests which demonstrate the nonlinear,
rotational, and chaotic fluid surface vibrations have been illustrated
in Fig. 7. Based on the experimental results obtained for the natural
frequencies of the fluid tank system, it seems that consideration of
higher sloshing modes will result in more exact calculations for the
analysis and design of fluid storage tanks.

5.2. Effects of the swept-sine excitation characteristics over responses of the
system

In this section, the effects of the input excitation’s frequency con-
tent, amplitude, and duration on the structural responses of the tank-
water system including accelerations and axial strains are examined.

First, the swept-sine excitation frequency band and amplitude ef-
fects over the PSD intensities of accelerometer Channel Nos. 2 and
3 for the aspect ratios of 2.1 and 2.8 are studied in frequency and
time—frequency domains. These channels represent the locations of
the impulsive mass for these aspect ratios. The PSD graphs of the
accelerometer Channel No. 2 for the aspect ratio of 2.1 has been
depicted in Fig. 8 (a—d), while Fig. 9 (a, b) illustrates the spectrogram of
accelerometer Channel No. 3 for the aspect ratio of 2.8. Two swept-sine
signals with the same duration but different amplitudes and frequency
bands were considered for the aspect ratio of 2.1 in Fig. 8(a) containing
a frequency window of [17 20.5] Hz in this graph which shows how the
amplitude of the PSD is magnified for a frequency of 18.8 Hz when the
frequency of the swept is increased from [1 4] Hz to [2 5] Hz even
with a lower amplitude. In Fig. 8(b), a frequency of around 33 Hz
was the focus of attention. This figure shows two swept-sine signals
with the same amplitude and duration but different frequency bands.
A frequency window of [30 36] Hz shows that the higher amplitude
of the PSD graph occurs under the swept-sine signal with the higher
frequency band. Fig. 8(c) and (d) demonstrate the same effects under
different frequency bands and amplitudes.

The spectrogram time-frequency representation of a signal is used
to demonstrate the variations of the frequency content of a signal
over time [72]. The one-sided spectrograms using the STFT method
for accelerometer Channel No. 3 for the aspect ratio of 2.8 have been
calculated and represented in Fig. 9 (a, b). A kaiser window of length
200 samples with a shape factor of f = 5, equivalent to a leakage of / =
87.5%, 200 Discrete Fourier Transform (DFT) points, and 100 samples
(50%) of overlap between adjoining points were used for calculating
the STFT of the signals [73]. As seen in Fig. 9 (a, b), the same frequency
range which falls in the frequency band of the input excitation signal
shows the strongest beams of light which implies higher intensities of
the PSD over these frequencies. For the case of the input signal with the
frequency band of [5 11] Hz, the expanding beams of light are more
obvious and could be interpreted as activating more natural frequencies
of the system.

The effects of increasing the base excitation frequency band over the
activation of the natural frequencies of the system through analysis of
the strain gauge Channel No. 4 are shown in Fig. 10 (a, b) for the aspect
ratio of .S = 3.5. This sensor was attached to the shell at a distance
of 70 mm from the base plate. Fig. 10 (a, b) shows the spectrogram
of this channel, in response to two swept-sine signal tests with the
frequency bands of [0.1 4] and [6 12] Hz, with the same amplitude
of 0.3 mm, and durations of 240 and 300 s, respectively. As seen in
this figure the same frequency bands of the input excitation have been
activated in the corresponding spectrograms of the strain gauge channel
under consideration through showing themselves as the brightest rays
of light (higher PSD intensities). In Fig. 10(b) for the excitation with the
frequency band of [6 12] Hz, activation of more natural frequencies is
evident.
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Fig. 5. Power amplitude graph and the calculated damping ratio using half-power bandwidth for different aspect ratios and channels at different locations along the height of the
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Fig. 6. Power spectral density graph for a series of accelerometer channels: (a) Swept-sine [1 4] Hz, 3 mm amp, 120 s, (b) Swept-sine [0.1 6] Hz, 0.2 mm amp, 300 s.

5.3. Ground motion tests

In this section, the effects of different Near-fault and Far-fault
seismic ground motions with different frequency contents have been
examined over the structural responses of the steel fluid storage tank.

