
Engineering Structures 152 (2017) 790–803
Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier .com/locate /engstruct
Non linear vertical-rocking isolation system: Application to legged wine
storage tanks
https://doi.org/10.1016/j.engstruct.2017.09.061
0141-0296/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: gaauad@uc.cl (G.A. Auad).
Gaspar A. Auad ⇑, José L. Almazán
Department of Structural Engineering, Pontificia Universidad Católica de Chile, Casilla 306, Correo 22, Santiago, Chile

a r t i c l e i n f o
Article history:
Received 21 June 2017
Revised 25 September 2017
Accepted 29 September 2017

Keywords:
Three-dimensional seismic isolation
Non-lineal seismic isolation
Fluid-structure interaction
Stainless steel tanks
Legged wine storage tanks
Finite element method
Fragility analysis
a b s t r a c t

In the last 30 years, there has been a great development of seismic isolation systems. The most used are
elastomeric type devices and frictional pendulum bearings. Although different, both types generate hor-
izontal seismic isolation, but not vertical. This study presents a nonlinear three-dimensional seismic iso-
lation system called vertical rocking isolation (VRI) system, based on devices called ISO3D. Unlike
conventional seismic isolators, the ISO3D device is vertically flexible and laterally stiff. Although the pro-
posed system can be applied to any type of structure, it is particularly attractive as a seismic protection
system of special structures, such as fluid storage tanks supported on legs, power transformers and sen-
sitive equipment with vertical acceleration. In this research an application to legged wine storage tanks is
presented. Two models were studied: a 3 m3 tank with 4 legs, and a 30 m3 tank with 6 legs. The fluid-
structure interaction was considered using a quasi-static approach, where the fluid behaves as a mass
attached to the tank walls. Time-history analyses results show average reductions of axial loads and shear
loads on the legs of 57% and 61%, respectively. Finally, a fragility analysis indicates that the PGA required
to reach 50% of probability of failure increases by an average of 153% by using the VRI system.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

During last 30 years there has been a great development of seis-
mic isolation systems. The most used are elastomeric type devices,
with and without a lead core, and frictional pendulum bearings,
with single and double curvature. Although different, both devices
generate horizontal seismic isolation, i.e. three lateral-torsional
low frequency modes, but not vertical.

A three-dimensional seismic isolation system called GERB-BCS
(Base Control System), which consists of a set of helical compres-
sion springs and viscous dampers on which the structure rests is
available. With the use of these devices, the structure can be seis-
mically isolated both horizontally and vertically. The principle of
operation is identical to the well-known concept of vibration isola-
tion in industrial equipment, i.e. six low frequency modes: three
lateral-torsional modes, and three vertical-rocking modes.

The aforementioned systems can be used for any type of struc-
ture (buildings, industrial facilities, or equipment). Several authors
have proposed seismic isolation systems designed for specific
applications. For example, for fluid storage, the following can be
mentioned: Shrimali and Jangrid [1], Cho et al. [2], Panchal and
Jangid [3,4], Abali and Uckan [5], Shekari et al. [6]; and Soni et al.
[7]. In order to seismically protect light structures such as legged
wine storage tanks, the Rubber-Layer Rolling Bearing (RLRB) device
[8,9] can be used. This kind of base isolation device, apart from
reducing the lateral seismic loads, could reduce the axial loads
and avoid leg buckling. Another way to seismically protect struc-
tures is through the use of energy dissipators. A novel system of
dissipation that allows to reduce the vertical loads is described
by Foti et al. [10].

The seismic behavior of storage structures has been studied
extensively. For silos containing grain-like material, the following
studies can be mentioned: Silvetry et al. [11,12]. For fluid storage,
stainless steel tanks (SST) are commonly used. This type of struc-
ture is probably one of the most vulnerable to earthquake damage.
The use of SST for fermentation and wine storage began in the
1950s in USA [13], and approximately three decades later in Chile
and Argentina. The main advantages of SST over tanks made of
other materials are: (i) ease of cleaning; (ii) relative chemical inert-
ness; (iii) improved control of the fermentation process; and (iv)
their aesthetic appeal. Thus, reinforced concrete tanks have been
replaced almost completely by SST. Nevertheless, the first genera-
tion of SST was not designed considering earthquake resistant cri-
teria. The ease of construction and use of a minimal amount of
material were probably the prevailing criteria in early designs
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Nomenclature

a angle of inclination of damper wedge
b isolator slenderness as a function of vertical deforma-

tion, bðuÞ=Ho

bo isolator initial slenderness, bo=Ho

€dgx ground acceleration in the X-direction
€dgy ground acceleration in the Y-direction
C1 surface with null relative pressure
C2 contact surface between fluid and structure
x̂ frequency of the vertical deformation to calculate equiv-

alent stiffness
f̂ o dimensionless expression for f o
f̂ u dimensionless expression for f u
k̂u dimensionless expression for ku
û dimensionless expression for u;u=Ho

