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Received 27 March 2006; received in revised form 24 August 2006; accepted 25 August 2006
Available online 24 October 2006

Abstract

Because of the booming wine industry in some seismic countries such as the US, Chile and Argentina, seismic protection of wine storage
systems is of practical importance. In this study, the dynamic response of thin- walled legged wine tanks with seismic isolation is investigated.
Linear fluid–structure interaction has been considered in the analyses performed with SAT- LAB and ADINA and two choices for the seismic
isolation system have been evaluated: (i) a traditional lateral isolation system (LAI), and (ii) a vertical- rocking isolation system (VRI). As far as
the authors know, the latter has not been considered in previous studies, and results show that it is a viable alternative for legged tanks. Moreover,
all isolation devices have been designed considering the space limitations that are inherent to the implementation of these systems in practice.
Results obtained for a suite of records and different structures have shown that both types of isolation lead to response reductions of the tank
stresses. The reduction ranges from 20% to 79% for the LAI models and 31%–91% for the VRI, relative to the case without isolation. These
promising results have implications in the selection of the thickness of the wall and the overall dimensions of the tank.
c© 2006 Elsevier Ltd. All rights reserved.

Keywords: Stainless- steel tanks; Wine tanks; Thin- walled tanks; Fluid–structure interaction; Seismic isolation; Lateral and vertical- rocking isolation; Response
reduction

1. Introduction

More than 20 years of research, experimental work,
and observed earthquake performance of seismically isolated
structures during earthquakes such as Northridge (1994) and
Kobe (1995) warrant the use of seismic isolation technology for
a wide variety of structures and industrial facilities. Nowadays,
isolation design is available to essentially all structural
engineers in seismic countries, especially with the existence
of new building codes for the design of seismically isolated
building structures (e.g. [1]) and the incorporation of isolation
and energy dissipation in the new design code for industrial
facilities (e.g. [2]). This research group has investigated and
promoted the use of seismic isolation locally in a wide variety
of applications, such as low- income people housing, bridges,
institutional buildings, precast concrete structures, and diverse
industrial applications. In particular, the use of seismic isolation
and energy dissipation for the protection of key activities, such
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as the wine industry, is of paramount economical importance.
Indeed, this is the purpose of a recent research project that deals
with the earthquake performance of stainless steel large wine
storage tanks and stacks of barrels with the more expensive
wines. The first topic is the objective of this investigation.

One of the most important recent technological innovations
in the wine industry consists of replacing the traditional wood
and concrete storage devices by stainless steel tanks. By 2003,
stainless steel tanks already accounted for 33% of all wine
storage devices nationwide [3].

There is uncertainty, however, in the wine industry about
the seismic performance of these storage devices. Recent
earthquakes have caused extensive damage in thin- walled
metallic tanks worldwide [4]. Further, since no stainless steel
wine tanks were in service at the time of the last major
earthquake in central Chile (1985), there is no local evidence
of the seismic behavior of this kind of structure.

Available information on the implementation of base
isolation techniques in metallic wine storage tanks is
scarce. While base isolation and energy dissipation systems
similar to those typically implemented in buildings [5–12]
have been proposed for large storage tanks, other devices,
such as helicoidal springs, neoprene/pneumatic bearings and

0141- 0296/$ - see front matter c© 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engstruct.2006.08.022

http://www.elsevier.com/locate/engstruct
mailto:jlalmaza@ing.puc.cl
http://dx.doi.org/10.1016/j.engstruct.2006.08.022


J.L. Almazán et al. / Engineering Structures 29 (2007) 1596–1611 1597
(a) Legged-tanks. (b) Continuously supported tanks.

Fig. 1. Different foundation schemes for wine storage tanks.
helicoidal/circular arc bearings have been usually implemented
in relatively small equipment [13]. Although the latter
have been originally designed for the control of vibrations
under normal service conditions, similar devices capable of
accommodating large deformation demand are also available in
the market for seismic applications.

Consequently, and for the purpose of identifying the most
suitable system for the specific case of stainless steel wine
storage tanks, two concepts of base isolation systems are
evaluated and compared herein. The first, referred to as lateral
isolation (LAI), consists of a laterally flexible and vertically
rigid structure–foundation interface conceptually identical to
that of conventional isolation devices used in buildings, bridges
and large storage tanks (lead rubber bearing and frictional
pendulum system). The second, referred to as vertical-rocking
isolation (VRI), consists of a vertically and rotationally flexible,
but laterally rigid, interface similar to that of the devices
commonly used in control of vibrations of mechanical devices
and machinery.

Although there are several structurally different types of
metallic tanks for wine storage and fermentation, the research
described in this paper focuses only on legged stainless steel
tanks, which are the most commonly used in practice. They are
also specially appropriate for implementing seismic isolation.

This study presents initial analytical results of the research
program, obtained by considering two- and three-dimensional
linear fluid–structure interaction models. Furthermore studies
currently being conducted include the development of nonlinear
analytical models and experimental shaking-table tests.

2. Two-dimensional wine-tank models

Typical tanks used for wine storage and fermentation are
shown in Fig. 1(a). When subjected to seismic loading the
structure may undergo several failure modes, among the most
Fig. 2. Schematic view of a two-dimensional tank model.

significant being buckling of the tank wall, and failure of the
legs. The purpose of this investigation is to avoid such failure
modes by implementing lateral and vertical linear isolation of
the tank.

