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Abstract

The main purpose of the research carried out in the aim of this PhD dissertation has been the
analysis of the dynamic behavior of on-grade cylindrical steel storage tanks. This has been done
through two main research fields: the evaluation of tank seismic fragility and the analytical
modeling of the tank dynamics when subjected to the ground acceleration.

In the first part of the PhD study, new fragility models have been proposed with the aim to
overcome limits and week points of past researches. For this purpose, a large dataset of
information on failures of atmospheric tanks during past earthquakes has been collected. Two
sets of Damage States have then been used in order to characterize the severity of damage and
the intensity of liquid releases. Empirical fragility curves have been fitted by using Bayesian
regression. Different generalized linear models have been employed in order to investigate the
effects of tank aspect ratio, filling level and base anchorage. Moreover, the effects of the
interaction between these critical aspects is included in fragility analysis. The hazard parameter
used is the Peak Ground Acceleration. Seismic fragility curves obtained from the described
procedure are compared to those available in the technical literature.

The second section of the present PhD study has focused on the mechanical modeling of
unanchored tanks dynamic. These structures are known to show a complex behavior under
seismic action, since their response involves the combination of vibrating and bouncing
phenomena. Past researches provided simple tools for the seismic analysis of tank-fluid system,
but they neglected the effects of the tank rocking-bulging motion interaction. However, as the
comparison between analytical and experimental results corroborates in the present work, the
rocking-bulging interaction is governed by rotational inertia, centrifugal and Coriolis forces
that play a leading role in the dynamic response of the tank. Then, the current study proposes
an investigation on inertial and centrifugal forces in the context of the interaction between
rocking and translational motions. The simultaneous dynamic equations of a 2DOF model have
been solved through a numerical software and results have been compared with those of
experimental tests. Moreover, employing the dynamic properties governing the tank rocking-
bulging motion into the 2DOF model equations, a simplified method to determine the tank
bulging response and the measure in which it is reduced by the rocking appearance is provided.
Validation of the proposed analysis is conducted comparing its results with those computed
through an Explicit Finite Element Analysis on a sample tank.
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INTRODUCTION

Industrial plants are often located in highly seismic areas, such as the case of oil storage
facilities placed along the coasts of countries like Japan, California, Peru, Alaska and Turkey.
The twentieth century, characterized by the overall diffusion of chemical and power
installations, has also been the century of many disasters related to the catastrophic failure of
plants, often triggered by earthquakes, which caused serious economic and environmental
consequences. Therefore, the evaluation of the seismic vulnerability of the different
components of a plant is a fundamental task.

Official post-earthquake reports and technical article revealed that areas assigned to storage are
among the most dangerous, because of the presence of huge volumes of dangerous substances.
They are characterized by a widespread variety of containment structures, the features of which
depend on pressure and temperature conditions in which substances are to be stored and on the
state of matter. Failure of these structures could limit the operation of the entire plants and in
addition represent a serious safety hazard due to the properties of toxicity and flammability of
their contents. Often earthquakes lead to "NaTech" (Natural-Technological) accidents, i.e.
technological disasters caused by natural phenomena of particular intensity in industrial sites
already recognized as risk source. The 1964 Niigata earthquake (Mw=7.5) caused the collapse
of a number of tanks at a local oil refinery. A resulting fire caused extensive damage to the plant
[1,2]. During the Kern County earthquake in 1952 (Mw=7.5) severe damage occurred at the
Paloma Gasoline Plant because of failure of two butane storage spheres which rolled off their
supports and broke the piping systems. The escaping butane caught fire and destroyed the entire
facility [2-4]. The 1999 Kocaeli earthquake (Mw=7.4) was one of the most severe natural
disaster of Turkey. It caused significant structural damage and losses in industrial facilities. The
earthquake sparked a disastrous fire at the Tupras petroleum refinery. The fire began at six
naphtha cylindrical tanks having floating roof and it was completely extinguished four days
after the earthquake. Moreover, at the AKSA acrylic fiber production plant, the earthquake
damaged three storage tanks and caused 6,400 tons of acetonitrile, which is highly flammable,
toxic and carcinogenic, to be released into air, sea and groundwater [5]. Another remarkable
event is the 2011 Tohoku earthquake (Mw=9) that caused fires and explosion in Cosmo oil
refinery located in Chiba. A butane tank, damaged by earthquake, caught fire and because of
the occurrence of several Boiling Liquid Expanding Vapor Explosions (BLEVE) other sixteen
tanks were burned [6].

A typical kind of containment used for storing liquids is represented by atmospheric on-grade
steel tanks. In the last century, many studies have been conducted with the aim to understand




the behaviour of these structures under seismic action, focusing on analytical simplified models
of tank-fluid systems or developing tank fragility functions. However, many aspects of the
dynamic response of this structural typology have not been clarified yet.

In the context of the earthquake vulnerability assessment of industrial plants, a fundamental
role is played by the seismic fragilities of main components, whose evaluation involves some
critical features. One of these consists in the definition of different damage levels. In case of
building-type structures, increasing damage levels also relate to increasing severity of
mechanical damage, loss of functionality and associated repair costs. For atmospheric on-grade
steel tanks, as well as many other plant critical components, this relation is not valid because of
different dynamic mechanisms associated with the tank-fluid system. At the date, tank fragility
functions based on empirical damage data adapted the HAZUS criteria [7], born for building-
type structure, to the tank failure classification [8-10]. However, this can lead to a not consistent
evaluation of the probability of damage occurrence.

The number of samples plays a key role in the reliability of fragility estimation. In case of
empirical data, this issue is much more emphasized because of measurement errors, indirect
nature of observations and different uncertainties affecting information. Due to the difficulties
in obtaining damage information for less recent earthquakes, past researchers developed
fragility curves using relatively small collections of data.

A further critical point of the fragility evaluation is the choice of a proper method of analysis.
In this framework, some questionable decisions have been taken by past researchers, as it will
be explained in Chapter 5.

In this light, one of the main purpose of this PhD research is to try to overcome the
aforementioned limits by providing empirical fragility curves based on Bayesian approach.
More than one model has been employed and the effects of three critical aspect on the tank
fragility, i.e. the tank aspect ratio, the filling level of content, and the presence of anchorage
system, have been investigated. For this purpose, a tank damage dataset larger than that used
by previous researches has been assembled. A critical comparison between fragility curves
obtained herein and those available in literature is proposed to the readers.

A further main topic of the present PhD dissertation is the mechanical modeling of the tank
rocking motion. As confirmed by results from fragility analyses carried out in this work,
unanchored tanks are more vulnerable than the corresponding anchored ones. The seismic
response of cylindrical steel tanks fixed at the base has been widely investigated in the past. On
the other hand, simply supported tanks are known to show a very complex dynamic behavior
governed by the interaction between translational and rotational motions. For this reason,
despite many researches on this topic, the mechanics of the tank uplift induced by the ground




acceleration has not been fully understood. Therefore, an analytical treatment of the rocking
motion of unanchored cylindrical tanks focusing on the role of dynamic forces involved in
rocking-bulging interaction is presented as well.

The subject matter is covered in five chapters, the scope of which is described in the following.

Chapter 1 deals with the methods of analysis of liquid storage tanks under seismic action. The
analytical formulation of the tank-fluid system available in technical literature is provided for
rigid and flexible tanks fixed at the base. The main mechanical models used by the various
international codes are introduced. Some general remarks on unanchored tanks are given as
well.

Chapter 2 provides a critical review of the seismic codes on liquid storage tanks, focusing on
the different provisions adopted to deal with the low energy-dissipating capacity of liquid-
containing tanks and proper modeling of hydrodynamic forces in analysis. The main differences
among the codes are discussed. Furthermore, a detailed analysis of the seismic design
procedures of on-grade cylindrical steel storage tanks subjected to horizontal and vertical
ground accelerations, according to the UNI EN 1998-4:2006, NZSEE and AWWA D100-05 is
presented. Finally, a comparison in terms of pressures distributions between the three codes
examined is carried out as well. Analogies and differences between them are highlighted.

Chapter 3 presents a new database collecting damage data for on-grade cylindrical steel storage

tanks involved in twenty-four seismic events. The number of tanks collected is much higher
with respect to previous datasets available in literature. A detailed description of data sources,
information collected and seismic events considered is provided. The different criteria used for
defining for each database tank a reliable PGA value are explained. The main novels introduced
by the current collection are presented and discussed. The entire tank database is attached in
Appendix A.

Chapter 4 describes the analytical procedure used to develop empirical seismic fragility
formulation for on-grade cylindrical steel storage tanks. In a first section, a critical analysis of
fragility models available in literature is presented. The characterization of tank damage is given
in terms of structural failure and content release intensity. A description of general approach
and different models employed for deriving fragility curves is provided. Finally, results are
shown and discussed.

Chapter 5 proposes an analytical treatment of tank rocking motion. First, the technical
background on which the current study has been founded is presented. Starting from a
mechanical model describing the simultaneous translational-rotational motion of a 2 degrees of
freedom system, a simplified procedure to calculate the main response of unanchored tanks has




been developed, focusing on the fundamental role played the rotational and translational inertia
forces in the framework of the tank rocking-bulging interaction. Experimental test and
numerical simulations have been employed in order to corroborate the reliability of the
analytical procedure.
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1. Dynamic behavior of tank-fluid systems

1.1. Introduction

The objective of the present discussion is to provide a detailed description of the dynamic
behavior of liquid-filled containers subjected to dynamic excitations, in particular earthquakes.

\
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Figure 1-1. Distribution of dynamic pressures in a liquid storage tank subjected to the ground acceleration

Because of the horizontal acceleration a(t), the liquid mass closed to the free liquid surface does
not rigidly translate in unison with the tank. Therefore, the liquid portion in contact with the
tank wall is forced to move in vertical direction, causing convective waves. Periods of this
sloshing motion are typically high, 2 to 6-10 s [11] and depend on the tank shape and properties
of the dynamic excitation. Figure 1-1 shows an antisymmetric wave corresponding to the lowest
natural frequency; higher frequencies correspond to the formation of more complex waves, with
a bigger number of null points. In proximity of the bottom, the liquid contained moves in unison
with the shell, increasing the inertia of the structure. The percentage of the liquid mass involved
in the convective motion depends on the ratio of the free surface height H over the tank diameter
D [12]: the lower the aspect ratio H/D the bigger the convective mass. For very low values of
H/D, only the 30% of the liquid moves in unison with walls, while the remaining part is
involved in sloshing.

The present chapter analyzes in detail the dynamic response of cylindrical rigid and deformable
tanks fixed at the base, considering impulsive and convective effects. Some general remarks on
unanchored tanks are given as well.
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1.2. Analytical formulation of the tank-fluid system in case of rigid tank
1.2.1. The exact solution

In the present section, the main steps of the procedure developed by Yang in 1976 [13] will be
presented. The author calculated the exact solution for the dynamic problem of the tank-fluid
system.

The solution of the equations governing the motion of a fluid contained in a rigid cylindrical
tank can be expressed as the summation of the rigid-impulsive and convective contributes
[14,15]. The rigid-impulsive component satisfies exactly the boundary conditions along the
walls and the tank bottom, but it returns zero value at the free surface, (which is not true because
of the presence of waves). Therefore, the convective term is added to the rigid-impulsive
solution in order to restore the equilibrium conditions on the free surface.

System and assumptions

The system considered is shown in Figure 1-2. It is a rigid circular cylinder tank of radius a
fixed to a rigid base.