PGAh horizontal peak ground acceleration
l steel on steel friction coefficient
X volumetric domain
xz vertical low frequency
xhx rocking around the X-axis low frequency
xhy rocking around the Y-axis low frequency
Xx dimensionless relationship between vertical stiffness

and mass distribution, qsx=qmx
Xy dimensionless relationship between vertical stiffness

and mass distribution, qsy=qmy
/ steel on steel friction angle
q wine density
qmx mass radii of gyration with respect to the X-axis
qmy mass radii of gyration with respect to the Y-axis
qsx stiffness radii of gyration with respect to the X-axis
qsy stiffness radii of gyration with respect to the Y-axis
€dg ground acceleration vector
€qa absolute fluid acceleration
n̂ vector in normal direction to tank surface
C structure viscous damping matrix
Fu vector of non-linear vertical forces
K structure stiffness matrix
Lf kinematic transformation matrix of non-linear vertical

forces
Mf attached fluid mass matrix

M structure mass matrix
Np matrix of the shape functions corresponding to the

hydrodynamic pressure
Nq matrix of the shape functions corresponding to the

displacement field of the structure
PðtÞ nodal hydrodynamic pressure

qðtÞ nodal displacement of the structure
R structure incidence matrix
S fluid-structure interaction matrix
n damping ratio
bðuÞ isolator opening as a function of vertical deformation
bo isolator initial opening
bp damper plates width
C spring index, D=d
c velocity of the compression wave in wine
D spring mean diameter
d spring wire diameter
E elastic modulus of the steel
ep damper plates thickness
f isolator non linear vertical force
f o spring pre-stressing load
f s spring load
f u isolator vertical elastic force
f l damper vertical force
Ho isolator initial height
hp damper plates height
I damper plates flexural moment of inertia
Kb modulus of volumetric compressibility
kp lateral stiffness of dampers plates
ks spring stiffness
ku isolator vertical elastic stiffness
Kz total equivalent vertical stiffness
kzj equivalent vertical stiffness of the j-th isolator
L isolator axis distance
M moment in torsion spring
m mass of the structure, assuming rigid body
N leg axial force
Na spring active coils or wave
P force in extension or compression spring
p hydrodynamic pressure
q displacement of the structure
S spring stress
s spring deformation
t wall tank thickness
u isolator vertical deformation
Uð�Þ heaviside function
uh half amplitude of the vertical deformation to calculate

equivalent stiffness
uo damper gap length
V leg total shear force
v damper plates lateral deformation
Vr leg radial shear force
Vt leg tangential shear force
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[13]. Consequently, destructive earthquakes put these early
designs of SST to test, often with poor results. The seismic perfor-
mance of wine tanks has been recorded several times: Caucete
Earthquake [14,15], Greenville [16], Morgan Hill [17], Loma Prieta
[18], San Simeon [19], and Lake Grassmere [20]. But the event that
has certainly brought greater information has been the Maule
Earthquake [21,22]. This earthquake affected almost all Chilean
wineries. Losses amounted to approximately 125 million liters of
wine, representing 12.5% of production in 2009. The earthquake
struck a week before the beginning of the harvest, when only
50% of storage tanks were in use. This indicates that more than
25% of tanks with wine lost all or part of their content. Wine tanks
can be classified in two groups: (a) flat base (or continuous sup-
port) tanks; and, (b) legged tanks. The first are used to store vol-
umes between 30 m3 and 400 m3; while the latter are used for
volumes between 2 m3 and 50 m3. Smaller, legged tanks store
the best-quality wine, however, so their potential failure can cause
major economic losses. The main components of the legged tanks,
and typical failures observed during the Maule Earthquake are
shown in Fig. 1.

This research presents a nonlinear three-dimensional seismic
isolation system called vertical rocking isolation (VRI) system,
which is based on devices called ISO3D. Unlike conventional seis-
mic isolators, the ISO3D device is vertically flexible and laterally
stiff. The seminal idea was proposed by Almazán et al. [23], where
linear behavior of the devices was considered. Although this idea
can be applied to any type of structure or industrial equipment
[24], the results shown here are only for legged wine storage tanks.
The critical element of this type of structure are the legs, because
they are very sensitive to axial load increments. One way to control
the increase of compression loads on the legs is by using the VRI
system. In addition, high vertical accelerations, caused by large
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Fig. 1. (a) Scheme of a typical tank; (b) chain collapse caused by buckling in the top of leg; (c) failures of the height-adjustment devices; (d) buckling in the top of leg; (e)
failure of the anchorage system.
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earthquakes, raise the pressure in the contained fluid, increasing
the chance of damage to the tank’s mantle or loss of content.

This work has been divided into 6 parts: (i) Section 2: Descrip-
tion and analysis of the ISO3D devices; (ii) Section 3: Design of the
VRI system; (iii) Section 4: Fluid-structure interaction model; (iv)
Section 5: Case Studies; (v) Section 6: Fragility analysis; and (vi)
Section 7: Conclusions.

2. Description and analysis of the isolation devices

The device that forms the proposed 3D isolation system con-
sists of three parts: (1) an articulated frame, (2) a system of
springs, and (3) an energy dissipation system. The frame consists
of a set of six articulated plates, which form a hexagonal prism.
The springs can be classified as primary or secondary. Primary
springs provide the flexibility to isolate vibrations. Secondary
springs are responsible for limiting deformations caused by the
structure’s own weight; otherwise, the vertical deformations
imposed by seismic loads would make vertical isolation through
linear devices impracticable. The energy dissipation system may
be composed of one or more devices, which can deform axially
or rotationally.