In order to get initial insight on the seismic response
of isolated legged tanks without getting into complex and
computationally expensive 3-D models, analytical studies were
first carried out by using two-dimensional models. The 2-D
model of a commonly used wine tank is schematically shown in
Fig. 2. It is assumed to have rectangular shape with B = 3 m,
height H = 4.6 m, and is supported by two 1 m legs. The height
of the fluid stored in the tank is 4 m, which leaves 0.6 m void
space between the free surface of the fluid and the top surface of



1598 J.L. Almazán et al. / Engineering Structures 29 (2007) 1596–1611
the tank. Pressure at this space is assumed constant and equal to
the atmospheric pressure (fermentation phase). The total weight
of the tank and fluid is W = 123.5 kN, where only 5.9 kN is
the self-weight of the tank (wine unit weight is assumed equal
to that of water, namely γ f = 9.8 kN/m3). The geometry of
the tank and the material properties were modified such that
the resulting natural frequencies of the 2-D system and the
tank-weight/fluid-weight ratio become similar to that of the 3-
D models presented in the next section.

A total of 25 models were considered, which differ only
in the stiffness and damping properties of the tank–foundation
interface. These models include: (i) a reference model denoted
as FB-2D (fixed-base), with legs fixed to the base; (ii) 12
models denoted as LAF-2D (laterally flexible), with flexible
legs in the lateral direction but vertically rigid; and (iii) 12
models denoted as VRF-2D (vertical-rocking flexibility), where
the legs are vertically flexible but laterally rigid.

The following simplifying assumptions were introduced into
the models: (1) the material remains linear; (2) structural
deformations and fluid displacements are small (i.e., linear
kinematics); (3) the fluid is incompressible and inviscid; and (4)
flow is irrotational. Under these assumptions, the tank wall and
legs were modeled using 6 DOF frame elements, while the fluid
was modeled using 4 DOF isoparametric fluid elements. Since
it is known that models based on small fluid displacements are
capable of adequately predicting the free surface response of
a liquid mass subjected to seismic excitations [14,15], more
sophisticated models that account for large fluid displacements
were deemed not necessary for this study.

The model was developed and analyzed using a recently
introduced linear fluid–structure interaction module in SAT-
LAB [16]. Because the focus of this investigation is the
characterization of the dynamic response of wine tanks under
seismic excitations, only a brief introductory description of the
fluid–structure interaction formulation used in the 2-D models
is presented next. More details of the linear fluid–structure
toolbox used in this study can be found in [17].

2.1. Fluid–structure interaction model

The kinematics of the fluid–tank system are as follows.
Let rg be a vector representing the ground displacements
with respect to an inertial reference system, let y be a vector
representing the displacement of the tank’s DOF with respect to
the ground, and let u be a vector representing the displacements
of interaction DOF with respect to an inertial reference system.
These vectors are related by the following linear relationship:

u = P
(
y + Srg

)
(1)

where S and P are kinematic transformation matrices.
The equations of motion of the tank structure can be

expressed as [17]:

Mÿ + Cẏ + Ky = −MSr̈g − PT3 (2)

where M, C, and K are the mass, damping and stiffness
matrices of the empty tank; 3 is the vector of conjugate
interaction forces along the interaction DOFS u; and PT3 is
the transformation of 3 on the DOFS y.
In the case of the FB-2D model, matrix C is equal to Cs,
i.e., the damping matrix of the fixed-base empty tank. This
matrix was calculated assuming a damping ratio ξs = 0.02
for all vibration modes. However, in the case of the LAF-2D
and VRF-2D models, damping matrix C is non-classical, and
is given by C̃s+Cb, where C̃s is the damping matrix of the
freely-supported empty tank and Cb is the damping matrix of
the supporting system. The latter was calculated assuming a
damping ratio ξb = 0.15 for the 3 modes of the tank–fluid
system acting as a 3 DOF single rigid body.

The differential equations of motion of the ideal fluid
considered in this research are presented elsewhere (e.g. [14]).
The motion of the fluid and the fluid–structure interaction
forces are expressed as [17]:

M f 8̈ + C f 8̇ + K f 8 = 0u̇ (3)

3 = M̄ f ü + 0T8̇ (4)

where 8 is the free-surface velocity potential vector; M f , K f
and C f can be thought of as “convective” mass, damping and
stiffness matrices associated to the free surface fluid motion;
M̄ f is the “impulsive” mass matrix; and 0 is an interaction
matrix. Matrix C f was calculated assuming ξ f = 0.02
for all sloshing modes. Finally, by introducing the kinematic
transformations of Eq. (1) into Eqs. (2)–(4), the following
coupled system of equations representing a damped gyroscopic
system [18] is obtained:[

M + M̄ f 0
0 M f

] (
ÿ
8̈

)
+

[
C PT0T

−0P C f

] (
ẏ
8̇

)
+ · · ·[

K 0
0 K f

] (
y
8

)
=

[
0

0P

]
Sṙg(t)

+

[
−

(
M + M̄ f

)
0

]
Sr̈g(t). (5)

Eq. (5) needs to be integrated in time using SAT-LAB [16]
in order to compute the wall forces due to the fluid interaction
effects.