Figure 1-2. Rigid tank anchored to the foundation. Cilindrical coordinates

The cylindrical coordinate system (r, z, 9), depicted in Figure 1-2, has the origin at the center
of the tank bottom; z is the vertical axis, whereas x is the direction of the horizontal ground
acceleration X(t) that excites the tank-fluid system.
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Fundamental equations and boundary conditions

The equation of motion for the fluid, referred to the cylindrical coordinate system (r, z, 9) is

2 2 2 11
@9 109 10% 0% g an
or- ror rcog° oz

In which ¢ is the potential velocity function. The velocity components of the fluid in the radial,
tangential and vertical directions are

y -2

or

10¢ (1.2)
vV, =———

r o6
y -2

0z

and the hydrodynamic pressure p is related to the potential velocity function ¢ by the equation:

P=p 6&_¢ (13)

The boundary conditions of the problem are given as

e At z = 0, the vertical velocity component of the fluid v, must be zero, therefore

4
0z

0 (1.4)

z=0

e At r = a, the radial velocity component of the fluid must be equal to the corresponding
component of the ground motion, therefore

_o¢

. (1.5)
o = Xx(t)cosd

r=a

e If d(t) is the instantaneous value of the vertical displacement of the fluid at the surface,
the pressure at z = H is given approximately by

p=pgd(t) (1.6)

Considering the equivalence between Egs. (1.6) and (1.3) and differentiating with respect to
time, the following differential equation is obtained
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2 1.7
76, 4% a7
ot 0z

The solution of Eq. (1.7) can be expressed as the sum of two partial solutions
P=¢+¢ (1.8)

in which the function &, satisfies the following boundary conditions:

atz =20 %:0
oz

atr =a %:—X(t)cosé? (1.9)
or

at z = H % _g
ot

and &, is subjected to the following boundary conditions:

atz =0 %=o
oz

atr = a %:0 (1.10)
or

at z = H O’y , 4 0%. __ Ob
ot? 9% 9%

It should be noted that the third of Egs. (1.9) imposes that the pressure at z = H is zero. Hence,
d, represents the solution for the impulsive effects. The partial solution @, which corrects for
the difference between the correct boundary conditions and the one defined by the third of Egs.
(1.9), represents the solution for the convective effects.

Impulsive solution &,

The solution for the impulsive effects is given as

n+l I1 _(Zn_l)zL_

¢ =—x(t)H cosei 8 = 2 H

1 A [@n-0a] '[(Zn—l)”a}
' 2 H

cos[(Zn—l %ﬁ} (1.11)
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in which Iy and Iy’ are respectively the modified Bessel function of the first kind and its
derivative. The pressure induced by the impulsive motion is obtained by introducing Eq. (1.11)
into EqQ. (1.3):

0 n+1 |1|:(2n_1)7zr:|
p=-X(t)pHcosd> 8(1)

w[@n-n2] '[(Zn —1)”’1
2 H

(1.12)

cos{(Zn—l)%ﬁ}

The total hydrodynamic force due to the liquid pressure exerted on the tank walls is equal to
the total base shear, and it is obtained from the integral

0 1.13
Qo,.=J. j p| cos@adadz (1.13)

0 0 r=a

that provides the following result

I{(Zn—l)ﬂa}
H& 16 2 H (1.14)
a 3 [@@n-)xf Il'{(Zn—l)”a}

2H

Qpy =—X(t)m,

The overturning moment corresponding about the tank base is given by

H 2z 1.15
My, =f J' p|_, cosfza dadz (115
0 0
that the following results
a
© |1|:(2n_1)7z-i| n+1
M, = X(t)mH ﬂz 16 2 H 1 2(-1) (1.16)
’ 2n-Y)r

a [(2n—1)n]3 Ill|:(2n_1)7z-a:|
2 H

By setting z=0, Eq. (1.12) provides the hydrodynamic pressure on the tank base, whereas the
corresponding overturning moment is obtained as follows

2z a 1.17
M, =] [pl_,cos0 r*drdo (A7)
0 0
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Providing the following result

ra (1.18)
o @D E

(2n-Dz] | '{(Zn —1)”""}
2 H

M, =—%(t)mH Zw:[

Convective solution &,

In order to obtain the convective solution for an arbitrary ground motion, the first step is the
evaluation of the solution for a harmonic ground acceleration.

Let consider the ground harmonic acceleration % = ¥e'®?, the function @, satisfying Eq. (1.1)
and the boundary conditions defined by Eq. (1.10) is given by

1.19
J; ﬂ,ni cosh Ani (1.19)
1. i, a © 1 2 a a
$ = ——%,e“"H —c0s6 ~—
i H i (e A%, -1 3,(4,) Cosh(ﬂ Hj
@, a

where 4,, are the zeros of the Bessel function of first order J; (x) = 0 and w,, are the natural
frequency of sloshing motion, provided by

o’ :/L‘—gtanh(/in EJ (1.20)
a a

n

Substituting Eqg. (1.19) into Eg. (1.3) the harmonic convective pressure for the tank is obtained

r z
Ji| A, — | cosh| 4, —
ooy @ &1 2 1( " aj [ " a) (1.21)
p=X,e leﬁcosez T 21 3. () v
"11_(“’j " 1 cosh[/ln )
@, a

Once the harmonic response of the system is determined, the response to an arbitrary excitation
X(t) is obtained by applying the inverse Fourier Transform and the Duhamel’s integral.

The frequency response function for the harmonic convective pressure defined by Eq. (1.21)
has the form

16



& f(ne2)
—Zzll—z (1.22)

The pressure, h,(t), induced by a unit impulsive acceleration, X(t) = §(t) can be expressed
by the inverse Fourier Transform of the Eq. (1.22) as

h, () =—— Zf(r 0,7) j ~edw (1.23)

“1_| @

@,

Hence, the pressure, p(t), induced by an arbitrary acceleration, X(t), is given by

p(t) = i f(r,o, z)ja)ni((t)sin[a)n (t—7)ldr (1.24)

In which the convolution integral represents the instantaneous value of the pseudo-acceleration,
A, (1), of a single-degree-of-freedom system having a natural frequency w,, and subjected to
the ground acceleration X(t). Thus, the transient convective pressure for the tank is given as

» Jl(/l jcosh(/l j
p(t) - p.HcoseZ a2 A ) (1.25)

2
(4%, -1H 3 (%) cosh(/ln:llj

Following the same criteria, one finds the expression for the other response quantities:

- the convective base shear

tanh[/’t Jﬁh(t) (1.26)
i /12 -1)H
- the overturning moment induced by the hydrodynamic pressure on the tank wall
H a AH (1.27)
H —tanh| A, 1- tanh t
MR o ann| aj[ aH & ﬂp“()

- the overturning moment induced by the hydrodynamic pressure on the tank bottom

17
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" A

Recast expressions

The hydrodynamic pressure exerted on the tank wall can be conveniently expressed as the sum
of infinite terms as follows

p(z,6.1) =icn"p, H cosd A, (t) (1.29)

n=0
For n = 0, the impulsive component of pressure is obtained (for n = 0, 4,, = ¥(t)), whereas
n=1,2,3... correspond to the convective solution. CZ is a dimensionless function of z

depending on the ratio H/a and it has been plotted in Figure 1-3 forn = 0andn = 1, 2 for
several values of H/a.

6

ch@ ch@)

Figure 1-3. Distribution of hydrodynamic pressures on tank wall (a) impulsive pressure component, (b) 1st convective pressure
component, (c) 2nd convective pressure component [13]

It should be noted that for low values of H/a, the impulsive pressure distribution is close to a
cosine curve and the convective one is large and penetrates to the base of the tank; for large
values of the H/a the impulsive pressure coefficient is almost uniformly distributed and the
convective one is small and localized near the surface. It must be considered, however, that
pressure is also function of A,,(t) which depends on the natural frequency of sloshing motion
of the liquid, so a large value of C? does not necessarily imply a large pressure.

The hydrodynamic pressure on the tank base can be expressed in an analogous convenient form
as

18



p(h&t)zi(:np(r)pI H cosé A, (t) (1.30)

The function C? (r) is plotted in Figure 1-4 respectively forn = 0 and n = 1, 2 for the same
range of H/a values.
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Figure 1-4. Distribution of hydrodynamic pressures on tank base (a) impulsive pressure component, (b) 1st convective
pressure component [13]

It is noted that for values of H/a greater than 1, the distribution of the impulsive pressure on the
tank base is linear.

The base shear induced by the hydrodynamic pressures can be expressed in the form:
Qi =>.C, mA 1 (1.31)
n=0

where C? is a dimensionless coefficient equal to m,,/m;, plotted in Figure 1-5 (a) fororn = 0
and n = 1, 2 as a function of H/a. It should be noted that the coefficient related to the impulsive
mass (n = 0) increases as the H/a value increases, while the coefficients related to the
convective mass (n = 1, 2) decreases as the ratio increases. Moreover, C? is generally bigger
than C?. However, the second convective term may not be negligible since the maximum value
of A, (t) can be larger than A, (¢t).
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Figure 1-5. Equivalent masses (a), coefficients in expression of impulsive and convective moments at base of tank
wall (b), at tank base (c) [13]

The overturning base moment induced by the pressure exerted on the wall can be expressed as

o0

IVlo,| :ZCanlHAh(t) (1-32)

n=0
where C are dimensionless coefficient plotted in Figure 1-5 (b) as a function of H/a.

The overturning moment induced by the pressure on the tank base can conveniently be
expressed in the form

My, =3C, mHA® (133)

where the dimensionless coefficient C}!' is depicted in Figure 1-5 for different values of H/a.

1.2.2. Mechanical models of tank-fluid system assuming rigid wall

Housner in [16-18] proposed the mechanical model of the tank-fluid system under the
assumption of rigid tank wall (Figure 1-6). His approach evaluates independently the effects of
the two components of motion. Indeed, the aim of the model is to calculate the seismic
responses of the SDOF systems separately and then combine them in order to obtain the total
tank base shear and overturning moment. The mechanical model (Figure 1-6) consists of
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different masses rigidly or elastically attached to the tank wall. The mass mo, called impulsive
mass, is rigidly attached to the wall and represents the effect of the portion of liquid which
moves in unison with the tank. The masses my, mz,...,mn take into account the effects of the
different convective modes; each mass is connected to the tank wall through a spring whose
elastic constant is a function of the natural frequency of the convective mode considered: K; =
4% m;/T;?, where T; is the natural period of the i-th mass (i = 1, 2.. first, second.. convective
periods). Other quantities associated with this mechanical model are the heights of each mass:
hy is the height of the impulsive mass, whereas h, , _are the heights of the convective masses.
It may be noted that heights hy and h, , _are used when hydrodynamic pressure exerted on the
base plate is not considered. At the contrary, if base pressure is included, then the corresponding
heights are denoted by hg and h; , . Therefore, the global overturning moment above the base
plate is different from that below, since different pressures are taken into account. The
overturning moment above the base plate is used to design the tank walls, whereas the
overturning moment below the base plate is used to design the foundation (this is also called
“foundation moment”). The sum of the impulsive and all convective masses provides the total
liquid mass; however, Malhotra [19,20] later confirmed that the hydrodynamic forces can be
calculated with sufficient accuracy by considering only mo and my, since the higher convective
modes give a contribution of maximum 5% of the total action. On the contrary, when the liquid
displacement has to be determined, these higher sloshing modes must be taken into account.
ACI 350.3 and API 650 use mechanical model of Housner (1963) with modifications of
Wozniak and Mitchell (1978). It is interesting to note that AP1 650 deal with circular steel tanks,
which are flexible tanks. However, since there is no appreciable difference in the parameters of
mechanical models of rigid and flexible tank models, this code evaluates parameters of
impulsive and convective modes from rigid tank models.
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Figure 1-6. Mechanical model of tank with rigid wall [16-18]
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1.3. Analytical formulation of tank-fluid system in case of flexible tank

In the previous section, the tank-fluid system has been analyzed under the assumption of rigid
tank. However, the wall flexibility plays and important role on the evaluation of the seismic
response and in some cases neglecting it can lead to erroneous results. One of the fundamental
hypotheses of modeling rigid wall tanks is that the impulsive liquid mass experiences the same
acceleration as the ground. Some researches carried out later, such as those of Veletsos and
Yang [13,21-23] and Housner and Haroun [24—26], demonstrated that the tank wall flexibility
may lead the impulsive mass to experience acceleration higher than the peak ground
acceleration. Thus, the impulsive component of the tank seismic response calculated under the
hypothesis of rigid wall may result non-conservative. On the other hand, the convective
component is not sensitive to the wall flexibility due to its longer natural period, and then its
effects may be evaluated by the procedure applicable to rigid tanks and added to the impulsive
solution.

