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a b s t r a c t

In this paper, effect of the finite elementmodel updating on the earthquake behavior of steel storage tanks
considering fluid–structure interaction is investigated. For this purpose, a cylindrical steel storage tank
filled some liquid fuel oil located in Trabzon, Turkey is selected as an example. Initial finite elementmodel
of the storage tank is developed by ANSYS software and dynamic characteristics (natural frequencies,
and mode shapes) are determined analytically. Ambient vibration tests are conducted on the storage
tank under natural excitations to obtain dynamic characteristics (natural frequencies, mode shapes and
damping ratios), experimentally. Peak Picking technique in the frequency domain is used to extract
experimental dynamic characteristics. When the analytically and experimentally identified dynamic
characteristics are compared to each other, some differences are found between both results. Tominimize
these differences, initial finite element model of the storage tank is updated according to experimental
results using someuncertaintiesmodeling parameters such as elasticitymodulus. To investigate the effect
of finite element model updating on the earthquake behavior of the storage tank, earthquake analyses
are performed before and after model updating. In the earthquake analyses, YPT330 component of 1999
Kocaeli earthquake is selected and applied to the models in the horizontal directions. It is seen from
the analyses that the displacements and the stresses after model updating are more effective than the
displacements and the stresses before model updating.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Cylindrical steel tanks are widely used as engineering struc-
tures to store water, fuel or the other liquids. Due to the sim-
plicity of design and cost efficiency, very thin perimeter walls are
used in construction of the storage tanks. Earthquake behavior
of liquid storage tanks is highly complex due to liquid–structure
interaction leading to a tedious design procedure [1]. In the liq-
uid–structure interaction systems, liquid considerably affect re-
sponse of the structure under earthquake loads. These systems
have been investigated by many researchers [2–10] to understand
the hydrodynamic pressures in the liquid as a result of both the
rigid body and the vibration motions of the structures, and the ef-
fects of the liquid on the dynamic properties of the structure aswell
as on its response to earthquake ground motions [11–14].
Satisfactory performance of the storage tanks during strong

ground motions is crucial for modern facilities. Earthquake dam-
age to the steel storage tanks can take several forms. Common
modes of failure are wall buckling, sloshing damage to roof, inlet/
outlet pipe breaks and implosion due to rapid loss of contents.
Large axial compressive stresses due to beam like bending of
the tank wall can cause ‘‘elephant-foot’’ buckling of the wall.

∗ Corresponding author. Tel.: +90 462 377 26 53; fax: +90 462 377 26 06.
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Sloshing liquid can damage the roof and the top of tank wall. Ini-
tial analytical studies deal with the hydrodynamic effects of liquids
in rigid tanks resting on rigid foundations. It is shown that a part
of the liquid moves in long-period sloshing motion, while the rest
moves rigidly with the tank wall [15,16]. One reason for not de-
signing the storage tanks to better withstand these environmental
loadings is that the dynamic behavior of the storage tanks is not
adequately known. The dynamic behavior of the storage tanks is
related to their dynamic characteristics such as natural frequen-
cies, mode shapes and damping ratios. This unknown dynamic be-
havior is a combination of many factors including assumptions in
the design criteria and construction, uncertainties in geometrical
and material properties or some modeling uncertainties related to
a lack of information on the as-built structure such as boundary
conditions. So, the current behaviors of the storage tanks have to be
determined look like the other engineering structures, especially
against dynamic loads such as liquid pressure and earthquakes. But
it is difficult to determine the behavior of these structures by an-
alytical studies because of mentioned reasons. For these purposes,
ambient vibration testing is commonly used to determine dynamic
behavior of storage tanks.
In the modal testing, various methods including time and fre-

quency domain are available to extract modal information from
the dynamic response of a structure and corresponding input ex-
citation. The process of establishing the dynamic characteristics of
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Fig. 1. A view of the liquid fuel storage tank.
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Fig. 2. Geometrical properties of the tank.