A schematic 2D view of the frame in undeformed and deformed
configurations is presented in Fig. 2(a) and (b). Two possible real-
izations of the device are shown in Fig. 2(c) and (d). The first one,
which has been called ISO3D-A [21,25], is formed by at least one
b0

H0
L

H(u)

b(u)

(a) (b)

Fig. 2. (a) Frame in undeformed configuration; (b) frame in defo
vertical compression spring and at least two horizontal tension
springs, acting as primary and secondary springs, respectively.
The second one, which has been called ISO3D-B, is formed by at
least two torsional springs, located on each central axis of rotation
of the plates, which act both as primary and secondary springs. As
shown in Fig. 2, the device is flexible vertically (U-direction) and
transversally (T-direction), yet longitudinally (L-direction) stiff.
As mentioned, the devices should be placed in such a way that
the supported structure has three flexible modes of vibration:
one vertical mode, and two rocking modes.

2.1. Non-linear elastic constitutive relations

In this Subsection the generic constitutive relation of the isola-
tion devices in the vertical direction is developed, considering only
the contribution of the springs. This relation is based on two
assumptions: (i) the plates behave as rigid bodies; and (ii) the
springs remains in elastic range. Applying the virtual work princi-
ple, the elastic vertical force f u provided by any spring, and its cor-
responding tangent stiffness ku may be expressed as:

f u ¼ f s
@s
@u

¼ kssþ f oð Þ @s
@u

ð1Þ

ku ¼ @f u
@u

¼ ks
@s
@u

� �2

þ kssþ f oð Þ @
2s

@u2 ð2Þ
articulated
frame

U

T L

U

L T

compression
spring

tension
spring

torsional
spring

(c) (d)

rmed configuration; (c) ISO3D-A device; (d) ISO3D-B device.
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where u is the vertical deformation of the device; s and ks are,
respectively, the deformation and stiffness of the spring;
f s ¼ kssþ f o is the load in the spring; and f o is the pre-stressing load
(if any). To facilitate the physical interpretation and design of the
devices, dimensionless expressions for f u and ku, for linear and tor-
sion springs, have been obtained. These expressions are presented
in Table 1. Furthermore, the expressions for the stiffness and stres-
ses in the springs obtained by the classic spring theory [26] are
shown in Table 1.

The curves for dimensionless force and dimensionless stiffness
obtained for tension springs are presented in Fig. 3. A high initial
Table 1
Summary of non-linear elastic constitutive relation

Linear spring

sðuÞ ¼ 2ðb� boÞHo

b ¼ b2o � û
2 � û2

4

� �1=2

@s
@u ¼ � 1þû

2b < 0

@2s
@u2 ¼ � 1

Ho

1
2b þ ð1þûÞ2

8b3

� �
< 0

f̂ u ¼ f u
ksHo

; f̂ o ¼ f o
ksHo

f̂ u ¼ � 1� bo
b þ f̂ o

2b

� �
ð1þ ûÞ

k̂u ¼ ku
ks
¼ � 1� bo

b þ f̂ o
2b

� �
� 2b� 2b0 þ f̂ 0
� �

ð1þûÞ2
8b3

ks ¼ Gd4

8D3Na

S ¼ 4C�1
4C�4 þ 0:615

C

� �
8PC
pd2
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Fig. 3. Dimensionless constitutive relations for horizontal springs: (a) normalized vertica
force for b0 ¼ 0:05; (d) normalized vertical stiffness for b0 ¼ 0:05.
stiffness is observed, because of the prevailing first term of Eq.
(2), which is always positive. As the deformation increases, the
stiffness decreases, becoming negative to large deformation, due
to the prevailing second term of Eq. (2), which is always negative.
This effect is more important when initial slenderness bo ¼ bo=Ho

tends to zero and pre-stressing load f o increases.
The curves for dimensionless force and dimensionless stiffness

obtained for torsional springs are shown in Fig. 4. As with the pre-
vious case, stiffness decreases when deformation increases. Unlike
the previous case, stiffness is always positive. Note that, in both
cases, stiffness tends to remain constant for large deformation.
s.

Torsion spring (at central axis)

sðuÞ ¼ 2ðh� hoÞ
h ¼ sin�1 1þû

1þ4b2oð Þ1=2
� �

@s
@u ¼ 1

Ho
1
4þb2oð Þ1=2 cosðhÞ > 0

@2s
@u2 ¼

sinðhÞ
2H2

o
1
4þb2oð Þ cos3ðhÞ > 0

f̂ u ¼ f uHo
ks

f̂ u ¼ 2ðh�hoÞ
1
4þb2oð Þ1=2 cos3 h

þ ð1þûÞ2
4b2o

k̂u ¼ kuH2
o

ks
¼ 8 cosðhÞþðh�hoÞ sinðhÞ

ð1þ4b2o Þ cos3ðhÞ

ks ¼ Ed4

64DNa

S ¼ 4C�1
4C�4

� �
32M
pd3

0 0.2 0.4 0.6 0.8 1
Normalized vertical deformation

Normalized vertical deformation
0 0.2 0.4 0.6 0.8 1

–1

0

1

2

3

4

5

6

–1

0

1

2

3

4

5

6

N
or

m
al

iz
ed

ve
rti

ca
ls

tif
fn

es
N

or
m

al
iz

ed
ve

rti
ca

ls
tif

fn
es

(b)

(d)

l force for f̂ 0 ¼ 0; (b) normalized vertical stiffness for f̂ 0 ¼ 0; (c) normalized vertical
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Fig. 4. Dimensionless constitutive relations for torsional springs: (a) normalized vertical force for f o ¼ 0; (b) normalized vertical stiffness for f o ¼ 0.
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The vertical elastic constitutive relation of the ISO3D-A device,
considering the contribution of the compression and tension
springs, is very similar to that of the ISO3D-B device. Both devices
present a high initial stiffness. If the isolation system is well
designed, the deformation caused by the structure’s own weight
should be small. The initial stiffness contrasts with the low stiff-
ness that the system possesses when seismic loads are applied,
making the system suitable for vibration control.