2.2. Softening effect of the structure–foundation interface

In this section, changes in the dynamic properties of the
tank–fluid system due to softening of the structure–foundation
interface are analyzed. Fundamental periods T j , damping
ratios ξ j , and modal mass ratios µ j of the 25 models
considered were obtained by solving the eigenvalue/eigenvector
problem associated with Eq. (5) (complex eigenvalue analysis).
Resulting values are shown in Table 1 for the FB and LAF
models, and Table 2 for the VRF models. These values
correspond to the modes having the greatest modal mass ratios
µ j (dominant modes). Stiffness and damping parameters of the
supporting system are shown as well.

The imaginary part of the lateral and vertical dominant
modes of the FB-2D model are shown in Fig. 3. The first
laterally dominant mode (T = 0.19 s, µx = 0.69 and µz =

0) exhibits significant displacements of the tank structure but
small motion of the fluid’s free surface. In other words, a large
portion of the fluid mass behaves as if it were attached to the
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Table 1
Tank-leg properties and lateral modal results of bare and laterally isolated models

Model Lateral leg propertiesa Lateral modal resultsb

(kN, m, s) Period (s) Modal mass ratio Modal damping ratio (%)

kx cx 1st 2nd 1st 2nd 1st 2nd

FB-2D 71,000 – 1.96 0.19 0.19 0.69 2.0 0.6
LAF-2D-01 6,210 59.3 1.96 0.22 0.19 0.75 2.0 8.2
LAF-2D-02 1,550 29.6 1.97 0.38 0.20 0.78 2.0 13.8
LAF-2D-03 689.9 19.8 1.98 0.54 0.22 0.77 2.1 15.0
LAF-2D-04 388.1 14.8 1.99 0.71 0.24 0.74 2.2 15.2
LAF-2D-05 247.9 11.8 2.02 0.88 0.28 0.70 2.4 14.9
LAF-2D-06 172.5 9.89 2.05 1.03 0.33 0.67 2.9 13.8
LAF-2D-07 126.4 8.42 2.09 1.19 0.40 0.60 3.6 13.1
LAF-2D-08 97.0 7.45 2.16 1.32 0.49 0.50 4.7 12.8
LAF-2D-09 76.4 6.56 2.24 1.43 0.60 0.39 6.1 11.6
LAF-2D-10 61.7 5.88 2.35 1.51 0.72 0.28 7.7 10.1
LAF-2D-11 51.0 5.39 2.48 1.57 0.81 0.19 9.3 8.6
LAF-2D-12 43.1 4.90 2.64 1.61 0.88 0.12 10.5 7.4

a kz = 7.84 × 108 kN/m for FB-2D model, and kz = 6.21 × 104 kN/m for all LAF-models.
b Empty vertical damping ratio ξo = 2% for all models.

Table 2
Tank-leg properties and modal results of vertical-rocking isolated models

Model Vertical leg propertiesa Modal resultsb

(kN, m, s) Period (s) Modal mass ratio Modal damping ratio (%)

kz cz 1st X 2nd X 1st Z 1st X 2nd X 1st Z 1st X 2nd X 1st Z

VRF-2D-01 15,896 94.9 1.96 0.21 0.14 0.19 0.64 0.93 2.0 4.8 9.4
VRF-2D-02 3,975 47.4 1.97 0.35 0.26 0.20 0.64 1.00 2.0 8.8 13.6
VRF-2D-03 1,767 31.6 1.99 0.49 0.38 0.22 0.61 1.00 2.1 9.8 14.4
VRF-2D-04 993.7 23.7 2.01 0.63 0.50 0.25 0.64 1.00 2.2 9.1 14.7
VRF-2D-05 636.0 18.9 2.05 0.77 0.63 0.29 0.50 1.00 2.3 8.7 14.8
VRF-2D-06 442.0 15.8 2.10 0.90 0.75 0.34 0.45 1.00 2.7 8.6 14.8
VRF-2D-07 324.4 13.5 2.16 0.99 0.88 0.40 0.30 1.00 3.1 7.3 14.9
VRF-2D-08 247.9 11.8 2.25 1.20 1.00 0.47 0.28 1.00 3.7 6.3 14.9
VRF-2D-09 196.0 10.6 2.35 1.27 1.13 0.54 0.28 1.00 4.4 6.9 14.9
VRF-2D-10 158.8 9.5 2.46 1.33 1.25 0.60 0.23 1.00 5.1 6.7 14.9
VRF-2D-11 131.3 8.6 2.60 1.39 1.38 0.66 0.19 1.00 5.8 6.3 15.0
VRF-2D-12 110.7 7.9 2.74 1.43 1.50 0.70 0.15 1.00 6.4 5.8 15.0

a kx = 62132 kN/m for all VRF-models.
b Empty tank lateral damping ratio ξo = 2% for all models.
tank (impulsive mode). On the other hand, the second laterally
dominant mode (T = 1.96 s, µx = 0.19, and µz = 0)
exhibits significant displacements of the fluid’s free surface and
negligible displacements of the tank, i.e., the motion of the
top portion of the fluid mass is essentially independent of the
motion of the tank (sloshing mode).