a system from an experimental model is known as system identi-
fication [17]. In the modal testing, there are basically two different
methods experimentally identify the dynamic characteristics of

a structure: Experimental Modal Analysis (EMA) and Operational
Modal Analysis (OMA). In Experimental Modal Analysis, the struc-
ture is excited by known input forces (such as impulse hammer and
electrodynamics shakers) and responses of the structure are mea-
sured. InOperationalModal Analysis, the structure is excited under
real operating conditions by unknown input force (ambient vibra-
tions such as traffic, wind, and earthquake loads) and responses
of the structure are measured. Some heavy forced excitations be-
come very expensive and may cause the damage to the structure.
But, ambient excitations such as traffic, wave, wind, earthquake
and their combinations are environmental or natural excitations.
Therefore, the system identification techniques through ambient
vibration measurements become very attractive. In this case, only
response data of ambient vibrations are measurable while loading
conditions are unknown [18].
The finite element model of a structure is constructed on the

basis of highly idealized engineering blueprints and designs that
may or may not truly represent all the physical aspects of an ac-
tual structure.When ambient vibration tests are performed to vali-
date the analyticalmodel, natural frequencies andmode shapes, do
not coincide commonly with the expected results from the analyt-
ical model. These discrepancies originate from the uncertainties in
simplifying assumptions of structural geometry, materials, as well
as inaccurate boundary conditions. The problem of how to modify
the analytical model from the dynamic measurements is known as
the finite element model updating in structural dynamics [19,20].
The main purpose of the model updating procedure is to mini-
mize the differences between the analytically and experimentally
identified dynamic characteristics by changing uncertainty param-
eters such asmaterial properties, boundary conditions. In addition,
material properties and boundary conditions of a structure can be
shifted with time, if the structure loses rigidity by external loads
in its life. So, determination of the dynamic behavior of the storage
tanks after model updating is very important.
In this paper, finite element analysis, ambient vibration testing,

finite elementmodel updating and earthquake behavior of a partly
full steel storage tank are studied. Firstly a comprehensive litera-
ture reviews given above. Then a numerical example is presented.
Lastly the results of the study are discussed.

2. Numerical example

2.1. Description of the cylindrical steel storage tank

A cylindrical steel liquid fuel storage tank located in Trabzon,
Turkey is selected as a numerical example. The storage tank con-
structed in 1974 is used to store liquid fuel oil. A viewof the storage

Fig. 3. 3D finite element model of the storage tank–liquid fuel oil system.
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(a) First step. (b) Second step.

Fig. 4. Accelerometer locations on the storage tank.

(a) Data acquisition system. (b) Tri-axial accelerometer.

Fig. 5. Equipments of the experimental measurements.
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Fig. 6. Singular values of spectral density matrices obtained from PP technique.

tank is given in Fig. 1. As it is seen from Fig. 1, the tank has cylin-
drical shape and has been constituted with sheet irons. Sheet irons
are welded each other. The thickness of the sheet irons variable
from the base to top as 8 mm at the base and 5 mm at the top. The
top cover thickness of the storage tank is measured as 5 mm. The
geometrical properties of the liquid fuel storage tank are given in
Fig. 2. The height of the fuel oil is 3.1 m during the experimental
measurements (Fig. 2). The tank has approximately 550m3 fuel oil
capacities. At the top of the tank, 1mheight scarecrowsmade from
iron are taken place (Fig. 1). The storage tank is fully anchored at
the base.