One of the first studies including the effects of wall flexibility has been provided by Yang in
1976 [13]. In the context of this analytical procedure, the tank flexibility is taken into
consideration by assuming that the tank-fluid system behaves as a beam undergoing given shape

modes. The following paragraph provides a description of the main steps of the Yang’s method.

1.3.1. Fluid-tank interaction under assumed mode

This approach assumes that the tank-fluid system behaves as a beam, and the dynamic of the
model is analyzed under the hypothesis that during the vibration, the tank cross section remains
circular and the height-wise distribution of the deflection follows a given shape. Only the effects
of impulsive motion are considered since it is presumed that the convective effects are not
influenced by tank flexibility and then, they can be evaluated by the procedure described in the
previous section for rigid tank and superimposed on the impulsive effects evaluated herein. The
same method was used by Veletsos in [21], but in his work he assumed that the hydrodynamic
pressure at ¥ = 0 is equal to the pressure induced against a straight wall storing a reservoir, that
is reasonable only for tank with H/a less than about 1.2.

The tank-fluid system considered is depicted in Figure 1-7. The cylindrical wall has an arbitrary
thickness, radius a, height Hg and the level of fluid contained is H. The plane 9 = 0 is taken
parallel to the direction of ground acceleration. It should be emphasized that the entire system
represents a single-degree-of-freedom model, since the cross section cannot change its shape,
and the deflection configuration at any time is of a prescribed term.
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Figure 1-7. Mechanical model of tank-fluid system undergoing beam modes [13]

Let consider the dimensionless function y(z) describing the heightwise distribution of the
vibration mode and the acceleration of the tank wall at the free surface of the liquid, w(t).
Accordingly, the acceleration of the tank at a generic height z is given as w(t)y(z), and the
corresponding velocity as w(t)y(z). Since the fluid is assumed to be imcompressible and
nonviscous, the velocity potential function of fluid ¢ must satisfy Laplace’s equation, Eq. (1.1)

at paragraph 1.2.1, and the following boundary conditions:

%z—\iv(t)y/(z)cose at r=a
or
%:o at z=0
oz
0

The solution of the Eq. (1.1) is given as

{(Zn—l ”r}
4H I 2 H

$=—\(t) cosé'nzzl: (2n-1)rx '_t{(Zn—l)”a}
2 H

where

a, :% :[ w(2) cos {(Zn —1)%&}&

a, cos{(Zn -1 Zi}
2 H

(1.34)

(1.35)

(1.36)

(1.37)

(1.38)
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In this study, three different functions 1(z) are used, depicted in Figure 1-7. The values of a,,
for each of these functions and for ¢)(z) = 1 are given as follows

For W(z)=sin(%&} a, =2/[(2n-1)(-1)" +1]z

z 2 n+l 2
For v e g

1.39
For w(z)=1-cos rz oznzg—l for n=1 ( )
2 H T 2

a :(—1)"*1L for n>1

" @n-Yz
B B 2(_1)n+l
For w(z)=1 ¢, _—(Zn—l)zr

The hydrodynamic pressure exerted on the wall is obtained by applying Eq. (1.3) at paragraph
1.2.1, and given in the form

.4 ll[(Zn—l)”a}
p(z,t) =Vi(t)pH cos 6 a, 2 H

w1 (2n-1)z '1'[(2”_1)72[3}

cos{(Zn—l)%ﬁ} (1.40)

Once the hydrodynamic and inertia forces are identified, the equation of motion for the tank-
fluid system are determined by application of the virtual work principle

[m,, ¢ + My, W+ W+ KW =—[m +m, ]X(t) (1.41)

where my ; + my, = my represents the effective mass of the system for the rigid body
component of motion, and my ; and my ; represent the contributions of the structural mass and
liquid mass, respectively. In an analogous manner, m;, s + my,; = my, represents the effective
mass of the system for the motion specified by ¥(z), and mj, ¢ and m,,; represent the

contribution of the structural mass and liquid mass. The quantities c* and k™ are the effective
damping and the effective stiffness of the system. The solution of equation of motion is obtained
by analogy to that governing the motion of a single mass-spring-dashpot oscillator. This
procedure provides the analytical function for the maximum hydrodynamic pressure on the tank

24



wall, the maximum value of the base shear and overturning moment due to the hydrodynamic
pressure. It is worth to point out that the configuration of the assumed mode y(z) depends on
the relative magnitudes of flexural and shearing deformation of the filled-fluid tank during free
vibration. These magnitudes, in turn, depend on the dimension of the tank, such as H/a and h/a,
and on the relative weights of the roof system m,. to the virtual mass of contained fluid. In
particular, for large values of H/a and h/a and m,., the mode ¥ (z) will be more like a flexural
type, while for small values of these functions, the mode 1 (z) will be more like a shear beam

type.

Veletsos in [21] proposed the following procedure for selecting a reasonable vibration mode

P(2).

1. Assume a trial configuration ¥ (z); for convenience it can be taken equal to one of those
proposed in Egs. (1.39) and depicted in Figure 1-7.

2. Compute the resulting inertia and hydrodynamic forces which are given in Eq. (1.40).

3. Compute the deflection of the tank due to the forces determined in step 2, considering the
effects of both flexural and shearing deformations.

4. The deflection determined in step 3, normalized with respect to the deflection value
computed at z = H is the desired ¥ (z).

Once the vibration mode is selected, the circular natural frequency of the fluid-tank system, w,

is easily computed by Raileigh’s quotient w = /V,/T, , where V, is the maximum potential
energy of the system, obtained by integrating the product of forces, T, is the pseudo-kinetic
energy of the system.

Figure 1-8 and Figure 1-9 show the hightwise variation of the impulsive pressure on the tank
wall along 9 = 0 and the corresponding variation of the impulsive pressure on the base,
respectively. Results are plotted for two H/a values corresponding, respectively, to a squat tank
and a slender tank. Plots are in terms of p;HCA, in which C and A are the participation factor
and the pseudo-acceleration defined by the procedure. Results demonstrate as pressure for
flexible tank is materially different from those from the rigid tank. Moreover, for flexible tank
results are influenced by the assumed vibration mode.

Figure 1-10 depicts the virtual masses m,, ; and my ; appearing on Eq. (1.41). These are plotted
as a function of H/a for each of the three modes of vibration considered herein. In Figure 1-11,
values of base shear and moment for rigid tank are compared with those obtained for flexible
tank for each of the three vibration modes.
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1.3.2. Mechanical models of tank-fluid system considering the effects of wall flexibility

The procedure proposed by Haroun, Housner and Ellaithy in [24-26], for the evaluation of the
seismic response of the tank-fluid system considering the effects of wall flexibility, was based
on the mechanical model depicted in Figure 1-12. With respect to the model proposed by
Haroun for rigid wall, it maintains the concept of generalized single-degree-of-freedom (SDOF)
systems. However, in this model the impulsive mass has two contributes: the rigid contribute,
depicted in figure as mg, rigidly attached to the tank wall, and the flexible contribute, my,
attached to the wall through a spring whose elastic constant, kg, is calculated as a function of
H, a, my and m;. The contribution of m, to the overturning moment is determined by the

height h, that takes into account the effects of pressure on the tank base.
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Figure 1-12. Mechanical model for tank with flexible wall [24-26]
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A further mechanical model has been proposed by Malhotra in his simplified procedure for the
seismic analysis of liquid-storage tanks [19] (Figure 1-13) adopted in Eurocode 8. This method
takes into account impulsive and convective actions of the liquid in flexible steel or concrete
tanks fixed to rigid foundations. Impulsive and convective masses, m; and m,, as well as their
corresponding heights and natural periods, are obtained by the method described in [22,23,26—
28]. Malhotra confirmed that for tanks with 0.3 < H/a < 3, where H is the height of liquid,
the first impulsive and first convective modes together account for 85-98% of the total liquid
mass in the tank. The remaining mass of liquid vibrates primarily in higher impulsive modes
for tall tanks (H/a > 1) and higher convective modes for broad tanks (H/a < 1). The seismic
response (base shear, overturning moment and sloshing wave height) obtained involving the
first impulsive mode and first convective mode is considered satisfactory in most cases. Thus
in his simplified procedure, the author takes into account these modes only.

Figure 1-13. Malhotra's simplified tank model [19]

1.4. Unanchored tanks and uplift — general remarks

In the context of the tank seismic design, anchorage system should be provided when the tank
overturning moment due to the horizontal ground acceleration, overcomes the restoring
moments. In practice, a complete base anchorage is not always a feasible or economical
solution. As a result, many tanks are unanchored or partially anchored to the base.

The base uplift has been found to reduce the hydrodynamic forces in the tank-fluid system;
however, it leads to an increase of the axial compressive stress in the tank wall. Further studies
showed that in the case of tank supported directly on flexible soil foundations, the base uplift
does not cause a significant increase in the axial compressive stress in the tank wall, but it may
lead to large foundation penetrations and large plastic rotations at the plate boundary. Therefore,
flexibly supported unanchored tanks are susceptible to irregular settlement of the foundation
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and fatigue rupture at the plate-shell junction, whereas they are less prone to elephant foot
buckling.

The dynamic behavior of anchored tanks has been widely analyzed through analytical and
numerical studies. For such kind of structures, the bottom plate is prevented from vertically
displacing, and therefore, the seismic response can be evaluated by calculating the natural
modes of vibration of the tank-fluid system and superimposing them properly. On the contrary,
few approximate methods have been developed for the estimation of internal stresses at the
bottom plate in case of unanchored tanks. Reports on damages caused by past earthquakes
reveal that unanchored tanks have been subjected to extensive failures such as buckling of the
lower part of shell wall, due to large compressive stresses, rupture at the bottom-wall junction,
caused by excessive plastic yielding, and failure at pipes and fittings, that are not able to absorb
large displacements [2]. Past theoretical studies conducted with the aim to clarify the uplift
problem use static and dynamic models:

- static models have the main purpose to study the effects of uplift displacement on the
stresses in the tank;

- dynamic models have been proposed to calculate the amplitude dependent natural
frequencies, mode shapes and the dynamic pressures.

Dynamical investigation of unanchored tanks excited by earthquakes can be performed through
the finite element method. The advance of using such a method is that the whole fluid-shell-
foundation system can be modeled and different type of non-linearity can be taken into account.
However, in case in which nonlinear effects such as yielding and partial uplift of the bottom
plate are included in the analyses, the computational effort increases dramatically.

A critical overview on previous researches on unanchored tanks has been presented in Chapter
5, whereas analytical methods used by codes for the design are given in Chapter 2.
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2. Critical review of seismic codes provisions

2.1. European and international codes and standards

Liquid storage tanks are widely used in industries for the containment of toxic and flammable
liquids and in water distribution systems. The most common typologies are principally ground
supported and elevated tanks, made of steel, ordinary or pre-stressed reinforced concrete. Past
seismic events have highlighted the most serious deficiencies and weaknesses of these
structures and helped codes in improving their dynamic performances. It should be pointed out
that seismic analysis of liquid storage tanks presents some differences compared to the building-
type structures. Indeed, liquid storage tanks are less ductile then buildings and they are
subjected to fragile mechanisms (piping sheared, anchorage pull out or breakage, sliding of the
bottom plate on the foundation, roof collapse, etc.). Moreover, the contained liquid excited by
dynamic action causes hydrodynamic pressure on the tank wall and base. Due to low ductility,
the design of liquid storage tank uses lateral seismic forces higher than that for building-type
structures having equivalent dynamic properties. In addition, since the storage area usually
represents one of the most dangerous of industrial plants, codes and standards further increase
seismic design forces providing high values of the importance factor of tanks. A critical
comparison between the main standards involved in design of storage tanks is provided by
Jaiswal et al. in [15]. Some of the concepts developed in that previous study are reported in the
present section, at Paragraph 2.2, in order to review codes provisions, common features and
differences among them. The abovementioned considerations constitute the major principles
common to all the main standards and codes for the seismic design of liquid storage tanks.
However, the way to transpose these criteria in practice can vary from a code to another and
lead to significant differences in the definition of seismic design force. Paragraph 2.3 provides
a detailed description of the seismic design procedures of on-grade cylindrical steel storage
tanks subjected to horizontal and vertical ground accelerations, according to the UNI EN 1998-
4:2006, NZSEE and AWWA D100-05 is presented. Rigid and deformable tanks are considered
in case of rigid or flexible foundation and in case of base perfectly or partially anchored to the
foundation. Moreover, a comparison between the three codes examined is carried out as well.