Notice that, with the exception of the sloshing mode, the
other modes have very low values of damping ratio. This
is because the fluid behaves in these modes as added mass,
increasing the fundamental period of the system but decreasing
the damping ratio. This important effect can be more clearly
appreciated by considering a single degree of freedom (SDOF)
system of mass mo, stiffness ko, damping co, and damping ratio
ξo. If additional mass 1m is added to the system, the resulting
damping ratio is:

ξ̄ =
co

2
√

ko (mo + 1m)
=

ξo
√

(1 + 1m/mo)
. (6)
This equation can be used to estimate the damping ratio of
the dominant lateral mode of FB-2D model: (i) the additional
mass 1m is set equal to the impulsive fluid mass m(imp)

f =

0.69 ×
(
m f + mo

)
− mo, where 0.69 is the impulsive modal

mass ratio (Table 1), m f = 12 kN s2/m is the total mass
of the fluid, and mo = 0.62 kN s2/m is the mass of the
empty tank; (ii) the damping ratio of the empty tank ξo is
set equal to 2.0%; and (iii) ξo, 1m, and mo are substituted
into Eq. (6), which gives ξ̄ = 0.53%, a reasonably close
estimation to the numerically exact value ξ2 = 0.6% (Table 1).
These calculations indicate that the damping ratio of the
dominant (impulsive) lateral mode is less than 1/3 of the
damping ratio of the empty tank. This observation implies
that significant response reductions could be achieved by
introducing supplemental damping into the system through the
addition of energy dissipation devices. Wine tanks, however,
are very stiff structures, which would reduce the effect of
supplemental damping devices.



1600 J.L. Almazán et al. / Engineering Structures 29 (2007) 1596–1611
(a) Lateral modes. (b) Vertical modes.

Fig. 3. Lateral and vertical fundamental modes of the FB-2D model; imaginary part of complex eigenvectors are represented.
As shown in Table 1, the first natural period of LAF-2D
models varies between 1.96 and 2.64 s, while the second natural
period varies between 0.22 and 1.61 s. In the case of models
LAF-2D-01–08, the larger modal mass ratio correspond to
the second mode, where the motion of the tank and the free
surface fluid are “out of phase” (Fig. 4(a)). On the other hand,
in the models LAF-2D-09 to 12, the larger modal mass ratio
correspond to the first mode, where the motion of the tank and
the free surface fluid are “in phase” (Fig. 4(b)).

A similar effect is observed in models VRF-2D (Table 2),
where the first natural period varies between 1.96 and 2.74 s,
and the second natural period varies between 0.21 and 1.43 s.
Again, in the stiffer models (VRF-2D 01–06), the dominant
lateral mode is the second mode (out of phase motion,
Fig. 4(c)), whereas the first lateral mode (in phase motion,
Fig. 4(d)) is the dominant mode in the more flexible models
(VRF-2D-07 to −12). In all cases, modal damping ratios
increase as the system becomes more flexible.

Some insight into the relationship between the level of base
softening and the fluid–structure interaction can be extracted
from the values of modal mass ratios µx associated with lateral
modes. The values shown in Tables 1 and 2 indicate that each
set of models (LAF and VRF) can be subdivided into 3 groups,
namely: (i) “non-isolated” models, where the dominant mode
is an impulsive vibration mode (say, µx > 0.65 and T < 1 s);
(ii) “hybrid” or “partially isolated” models where modal mass
ratios are roughly equal to each other; and (iii) “completely
isolated” models, having a low frequency (T > 2 s) dominant
mode (again, µx > 0.65). This is illustrated in Fig. 5, where
cumulative modal mass ratios are shown as a function of natural
frequencies. Each plot shows the values corresponding to three
different models, one for each of the aforementioned groups.
The top plot shows values for models FB-2D, LAF-2D-08 and
LAF-2D-12, whereas the bottom plot shows values for models
FB-2D, VRF-2D-07 and VRF-2D-12.

It is interesting to analyze the frequency response functions
(FRFs) shown in Fig. 6, which relate base acceleration with
base reactions. They correspond to model FB-2D and to two
“completely isolated” models (LAF-2D-12 and VRF-2D-12).
Results are normalized with respect to the frequency-domain
response at ω = 0 (quasi-static response). The top plot shows
FRFs relating the horizontal ground acceleration ẍg with the
lateral reaction Rx . It can be seen that both isolation systems
are able to significantly reduce the response for a wide band of
frequencies (say, ω > 1 Hz), although lateral isolation provides
more response reduction at high frequencies. The middle plot
shows FRFs relating the horizontal ground acceleration ẍg with
the overturning moment My . Again, both isolation systems are
effective in reducing the response at frequencies greater than
1 Hz, although the vertical-rocking isolation system is now the
one providing a larger response reduction. Finally, the bottom
plot shows FRFs relating the vertical ground acceleration z̈g
with the vertical reaction Rz . It can be observed that the VRF
model behaves essentially as a significantly damped (ξ ≈ 0.15)

SDOF system for which the response reduces dramatically
for frequencies higher than 1 Hz, whereas, as expected, the
response of the LAF model is essentially identical to that of
the FB model.

Shown in Fig. 7 are the FRFs relating the vertical fluid
displacement z f at x = B/2 with the horizontal ground
acceleration ẍg . The plots show the FRF function for the
FB-2D model, two partially isolated models (left), and two
completely isolated models (right). It can be observed that: (i)
base softening affects the period of the first sloshing mode but
not the period of the higher sloshing modes; (ii) at frequencies
less than 2 Hz, the partially isolated models tend to amplify the
response, while the completely isolated models tend to reduce
the response except at frequencies less than 0.4 Hz; and (iii) the
response for VRF models is in general slightly greater than that
for LAF models.