Considered ground motions which were described in detail in Sec-
tion 3.2 and Table 2 were scaled according to Table 3 and were
applied to the shake table when the tank was full up to 85% of its
capacity. As discussed before this level of water in the tank is equal
to the aspect ratio of 3.5. The effects of these ground motions at
different PGA scales over a series of signals have been studied. These
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Fig. 7. Observation of fluid surface vibrations during swept-sine excitation tests.
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Fig. 8. PSD graphs of accelerometer Channel No. 2 (impulsive mass), for swept-sine tests over the tank with § = 2.1, demonstrating the effects of frequency bands and amplitudes

on the PSD intensities of the natural frequencies.

signals include measurements of strain gauges at the bottom and mid-
height of the tank body as well as accelerometers at different levels of
height. Amplification of accelerations transmitted to the tank shell at
the positions of calculated impulsive and convective masses as well as
fluid surface have been calculated and presented in graphs and tables.
A comparative study of the effects of the considered ground motions,
all at the same PGA level of 0.1g, over the acceleration amplifications
and strains developed in the shell has been presented.

To examine the frequency content of the applied ground motions,
the single-sided amplitude spectrum through the FFT method for these
ground motions has been depicted in Fig. 11 (a—e) which shows the

distribution of the frequencies of these earthquakes over the frequency
range of interest in the conducted tests over the system. In this Figure,
| P1(f)| is the single-sided amplitude spectrum of the signal plotted ver-
sus the Nyquist frequencies f(Hz). Cross Power Spectral Density (CPSD)
is the distribution of power per unit frequency which represents the
cross-correlation between two signals [74] and has found applications
in structural engineering for structural health monitoring and damage
detection [75], among others. The CPSD analysis from the input base
excitation acceleration (Channel No. 12, shake table accelerometer) to
the output shell acceleration at the location of the convective mass
(Channel No. 7) has been presented in Fig. 12.
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Fig. 10. Spectrogram of strain gauge No. 4 (70 mm from the base) for swept-sine tests over the tank with .§ = 3.5, demonstrating the effects of the frequency bands over the PSD

intensities at different frequencies.

The CPSD analysis was conducted using the Welch averaged modi-
fied periodogram method of spectral estimation [76] and a Bartlett win-
dow with 50% overlap between the adjoining segments. It is inferred
from Fig. 12 that the Manjil 0.1g ground motion has the dominant
effect over the acceleration time history of the shell at the location of
the convective mass over most of the frequency components.

5.3.1. Transmitted acceleration and axial strain in the shell

To examine the effects of the frequency content of the input ground
motions on the tested fluid storage tank, the acceleration amplification
factor at different heights of the system is calculated and examined
according to the below equation [29,77-79],
Qacc |d maxf(,l;li(t) l)
where Q. |, is the amplification factor of acceleration at a distance
of d from the base of the tank, ii,(r) is the acceleration time history
of a point over the tank body at a distance of d from the base, and
PIA is the absolute value of the peak input acceleration to the system.
Acceleration amplification factors for accelerometer Channel Nos. 02,
03, 09, 05, 07, 10, and 11 with distances of 0.38 m, 0.64 m, 0.81 m,
1.2m, 1.3 m, 1.5 m, and 1.65 m from the base, respectively, under the
Manyjil 1990 earthquake at different PGA scales have been depicted in
Fig. 13 (a). The height of the first convective mass according to Eq. (8)
for 85% capacity of the tank (S 3.5), with the water at a level
of 1.5 m from the base, is calculated as 1.3 m which corresponds to
the location of the accelerometer Channel No. 07. For this water level
in the tank, the height of the impulsive mass based on the graphs
represented for the design of fluid tanks [15,54] is calculated as 0.81 m
which corresponds to the location of accelerometer Channel No. 9. Ac-
celerometer Channel No. 10 is located exactly at the location of surface
liquid. Results of the maximum accelerations developed at the selected

(13)