The European and international codes and standards dealing with analysis, design and
verification of storage tanks made of steel, pre-stressed or ordinary reinforced concrete located
in areas of seismic activity are listed as follows:

e UNI EN 1998-4:2006 Design of structures for earthquake resistance - Part 4: Silos, tanks
and pipelines, hereafter called EC8-4. This code provides rules and provisions for the
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seismic design of piping system, steel, pre-stressed and ordinary reinforced concrete tanks
and silos used for storage of liquid or granular substances. The code analyzed different
types of tanks: (a)circular and rectangular, (b) rigid and flexible wall; (c) anchored and
unanchored. Some considerations are made on elevated tanks and on the soil-structure
interaction;

BS EN 14015:2004 Specification for the design and manufacture of site built, vertical,
cylindrical, flat-bottomed, above ground, welded, steel tanks for the storage of liquids at
ambient temperature and above. This European Standard specifies the requirements for the
materials, design, fabrication, erection, testing and inspection of tanks and the technical
agreements that need to be reached. It is concerned with the structural integrity of the basic
tank structure and does not provide requirements for considering process design,
operational issues, safety, inspection, maintenance or repair. It deals extensively with the
static behavior of the tank-fluid system, more briefly with the seismic one;

Seismic Design of Storage Tanks, Recommendations of a Study Group of the New Zealand
National Society for Earthquake Engineering. The first issue of this code dates back to
1986, while in 2009, M.J.N. Priestley published the last edition (the acronym NZSEE refers
to this latter version). It incorporates provisions for the definition of the design loads given
in NZS 4203 [29], Code of practice for general structural design and design loading for
building (1992). The standard reflects the same tank typologies treated by EC8-4, however
further information about buried and elevated tanks, and soil-structure interaction are
given;

ACI 350.3-06 Seismic Design of Liquid-Containing Concrete Structures and Commentary
and ACI 371R-98 Guide for the Analysis, Design and Construction of Concrete-Pedestal
Water Towers. These two codes provide provisions uniquely for reinforced concrete tanks;

AWWA D100-05, 2005: Welded carbon steel tanks for water storage and AWWA D103-
97 Factory-coated bolted steel tanks for water storage, American Water Works
Association, Colorado. These standards specify rules and provisions for the design and
construction of welded and bolted steel tanks for water storage but they are considered
suitable also for the storage of fuel oils. Paragraph 13 of AWWA D100-05 deals with the
seismic design of anchored, unanchored and elevated cylindrical tanks made of steel,;
AWWA D110-04 and D115-06 treat pre-stressed reinforced concrete tanks. At paragraph
4 they define horizontal and vertical seismic forces and design requirement under operating
conditions;
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e API650, 2005: Welded steel tanks for oil storage, American Petroleum Institute Standards,
Washington DC. These standards constitute the main world reference for the design of oil
tanks. Appendix E analyses the seismic design of anchored and unanchored steel
cylindrical tanks. Elevated tanks are not covered;

e Uniform Building Code, Vol. 2, Structural Engineering Design Provisions 1997
(Paragraph 1634) and ASCE 7 2005 (Paragraphs 15 and C15). For liquid storage tanks, the
2006 IBC refers to ASCE 7 2005, which contains two series of provisions: the first follows
its own criterion in definition of design forces and in analysis; the second adopts modified
expression of the seismic design forces provided in AWWA, APl and ACI [15]. These
codes analyses anchored, unanchored and elevated tanks made of steel, ordinary and pre-
stressed reinforced concrete;

e [ITK.GSDMA (2005) Guidelines for Seismic Design of Liquid Storage Tanks, Previsions
with Commentary and Explanatory Examples, provided by NICEE, National Information
Center of Earthquake Engineering. The guidelines include the documents: “Review of
Code Provisions on Design Seismic Forces for Liquid Storage Tanks” and “Review of
Code Provisions on Seismic Analysis of Liquid Storage Tanks” that provide a comparison
on the international codes for the seismic design of liquid storage tanks. ITK.GSDMA
2005 receives principles and provisions from ACI 350.3-06;

The aforementioned and others codes are synthetically presented in Table 2.1 [15], in which
details about type of tanks considered, seismic force level and provisions on convective mode
are given. In particular, some of these standards specify the design seismic force at strength
design level; in this case, loads are factored and lead to the ultimate state. On the other hand,
some codes use working stress design level.
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Table 2.1.Details of codes and standards [16]

Type of tanks Seismic Provisions on
Code/Standard considered’ force level® convective mode
2006 IBC & ASCE 7 1,2,3,4 SD Yes
Eurocode 8 (1998) 1,2,3,4 SD Yes
NZSEE 1,2,3,4 SD Yes
ACI 350.3 (2001) 1.3 ASD Yes
ACI 371 (1998) 3 SD No
AWWA D-100 (2005) 23,4 ASD Yes®
AWWA D-110 (1995) 1 ASD Yes
AWWA D-115 (1995) 1 ASD Yes
API 650 (2005) 2 ASD Yes

: 1=Ground-supported RC/PSC tanks; 2=ground-supported steel tanks; 3=clevated
tanks on shaft-type tower 4=elevated tanks on frame-type tower

? SD=strength design level; ASD=allowable stress design level

3 Provisions on convective mode are given for ground-supported tanks only.

2.2. Critical comparison of the main design codes

2.2.1. Design seismic force: provisions from codes

Design seismic force and reduction factor

The elastic design force is reduced by codes in order to take into account ductility and plastic
resources of the structure. In this regard, each code gives different principles and provisions for
the practical use of reduction factor. ASCE 7 specifies different values of the so called response
modification factor R for two types of on-grade RC and PSC tanks and two types of on-grade
steel tanks (see Table 2.2). NZSEE uses the correction factor Cs which is a function of the
ductility factor p and the damping ratio & Moreover, it suggests different values of Ct, 1 and &
for different types of tanks. Table 2.3 specifies the classification of tanks used in NZSEE, very
detailed for steel tanks, and the corresponding values of the aforementioned quantities.
Eurocode 8 uses the behavior factor q and it assigns g=1 (the elastic design forces) for all on-
grade tanks unless proper analysis demonstrates a substantial energy-dissipating capacity. Table
2.2 contains values of the response modification factor also for codes as ACI 350.3, D-110, D-
115and API 650. ASCE 7 defines the seismic design forces at the strength design level, whereas
ACI 350.3, D-110 and API 650 are at the allowable stress design level. This is the reason for
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the bigger values of response modification factor in ACI 350.3, D-110 and API 650. Code D-
100 as well defines design forces at the allowable stress design level. However, values of
response modification factor are the same as those in ASCE 7, because a factor of 1.4 is used
to convert design forces from strength design level to allowable stress design level. Another
subject of discussion in the context of ground-supported tanks is the usage of the response
modification factor for the convective forces. Eurocode 8, ACI 350.3 and D-110 do not provide
any reduction for convective modes. ASCE 7, D-100 and API 650 allow small reduction of the
convective forces by providing values of the response modification factor lower than those
specified for impulsive mode. On the contrary, D-115 and NZSEE use same values of the
modification factor for impulsive and convective modes.

Table 2.2. Type of tanks and response modification factor from American standards [15]

Type of base Response modification factor

Ground-supported RC/PSC tanks

ASCE 7 ACI 350.3 D-110 D-115

Impl.  Conv. Impl. Conv. Impl. Conv. Impl. Conw

Anchored flexible 3.0 1.5 4.5 1.0 4.5 1.0 2.5 2.5
Reinforced nonsliding 2.0 1.5 2.75 1.0 2.75 1.0 3.0 3.0
Unanchored and — — 2.0 1.0 — — 3.0 3.0
contained flexible

Unanchored and 1.5 1.5 2.0 1.0 2.0 1.0 1.0 1.0

uncontained flexible
Ground-supported steel tanks

ASCE 7 D-100 API 650
Mechanically anchored 3.0 1.5 3.0 1.5 4.0 2.0
Self anchored 25 1.5 25 1.5 35 2.0

Elevated tanks

ASCE7 ACI 350.3 ACI 371 D-100
RC pedestal 2.0 1.5 3.0 1.0 2.0 a 3.0! 1.5
Braced/ unbraced legs 3.0 1.5 — — —_ — 3.0 1.5

a=No provision
1 par « .
For steel pedestal
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Table 2.3. Types of tanks, ductility factor, damping ratio and correction factor from NZSEE [15]

Type of Tank yli (%) C;

Steel Tanks on Grade lmpl.“ Conv. Impl. Conv.
Elastically supported 1.25 2 0.5 0.83 0.92
Unanchored tank designed for uplift (elephant foot shell ~ 2.0" 2 0.5 0.54 0.58

buckling may occur under seismic overload)

Unanchored tank designed for uplift and elastic 1.25 2 0.5 0.83 0.92
(diamond shaped) shell buckling mode

Anchored with nonductile hold-down bolts 1.25 2 0.5 0.83 0.92
Anchored with ductile tension yielding hold-down bolts 3.0° 2 0.5 0.41 0.43
Ductile skirt pedestal 3.0° 2 0.5 0.41 0.43
On concrete base pad designed for rocking 2.0° 2 0.5 0.54 0.58
Concrete Tanks on Grade

Reinforced concrete 1.25 5 0.5 0.72 0.92
Prestressed concrete 1.0 5 0.5 1.0 175
Elevated Tanks ' 0.5

:C'hcck that clastic buckling does not occur before elephant foot.
Capacity design check required to protect against other forms of failure.
As appropriate for support structure. Capacity design approach shall be used to protect elevated tanks against

Damping for impulsive and convective motions

For convective mode, all codes and standard specify 0.5% damping, whereas for impulsive
mode they provide different values basing on tank type, material, foundation etc. In particular:
ASCE 7 uses 5% damping for all tanks; Eurocode 8 uses 5% damping for RC and PSC tanks
and 2% for steel tanks; NZSEE specifies values depending on tank geometry, aspect ratio,
construction material, foundation soil shear velocity; ACI 350.3, which deals with RC and PSC
tanks, AP1 650 and D-100, which deal with steel tanks, use 5% damping.

2.2.2. Analysis of tank-fluid system: provisions from codes

The present section has the aim to discuss on the different ways adopted by codes for modeling
the tank-fluid system and the soil-structure interaction, combining impulsive and convective
effects, evaluating the hydrodynamic pressure on wall and base and the sloshing wave height.

Mechanical model of tank-fluid system

As already explained in Chapter 1 of the present work, the liquid mass contained in a storage
tank subjected to seismic action can be seen as the coexistence of two components undergoing
different motions: the lower part of the liquid mass vibrates in unison with tank wall, whereas
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the upper liquid mass vibrates relatively to the tank wall and with longer period. In technical
literature, impulsive and convective motions have been studied using different mechanical
models. Researchers as Housner in 1963 [16] , Veletsos and Yang in 1977 [22] studied the tank-
fluid system through a two-masses model. In this model, the tank wall is considered to be rigid.
Later, Housner and Haroun in 1981 [30] and Veletsos in 1984 [23] introduced included effects
of the wall flexibility. All codes for seismic design of storage tanks use a tank model with rigid
wall, except for EC8-4 and NZSSE. In particular EC8-4 introduces an impulsive component of
pressure related to the wall flexibility; NZSEE uses a rigid tank model for reinforced concrete
tanks and a flexible tank model for steel tanks. However, codes that use the rigid tank model
take into account the wall flexibility in the evaluation of the natural period of impulsive and
convective motions. Therefore, tank flexibility is not included only in case of masses
evaluation.