3. Three-dimensional wine-tank models

Although there exist a wide variety of stainless steel tanks
for wine storage, tanks having a capacity less than 35,000 l are
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(a) LAF-2D-08. (b) LAF-2D-12.

(c) VRF-2D-06. (d) VRF-2D-12.

Fig. 4. Lateral fundamental modes of: (i) LAF models (top), and (ii) VRF models (bottom).

Fig. 5. X -direction cumulative modal mass ratio (CMMR). Comparison between FB-2D and two LAF models (top), and two VRF models (bottom).
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Fig. 6. Normalized frequency response functions (FRF) relating base reactions and ground acceleration. Comparison between FB-2D and two complete isolation
models.

Fig. 7. Frequency response functions (FRF) relating vertical fluid displacement and horizontal ground acceleration. Comparison between FB-2D and two partially-
isolated models (left), and two completely-isolated models (right).
usually supported by 4–8 legs (Fig. 1(a)), while tanks of larger
size, say more than 40,000 l, are supported by a continuous
foundation (Fig. 1(b)).

The 3-D models considered in this study were developed
based on the characteristics of an actual 30,000 l tank, which
is probably the most common in Chilean wineries. Drawings
and technical specifications for the tank were provided by the
manufacturer, TPI-America [19]. As shown schematically in
Fig. 8, these cylindrical tanks are supported by 6 legs. The tank
has radius R = 1.6 m, wall height Hm = 3.75 m, upper cone
height Hc = 0.4 m, and legs of length L p = 1.2 m. The weight
of the empty tank is 14.41 kN, and the total weight of the tank
full is 278.3 kN. The whole tank (legs, bottom, wall and top)
was modeled using shell elements. Additional 12 DOF frame
elements were used to model the stiffeners at the base of the
tank.

Five models were considered in this investigation and
implemented in the computer software ADINA [15]. These
models differ from each other only in: (a) the stiffness of the
elastic elements connecting the support legs to the ground;
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Fig. 8. Schematic view of the ADINA 3-D model.
and (b) the assumed modal damping ratios, a very important
parameter that will be discussed in more detail later.

The models considered are: (1) FB-3D (fixed base case),
supported by very stiff springs (kx = ky = kz = 5.5 ×

105 kN/m); (2) P-LAI (Partial Lateral Isolation), supported
by vertically stiff but laterally flexible springs (kz = 5.5 ×

105 kN/m, kx = ky = 98 kN/m); (3) C-LAI (complete Lateral
Isolation), same as P-LAI except that the lateral stiffness of the
supports is reduced by 60% (i.e., kx = ky = 39.2 kN/m);
(4) P-VRI (partial vertical-rocking isolation), supported by
laterally stiff but vertically flexible springs (kz = 8.82 ×

102 kN/m, kx = ky = 9.8 × 103 kN/m); and (5) C-VRI
(complete vertical-rocking isolation), same as P-VRI except
that the vertical stiffness of the supports is reduced by 50%
(i.e., kz = 4.4 × 102 kN/m). It must be noted that the names of
the models are associated with the partial or complete isolation
characteristics discussed in the previous section. In fact, these
3-D models are equivalent to their 2-D counterparts, which will
prove useful when setting values of modal damping ratios.

It was assumed in all cases that stresses in the tank remain
within the linear elastic range. Stainless steel properties for
type-304L steel specimens were obtained from tensile tests
performed in accordance to ASTM A-370, using specimens of
thickness between 1 and 3 mm. The average Young’s modulus
is equal to E = 1.88 × 108 kN/m2, and the nominal yield
stress is equal to σy = 2.5 × 105 kN/m2; the latter parameter
will be used later to normalize the computed stresses. Poisson’s
modulus was set equal to a typical value ν = 0.3.

Different alternatives offered by ADINA to model the fluid
behavior and the fluid–structure interaction were explored,
including the Navier–Stokes equations to consider large fluid
displacements, and a linear model based on the hypothesis of
irrotational flow (velocity potential). The latter approach, which
adequately predicts the structural response [14,15], was finally
adopted.
3.1. Fluid–structure interaction model

This subsection introduces the fluid–structure interaction
equations considered in the 3-D models. They represent the
linear model with the velocity potential available in ADINA.
The corresponding differential equations are presented in more
detail in Ref. [17]. These equations lead to the following
second-order ordinary differential equations (the symbols are
the same ones used in [15]):[

M 0
0 MF F

] (
Ü
8̈

)
+

[
0 CT

FU
−CFU 0

] (
U̇
8̇

)
+

[
K + (KUU )S 0

0 KF F

] (
U
8

)
=

[
(RU B)S

0

]
+

[
− (KUU )S dk

0

]
ugk(t)

+

[
0

CFU dk

]
u̇gk(t) +

[
−Mdk

0

]
ügk(t) (7)

where U is the vector of displacement DOF of the structure with
respect to the ground; 8 is the vector representing the fluid’s
velocity potential; M and K are the mass and stiffness matrices
of the structure; MF F and KF F indicate the inertia and stiffness
of the fluid; CFU is an interaction matrix; (RU B)S represents
the hydrostatic loads on the structure; (KUU )S is the geometric
stiffness associated to the hydrostatic loads; ugk(t), u̇gk(t) and
ügk(t) are the displacement, velocity, and acceleration of the
ground in the k-th direction; and dk is the influence vector of the
latter on the DOF U. It is emphasized that Eq. (7) represents an
undamped gyroscopic system [15,18] where the fluid–structure
interaction is accounted for by a skew-symmetric coupling
matrix.