2.2. Energy dissipation

By design, the proposed device can incorporate vertical o rota-
tional dampers. As an example, the analysis and design of a vertical
frictional damper is presented. As shown in Fig. 5(a), the damper is
formed by: (i) a sliding wedge; (ii) two steel plates of thickness ep,
width bp, and height hp; and (iii) two brake pads attached to the
u0

sliding wedge

brake pad

steel plate
ephp

(a) (b) (c)

Fig. 5. Frictional damper: (a) design parameters; (b) initial configuration; (c)
deformed configuration.

Table 2
Devices geometric properties and springs parameters.

Device L (cm) b0 (cm) spring type

ISO3D-A 18 1 compression
compression
horizontal

ISO3D-B 15 2 bending
upper end of the steel plates. Because of its shape, the vertical dis-
placement u of the wedge produces a lateral deformation of the
plates v ¼ u tanðaÞ, where a is the angle of inclination of the
wedge, thus creating a friction vertical force f l, which can be cal-
culated as:

f l ¼ �2kp tan /þ asignð _uÞð Þ tanðaÞðu� uoÞsignð _uÞUðu� uoÞ ð3Þ

where Uð�Þ is the Heaviside function; / ¼ arctanðlÞ is the friction
angle, l is the friction coefficient; uo is the length of the gap;

kp ¼ 3EI=h3
p is the lateral stiffness of the plates, E is the elastic mod-

ulus of the steel, and I ¼ bpe3p=12 is the flexural moment of inertia of
the plate section.

2.3. Equations validation

To validate the expressions presented in Table 1 and Eq. (3),
finite element models (FEMs) of two devices using Ansys software
[27] were performed. The plates and the springs were modeled
with solid elements. The friction force in the damper was consid-
ered, however this was ignored in the joints. Equilibrium in the
deformed position was considered to obtain the effects of geomet-
ric nonlinearity (material nonlinearity was not considered).

The frame geometry parameters and the properties of the
springs are shown in Table 2. The ISO3D-A device is formed by
two compression springs and two tension springs. The ISO3D-B
device is formed by four torsion springs, two on each central axis.
The design parameters of the dampers incorporated in each isola-
tor are presented in Table 3.

A comparison of the results obtained for the ISO3D-A device is
presented in Fig. 6. Both models provide very similar results. Note
that for a maximum displacement of 8 cm, when the wedge con-
tacts the lower plate of the device, the shear stress in the springs
do not exceed the allowable value of 10 tonf/cm2 (981 MPa).

The results obtained for the ISO3D-B device are shown in Fig. 7.
Again, both models provide very similar results. Note that when
the maximum displacement reaches 7 cm, normal stress in the
# springs d (cm) D (cm) Na

1 2.0 10.0 6.0
1 2.2 14.3 6.5
2 2.0 12.0 9.5
4 1.5 9.0 6.0



Table 3
Isolators properties and dampers parameters.

Device ep (cm) bp (cm) hp (cm) u0 (cm) a (deg) l

ISO3D-A 0.7 5.0 10.0 2.0 5.75 0.2
ISO3D-B 2 4.0 11.0 3.0 5.17 0.2
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Fig. 6. ISO3D-A verification: (a) undeformed configuration; (b) deformed configuration, stress in tension springs; (c) deformed configuration, stress in compression springs;
(d) isolator vertical force as a function of vertical deformation; (e) stress in springs as a function of vertical deformation.
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springs do not exceed the allowable value of 14 tonf/cm2

(1373 MPa).
Two prototypes were subjected to a cyclic test with quasi-static

controlled vertical displacement. The results are shown in Appen-
dix A.

3. Design of the vertical-rocking isolation system

As discussed in Section 2, the proposed device is flexible in the
U-direction and in the T-direction, but stiff in the L-direction. One
possible configuration for a structure with circular plan is pre-
sented in Fig. 8. In the case of a wine storage tank, the devices
are located on the perimeter of the plan, with its stiff axis in the
tangential direction. Thus, the systemwill have three stiff vibration
modes: translation in the X-direction, translation in the Y-direction
and rotation around the Z-axis; and three flexible vibration modes:
translation in the Z-direction, rotation around the X-axis and rota-
tion around the Y-axis.

Assuming that the structure is perfectly rigid with mass m, and
supported on linear devices, the nominal frequencies associated
with the flexible modes can be calculated as:

x2
z ¼ Kz

m
¼

P
jkzj
m

ð4Þ

x2
hx ¼

Kzq2
sx

mq2
mx

¼ x2
zX

2
x ð5Þ
x2
hy ¼

Kzq2
sy

mq2
my

¼ x2
zX

2
y ð6Þ
where Kz ¼
P

jkzj is the total equivalent vertical stiffness, kzj is the
equivalent vertical stiffness of the j-th isolator; qmx and qmy are
the mass radii of gyration with respect to the X-axis and the Y-
axis, respectively; qsx and qsy are the stiffness radii of gyration with
respect to the X-axis and the Y-axis, respectively;
Xx ¼ qsx=qmx ¼ xhx=xz and Xy ¼ qsy=qmy ¼ xhy=xz are dimension-
less ratios that depend on the distribution of mass and vertical
stiffness.