Once the seismic responses has been calculated for impulsive and convective components of
motion, the overall tank behavior is obtained by properly combining them. Codes give
provisions for the combination rules. In particular, ASCE 7 and Eurocode 8 use the absolute
summation rule, suggested by Malhotra in [19], whereas ACI 350.3, AWWA D-110, D-115,
D-100, API 650 and NZSEE use the SRSS rule.

Hydrodynamic pressure on tank wall and base

Housner in 1963 [16] provides the analytical formulation for distribution of the impulsive and
convective hydrodynamic pressure on the tank wall. It was adopted by NZSEE and Eurocode
8. In addition, NZSEE and ACI 350.3 described a simplified linear distribution of the
hydrodynamic pressure. All codes take into account the effect of hydrodynamic pressure on the
tank base for calculation of tank overturning moment, but only NZSEE provides the expression
for its distribution along the base. Formulations of hydrodynamic pressure on tank wall and
base is omitted in ASCE 7, but it suggests using provisions given from other standards.

Convective wave height

The convective motion of liquid contained causes the appearance of waves in the upper part of
the tank. Depending on the tank size and aspect ratio, the effect of these waves can be relevant
and their impact on tank wall and roof can cause damage to shell and junctions. It is important
to provide a freeboard to prevent these kinds of damage and loss of content from the top. All
codes and standards except AWWA D-115 and ACI 371 provide expressions for the calculation

36



of the maximum sloshing wave height. Table 2.4 shows a comparison between sloshing wave
heights from different codes and standards. It should be noted that ACI 350.3 overestimates the
maximum height of sloshing wave. Furthermore, NZSEE presents different values of the
sloshing wave height for the different type of tank investigated. This comes from the usage of
different values of the response modification factor employed in the formulation of the
convective base shear coefficient. In particular, NZSEE distinguishes tanks into: 1) reinforced
concrete and unanchored steel tanks, 2) pre-stressed concrete tanks, 3) anchored steel tanks
with ductile bolts. On the contrary, all other codes propose a single value of height for all types
of tanks.

Based on the sloshing wave height, Malhotra in 2005 [11] provided a simplified method for the
estimation of the additional forces on the roof and tank wall resulting from the absence of a
sufficient freeboard.

Table 2.4. Comparison of sloshing wave height form various codes and standards

T(s) Sloshing wave height/radius of tank

ASCE 7 Eurocode 8 NZSEE' NZSEE® NZSEE® ACI 350.3 D-110 D-100 API 650

2 0.56 0.38 0.46 0.87 0.21 0.88 0.75 0.56 0.56
4 0.28 0.14 0.23 0.43 0.107 0.28 0.19 0.28 0.28
6 0.125 0.063 0.125 0.083 0.125 0.125
8 0.07 0.035 — — — 0.07 0.047 0.07 0.07

' RC tanks and unanchored steel tanks
“PSC tanks
* Anchored steel tanks with ductile bolts

Soil structure interaction

It is known that soil flexibility enhances the impulsive time period, and radiation damping of
the soil increases the total damping of the structure. Provisions for soil-structure interaction are
given in ASCE 7, NZSEE and Eurocode 8. These codes provide expressions governing that
interaction, as well as expressions of the equivalent damping of tanks that includes the effect of
the soil radial damping, studied by Veletsos 1984 [23]. The other codes do not consider the soil
effects on the tank seismic response.
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2.3. Seismic design of on-grade steel tanks

The present section introduces the seismic analysis procedures for on grade cylindrical tanks
subjected to horizontal and vertical ground accelerations according to EC8-4, NZSEE and
AWWA D100-05 provisions (some prescriptions are given also for other codes). Rigid and
deformable tanks will be considered in case of rigid or flexible foundation and in case of base
perfectly or partially anchored to the foundation. Further details on the seismic design of tanks
can be found in Calvi and Nascimbene [31].

2.3.1. Seismic design of on-grade steel tanks according to EC8-4

Riqid tanks perfectly anchored to the foundation

For rigid tanks, the instantaneous value of the hydrodynamic pressure at an arbitrary point,
p(&,¢,9,t), is defined by the superposition of the impulsive component p;(¢,¢,9,t) and the
convective component p.(¢,¢, 9, t).

The system considered is a rigid circular cylinder tank of radius R fixed to a rigid base. The
cylindrical coordinate system has the origin at the center of the tank bottom; z is the vertical
axis, whereas x is the direction of the horizontal ground acceleration % (t) that excites the tank-
fluid system. H is the level of the fluid inside the tank (see Figure 1-2 in which the radius R is
indicated with the letter a). The fluid density is p [kg/m3]. It should be noted that the
procedure adopted by EC8-4 has been developed by Yang in [13] explained in Chapter 1 of the
current work at paragraph 1.2.1. However, for the sake of clarity, all the main equations have
been reported also in this section.

Impulsive pressure

The spatial-temporal variation of the impulsive pressure is given in section A.2.1.2 of EC8-4
and determined by Yang in [13] (see Chapter 1of the current work, paragraph 1.2.1):

Pi(£.6.0.t) =C;(£,5) pH cosPa(t) (2.1)

where a(t) represents the ground acceleration time-history in the free field (with peak value
denoted by ag), while C; has the following expression:
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C (g‘,g)=2§ﬁcos(%§)|1{%fj (2.2a)
1 Y |

2n+1
N = Vs (2.2b)
2
H
=— 2.2
"R (2.2¢)

1, (*) and I; () denotes the modified Bessel function of order 1 and its derivative.

The dimensionless function C; represents the distribution of p; normalized among the height;
in Figure 2-1 (a) it is shown for & = 1, (i.e. at the wall of the tank) and cos9 = 1 (i.e. in the
plane of the horizontal seismic action). Moreover, the impulsive pressure p; is normalized with
respect to pRa(t). Figure 2-1 (b) shows the radial variation of p; on the tank bottom (z = 0)
for three different values of the slenderness parameter y = H/D. Note that for large values of
v (i.e. for slender tanks) the pressure distribution on the tank bottom becomes linear.

02 04 06 0.8;;. 1.0
PRa(t)

Figure 2-1. Distribution of the impulsive pressure normalized with respect to pRa(t); (a) distribution among the
height, (b) radial distribution among the tank bottom [31]
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Pressure resultants

The horizontal resultant of the rigid impulsive pressure at the base of the wall is obtained from
Eq. (2.1) and it represents the impulsive base shear

Q t)= mia(t) (2.3)

where m;, named impulsive mass, denotes the mass of the contained fluid which moves
together with the wall. The total impulsive moment with respect to an axis orthogonal to the
direction of the seismic action, M;, immediately below the tank bottom, includes the
contributions of the pressures on the walls (Eqg. (2.1)) and those of the pressure on the tank
bottom plate:

M i' t=m, hi‘a(t) (2.4)

where h; is the height of the centroid of the impulsive pressure measured from the tank bottom
that takes into account the hydrodynamic pressure on the bottom [13,23]. The total impulsive
moment M; immediately above the tank bottom plate includes only the contributions of
pressures on the walls:

M; ® =m hia(t) (2.5)

The quantities m;, h; and h; are plotted in dimensionless form as functions of the slenderness
ratio y in Figure 2-2.
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Figure 2-2. Ratios m;/m, h;/H and h;/H as functions of the tank aspect ratio [31]
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Convective pressure

The spatial-temporal variation of the convective pressure is given in section A.2.1.2 of EC8-4
and determined by Yang in [13] (see Chapter 1of the current work, paragraph 1.2.1):

0. (£,6.0.0)=p3 , cosh(4,70)J,(4,) cos O a, (1) 2.6)

n=1

where the summation provides the contributes of all n sloshing modes, p (kg/m?3) is the fluid
specific weight, y = H/R is tank aspect ratio, J; is the Bessel function of the 15¢ order, A,
stands for the n*" root of the 15¢ derivative of the Bessel function of the 15¢ kind and 15¢ order;
the first of these three roots are: 1; = 1.8412, A, =5.3114, 1; = 8.5363, 1, = 11.0760.
The function v,, has the following expression:

_ 2R
(A2 =1)J,(4,)cosh(4,7)

v (2.7)

The anti-symmetric modal shapes of the first four sloshing modes is depicted in Figure 2-3 [32].

(a) A; = 1.8412 (b) Ay = 5.3314

i

(c) As = 8.5363 (d) Aq = 11.7060

Figure 2-3. Antisymmetric modal shapes of the free liquid surface [31]

a.,(t) is the absolute acceleration time-history of the response of a single degrees of freedom
oscillator having a circular frequency w,., given by the expression:
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O =Jg %tanh(ﬂny) (2.8)

Only the first sloshing mode and the corresponding natural frequency (n = 1) needs to be
considered in Eq. (2.6) for design purpose.

The vertical distribution of the sloshing pressures for the first two modes is shown in Figure
2-4 (a) (for ¥ = 0 and ¢ = 1), while Figure 2-4 (b) shows values of the first two frequencies as
function of the aspect ratio H/R. In squat tanks (y = 0.5) the sloshing pressures maintain
relatively high values down to the bottom, while in slender tanks (y = 3) the sloshing effect is
limited to the vicinity of the liquid surface. The sloshing frequencies become independent from
the parameter y when it is greater than 1. For y > 1, the frequency w,; is approximated by the
expression (R in meters):

4.2
Wer = R (2.9)
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Figure 2-4. Distribution of pressure associated with the first and the second convective modes (n=1,2) among the tank
height (a) and natural frequencies of the first and second modes as function of the tank slenderness [31].

Pressure resultants

The convective base shear is given as

Q.()= i Mgy, (t) (2.10)
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where m,,, is the nt"* convective modal mass. The convective base moment immediately below
the tank bottom plate is

ML(0)= 3 (M, 3 O), = > Qu (O, 211)

where h.,, is the height of the centroid of pressure associated with the n* convective mode that
considers the hydrodynamic pressure on the bottom. Values of m., and m,, [23] for the first
two sloshing modes and values of their corresponding heights h;; and h/, are shown in Figure
2-5 as function of the slenderness ratio. The convective base moment immediately above the
tank bottom plate is

M= (M 2, Oh, =S Q. Oh, 2.12)

where the height of the centroid of pressure h.,, does not takes into account the hydrodynamic
pressure on the bottom. Values of the heights h.; and h, for the first two sloshing modes are
shown in Figure 2-5 (b) as function of the slenderness ratio.
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Figure 2-5. Masses m.; and m_, of the first two convective modes (a) and corresponding heights (b) as function of the
tank slenderness [31]

The convective component of the response may be obtained from that of an oscillator having
mass m,,, attached to the rigid tank through springs with stiffness K., = wZ,m.,. An oscillator
for each significant mode is considered; normally the first mode is enough. The tank is subjected
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to the ground acceleration time history a(t) and the masses respond with acceleration a, (t).
Quantities h.,, and h,, represent the level at which the masses and the relative springs needs to
be applied in order to provide the correct value respectively of M., and M/,,.

Vertical pressure

The spatial-temporal variation of the axisymmetric hydrodynamic pressure on the wall of a
rigid tank caused by a vertical acceleration a, (t) is given in EC8-4 at paragraph A.2.2:

P (£, 1) =pH(A-J)a,(t) (2.13)

where p is the density of the fluid (kg/m3) and H is the tank height. In case of rigid support,
a,(t) = a,y(t), where a, (t) is the vertical ground acceleration in the free field. In case of
soil-structure interaction, a,, (t) represents the variation in time of the acceleration response of
a single degree of freedom with natural frequency subjected to a,,,(t) at its base, w,, obtained
from Eq. (2.50). It should be noted that Eq. (2.13) is independent from & and ¥ since vertical
pressure is axial symmetric and then it does not produce base shear and moment.