10

points on the shell and the calculated acceleration amplification factors
under different PGA scales of the Manjil 1990 earthquake have been
presented in Table 5. Examining Fig. 13(a) and Table 5 demonstrate
that the Manjil 0.1g results in the highest acceleration amplification
factors at the levels of the impulsive mass, convective mass, and water
surface. Under each PGA scale of this earthquake, the maximum accel-
eration amplification factor occurs at the water surface. A comparison
of variations of acceleration amplification factors at different heights
of the shell under different earthquakes, all scaled to the same PGA
level of 0.1g, has been illustrated in Fig. 13(b) and the calculated
factors have been presented in Table 6. This figure shows that the
Manyjil earthquake has caused the dominant acceleration amplification
factors at most of the levels. Among the considered ground motions
at the PGA of 0.1g, the highest acceleration amplification factor at
the water surface has occurred under the Kocaeli 0.1g with the DF
of 0.91 Hz while the maximum of this factor at the location of the
convective mass has occurred under the Kobe 0.1g with the DF of
1.45 Hz. According to Table 2 these two ground motions have the
closest DF points to the theoretical convective mode frequencies and
the first experimental frequency for the aspect ratio of 2.1 mentioned
in Table 4. The Manjil 0.1g with the DF of 4.53 Hz which is the closest
value to the first experimental natural frequencies in Table 4 for the
aspect ratios of 2.8 and 3.5 has also resulted in similar amplification
factors to that of the Kobe 0.1g at the locations of convective mass and
water surface. According to Fig. 11, the Manjil 1990 and the Kocaeli
1999 possess higher amplitudes of the | P1(f)| among other earthquakes
in the frequency range of [30 40] Hz. Results of Tables 5-6 show that
the highest acceleration amplification factors at the location of the
impulsive mass have occurred under these two earthquakes. Table 6
shows the amplification of the base acceleration up to 15 times at
the fluid surface depending on the applied earthquake. Amplification
factors shown in these figures for accelerometer Channel No. 10 at the



S.E.A. Hosseini and S. Beskhyroun

x107 Single-sided Amplitude Spectrum of El Centro

25

20 30 90 100

40

50
f (Hz)

60 70 80

(a) ElCentro

»x107 Single-sided Amplitude Spectrum of Kocaeli
T T T T T T T T

1.2

[PL)]|
S =
> o

'S

et
i

e

9

e

50
f (Hz)

10 20 30 40 60 70 80

(c) Kocaeli

x 10"

|P1()|

[P1(D

Structures 70 (2024) 107548

3 Single-sided Amplitude Spectrum of Kobe
T T T T T T T

20 30 40 50 60 70 80 90 100

f (Hz)

(b) Kobe

Single-sided Amplitude Spectrum of Manjil

100

70

20 30 40 50 90

f (Hz)

60 80

(d) Manjil

25

3 Single-sided Amplitude Spectrum of Christchurch
T T T T T T T T

b

n

30

40

50

f (Hz)

60 70 80 90 100

(e) Christchurch

Fig. 11. Frequency content of the selected Far-Fault and Near-Fault ground motions scaled at 0.1g.

surface fluid reflect higher values than that of accelerometer Channel
No. 07 which is the location of the convective mass. This fact confirms
that the surface fluid vibrations govern the acceleration responses of
the tank body.

The variations of axial strain values over the shell body for strain
gauge Channel Nos. 21, 18, and 19 at distances of 70 mm, 320 mm,
and 470 mm, respectively, under different PGA scales of the Majil
1990 earthquake, have been shown in Fig. 14(a). A comparison of
variations of axial strain values at different heights of the shell under
different earthquakes all at the PGA level of 0.1g has been represented
in Fig. 14(b). As seen in these figures the highest level of strain under
all earthquakes occurs at the position of strain gauge Channel No. 21
which is located 70 mm from the base of the tank. This fact justifies
the reason for the common elephant foot buckling phenomenon that
happens around the base as a result of high-stress concentrations.
Examining Fig. 14 (a, b) shows that by increasing the PGA scale of
the Manjil 1990, the absolute axial stain values around the base of
the tank increase accordingly and the maximum of these values at this
location have occurred under the Christchurch 0.1g. The response time