2.2. Finite element modeling

ANSYS [21] finite element program, which includes shell and
fluid elements and fluid–structure interaction, is used to obtain

the analytical dynamic characteristics. The average thickness of the
side sheet and cover of the tank are taken into account as 6.5 and
5 mm, respectively. The storage tank is partly full when ambient
vibration tests are conducted. So, the 3D finite element model of
the storage tank is developed considering partly full fuel oil. Be-
fore deciding 3D finite element mesh model of the storage tank,
some mesh studies are done for empty storage tank model. Mesh
model is accepted according to changes in the natural frequencies.
In the finite element model of the storage tank–liquid fuel oil sys-
tem, 448 Shell63 and 192 Fluid80 elements are used to represent
the storage tank and the fuel oil, respectively (Fig. 3). Each element
has four nodes and each node has six degrees of freedom: Trans-
lations and rotations in the nodal x, y, and z directions. The behav-
ior of the liquid fuel oil is represented by Lagrangian approach [5].
In this approach, fuel oil is assumed to be linearly elastic, invis-
cid and irrotational. The formulation of the fluid system based on
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Lagrangian approach is given in the literature [5,22]. The determi-
nation of the interface condition is required to obtain the coupled
equations of the storage tank–liquid fuel oil system. Because the
fuel oil is assumed to be inviscid, only the displacement in the nor-
mal direction is continuous at the interface of the system. Lengths
of coupling elements as 0.001m are used to supply fluid–structure
interaction between liquid fuel oil and storage tank interface. The
main objective of the couplings is to hold equal the displacements
between two reciprocal nodes in normal direction to the interface.
Determination of material properties and boundary conditions

is very important for engineering structures such as storage tanks.
In this study, the elasticity modulus, Poisson ratio and mass per
unit volume are specified as 2.1E5 MPa, 0.3, and 7850 kg/m3,
respectively for initialmaterial properties of sheet iron. In addition,
all of the degrees of freedoms at the base of the storage tank are
fixed for initial boundary conditions. The term ‘‘initial’’ is used to
suggest that the finite element model could be inaccurate due to
variousmodeling and parametric uncertainties and that themodel
is the basis for the model updating. On the other hand, material
properties of the fuel oil are determined by chemical analyses
materialized on sample fuel oil. So, these material properties are
assumed as current material properties. In the analytical analysis,
the elasticity (bulk) modulus and mass per unit volume of the fuel
oil are selected as 2.35E3 MPa and 940 kg/m3, respectively.

2.3. Ambient vibration tests

Ambient vibration tests are conducted on the steel storage
tank–liquid fuel oil system when it has fuel oil with 3.1 m height.
Brüel&Kjaer 3560 type data acquisition systemwith 17 channels, a
uni-axial accelerometer as a reference, 4 tri-axial accelerometers,
PULSE [23] and OMA [24] softwares are used as equipments in the
experimental measurements. One end of the signal cables are con-
nected to data acquisition system and the other are connected to
accelerometers. The ambient vibration tests are conducted under
environmental loads such as wind effects and human movement.
In the test setup, frequency range is chosen as 0–25 Hz based on
the expected frequencies of the modes obtained from the initial
finite element analysis of the storage tank. In the test, since the
intended number of the measurements is larger than the number
of the available channels and accelerometers, measurements are
performed in two steps. In the first step, tri-axial accelerometers
are placed at locations points 1, 2, 3 and 4, and in the second step,
tri-axial accelerometers are placed at locations points 5, 6, 7 and
8 seen in Fig. 4. The signals in the two steps are incorporated us-
ing a reference uni-axial accelerometer located between 1 and 2
accelerometer. Signals acquired from the accelerometers are com-
bined with 17 channel data acquisition system and they are sent
to PULSE [23] software for the further processing (Fig. 5). After the
processing of the signals, dynamic characteristics are extracted us-
ing Operational Modal Analysis (OMA) software [24].
In (OMA), Peak Picking (PP) technique is used to extract the

natural frequencies, mode shapes and damping ratios of the stor-
age tank. PP technique is a kind of frequency domain and the
simplest known way to extract the dynamic characteristics of a
structure. Frequency domain algorithms have been the most pop-
ular, mainly due to their simplicity and processing speed. So, PP
technique is often used in civil engineering practice for ambient
vibration measurements. Moreover, some refinements are existed
of PP technique. For instance, the coherence function between two
channels tends to go to one at the resonance frequencies because of
the strong structural response leading to high signal-to-noise ratio
at these frequencies. Consequently, inspecting the coherence func-
tion can assist in selecting the eigen frequencies [25]. In this study,
singular values of spectral density matrices obtained from vibra-
tion signals using PP technique is shown in Fig. 6.