Natural period of the tank-fluid system

The natural period of the first convective motion of the fluid contained can be obtained from
the expression of w.,, given in Eq. 2.8 of the current work, for n = 1 (Eq. (C3.24) Paragraph
C3.6 NZSEE and Eq. (A.9) Paragraph A.2.1.3 EC8-4):

) 27[\/E
le_”_ 9

= (2.14)
P \//11 tanh (ﬂg‘j

where 1; = 1.8412 that is the root of the 15¢ derivative of the Bessel function of the 15¢ kind
and the 15¢ order.
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Combination of pressures and behavior factor

The total pressure acting on the tank wall consists of three contributions (paragraph A.2.1.6 of
EC8-4):

- the impulsive pressure p;, governed by a(t) (Eq. (2.1));
- the convective pressure p., governed by a.,(t) (Eq. (2.6);
- the vertical pressure p,,- (EQ. (2.13)).

Criteria and provisions used for combining horizontal and vertical pressures are discussed in
the following.

In case in which the maxima values of the horizontal response are obtained from dynamic
analyses that involves the elastic spectrum, they must be properly combined. Since the distance
between the dominant frequencies of the convective and impulsive motion is usually large, the
EC8-4 at the paragraph A.2.1.6 and the ASCE 7 at the paragraph 15.7.6.1 recommend summing
the maxima absolute values of impulsive and convective modes.

The peak value of the pressure due to the combination of horizontal and vertical excitation is
determined according to the paragraph 4.3.3.5.2 (4) of the UNI EN 1998-1:2004 as follows:

E,(+)0.30 - E,
0.30 - E,(+)0.30 - E,
0.30 - E,(+)E,

where E}, and E, represent respectively the effects of the application of the horizontal and
vertical components of the seismic action; symbol (+) has the meaning “is combined with” and
it is taken as the most unfavorable for the effect under consideration (paragraph 3.2 (3)P of the
EC8-4). Then, the final combined pressure should be added to the hydrostatic pressure on the
wall at the one side of the tank (where the wall accelerates into the liquid) and subtracted as
suction at the opposite.

The impulsive and convective responses are characterized by different mechanisms of energy
dissipation [15]. The EC8-4 at paragraph A.2.1.6 assumes a behavior factor g = 1 (no energy
dissipation) for the convective response, and g = 1.5 for the impulsive response.
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Flexible tanks

The evaluation of the tank stresses in the context of the seismic design can be un-conservative
if shell wall is assumed to be rigid, especially in case of steel tanks. The fluid pressure in a
flexible wall tank consists of four contributes:

impulsive pressure for rigid tank p; (&, ¢, 9, t) determined from Eq. (2.1);

- convective pressure p.(&,¢,9,t) determined for the first n sloshing modes from the
expression (2.6);

- impulsive pressure for flexible tank p(¢&, ¢, 9, t) determined from (2.16);

- vertical pressure p, (¢, t) obtained from combination of the vertical pressure for rigid
tank p,-(¢, t) (Eq. (2.13)) and that for flexible tank p,, (s, t) (Eq. (2.27)).

The reference spring mass model is the one in Figure 1-12 at the paragraph 1.3.2

Impulsive pressure

The component p(¢,¢,9,t) must satisfy the following boundary conditions: (1) the radial
velocity of the fluid among the wall equals the strain rate of the tank wall; (2) the vertical
velocity at the tank bottom is zero; (3) the pressure at the free surface of the fluid is zero. The
dynamic coupling between the sloshing and the flexible components is very week, due to the
significant differences between the natural frequency of the sloshing motion and that of the
fundamental vibration mode of the tank-fluid system. This aspect allows determining the
component pr(¢,¢,9,t) independently of the others. The rigid impulsive and the convective
components determined in previous sections remain therefore unaffected.

However, the procedure suggested by Eurocode for flexible tanks requires a very high
computational effort, since the flexible pressure distribution ps (Eq. A.19 of the EC8-4,

Appendix A) depends on the modes of vibration of the tank-fluid system, among which only
those with one circumferential wave (n=1) are of interest:

f({)cosd (2.15)

Assuming to know function (2.15), the spatial-temporal variation (¢, 9, t) of the impulsive
component associated with the wall flexibility is given by the expression:
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b, (£,0.1) = pHy c0s8> d, cos(v,)a (1) 2.16)

n=0

where:

jjf(g){’;;sﬁhib'n cos(vng)}dg

n=0

T s() - (2.17a)
[ f(g){’;;,j fe)+2 4, cos(vng)}dg
DL (v, 1)
b =2 A1) (2.17b)
¢ 2 [, f(5)cosvig)ds (v, /) 2170
Vn Il(vn /7/)
. 2”2+17T (2.17d)

In Egs. (2.17a) - (2.17b) ps is the mass density of the construction material of the tank wall
(kg/m?) of thickness s(¢); ag,(t) is the time history of the response acceleration (relative to
the base) of a single degree of freedom system subjected to a(t) having period T, = 2m/wy
and a damping ratio equal to 2% [26,33] or 1% [34]; ¥ given from the expression (2.17a) can
be considered as a modal participation factor. The fundamental mode, correspondington = 0
is generally sufficient. Equations (2.16) - (2.17) depend on the function f(¢) that can be
determined through an iterative procedure suggested by Fischer et al. in [35], and reported in
the EC8-4. It consists in a numerical algorithm based on the “added mass concept”. Starting
with a trial vibration mode f;(¢), where i corresponds to the i*" iteration, the associated flexible
pressure distribution p} (¢) is obtained from Eq. (2.16) by imposing ya,(t) = g. Following the
added mass concept, an effective mass density p’(¢) of the shell can be calculated from p} (©).
Then, this effective mass density may be used in a structural analysis of the tank in order to
evaluate the mode shape in the (i + 1)®" iteration, and so forth until convergence. The
convergence criterion is defined by Fischer and Rammerstorfer in [36].
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The fundamental frequency of the first impulsive mode for flexible tank, can be evaluated
through the following expressions (neglecting the soil-structure interaction):

- the relation obtained by Rammerstorfer et al. in [33]:

Es(g)
P pH (2.18)
"R (0.1577% + y +1.49)

valid for ratios ¢ = z/H = 1/3; E is the elastic modulus of the tank wall material, p is
the density of the fluid (kg/m3) and y = H/R.

- the relation provided at Point 4.3.1.1 of the ITK-GSDMA (2005) and at Point A.3.1 of
the Eurocode 8, Edition 2003:

_7 [Bs(g)

o =3 (0.01675y° —0.15y +0.46) (2.19)
prH

The resultant tank base shear is given by the expression

Qi () =m;a, (1) (2.20)
where:
m, = mwi (_Vl) d, (2.21)
n=0 n

The overturning moment immediately above the tank bottom plate is

M (t)=m;ha,(t) (2.22)
where:
X -N"v -1
h, =H=""— ( ”1)” (2.23)
7 d,
n=0 v,

while the overturning moment immediately below the tank bottom plate is
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M (t)=m, ha(t) (2.24)

where:
< (_1)nvn -1 S dn I (Vn/7)
R e T TR
hy =H— 1 (—i)” n n (2.25)
y2
n=0 Vn

Vertical pressure

The total vertical pressure p,, (g, t) is obtained by applying the rule of the square root of sum of
squares (paragraph A.3.3 and A.8 of the EC8-4):

e ) =[P GO +[ Pa (D) (2.26)

where p,,-(¢,t) is the pressure on the wall of a rigid tank obtained from Eq. (2.13). The
contribution p, (s, t) associated with the wall flexibility may be calculated by using the
expression proposed by by Veletsos and Tang [37]:

Py (5,t)=0.8pH COS(%gja\” t) (2.27)

where a,¢(t) is the time history of the response acceleration of a single degree of freedom
system subjected to a vertical acceleration a,, (t) at the base and having natural frequency wy ¢

(Egs. (2.28)). The fundamental frequency of the first impulsive mode for flexible tank
(neglecting the soil-structure interaction) can be evaluated through the equation proposed by
Haroun et al. in [38] and by Rammerstorfer et al. in [33] (paragraph A.3.3 EC8-4):

(2.28)

o, =L J 271, (7,)5(5)
2R

2R\ pH(L-0?)1,(r,)

where ¢ = 1/3, v, = mtR/2H, E and v are the elastic modulus and the Poisson ratio of the
construction material of the wall. The relation (2.28) is calculated by assuming the fundamental

vibration mode £ (¢) = cos(%).
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Combination of pressures

The total pressure acting on the flexible tank wall consists of the following contributes:

the impulsive pressure in case of rigid wall p;, governed by a(t) (Eq. (2.1));

the convective pressure p., governed by a.,(t) (Eq. (2.6);

the impulsive pressure in case of flexible wall ps (2.16) governed by as (t);

the total vertical pressure p,,, (EQ. (2.26)).

The resultant horizontal pressure pj, is obtained from combination of p;, ps and p. whereas the
total pressure is the sum of horizontal p,, and vertical p,, pressures in the following manners:

- employing the sum of the absolute values of maxima (p;, ps, p.) as discussed in
Haroun and Housner [24,26];

- using the peak value of pressure due to the combination of horizontal and vertical
pressures:

E,(+)0.30 - E,
0.30 - E,(+)0.30 - E,
0.30 - E,(+)E,

The achievement of the limit state of instability is one of the main cause of collapse during a
seismic event [33,34]. The three possible combinations for the pressure components are defined
by Rammerstorfer et al. in [33]:

D1 =Dnrs T Pn + v
D2 = Phs + Pn — Do
D3 = Phs —Pn — Do

where p;,; represents the hydrostatic pressure, p,, the vertical pressure and p;, the combination
between p;, p. and p;. The first equation corresponds to the maximum value of circumferential
tensile stress and determine the elastic-plastic instability of the shell (“elephant foot buckling”).
The second expression is associated to the elastic buckling (“diamond buckling”) and the third
one to the occurring of suction in the upper part of the tank and consequent instability of the
wall.
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Convective wave height and pressure on the roof

The most significant contribution to the wave height is given by the first mode. In the light of
this, EC8-4 at paragraph A.2.1.4 provides the following approximate expression:

d, =084R2 1 e(rl) (2.29)

In case in which the tank has not a sufficient freeboard, the impact of the convective waves
generates a pressure p,,q, 0N the wet surface of the roof and an increment of the impulsive mass
m;. For the evaluation of p,,., and m;, the simplified procedure provided by Malhotra in
[11,39] is adopted.

Simplified procedure

The EC8-4 at the paragraph A.3.2.2 introduces a simplified procedure for cylindrical tank fixed
at the base to rigid foundation. The method was developed by Malhotra in [20]. The tank-fluid
system is described as a two degree of freedom system, as depicted in Figure 1-13 at the
paragraph 1.3.2, Chapter 1 of the current work: the first degree of freedom corresponds to the
impulsive component m;, moving with the flexible tank wall, whereas the second one is given
by the convective component m.. The natural period of the impulsive and convective responses
are:

_H{p
\/T 7 (2.30)

T =CVR (2.31)

where H is the design fluid height, R is the tank radius, s is the equivalent uniform thickness of
the tank wall, p is the density of the fluid and E' is the elastic modulus of the material of which
the tank wall is made. The coefficients C; and C, are obtained from Table 2.5 (paragraph
A.3.2.2.1 of the EC8-4): C; is dimensionless, while C. is in (sec-+m) if R is in (m). The
values of impulsive and convective masses are given in Table 2.5, as fractions of the total liquid
mass m,;, as well as the heights h; and h, of the centroid of the impulsive and convective
pressures, measured from the tank bottom.