To obtain the physical properties of the devices, it is necessary
to relate the equivalent stiffness kzj with the non-linear constitu-
tive relation of the device. A simple way to relate them is using
the well-known concept of harmonic equivalent stiffness, i.e.:
kzj ¼
R 2p=x̂
o f ðuÞuðtÞdtR 2p=x̂
o u2ðtÞdt

ð7Þ
where f ðuÞ is the non-linear constitutive relation of the device, con-
sidering both, the elastic and hysteretic components;
uðtÞ ¼ uhð1þ sinðx̂tÞÞ is the harmonic vertical deformation,
uh ¼ maxðuÞ=2 and x̂ are the half amplitude and frequency, respec-
tively. In this case the result is independent of x̂.
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Fig. 7. ISO3D-B verification: (a) undeformed configuration; (b) deformed configuration, stress in torsional springs; (c) isolator vertical force as a function of vertical
deformation; (d) stress in springs as a function of vertical deformation.

Fig. 8. Configuration of isolators under a legged wine storage tank.
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4. Fluid-structure interaction model

To preserve wine quality, the tanks used for storage are always
fully filled. Only a small volume of inert gas at low pressure,
slightly higher than atmospheric pressure, is introduced into the
tank neck. Therefore, it is reasonable to model the wine inside
the tank as a non-viscous and slightly compressible fluid, with its
free surface at atmospheric pressure. Thus, the differential equa-
tion in partial derivatives (Helmholtz equation) and corresponding
boundary conditions are:

r2p� 1
c2

@2p
@t2

¼ 0 in X

p ¼ 0 in C1
@p
@n̂ ¼ �qn̂T€qa in C2

8><
>: ð8Þ
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where pðx; tÞ is the hydrodynamic pressure; c ¼ ffiffiffiffiffiffiffiffiffiffiffi
Kb=q

p
is the prop-

agation velocity of the compression wave, Kb and q are the modulus
of volumetric compressibility and the density of the wine, respec-
tively; X is the volumetric domain of the wine; C1 is the free surface
with null relative pressure; C2 is the contact surface with the tank
(wet surface), where the condition of continuity of the absolute
fluid acceleration €qa in the normal direction n̂ is imposed. Applying
the finite element method to the Eq. (8) the following linear ordi-
nary differential equation is obtained [28]:

Mp
€PðtÞ þ KpPðtÞ ¼ �qS€qaðtÞ ð9Þ

Mp ¼
Z

NT
p
1
c2

NpdX ð10Þ

Kp ¼
Z

rNT
prNpdX ð11Þ

S ¼
Z

NT
pn̂

TNqdC2 ð12Þ

where PðtÞ is the vector of nodal hydrodynamic pressure; €qaðtÞ is
the vector of nodal absolute accelerations of the structure; NpðxÞ
is the matrix of shape functions corresponding to the hydrodynamic
pressure (i.e. pðx; tÞ ¼ NpðxÞPðtÞ); NqðxÞ is the matrix of shape func-
tions corresponding to the displacement of the structure (i.e.
qðx; tÞ ¼ NqðxÞqðtÞ). Moreover, the discrete non-linear equations of
motion of the tank subjected to seismic motion and fluid interaction
forces, can be written as:

MqðtÞ þ C _qðtÞ þ K€qþ LTf FuðtÞ ¼ �MR€dgðtÞ þ STPðtÞ ð13Þ
where qðtÞ is the vector of degrees of freedom (DOFs) of the struc-
ture; M;K , and C are the matrix of mass, stiffness, and viscous
damping of the structure, respectively; FuðtÞ is the vector of non-
linear vertical forces of the devices; Lf is a kinematic transformation

matrix; €dgðtÞ is the vector of ground acceleration, and R is the inci-
dence matrix. Thus, Eqs. (9) and (13) can be written as the following
system of coupled equations [28,29]:

Mp qS
0 qM

	 
 €PðtÞ
€qðtÞ

" #
þ 0 0

0 qC

	 
 _PðtÞ
_qðtÞ

" #
þ Kp 0

�qST qK

" #
PðtÞ
rqðtÞ

	 


þ 0
qLTf

" #
FuðtÞ ¼ � qSR

qMR

	 

€dgðtÞ ð14Þ
4.1. Quasi-static approach

The propagation velocity of the compression waves in wine is
almost the same as in water, i.e. close to 1600 m/s. The natural fre-
quencies of vibration of the wine contained inside the tank are
much greater than those of the structure. In addition, the fre-
quency content of earthquakes is generally below 10 Hz, whereby
only the low frequency modes of the structure are excited. As a
consequence, the fluid perceives the acceleration of the structure
€qaðtÞ as a quasi-static excitation. Thus, Eq. (9) can be approximated
as:

KpPðtÞ � �qS€qaðtÞ ¼ �qS €qðtÞ þ R€dgðtÞ
� �

ð15Þ

Because relative pressure on the free surface is assumed equal
to zero, the matrix Kp is invertible. Thus, substituting PðtÞ in Eq.
(13), the following equation is obtained:

M þMf

� �
€qðtÞ þ C _qðtÞ þ KqðtÞ þ LTf FuðtÞ ¼ � M þMf

� �
R€dgðtÞ ð16Þ

where Mf ¼ qSTK�1
p S is the attached fluid mass matrix.