11

histories of strain gauge Channel Nos. 21 and 18 which are the strain
gauges at distances of 70 mm (strain gauge No. 4) and 320 mm (strain
gauge No. 1) from the base, under the Kobe 1995 earthquake at the
PGA scale of 0.1g have been shown in Fig. 15(a) and (b), respectively.
The strain values at the base of the tank in Fig. 15(a) show high levels
of compression in the shell with an unsymmetrical trend. However,
The strain values recorded by the strain gauge No. 1 at the height of
320 mm as shown in Fig. 15(b), represent a symmetrical behaviour of
the compression and tension strains. Failure of the tank through the
formation of a crack at the base plate during excitation tests under the
Christchurch 2011 0.30g has been shown in Fig. 16 which resulted in
the collapse of the tank and end of tests. This rupture in the base plate
can be attributed to the repetitive uplift of the tank under the seismic
base excitations and the extreme effects of the concentration of stress
and strain at this location.

6. Conclusions

A thin-walled stainless steel fluid storage tank freely set over a shake
table was subjected to different unidirectional base excitations. The
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structural responses of the fluid-tank system under swept-sine input
with different frequency bands, amplitudes, and durations were ex-
amined. The fundamental natural frequencies of the fluid-tank system
were extracted using time-frequency domain analysis based on Power
Spectral Density (PSD) analysis and the results were compared with the
simplified mathematical formulations widely used in the literature and
standards for structural analysis and design of these structures.

12

The effects of the input excitation frequency content over the struc-
tural responses of the system were studied. For the swept-sine exci-
tations which were originally used for the detection of the natural
frequencies of the system, each frequency band of the input could
activate certain natural frequencies of the system. The higher the range
of the frequency band of the input excitation the higher the values of
the PSD amplitudes at the studied resonant frequencies and the stronger
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Table 5
Amplification of the base excitation acceleration through the shell under different PGA scales of the Manjil 1990 earthquake.
Distance from base (m) Accelerometer (No.) Location of the sensor max(|ii; (1)) (&) Quecla
S =3.5 (Slender tank), PIA =0.05g
0.38 02 - 0.60 12.00
0.64 03 - 0.41 8.20
0.81 09 Impulsive mass 0.39 7.80
1.20 05 - 0.45 9.00
1.30 07 Convective mass 0.55 11.00
1.50 10 Water surface 0.73 14.60
1.65 11 Above water surface 0.61 12.20
S =3.5 (Slender tank), PTA =0.10g
0.38 02 - 1.28 12.80
0.64 03 - 0.96 9.60
0.81 09 Impulsive mass 0.92 9.20
1.20 05 - 0.99 9.90
1.30 07 Convective mass 1.15 11.50
1.50 10 Water surface 1.47 14.70
1.65 11 Above water surface 1.01 10.10
S =3.5 (Slender tank), PIA =0.15g
0.38 02 - 1.25 8.33
0.64 03 - 0.92 6.13
0.81 09 Impulsive mass 0.79 5.27
1.20 05 - 0.94 6.27
1.30 07 Convective mass 1.18 7.87
1.50 10 Water surface 1.24 8.27
1.65 11 Above water surface 1.03 6.87
S =3.5 (Slender tank), PIA = 0.20g
0.38 02 - 1.40 7.00
0.64 03 - 1.25 6.25
0.81 09 Impulsive mass 1.10 5.50
1.20 05 - 1.36 6.80
1.30 07 Convective mass 1.55 7.75
1.50 10 Water surface 2.27 11.35
1.65 11 Above water surface 1.75 8.75
Table 6

Amplification of the base excitation acceleration through the shell under different earthquakes with different frequency contents

at the same PGA scales.