The total tank base shear is given as:
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Q:(mi +mw+mr)se(Timp)+mcSe(Tcon) (232)

where m,, is the mass of the tank wall and m,. is the mass of the roof; S, (T,,,) is the impulsive
spectral acceleration obtained from an elastic response spectrum with damping ratio equal to
2% for steel and pre-cast concrete tanks and 5% for ordinary concrete (according to provisions
from EN 1998-2:2005 at point A.1.3 (1) and API 650 (2005) at point E.1); S.(T.y) is the
convective spectral acceleration obtained from an elastic spectrum damped of 0.5% (API 650
(2005) at point E.1). The overturning moment immediately above the tank bottom plate is:

M= (mi hi + mwhw + mrhr)se (Timp) + mchcse (Tcon) (233)

where h,, and h, are respectively the heights of the centers of gravity of the tank wall and roof.
The overturning moment immediately below the tank bottom plate is given by the expression:

M ' = (mi Ir.]i. + mwhw + mr hr)Se (Timp) + mch(I:Se (Tcon) (234)

where h; and h; are the heights of the centroids of the impulsive and convective pressures
adjusted to take into account the effect of pressure acting on the bottom plate. These heights, as
well as h; and h, are obtained from Table 2.5. The height of the sloshing wave is given by Eq.
(2.29). When the tank set on an annular ring foundation (Figure 2-6 (a)), the overturning
moment M is used for the design of wall, anchorage system and foundation; if the tank is set
on a circular base plate (Figure 2-6 (b)), M is employed for designing the wall and the
anchorage system and M’ for the foundation.

Table 2.5. Recommended design values for the first impulsive and convective modes of vibration as a function of the
tank height-to-radius ratio (H/r) [20]

Hr G C.[sWm] m;/my m./my h;/H h./H h;7H h./H

0.3 9.28 2.09 0.176 0.824 0.400 0.521 2.640 3.414
0.5 774  1.74 0.300 0.700 0.400 0.543 1.460 1.517
0.7 6.97 1.60 0.414 0.586 0.401 0.571 1.009 1.011
1.0 6.36  1.52 0.548 0.452 0.419 0.616 0.721 0.785
1.5 6.06 1.48 0.686 0.314 0.439 0.690 0.555 0.734
2.0 621 1.48 0.763 0.237 0.448 0.751 0.500 0.764
25 6.56 1.48 0.810 0.190 0.452 0.794 0.480 0.796
3.0 7.03 148 0.842 0.158 0.453 0.825 0.472 0.825
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Figure 2-6. Foundation types for cylindrical steel tank: (a) ring foundation, (b) circular base plate

2.3.2. Seismic design of on-grade steel tanks according to NZSEE

In the context of NZSEE guidelines, the fluid pressure on the tank wall caused by the seismic
action is the summation of three contributes:

- impulsive pressure p;(z, ¥) determined from Eq. (2.35) or ps(z,¥9) Eq. (2.60);
- convective pressure p.;(z,9) determined from Eq. (2.40);
- vertical pressure py (z,9) determined from Eq. (2.44) or p,¢(z,9) from Eq. (2.61).

The tanks properties and geometry should be analyzed in order to distinguish cases of rigid or
deformable walls. In particular, in case of steel tanks, the flexibility of the tank wall may cause
the impulsive liquid to experience accelerations that are several times greater than the peak
ground acceleration. Thus, the base shear and overturning moment calculated by assuming the
tank to be rigid can be non-conservative.

Riqid tanks perfectly anchored to the foundation

Impulsive pressure

According to the NZSEE, the maximum spatial-temporal value (z, 9, t) of the impulsive rigid
component is given by the expression (Eq. (C3.3) - (C3.4) Paragraph C3.3.1 NZSEE):
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pi(2,0) =0,(2) eg) Rcos@ (2.35)
or similarly:
p,(2,60)=q.(2) é o) Hcoso (2.36)

that represents the analogous of the relations (2.1) in EC8-4. In Egs. (2.35) and (2.36), v,
represents the specific weight of the liquid stored (in kN /m3), S, (T,) is the elastic spectrum in
terms of acceleration corresponding to the natural period of the impulsive motion, q,(z) or
q0(z) = qo(2)R/H are dimensionless functions providing the distribution of the impulsive
pressure among the tank height. The usage of Eqgs. (2.35) or (2.36) provides the same result.
The maximum value of g, (z) and g,(z) is found at the tank base (for z = 0) and Figure 2-7
(a) shows the dependency of g, (0) and g, (0) on the slenderness ratio (H/R), in which H is the
fluid level. Figure 2-7 (b) shows the ratio q,(z)/q,(0) among the tank height for certain value
of H/R. The analytical expression of q,(z) is provided by Yang in [13]:

o Il[(zn—l)”R}
H 8(-1) 2 H cos[(Zn 1 %ﬁ} (237)

%l _E n—1 [(Zn_]-)”]2 | [(Zn—l)ﬂR}
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9y(0)
q,(0)
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Figure 2-7. (a) Maximum values of the impulsive pressure coefficients at the tank base (z=0) as function of the aspect
ratio; (b) vertical distribution of q,(2)/q,(0) [31]
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Pressure resultants

Eq. (C3.9) - (C3.10) at the paragraph C3.3.1 (NZSEE) provide the impulsive base shear Q, and
moment M, immediately above the tank bottom plate including only the contributes if the
pressures on the walls:

Qo =S, (To)m, (2.38a)

Mo :Qoho (238b)

where m, and h, are obtained from graphs in Figure 2-8 and period T, from Eq. (2.48) of this

paragraph. The moment M, immediately below the tank bottom plate includes the contributes
of liquid pressure on the tank bottom:

M I0 :Qoh'o (239)

where hy is plotted in Figure 2-8 (b).
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Figure 2-8. NZSEE code: (a) impulsive and convective masses; (b) heights of the centroids of impulsive and convective
pressures [31]

55



Convective pressure

According to the NZSEE, the maximum spatial-temporal value of the convective component
of the hydrodynamic pressure considering only the first sloshing motion (n = 1) is obtained
from the expression C3.6 at paragraph C3.3.1 of NZSEE, reported herein:

pcl(zie)qu(z)se—(-rl)wacose (240)

g

That is the analogous of the Eq. (2.6) provided by EC8-4; y,, represents the specific weight of
the liquid stored (in kN/m3), S.(T,) is the elastic spectrum in terms of acceleration
corresponding to the natural period of the first convective mode, q;(z) represents the
dimensionless function providing the distribution of the convective pressure among the tank
height. Figure 2-9 shows the dimensionless function g, (z) for the first convective mode and
q,(z) for the second mode for different values of aspect ratio. For the j* mode, the
dimensionless function is given as [13,23]:

cosh (/1] Zj
R

2
4 -1 cosh (}tj H]
R

q,(2)= (2.41)

It should be noted that, unlike the impulsive component (Figure 2-7), the function q,(2) is
strictly dependent on the aspect ratio, excepted its maximum value which occurs at the free
liquid surface.

1 Il L ; 1 ; \ | I | | : I
0 0z 04 06 o08%87 0 002 004 0.06 0.08
q,(2) 9,(2)

Figure 2-9. Trend of the convective pressure coefficient for the first convective mode (a) and the second one (b) [31]
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Pressure resultants

In the NZSEE (Egs. (C3.12), (C3.13) paragraph C3.3.1) the contribution of the first convective
mode to the base shear Q; and to the base moment M; immediately above the tank bottom plate
are:

Ql = Se(Tl)rnl (2-42)
M, =Qh (2.42b)
where:

T, is the natural period of the first sloshing motion (Eq. 2.14) ;

S.(Ty) is the elastic spectrum in terms of acceleration, obtained considering a damping ratio
equal to 0.5% for water and other liquid (EC8-4 at paragraph 2.3.3.2 and NZSEE at paragraph
3.2) and 10% for granular material (EC8-4 at paragraph 2.3.3.2);

m, is obtained from Figure 2-8 (a) as a function of the total liquid mass m and the slenderness
ratio;

h, is the equivalent height of the mass m, above the tank bottom, obtained from the graph in
Figure 2-8 (b).

The base moment M; immediately below the tank bottom plate is the following:

M, =Qh, (2.43)

Vertical pressure

In the NZSEE, the contribution of the vertical seismic motion to the dynamic pressure on the
shell is given by the expression (Eq. (C3.7) paragraph C3.3.1):

(-2 )8.()
PV(Z)—(l H] ] 7yH (2.44)

where y,, represents the specific weight of the liquid stored (kN /m?), S, (T,) is the vertical
component of the elastic spectrum corresponding to the vibration period T, (Eq. (2.50)); the
NZSEE at paragraph C2.8 suggests for the vertical component a damping ratio of 7.5% for a
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soft soil, and 5% for a compact and rocky soil. Pressure linearly increases as the depth increases.
According to the mechanical model depicted in Figure 2-10 maintaining the hypothesis of rigid
tank, the total vertical seismic force is the following:

V=5, (T,)m, (2.45)

m

! Rigid link ﬁa" (t)

D

Figure 2-10. Mechanical model of rigid tank under vertical ground acceleration

where my = m + my, + m, + m,, where m is the total liquid mass, m;,, m, and m, are
respectively the mass of the foundation, vertical wall and roof. Generally, the effect of the
vertical component V on the internal stress of the tank can be neglected.

Convective wave height and pressure on the roof

The maximum vertical displacement of the free surface with respect to the liquid level in
absence of motion can be obtained from the expression provided by Veletsos in [23] (Eqg.
(C3.36) Paragraph C3.9 NZSEE):

dmaX=R\/(0.837%J +(0.073%j +[0.028%) +.. (2.46)

in which S, (T;) is the elastic spectrum in acceleration obtained with a damping ratio of 0.5%
for water and other liquids (EC8-4 paragraph 2.3.3.2; NZSEE paragraph 3.2; API 650 (2005)
paragraph E.1; ASCE 7 Paragraph 15.7.2). Ty, T,, T5 are respectively the period of the first
convective mode, the second, the third, obtained from Eq. (2.14). The most significant
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Natural period of the tank-fluid system

As already shown in case of EC8-4 (see Eq.2.14 of this chapter), the natural period of the first
convective motion of the fluid contained can be obtained from the same expression of w,,
given in Eq. 2.8 of the current work, for n = 1 (Eq. (C3.24) Paragraph C3.6 NZSEE and Eq.
(A.9) Paragraph A.2.1.3 EC8-4):

The calculation on the impulsive period T, requires the soil-structure interaction to be taken
into account. For a rigid tank set on a rigid soil, T, = 0 and then, S.(T,) = Sag, where S |
related to the soil stratigraphy. Actually, the deformability of foundation and soil tends to
elongate the impulsive period and then to increase the seismic response and damping. On the
other hand, the influence of the soil-structure interaction on the sloshing frequencies is
negligible. Therefore, the impulsive period T, is calculated through the expression proposed by
Jennings and Bielak in [40,41] and simplified by Veletsos in [23] (Eg. (C3.30) Paragraph C3.6
NZSEE and Eq. (A.52) paragraph A.7.2.2 EC8-4):

2
T =27 \/ m0|<+ M mlzho (2.48)
4

X
where:

- my and m, are respectively the impulsive mass and the foundation mass, h,
represents the centroid of the impulsive pressure; m, must include the mass of the wall
m, when the inertia effect is included.