To validate this approach, the model M1, shown in Fig. 10(a)
and described in Section 5, was used. The structure was considered
fixed to the ground by pinned connection. A constant modal damp-
ing n ¼ 0:005 for the fluid and n ¼ 0:05 for the structure was con-
sidered. The natural periods of the fluid (i.e. eigenvalues of Kp and
Mp), and the structure with and without fluid are shown in Fig. 9
(a). There is a difference of two orders of magnitude between the
fundamental periods of the fluid and those of the full structure.
The model M1 was subjected to the three components of the
Curicó seismic record [30]. A comparison of the responses obtained
with the Eq. (14) and (16) is presented in Fig. 9(b) and (c). The dis-
placement of the neck of the structure is shown in part (b), while
the hydrodynamic pressure on the center of gravity of the fluid is
shown in part (c). In both cases, the differences are negligible.
Therefore, the results of the dynamic analyses presented in this
study correspond to the quasi-static approximation.
5. Case studies

Although the proposed isolation system can be applied to any
structure or equipment [24], their use is particularly attractive in
legged wine storage tanks. The performance of this type of struc-
tures during strong seismic events has not been satisfactory. As
noted, the legs of the tanks are one of the critical elements of the
structural system, in particular against axial load increments. Loss
of wine has been observed due to the increase of pressure of the
contained fluid. This increase can be generated by horizontal or
vertical accelerations. With the VRI system, it is possible to reduce
horizontal and vertical seismic loads, and thus control both the
increase of axial load on the legs and the increase of pressure in
the fluid.

Two tanks of 304-L stainless steel were analyzed. The first was a
tank of 3,000 l with four legs (model M1), while the second was a
tank of 30,000 l with six legs (model M2). The geometric properties
of the tanks are presented in Table 4. Schemes of model M1 and
model M2, which were fully developed in the Matlab environment
[31], are shown in Fig. 10. The following simplifications were con-
sidered: (i) the bottom of the tank was assumed horizontal; and (ii)
special components such as valves and the front manhole (Fig. 1
(a)) were ignored. Four-node shell elements with 6 DOFs per node
were used to represent the cylindrical mantle, bottom plate, roof,
and neck. The beams of the bottom stiffening system and legs were
modeled with frame elements. The fluid was modeled through 8-
node isoparametric elements.

Two support conditions were considered: (i) fixed base (FB) by
pinned condition; and (ii) legs supported on ISO3D devices, i.e. ver-
tical rocking isolation (VRI) condition. In all cases, material linear
elastic behavior was assumed. Nonlinearity was associated only
to the vertical displacement of the devices. The dynamic properties
of the four considered cases are presented in Table 5. The devices
used for base isolation conditions are described in Section 2.3.
The ISO3D-B device was used for model M1, while ISO3D-A device
was used for model M2.
5.1. Time history analysis results

In this Subsection, the results of the time-history analyses of the
four cases considered for this study are presented. The maximum
axial load and shear load produced on the legs of the tanks are
compared under FB and VRI support conditions.

Eight records of the Maule Earthquake [30] applying the three
components of the ground motion were considered. The pseudo-
acceleration spectra of the 3 components of these records, for a
damping ratio n ¼ 0:05, are shown in Fig. 11.

The non-linear Newmark method was implemented for numer-
ical integration. Newton Raphson iterations were used to achieve
convergence at each step. The results of model M1 subjected to
the Curicó record are shown in Fig. 12. The time-history response
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Table 4
Tanks geometric parameters.

Model Capacity (l) # legs Legs height (cm) Tank radius (cm) Wall height (cm)

M1 3.000 4 90 75 210
M2 30.000 6 120 160 375

−50
0

50
−50

0
50

0

50

100

150

200

250

−100
0

100
−100

0
100
0

100

200

300

400

500

(a) (b)

X

Y

L1

T1

L2

L3

L4

T2

T3

T4

X

Y

L1

T1

L2

L3

L4

L5

L6

T2T3

T4

T5

T6

Fig. 10. Tank models considered: (a) Model M1; (b) Model M2.

Table 5
Model M1 and model M2 modal information.

Model Condition Mode Period (sec) Participating mass ratio X (%) Participating mass ratio Y (%) Participating mass ratio Z (%)

M1 FB 1 0.27 100 0 0
2 0.27 0 100 0
28 0.04 0 0 37

VRI 1 1.1 0 89 0
2 1.1 89 0 0
3 0.3 0 0 100

M2 FB 1 0.32 73 24 0
2 0.32 24 73 0
25 0.08 0 0 57

VRI 1 1.2 21 62 0
2 1.2 62 21 0
3 0.4 0 0 100
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of the vertical deformation of the devices 1 and 3 for the VRI con-
dition is shown in part (a). Uplift was observed in the devices.
However, this does not cause problems, as the analyses have con-
sidered the impact forces. Nevertheless, because of the low stiff-
ness of the devices in large deformations, the axial compressive
forces obtained are low. The combinations of axial load NðtÞ and
total shear VðtÞ are shown in part (b). The total shear is defined as:

VðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

r ðtÞ þ V2
t ðtÞ

q
ð17Þ

where Vr and Vt are the shear load in the radial and tangential
directions, respectively. In this case, the results obtained for FB
and VRI are represented. As a reference, the ultimate resistance
curves (URC) proposed by Ashraf et al. [32] (see Appendix B) for
wall thickness t ¼ 1:5 mm (used in model M1) and t ¼ 2 mm, are
shown in this figure. For the FB condition, model M1, a thickness
of approximately t ¼ 2 mm is needed to avoid failure by local buck-
ling of the legs. This explains why many tanks failed by local buck-
ling during the Maule Earthquake (Fig. 1). The use of ISO3D-B
isolators significantly reduce both the axial load and the shear load,
ensuring elastic behavior of the legs.