Distance from base (m) Accelerometer (No.) Location of the sensor max(|iiy(1)]) (g) Qeely
S =3.5 (Slender tank), Christchurch 0.10g
0.38 02 - 0.57 5.70
0.64 03 - 0.52 5.20
0.81 09 Impulsive mass 0.49 4.90
1.20 05 - 0.57 5.70
1.30 07 Convective mass 0.68 6.80
1.50 10 Water surface 0.70 7.00
1.65 11 Above water surface 0.63 6.30
S =3.5 (Slender tank), El Centro 0.10g
0.38 02 - 0.86 8.60
0.64 03 - 0.75 7.50
0.81 09 Impulsive mass 0.65 6.50
1.20 05 - 0.69 6.90
1.30 07 Convective mass 0.95 9.50
1.50 10 Water surface 1.02 10.20
1.65 11 Above water surface 1.01 10.10
S = 3.5 (Slender tank), Kocaeli 0.10g
0.38 02 - 1.20 12.00
0.64 03 - 0.80 8.00
0.81 09 Impulsive mass 0.94 9.40
1.20 05 - 0.87 8.70
1.30 07 Convective mass 1.13 11.30
1.50 10 Water surface 1.50 15.00
1.65 11 Above water surface 0.92 9.20
S =3.5 (Slender tank), Kobe 0.10g
0.38 02 - 1.01 10.10
0.64 03 - 0.89 8.90
0.81 09 Impulsive mass 0.71 7.10
1.20 05 - 0.82 8.20
1.30 07 Convective mass 1.16 11.60
1.50 10 Water surface 1.48 14.80
1.65 11 Above water surface 1.12 11.20
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Fig. 15. Response time histories of strain gages No. 1 and 4 under the Kobe 0.1g earthquake for .§ = 3.5 (three runs of the test): (a) at a distance of 70 mm from the base (b) at

a distance of 320 mm from the base.

Fig. 16. Crack formation at the base plate during tests under the Christchurch 2011
0.30g.

rays reflected in the spectrograms in the frequency range of interest.
Since the spectrograms reflect the time-localized frequency content of
a signal based on the PSD, the stronger rays in these graphs imply
the higher Power values or PSD intensities in (dB/Hz) over the related
frequencies and the corresponding time values. Experimental results of
the system were examined for five ground motions with different PGA
levels, frequency contents, and different fault mechanisms.

The acceleration amplification factor which shows how the input
excitation is transferred to the system body at different heights was
calculated for different scales of the Manjil 1990 earthquake at different
PGA scales at different heights. Also, a comparative study in this regard
under different earthquakes, all at the same PGA level of 0.1g, was
conducted. Variations of this factor through the height of the tank
showed a nonlinear behaviour with a descending trend from the base
of the tank up to the mid-height and then an ascending trend up
to the fluid surface. The highest acceleration amplification factor at
the fluid surface occurred under the Kocaeli 0.1g while the maximum
of this value at the location of the convective mass was calculated
under Kobe 0.1g. The maximum values of the acceleration amplification
factor at the location of the impulsive mass occurred under Kocaeli
0.1g and Manjil 0.1g, respectively. Frequency domain analysis of these
two earthquakes using the single-sided amplitude spectrum approach
showed that they possess the dominant high-frequency components
over the frequency range of the impulsive mass. This factor again starts
decreasing at heights above the fluid surface.

The maximum axial strain values occurred around the base of the
tank and decreased in an almost bilinear behaviour at higher levels
from the base. Response time histories of strain gauge sensors around
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the base and the one at a higher level showed high compressive strain
values with an unsymmetrical behaviour around the base of the tank
(70 mm from the base) and symmetrical tensile-compressive strain
values at the strain gauge sensor at a height of 320 mm from the base.
A comparative study of the absolute axial strain values developed in the
shell under different earthquakes, all at the same PGA level of 0.1g was
conducted. This study demonstrated that these values are the highest
under the Manjil 0.1g ground motion, at almost all levels, except for
the lowest level of 70 mm from the base at which the maximum of this
value occurred under the Christchurch 0.1g.
Based on the analysed experimental results, it is concluded that,

+ The experimentally detected natural frequencies of the tank-water
system showed a discrepancy from the theoretical convective
ones for aspect ratios of 2.8 and 3.5. The discrepancies found
between the theoretical and experimentally detected natural fre-
quencies of the coupled fluid-tank system could be attributed to
the chaotic, rotational, and highly nonlinear vibrations of the
fluid in the tank that violate the simplified hypotheses considered
when formulating the SMM of these structures.