Fig. 7. The first ten modes obtained from the analytical and operational modal
analyses.
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Fig. 8. The time-history of ground motion acceleration of Kocaeli earthquake (1999).

Table 1
Analytical and experimental frequencies before/after model updating.

Frequency
number

Analytical frequencies (Hz) Experimental
frequencies (Hz)

Before finite
element model
updating

After finite
element model
updating

PP method

1–2 7.64 7.09 7.09
3–4 8.86 8.12 8.13
5–6 9.72 8.92 8.89
7–8 10.85 10.04 10.05
9–10 11.03 10.40 10.42

2.4. Comparison of the analytical and experimental dynamic charac-
teristics

The first ten mode shapes and corresponding natural frequen-
cies obtained from the analytical and Operational Modal Analyses
are shown in Fig. 7. It can be seen from Fig. 7, the first ten modes
are bending modes and related to side sheet of the storage tank on
horizontal directions. Because of the symmetry, the coupledmodes
shapes are obtained from the analyses. In addition, damping ratios
(ζ ) of the storage tank obtained from OMA are given in Fig. 7.
It is seen from Fig. 7 that there is a good agreement between

mode shapes, but there are some differences between analytical
and experimental natural frequencies. So, finite element model of
the storage tank–liquid fuel oil systemmust be updated according
to experimental results to minimize these differences as much as
possible.

2.5. Finite element model updating

The finite element model of the storage tank–liquid fuel oil
system is updated by changing the initial material properties of
the steel tank. Material properties of the fuel oil are not changed
because of the fact that the values are obtained from chemical
tests. Approximately 300 kg mass (researchers’, test equipment
and scarecrows’ weight) is added to couple nodes between side
sheets and cover of the tank. Updated elasticity modulus of the
steel iron is estimated as 1.80E5MPa. Natural frequencies obtained
from before and after finite element model updating and OMA are
given in Table 1. It is seen from Table 1, analytical and experimen-
tal natural frequencies are almost closed to each other after finite
element model updating of the storage tank. The mode shapes ob-
tained before and after finite element model updating are similar
each other. So, it is can be said that updated finite element model
of the storage tank–liquid fuel oil system reflects the current dy-
namic behavior. Therefore, updated 3D finite element model can
be used for the following and next studies.

2.6. Earthquake behavior

In this part of the study, earthquake behavior of the liquid fuel
storage tank is investigated before and after finite element model

Fig. 9. Maximum horizontal displacements on I-I section before and after model
updating.

Table 2
Material properties of the updated storage tank–liquid fuel oil system

ANSYS
element type

Material properties

Elasticity
modulus (MPa)

Poisson
ratio

Mass density
(kg/m3)

Storage
tank

Shell63 1.80E5 0.30 7850

Fuel oil Fluid80 2.35E3 – 940

updating. The aim of the investigation of earthquake behavior is
to compare both situation and to highlight the importance of the
ambient vibration testing and finite element model updating.
Linear transient analyses of the storage tank are performed

using YPT330 component of 1999 Kocaeli earthquake (Fig. 8) [27].
Element matrices are computed using the Gauss numerical
integration technique [26]. The Newmark method is used in
the solution of the equation of motion. Because of needed too
much memory for the analyses, 12 s between 6 and 18 s of the
ground motion, which is the most effective duration, is taken into
account in calculations. 5% damping ratio is used in the analysis
before model updating. In the analysis after finite element model
updating, updatedmaterial properties (Table 2) and averagely 0.7%
damping ratio are used which are obtained from experimental
measurements (Fig. 7).
The variation of maximum horizontal displacements on I-I sec-