The eigenvalues and eigenvectors that result from Eq. (7)
were calculated by ADINA through the determinant search
method (Table 3). Mode numbers, natural periods, modal mass
ratios and cumulative modal mass ratios for each direction are
also included in Table 3. Lateral modes are not parallel to the
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Fig. 9. X -direction cumulative modal mass ratio (CMMR). Comparison between FB-3D and two LAI models (top), and two VRI models (bottom).
Table 3
Dynamic properties of the 3-D tank models

Model Mode # Period (s) ξ (%) Modal mass ratio (%)

X Y Z

FB 3D 2 1.86 2.0 19.0 2.3 0.0
3 1.86 2.0 2.3 19.0 0.0

446 0.18 0.5 18.1 50.8 0.0
447 0.18 0.5 52.2 19.5 0.0
510 0.06 0.5 0.0 0.0 99.5

C-LAI 2 2.47 9.0 7.3 77.9 0.0
3 2.47 9.0 77.9 7.3 0.0
4 1.47 9.0 12.2 2.4 0.0
5 1.47 9.0 2.4 12.2 0.0

504 0.10 0.5 0.0 0.0 99.8

P-LAI 2 2.03 5.0 44.0 4.8 0.0
3 2.03 5.0 4.8 44.0 0.0
9 1.16 13.0 36.2 7.0 0.0

10 1.16 13.0 7.0 36.2 0.0
13 1.04 2.0 8.0 0.0 0.0
14 1.04 2.0 0.0 7.9 0.0

504 0.10 0.5 0.0 0.0 99.7

C-VRI 2 2.32 4.5 61.4 8.2 0.0
3 2.32 4.5 8.2 61.4 0.0
6 1.28 7.0 22.7 4.4 0.0
7 1.28 7.0 4.4 22.7 0.0

13 1.04 4.0 3.0 0.0 0.0
14 1.04 4.0 0.0 3.0 0.0
43 0.65 15.0 0.0 0.0 100.0

P-VRI 2 2.05 3.0 5.1 41.6 0.0
3 2.05 3.0 41.6 5.1 0.0
9 1.11 4.0 17.1 1.0 0.0

10 1.11 4.0 1.0 17.2 0.0
13 0.97 7.5 27.8 6.0 0.0
14 0.97 7.5 6.0 27.8 0.0
93 0.46 15.0 0.0 0.0 100.0

coordinate axes because the finite element mesh was generated
automatically without imposing symmetry conditions. It must
be noted also that the first trivial eigenvalue equal to zero is not
presented in Table 3, since it corresponds to the eigenvector for
which the velocity potential is constant and the corresponding
modal mass ratios are zero in the three directions.

Modeling of damping characteristics warrants special
analysis. Two modeling approaches are offered by ADINA:
(i) inclusion of a Rayleigh-type damping matrix in Eq. (7)
representing only the structural damping, i.e., C = αM + βK;
and (ii) uncoupling of Eq. (7) and addition of modal damping
to each of the resulting equations [15]:

η̈ j + 2ξ jω j η̇ j + ω2
jη j = Υ ( j)(t) j = 1 : n (8)

where η j is the j-th modal coordinate; ω j is the modal circular
frequency; ξ j is the modal damping ratio; Υ ( j)(t) is the
modal excitation; and n is the number of modes considered.
In this study, the second approach was adopted because of
its computational efficiency and because it allows inclusion of
damping when modeling the motion of the fluid’s free surface.

Values of modal damping ratios (Table 3) were set based
on the values obtained from the 2-D models (Tables 1 and
2). This approach was deemed appropriate because of the
similarities between the dynamic characteristics of the 2-D
models and their 3-D counterparts, which can be appreciated by
comparing Figs. 6 and 9. The latter figure shows the cumulative
modal mass ratios (X -direction) of the 3-D models. Recall
that the non-classical damping of the 2-D models results from
considering independent damping for both the empty tank and
the convective fluid mass.

4. Summary of results

This section presents results of response history analysis
for the 2-D and 3-D models. A total of 8 earthquake
records were considered, 4 impulsive (Newhall, Sylmar, JMA
and Lucerne Valley records) and 4 non-impulsive ground
excitations (El Centro, Melipilla, and two artificial records
compatible with a smooth Chilean code design spectrum for
firm soil conditions [1]). The corresponding peak ground
velocities (PGV) and peak ground accelerations (PGA) are
shown in Table 4. The frequency content of each set of records
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Table 4
Peak ground accelerations (PGA) and velocities (PGV) of the earthquake records considered in this research

Record Event Peak ground acceleration and velocity (m, s)

X -dira Y -dir Z -dir

PGA PGV PGA PGV PGA PGV

Newhall Northridge (USA, 1995) (M = 6.7) 5.78 0.96 5.69 0.76 5.40 0.32
Sylmar Northridge (USA, 1995) (M = 6.7) 8.24 1.30 5.88 0.78 5.30 0.19
Lucerne Valley Landers (USA, 1992) (M = 7.5) 7.17 0.97 7.90 0.28 8.48 0.53
JMA Kobe (Japan, 1995) (M = 7.2) 8.18 0.87 6.17 0.71 3.32 0.39
El Centro Imperial Valley (USA, 1940) (M = 7) 3.07 0.30 2.10 0.30 2.01 0.11
Melipilla Chile (1985, M = 7) 5.18 0.40 6.73 0.34 2.50 0.12
Artificial 1 b 4.38 0.36 4.00 0.38 2.50 0.12
Artificial 2 b 4.23 0.41 4.16 0.42 4.24 0.11

a Direction of maximum response.
b Compatible with the NCh 2745 design spectrum and firm soil condition.