Experimental results showed the best match between the first ex-
perimentally detected natural frequency and the second theoreti-
cal convective mode frequency for the aspect ratio 2.1. Therefore,
it is considered more conservative to include higher convective
vibration modes in the analysis and design of fluid-tank systems.
For aspect ratios of 2.8 and 3.5, the calculated theoretical fun-
damental impulsive frequencies of the tank-water system ap-
proached the obtained experimental ones, very well. This result
can verify the impulsive mode frequency of the fluid-tank system
represented by Haroun and Housner [54] based on the flexural
beam-like behaviour of the system.

Accelerations transmitted from the base to the shell non-linearly
decrease from the base up to mid-height (location of impulsive
mass) and then increase up to the fluid surface. The maximum ac-
celeration amplification factor always occurs at the fluid surface.
This factor again starts decreasing from the fluid surface towards
higher levels.

Examining the maximum accelerations transmitted from base to
shell under different PGA scales of Manjil earthquake showed
the highest acceleration amplification factor at the locations of
impulsive mass, convective mass, and water surface under Manyjil
0.1g. At each PGA scale of this earthquake, the maximum of this
factor occurred at the water surface. Considering the frequency
content of the applied ground motions evaluated through FFT and
CPSD analyses, the Manjil earthquake showed dominant accel-
eration amplification factors at most height levels. Comparative
studies under different ground motions at the same PGA scales
demonstrated the maximum of this factor at the locations of
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convective mass and water surface under Kobe 0.1g and Kocaeli
0.1g, respectively. The results of this factor under Manjil 0.1g at
the water surface and location of convective mass are very close
to that of Kobe 0.1g. These three earthquakes have the closest DF
points to the convective mode frequency of the fluid-tank system.
The highest acceleration amplification factors at the location of
impulsive mass occurred under Kocaeli 0.1g and Manjil 0.1g,
respectively, which possess the dominant high-frequency compo-
nents, among other earthquakes, in the frequency range close to
that of impulsive mass.

Axial strain in the shell decreases from the base towards higher
levels with a bi-linear behaviour. Maximum axial strain values
occurred around the base of the tank which showed an unsym-
metrical behaviour with higher values of compressive strains. This
fact justifies the formation of elephant foot bucking as a common
type of damage around the base of fluid tanks during earthquakes.
Frequency content of the input excitation has a considerable effect
on the structural responses of the system including accelerations
and stains. According to experimental results, higher values of
the input excitation frequency range of the swept-sine tests re-
sulted in higher intensities of the PSD and spectrogram graphs of
accelerations and axial strains time-histories.

The damping ratios of 0.5% for the first convective mode and
3% for the first impulsive mode have been recommended in
seismic standards and literature for steel fluid storage tanks. The
experimental results of the current study demonstrated damping
ratios for the detected natural frequencies mostly in the range of
0.3%-3%.

Detected damping ratios of 0.3% and 0.4% both at a natural
frequency of 9.5 Hz, and 2.56% at a natural frequency of 27.70 Hz
during experiments fall within close proximity to the widely
used values of 0.5% for the first convective mode and 3% for
the impulsive mode in seismic standards and research works for
analysis and design of tanks.

Experimental results showed the formation of a crack in the
base plate due to repetitive uplift and pounding effects of the
base plate under the applied seismic base excitations. Investi-
gations of anchored tanks during past earthquakes have also
demonstrated damages to the anchorage system. Therefore, a new
flexible energy-dissipating connection to the base for thin-walled
stainless steel fluid tanks could offer a more efficient alternative
for developing seismic-resilient fluid tanks.

7. Abbreviations

API: American Petroleum Institute
AR: Autoregressive

BC: Boundary condition

BE: Boundary element

CPSD: Cross power spectral density
DFT: Discrete Fourier transform
FE: Finite element

FFT: Fast Fourier transform

FSI: Fluid—structure interaction
NZSEE: New Zealand Society for Earthquake Engineering
PDE: Partial differential equation
PGA: Peak ground acceleration
PIA: Peak input acceleration

PSD: Power spectral density

SMM: Simplified mechanical model
STFT: Short-time Fourier transform
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