tion (Fig. 2) of the storage tank before and after model updating is
given in Fig. 9. Also, maximum horizontal displacements contours
are given in Fig. 10. These represent the distribution of the peak
values reached by themaximumdisplacement at each pointwithin
the section. It is seen that displacements increase along to height
of the storage tank, maximum displacement occurs at the top of
the storage tank, and also the maximum displacement is obtained
after finite element model updating.
The time histories of the maximum and minimum principal

stresses of the storage tank before and after model updating are
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(a) Before model updating. (b) After model updating.

Fig. 10. Maximum displacement contours of the storage tank.

(a) Before model updating. (b) After model updating.

Fig. 11. Maximum principal stresses of the storage tank.

(a) Before model updating. (b) After model updating.

Fig. 12. Minimum principal stresses of the storage tank.

given in Figs. 11 and 12. The maximum and minimum values
of the principal stresses are near for both situations. However,
time histories of the principal stresses after finite element model
updating are more effective during the earthquake.
Maximum and minimum principal stress contours of the stor-

age tank before and after model updating are given in Figs. 13

and 14, respectively. These stress contours represent the dis-
tribution of the peak values reached by the maximum princi-
pal stress at each point within the section. It is clearly seen
from Figs. 13 and 14 that the maximum and minimum princi-
pal stresses are occurred at nearly 0.5 m above from base of the
tank.
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(a) Before model updating. (b) After model updating.

Fig. 13. Maximum principal stress contours of the storage tank.
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(a) Before model updating. (b) After model updating.

Fig. 14. Minimum principal stress contours of the storage tank.

3. Conclusions

In this paper, analytical and experimental studies are performed
on a cylindrical steel liquid fuel storage tank. The studies include
the finite element modeling, ambient vibration testing, finite ele-
mentmodel updating and earthquake analyses of the storage tank.
In these studies, analytical dynamic characteristics are obtained
frommodal analysis. Experimental dynamic characteristics are at-
tained from the ambient vibration tests, Earthquake analyses of the
storage tank before and after finite element model updating are
performed, and the results for both situations are compared to each
other. In conclusion, the following observations and suggestion can
be made from this study:

• From the initial finite element model of the liquid fuel storage
tank, a total of 10 natural frequencies are attained analytically,
which range between 7-12 Hz. The mode shapes are bending
modes and related to side sheet of the tank on horizontal
directions. The liquid fuel oil affected upon the mode shapes.
Coupled modes are obtained due to symmetry of the system.

• When the analytical and experimental results are compared
to each other, it could be seen that there is good agreement
between mode shapes, but some differences in the natural

frequencies. Also, the analytical frequencies are bigger than
those of the experimental.

• To minimize differences between analytical and experimental
dynamic characteristics, the finite element model of the tank
is updated by changing of material properties. Initial elasticity
modulus is reduced 14%, and also additionalmass is considered.

• After finite element model updating, maximum differences
between analytical and experimental natural frequencies are
reduced from 15% to 1%. In addition to these, there is good
agreement between the mode shapes obtained from the
updated finite element model and experimental results.

• When earthquake analyses’ results are compared displace-
ments after finite elementmodel updating are nearly treble big-
ger than the other. The peak values of the principal stresses are
nearly similar. However time histories of the principal stresses
after finite element model updating are more effective than the
other.

• Material properties and damping ratios, which are used tran-
sient analyses of the updated model of the storage tank, are re-
alized to be very effective on the earthquake behavior of the
storage tank.

• Finally, OMA is very important for determination current dy-
namic behavior of fluid–structure interaction systems such as
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liquid fuel storage tanks. Also, finite element model updating
procedure is very necessary to develop a finite element model
which reflects the current behavior.
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