Fig. 10. Mean power spectral density (PSD) for impulsive and non-impulsive ground motions; the largest lateral component is considered.
can be observed in Fig. 10, which shows the corresponding
average (smoothed) power spectral density functions. It can
be observed that, as expected, low-frequency amplitudes are
greater for the impulsive set.

For each record, let us define a response reduction factor
(RRF):

RRF(k)
j = 1 −

max(‖X (k)
j (t)‖)

max(‖X (o)
j (t)‖)

(9)

where X (k)
j (t) is the response quantity of interest of a given

isolated model (either 2-D or 3-D) and X (o)
j (t) is the same

response quantity of the corresponding fixed-base model (FB-
2D or FB-3D). Subindex j denotes the earthquake record, while
superindex k indicates the isolated model.

Results obtained considering the two-dimensional models
are presented first. Fig. 11 shows the response of models FB-
2D, LAF-2D-07 and LAF-2D-11 subjected to the El Centro
record. The top plot shows the vertical component z f (t) of the
displacement of the fluid’s free surface at X = B/2 (Fig. 2).
The central plot shows the normalized lateral base reaction
Rx (t)/W , where W = 123.5 kN is the total weight of the tank
full, and the bottom plot shows the normalized vertical base
reaction Rz(t)/W . First, a rapid attenuation of z f (t) is observed
in the case of the LAF-2D-11 model, which may be attributed
to the significant level of damping in the dominant modes
(9.3% and 8.6% according to Table 1). On the other hand,
the response of model LAF-2D-07 is not significantly different
from that of the fixed-base model. In fact, the maximum
fluid elevation increases by approximately 25% with respect to
that of the fixed-base model. This is due to the fact that the
second dominant mode of this model is not sufficiently damped
(T = 2.09 s, µx = 0.40, ξ = 3.6%). Secondly, response
amplitudes of lateral base reaction Rx (t) of the two isolated
models are similar to each other and considerably smaller than
those of the fixed-base model, even though model LAF-2D-07
is only partially isolated. As expected, lateral isolation does not
significantly affect the vertical base reaction response Rz(t).

A similar analysis to that shown in Fig. 11 was performed
for models VRF-2D-07 and VRF-2D-11. The corresponding
results are shown in Fig. 12. It can be observed that the
amplitudes of z f (t) are very similar for the three models except
during the 4–8 s time window, where the maximum response
of model FB-2D is surpassed by that of models VRF-2D-07
and VRF-2D-11 by 9% and 44%, respectively. Again, this
is due to the fact that the higher levels of damping of the
dominant modes are not enough to compensate for the in-phase
relationship between the motion of the fluid’s free surface and
the rotational response of the supporting system, especially in
the case of model VRF-2D-07 (see Table 2). Nevertheless, both
isolated models achieve significant response reductions for both
base reactions (lateral and vertical). Magnitudes of lateral base
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Fig. 11. Time history responses for three 2-D tank models, subjected to El Centro ground motion; comparison between FB-2D and two LAF models.

Fig. 12. Time history responses for three 2-D tank models, subjected to El Centro ground motion; comparison between FB-2D and two VRF models.
response Rx (t) are very similar to those corresponding to the
LAF models, while the magnitudes of dynamic vertical base
response Rz(t) are of the order of just 5% of the total weight
of the tank–fluid system. The latter observation indicates that
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(a) Newhall.

(b) El Centro.

Fig. 13. Time history of normalized vertical reaction for 3-D tank models, subjected to Newhall and El Centro ground motions.
the vertical excitation has been almost annihilated, an issue
in which the VRF models are evidently superior to the LAF
models.

Some examples of response histories obtained by analyzing
the 3-D models are presented next. Fig. 13 shows the response
history of the normalized vertical base reaction Rz(t)/W for
all of the 3-D models subjected to the Newhall (top) and El
Centro (bottom) earthquake records. It can be observed that, in
terms of frequency content, the responses of models P-LAI and
C-LAI are similar to each other and to that of model FB-3D.
On the other hand, the responses of models P-VRI and C-VRI
have much smaller amplitudes and are characterized by low-
frequency content.
Response histories of the amplitude of the total lateral base
reaction Rxy(t) = (R2

x (t) + R2
y)

1/2 are shown in Fig. 14. It can
be observed that response histories are smooth in the case of the
isolated models, and that response reductions of 68%–88% are
achieved.

Fig. 15 shows response histories of the effective stress σeff =

{(τxx − τyy)
2
+ (τxx − τzz)

2
· · · + (τyy − τzz)

2
+ 6(τ 2

xy + τ 2
xz +

τ 2
yz)}

1/2 (Von Misses stress), normalized by the yield stress

σy = 2.5 × 105 kN/m2 of the tank material, measured at
a point on the wall located above the leg that coincides with
the positive direction of the X axis. It can be observed that
the response of the P-LAI and C-LAI models exhibit high-
frequency content as a consequence of vertical accelerations,
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(a) Newhall.

(b) El Centro.