The response of model M2 subjected to Curicó record is shown
in Fig. 13. For the FB condition, model M2, a wall thickness of
t ¼ 5 mm is needed to prevent local buckling failure (t ¼ 3 mm
was used in model M2). For the VRI condition, a wall thickness
of t ¼ 3 mm is sufficient to avoid this failure.
Reduction percentages of axial load and shear load on the legs
are presented in Table 6. Average reductions of 57% and 61% were
obtained for axial loads and shear loads, respectively.
6. Fragility analysis

One of the most widely used tools of performance based engi-
neering are fragility curves, obtained from the Fragility Analysis.
These curves show the probability of overcoming a limit state
(LS) as a function of earthquake intensity. An Incremental Dynamic
Analysis (IDA) [33,34] was used in this study. This approach
involves performing a non-linear time-history analysis for a set
of seismic records, scaled to increasing intensity levels, determin-
ing the performance of the structure for each record and intensity
level. With this information it is possible to construct a cumulative
probability function, calculating the number of times the limit
state was exceeded.

There is currently no clear consensus on how should seismic
records be selected, or how they should be scaled [30]. In order
to obtain robust results, and considering the recommendations of
the Pacific Earthquake Engineering Research Center (PEER), a large
number of records have been used.

In this research 20 natural seismic records were used. The
records come from four events that occurred in Chile: the Maule
Earthquake [30], the Tocopilla Earthquake [35], the Tarapaca
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Table 6
Compression and shear loads reduction on legs.

Record Axial load model M1 Axial load model M2 Shear load model M1 Shear load model M2

Angol 0.85 0.65 0.91 0.73
Concepción 0.40 0.46 0.33 0.30
Constitucón 0.34 0.19 0.64 0.51
Curicó 0.74 0.51 0.83 0.72
Hualane 0.64 0.49 0.73 0.42
Santiago Centro 0.65 0.79 0.53 0.53
Talca 0.79 0.65 0.87 0.78
Viña El Salto 0.35 0.51 0.36 0.45

Mean 0.60 0.53 0.65 0.56
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Earthquake [36] and the Algarrobo Earthquake [37]. The records
used are presented in Table 7. The ground motions chosen corre-
spond to far-field subduction earthquakes. The reason for this
selection is the importance of this type of events in the Chilean
wine industry, since almost all vineyards were affected by this type
of seismic movements.

The horizontal peak ground acceleration (PGAh) was used as a
measure of intensity, which is defined as:

PGAh ¼ max
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
€d2
gxðtÞ þ €d2

gyðtÞ
q� �

: ð18Þ
Table 7
Seismic records set.

Station Event Mw PGAh (g)

Viña el Salto Maule earthquake 8.8 0.45
Santiago Maipú Maule earthquake 8.8 0.51
Hualañe Maule earthquake 8.8 0.53
Constitución Maule earthquake 8.8 0.72
Matanza Maule earthquake 8.8 0.36
Papudo Maule earthquake 8.8 0.48
Llolleo Maule earthquake 8.8 0.58
Curicó Maule earthquake 8.8 0.50
Talca el Salto Maule earthquake 8.8 0.51
Angol el Salto Maule earthquake 8.8 0.70
Concepción Maule earthquake 8.8 0.40
Mejillones Tocopilla earthquake 7.8 0.43
Tocopilla SQM Tocopilla earthquake 7.8 0.67
Tocopilla puerto Tocopilla earthquake 7.8 0.38
Cuya Tarapacá earthquake 7.7 0.45
Pica Tarapacá earthquake 7.7 0.73
Poconchile Tarapacá earthquake 7.7 0.48
Llay-Llay Algarrobo earthquake 7.7 0.52
Llolleo Algarrobo earthquake 7.8 0.74
San Isidro Algarrobo earthquake 7.8 0.81
where €dgxðtÞ and €dgyðtÞ are the components of the horizontal accel-
eration. Fifteen levels of PGAh, equally distributed between 0.2 g
and 1.2 g, were selected.

The main types of damage observed during the Maule
Earthquake in legged tanks with stiffening systems were: (1)
local buckling of legs; (2) pulling of the anchor bolts of the
anchoring system; (3) buckling of the screws of the height-
adjustment system; and (4) failures by implosion due to sud-
den loss of wine. The third failure mode does not correspond
to failure of the tank itself, whereas the fourth failure mode
is generally produced by opening of the front manhole. There-
fore, in this study only the first two failure modes have been
considered.

It is not necessary to define several failure criteria that rigor-
ously quantify the damage level of the structure under seismic
excitation. One LS (failure or not failure) was considered to be
sufficient, as the objective of the present work is to compare
the performances of the tanks with and without VRI. Failure
occurs when any of the two following conditions is reached:
(1) there is a combination of axial load and bending moment
that initiates the failure by buckling one of the tank’s legs (see
Appendix B); and (2) the maximum tensile force in any of the
legs of the tank exceeds the tensile strength of the anchor. Fra-
gility curves for the four cases studied were obtained by fitting a
log-normal function of cumulative probability with a confidence
interval of 95%.

The fragility curves obtained for model M1 are shown in Fig. 14
(a). Note that PGAh ¼ 0:37 g and 1.05 g are required to achieve 50%
of probability of failure in the FB and VRI condition, respectively.
The fragility curves obtained for model M2 are shown in Fig. 14
(b). In this case PGAh ¼ 0:36 g and 0.80 g are required to reach
50% of probability of failure in the FB and VRI condition,
respectively.
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7. Conclusions

This research presents a new device called ISO3D, designed for
three-dimensional seismic isolation of structures and equipment.
The generic constitutive relation of the isolator in the vertical
direction was calculated. The equations presented were validated
using finite element models and prototype tests. Although the pro-
posed system can be used to protect any structure or equipment,
this study focused only on its application to legged wine storage
tanks. To evaluate improvements in structural seismic perfor-
mance, non-linear time-history analyses were conducted and fra-
gility curves were obtained.

The ISO3D device consists of three parts: (1) an articulated
frame; (2) a system of springs; and (3) an energy dissipation sys-
tem. The frame consists of a set of six articulated plates, which
form a hexagonal prism. The springs can be classified as primary
or secondary. Primary springs provide the flexibility to isolate
vibrations, while secondary springs are responsible for preventing
excessive vertical deformation caused by the structure’s own
weight. Deformation would otherwise make vertical seismic isola-
tion through passive devices unfeasible. The energy dissipation
system may be comprised by one or more devices, which can
deform axially or rotationally. The device is flexible in the vertical
and transversal axes, but is stiff in the longitudinal axis; therefore,
the device must be placed in such a way that the supported struc-
ture has three flexible modes of vibration: one vertical mode, and
two rocking modes.

While there are several possible materializations for the device,
results are presented for two types of devices, called ISO3D-A and
ISO3D-B. The first is formed by at least one compression spring in
the vertical direction, and at least two tension springs in the hori-
zontal direction. The second device is formed by at least two tor-
sion springs located on the axis connecting the inclined plates of
the device. For both types, simplified expressions are proposed to
represent vertical force-deformation relation. These expressions
show very similar results compared to finite element models. Pro-
totype tests were performed, with results close to numerical pre-
dictions. However, for practical applications better joints must be
made to minimize existing friction, especially in the ISO3D-B
prototype.

Although the proposed system can be applied to any type of
structure, it is particularly attractive as a seismic protection sys-
tem for special structures, such as legged fluid storage tanks,
power transformers, and sensitive equipment with vertical accel-
eration. In this study, an application for legged wine storage tanks
is presented. These structures were severely damaged during the
Maule Earthquake, mainly by local buckling of the legs. Two mod-
els were studied: a tank with 3 m3 of capacity with 4 legs (model
M1), and a tank with 30 m3 of capacity with 6 legs (model M2). A
quasi-static approach was used to consider the fluid-structure
interaction, where the fluid behaves as a mass attached to the
tank walls. For each model, two support conditions were consid-
ered: (i) fixed-base (FB); and (ii) vertical-rocking isolation (VRI)
support.

Three-dimensional time-history analyses of fixed base tanks
show excessive stress demand on the legs, which explains why
many of such structures failed (and even collapsed) during the
Maule Earthquake. By using the VRI system, reductions of 67% of
shear load and of 45% of axial load were obtained for model M1,
and of 57% and 61% respectively, for model M2. Note that these
values are comparable to those typically obtained by conventional
lateral isolation systems.

Finally, a Fragility Analysis was performed using 20 natural
records corresponding to four large earthquakes in Chile. The anal-
ysis shows that the PGA that is responsible for 50% of the probabil-
ity of failure in model M1 increases by an average of 184% when
using VRI. For model M2, there was an increase of 122%.
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Appendix A. Prototype test

Two small prototypes, one for each type, were built. These pro-
totypes were subjected to cyclic tests with quasi-static controlled
vertical displacement. The measured force-deformation relation
is presented in Fig. A.15. As expected, the relation has hysteretic
behavior due to friction in the connections. This effect is more sig-
nificant in the ISO3D-B device, because such connections do not
have any special treatment to minimize friction. For the ISO3D-A
device, the effect is less significant because the connections are
built with high quality commercial hinges. However, considering
only the contribution of the springs (i.e. ignoring the hysteretic
part) numerical predictions and experimental results were similar.
The main properties of the prototypes are presented in Table A.8.
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Fig. A.15. Experimental results: (a) ISO3D-A prototype; (b) ISO3D-B prototype.

Table A.8
Tested prototypes properties.

Device L (cm) b0 (cm) spring type # springs d (cm) D (cm) Na

ISO3D-A 8 1.5 compression 1 1.2 6.0 4.5
compression 1 0.8 5.2 8

tension 2 0.9 5.4 13
ISO3D-B 8.5 1.0 torsional 4 0.5 3 8
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Appendix B. Elastic legs buckling resistance

As has been demonstrated by Ashraf et al. [32], Gardner and
Ashraf [38] and Ashraf et al. [39], the behavior of the legs of the
tank is controlled by the local buckling of one of the components
of its cross-section. The equation proposed to treat the axial-
bending interaction in structural stainless steel members has the
following form:

GðN;My;MzÞ ¼ N
ðNRDÞmin

þ jyMy

ag;yWel;yr0:2
þ jzMz

ag;zWel;zr0:2
6 1 ðB:1Þ

where N is the axial load; My and Mz are the bending moments act-
ing in the Y-axis and the Z-axis of the section; ðNRDÞmin is the mini-
mum compression resistance of cross-section; jj is the beam-
column interaction factor; ag;j is the generalized shape factor of
cross-section; Wel;j is the elastic modulus; and the subscripts
j ¼ y; z refer to the Y-direction and Z-direction respectively.
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