Fig. 14. Time history of normalized horizontal reaction for 3-D tank models, subjected to Newhall and El Centro ground motions.
while the response histories of models P-VRI and C-VRI are
considerably smoother and of lesser magnitudes.

Fig. 16 shows RRF curves for the LAF and VRF 2-D
models. The left-side plots show the values corresponding to
the impulsive earthquake records, while the right-side plots
show the values corresponding to the non-impulsive ones.
Mean values indicate that in the case of the LAF model the
response reduction of lateral base reaction for the far-field
records is greater than that for the near-faults ground motions,
especially in the case of the stiffer models (LAF-01–LAF-06).
As expected, there is essentially no reduction of the vertical
base reaction response. On the other hand, the vertical fluid
displacement response actually increases by as much as 30%
(mean value) in the case of the stiffer models, although some
reduction is achieved by the more flexible models (especially
when subjected to the far-field ground motions).

In the case of the VRF 2-D models, the mean reduction
of lateral base reaction is again larger for the far-field records
than for the near-faults ground motions. However, in many of
the models reductions of the vertical base reaction as large as
50% (mean value) are observed. For almost all of the models,
the vertical fluid displacement response actually increases,
although the response amplification decreases as the models
become more flexible.

The RRFs corresponding to the 3-D models are presented
in Table 5 for base reactions and maximum stress in the wall.
These results are consistent with those obtained for the 2-D
models. On average, the VRI models reduce the vertical base
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(a) Newhall.

(b) El Centro.

Fig. 15. Time history of normalized shell effective stress σeff/σy , for 3-D tank models subjected to Newhall and El Centro ground motions.
reaction by almost 50%, whereas the LAI models actually
slightly amplify this response by 5%. Reductions of lateral base
reaction and overturning moment response are very important
in the case of the 4 isolated models, on average in the range of
70%–86% but slightly greater in the case of the LAI models.
Reductions of maximum stress in the wall are, on average, of
the order of 51%–55% in the case of the LAI models and of the
order of 67%–76% in the case of the VRF models.

5. Conclusions

In this study, two base isolation strategies were presented
and evaluated. The first isolation scheme, denoted as lateral
isolation system (LAI), consists of a laterally flexible, vertically
stiff structure–foundation interface, conceptually identical to
that of conventional isolation devices typically used in
buildings, bridges and large storage tanks (lead-rubber of
friction-pendulum bearings). The second system, denoted as
vertical-rocking isolation system (VRI), consists of a vertically
and rotationally flexible, but laterally stiff, interface similar to
that of the devices commonly used for the control of vibrations
in mechanical devices and machinery. Results obtained through
modal analysis and time history analysis of two- and three-
dimensional models can be summarized as follows: (1) while
both isolation systems lead to similar levels of response
reduction of lateral base reactions, the VRI system also reduces
the vertical base reaction response; as a result, the VRI system
is able to achieve larger reductions of stresses in the tank; (2)
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(a) LAF 2-D models.

(b) VRF 2-D models.

Fig. 16. Response reduction factors (RRF) for 2-D tank models and both seismic isolation schemes, subjected to impulsive (left) and non-impulsive (right) ground
motions.
with respect to a fixed-base system, the vertical displacement
fluid in systems having a flexible foundation increases as the
stiffness of the foundation decreases (the sloshing mode still
dominates the response); the magnitude of this amplification,
however, decreases for very flexible (i.e., completely isolated)
systems, for which the modal damping of the sloshing mode
increases; and (3) since response reductions of the order of 50%
can be achieved with 1 s period isolation systems, there is no
need, based on the analytical results, of achieving the typically
longer periods recommended for isolation systems in buildings
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Table 5
Response reduction factors (RRF) for 3-D tank models

Ground motion % RRF for base reactions and peak shell stress

Vertical reaction Rz Lateral reaction Rxy Base moment Mxy Effective stress σeff

C-LAI P-LAI C-VRI P-VRI C-LAI P-LAI C-VRI P-VRI C-LAI P-LAI C-VRI P-VRI C-LAI P-LAI C-VRI P-VRI

Newhall (1) 22 24 59 48 88 77 84 69 88 79 84 69 71 63 78 68
Sylmar (2) 25 29 63 63 69 66 65 68 67 66 61 64 52 42 62 62
Lucerne V. (3) 16 23 82 83 83 81 83 82 83 81 81 81 21 25 80 79
JMA (4) −48 −50 13 18 83 50 73 29 81 53 72 27 47 39 69 31
Σ (1:4)/4 4 6 54 53 81 69 76 62 80 70 74 60 48 43 72 60
Centro (5) −12 −23 36 35 83 73 76 68 81 72 73 65 39 36 63 57
Melipilla (6) −16 −19 48 48 97 94 96 93 97 94 96 92 78 78 91 89
Artif. 1 (7) −16 −19 48 48 93 86 91 83 93 86 90 82 61 59 83 78
Artif. 2 (8) −3 −7 46 43 92 85 89 83 92 85 88 82 68 66 81 76
Σ (5:8)/4 −12 −17 44 44 91 84 88 82 91 84 87 80 61 60 79 75
Σ (1:8)/8 −4 −5 49 48 86 77 82 72 85 77 81 70 55 51 76 67
(generally greater than 2 s). In other words, isolation devices
for wine tanks do not need to be able to accommodate the large
deformation demands typically imposed on building isolation
systems.
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