- K, = %Gstax is the foundation stiffness (N /m) against the horizontal translation;

- Ky = ﬁasmﬁaﬂ is the foundation stiffness (N /m) against the rocking motion;

- v is the Poisson ratio of soil;
- G is the tangential elastic modulus of soil;
- R, is the foundation radius;

- a, and ay convert the static values of the stiffness K, and K, in dynamics values.
These dimensionless coefficients are obtained from graphs in Figure 2-11 (a) and (b)
as function of the frequency parameter a and for fixed values of the Poisson ratio of
soil. The dimensionless parameter « is defined as:
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2R,
a =
TV

(2.49)

S

The coefficient a, used for the calculation of T, contains the unknown Ty, then the
iterative procedure consists of fixing a trial value for a,, and a, calculating K,,, Ky
and T, and verifying in Figure 2-11 (a) and (b) the values of a, and a, previously

defined.
V= 12
------- v.=1/3
%=0
4.3 1 7
a [24 a

0.5

Figure 2-11. Coefficients a,, ag, ay, for the calculation of the vibration period considering the effects of soil-structure
interaction [31]

Figure 2-11 (c) provides values for the coefficient a;; used in calculation of the tank vertical
vibration period T}, whose expression is provided in NZSEE (Eg. (C3.33) Paragraph C3.6) and
in EC8-4 (Eq. (A.54) Paragraph A.7.2.2):

m,
T,=2z % 2.50
"k, (2.50)

where:

4

KV = EGSRb(x\, (251)
in case in which the parameter « is involved in the calculation of the vertical vibration period,
T, is replaced by Ty .
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Combination of pressures, ductility and damping factor

The total pressure acting on the tank wall consists of three contributions (paragraph A.2.1.6 of
EC8-4):

- the impulsive pressure p;, governed by a(t) (Eq. (2.35));
- the convective pressure p.q, governed by a.; (t) (EQ. (2.40);
- the vertical pressure py, (EQ. (2.44)).

The NZSEE at the paragraph C4.2, the ACI 350.3-06 at the section 4, the API 650 (2005) at the
paragraph E.6, the AWWA D110-04 and D115-06 at the paragraph 4.3.1 adopt the SRSS rule,
since there is a low probability that maxima values of each contribute occur at the same time.
Then, the hydrostatic pressure is added in order to determine the total hydrodynamic pressure
acting on the tank wall:

p(z,0) =/ p(2,0) + p.*(2,0) + P, (2,6) + P, (2) (2.52)

The NZSEE at paragraph 3.2 do not provide any dissipation to the convective and vertical
modes of the fluid, then the ductility factor in terms of displacement is u = 1. At contrast,
according to the tank typology, the code assume higher values for the impulsive component as
described at the paragraph 2.2.1 of the current work [15].

The damping ratio & for convective modes is assumed 0.5. With regard to damping associated
to the impulsive mode, the NZSEE refers to graphs in Figure 2-12 for horizontal modes and
Figure 2-13 for vertical modes. The damping value is given as a function of the tank geometry,
through the ratios H/R and t/R, and the foundation soil stiffness, through the shear waves
velocity.

The NZSEE defines the seismic design action as:
Sq(T) =S, (MK (1,¢) (2.53)

where S, (t) is the elastic response spectrum and K, is a factor given as function of ductility
and damping factors (Table 2.6 adapted from Table 3.2 in NZSEE).
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Table 2.6. Factor K as function of ductility factor x and damping factor ¢

Shear Wave Velocity, m/s

ke
0,
M Bul ] E=05% | E=1% | £=2% | £=5% | €=10% | £E=15% | £€=20% | £=30%
1.0 0.0 1.67 1.53 1.32 1.00 0.76 0.64 0.56 0.47
1.25 35 1.08 1.04 0.96 0.82 0.67 0.58 0.52 0.44
2.0 5.9 0.91 0.89 0.84 0.74 0.63 0.55 0.50 043
Steel Tanks, t/R = 0.0005 Steel Tanks, t/R=0.001
35— 35
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25
2 ®
g 20 g
% 15 1 TE
a a
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HR=3.0
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Figure 2-12. Damping factor ¢ for horizontal impulsive modes
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Figure 2-13. Damping factor ¢ for vertical impulsive modes

Soil-structure interaction

Tanks set on deformable soils are subject to a more complex type of motion. The translational
displacement is modified by a rocking component. As the soil flexibility increases, the period
of the tank-fluid system elongates and the maximum force to which the structure is subjected
decreases because of an increasing of the total damping. Therefore, for a certain soil flexibility,
the elongation of the fundamental period is more pronounced for slender tanks than for squat
tanks, since the rocking effects decrease as the tank aspect ratio decrease. However, in case of
slender structures, the reduction of the maximum force is generally less significant since
damping associated with rocking motion is smaller than damping associated with the horizontal
translation.

63



A simple procedure is proposed by Veletsos in [42] and consists in an increase of the
fundamental period and damping of the structure considered set on a rigid soil and subjected to
the free field motion. Later, this method has been extended to the impulsive components (rigid
and deformable) of the tank response [27,43,44]. The convective periods and pressures are
assumed to be unmodified from soil-structure interaction. A reasonable approximation is
obtained by using an equivalent single degree of freedom with parameters modified in order to
correspond to the frequency and the peak response of the real system. The SDOF system
properties are given by Veletsos and Tang in [27,43,44] and by Habenberger and Schwarz in
[45].

A further simplified procedure is presented by Priestley et al. in the NZSEE and it consists in
changing separately periods and damping of the rigid impulsive contribution. The expressions
used for defining periods are given by the Egs. (2.48) and (2.50) for rigid tanks and Eq. (2.63)
for flexible tanks, whereas the damping estimation is obtained from researchers of Bielak and
Veletsos [23,46] (Paragraph A.7.2.3 of the EC8-4; Eq. (C3.34) paragraph C3.7 of the NZSEE):

Sm
T 3 (2.54)
Tf

where &, is the radiation damping in the soil and &,, is the material damping in the tank. Both
these parameters depend on the specific vibration mode. In particular, &;:

St :§s+

- for the horizontal impulsive “rigid tank™ mode:

_2z'ma (&+ﬁ&) (2.55)

%= KT la, K, a,
where m; is the impulsive mass, h; is the height of the centroid of the impulsive pressure
and « is dimensionless frequency parameter (Eg. (2.49)); a, and a, are obtained from
graphs in Figure 2-11 (a) and (b); B, and B, convert the static values of damping associated
with translation and rocking to dynamic values and are obtained from graphs in Figure 2-15
(@) and (b) as function of the frequency parameter «;

- for the horizontal impulsive “flexible tank” mode:

2 2 f Kth2 0
otema(n K0 )

s 22
K,T; a, Ko @,
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where my is the impulsive horizontal mass in case of flexible tank and A is the height of
the centroid of this mass; « is dimensionless frequency parameter in which T, is replaced
by T, obtained from Eq. (2.64).

- for the vertical impulsive “rigid tank mode:

2 2
g = me iy (2.57)
KyTy oy

where « is dimensionless frequency parameter (Eq. (2.49)) in which T, is replaced by T,.
The period Ty, and the coefficient Ky, are obtained from Eq. (2.50) and (2.51); a and By
are given by Figure 2-11 (c) and Figure 2-15 (c).

%=1/
~~~~~~~ v.=1/3
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1 / 15
L, i A
051 05

0.5

Figure 2-15. Coefficients 8, g, By, for the calculation of the damping ratio considering the effects of soil-structure
interaction [31]
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Unanchored tanks

Unanchored tanks can be subjected to uplift of the bottom plate when the overturning moment
M,, induced by the earthquake overcomes the restoring moment My [47]. The tank bottom uplift
can cause plastic deformation at the base plate and liquid leakage. Usually, the effects of uplift
and rocking on the pressure distribution are neglected (Paragraph A.9.1, EC8-4). This approach
is considered conservative since rocking motion adds flexibility to the tank-fluid system and
then the natural period is shifted in a region of lower stress dynamic amplification [48]. The
first simplified approach that considers the effects of the uplifting phenomenon for a rigid tank
was proposed by Clough in [49]. This method was subsequently modified based on
experimental data obtained by Clough and Niwa in [50], at the paragraph C4.4.2 of the NZSEE,
in which an expression of the overturning moment My, is proposed in Figure 2-16:

M, =W, (KR) +W, (R—r) (2.58)

where Wy = W + W, + W, — W} in which W is the total weight in (kN) of the liquid content,
W, and W;. are respectively the weight of wall and roof and W is the reaction exerted by the
liquid acting on the portion of base plate of radius r directly in contact with the foundation. The
compressive axial force Ny of the wall in vertical direction is determined by means an iterative
procedure given at the paragraph C4.4.2 of the NZSEE, under the hypothesis that the reaction
on the shell wall W is distributed among an arc of circle of angular extension 297, in contact
with the foundation (Figure 2-16). 9* is function of the dimensionless parameter u = r/R. The
procedure starts by fixing a trial value of yu, and then a value of 9*. The overturning moment is
determined, in which k is a simple function on ¢*. These steps are repeated until My = M,,.
When this condition is satisfied, one can calculate N, and the membranal axial stress g,.

In case of unanchored flexible tank, the elastic spectrum S,, used in the calculation of the tank
base shear and moment, is obtained by assuming a damping of (paragraph C2.8 NZSEE, Edition
1986):

- 15% on a soft soil and 10% on a compact and rocky soil, for horizontal motion;
- 7.5% on a soft soil and 5% on a compact and rocky soil, for vertical motion.

After Clough [49], a more sophisticated model was proposed by Wozniak and Mitchell in [51]
and adopted in Appendix E of the API 650 (2005). The new model introduces a rigid-plastic
behavior to take into account the bottom plate flexibility through the formation of plastic hinges.
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Figure 2-16. System of forces acting on a cylindrical tank in uplifting condition [31]

A further model of the bottom plate uplift for cylindrical tanks was studied by Fischer et al. in
[33]. This study takes into account the dynamic nature of the phenomenon and the interaction
with the roof. Authors provides design tables, as those in Figure 2-17 and Figure 2-18, for
specific values of parameters as: the ratio between the wall thickness and the tank radius s/R,
the slenderness ratio H/R and the type of foundation soil. The influence of the wall-roof
connection described by Scharf in [52] has been confirmed by the experimental campaign
conducted by Sakai et al. in [53]. Non-linear simplified method suitable for numerical
implementations were proposed by Malhotra and Veletsos in [20,54,55] and by Peek and
Jenning in [56,57]. More accurate non-linear models for flexible tank in uplift condition require
finite elements simulations that include the structural properties of tank as well as properties of
soil, foundation and soil-fluid-structure interaction [58,59].

Once the hydrodynamic pressure resulting from the tank uplifting are determined using one of
the model described above, the next step is to calculate the tank stresses. The main effect of the
bottom uplifting is to increase the compressive membrane force N, in the tank wall, that
represents a critical issue for collapse modes due to instability. Moreover, the flexural yielding
in the bottom plate is allowed, then the radial membrane stress level in the plate must be
checked.
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Figure 2-17. (a) Ratio of the compressive axial force in unanchored tanks to compressive axial force in tanks fixed to
the base; (b) uplift displacement as function of the dimensionless overturning moment [31]
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Figure 2-18. Uplift width of the tank bottom plate as a function of the uplift vertical displacement [31]

Compressive axial force in the tank wall

The ratio between the axial force N,, caused by the tank uplift and the compressive membrane
force N,, in case of tank fixed at the base is shown in Figure 2-17 (a) as a function of slenderness
Yy = H/R and dimensionless overturning moment M,, /W H where W is the total liquid weight
(in kN). Figure 2-17 is referred to fixed roof tanks.

Bottom plate uplift

The uplift displacement value w as a function of the dimensionless ratio M, /WH and of the
aspect ratio H/R is given in Figure 2-17 (b) for fixed roof tank. The expression for w proposed
by Cambra in [60] and properly modified in the NZSEE in order to take into account the base
plate yielding ( Eq. C4.25 Paragraph C4.4.2 NZSEE) is:
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WALNXJrNX 2 \12N, (2:59)

where E = E/(1 —v?), E and v are the elastic modulus and the Poisson ratio of the material
of which the base plate of thickness s, is made; p, = y,, H is the hydrodynamic pressure at the
tank base; L, = 2R(1 — u) where u = r/R; the membrane resultant on the base plate is N, =
0,Sp, Where g, is obtained from Eq. C4.24 Paragraph C4.4.2 of the NZSEE and Paragraph
A.9.4 of the EC8-4; f, is the steel yielding nominal value of the base plate (Tab. 3.1 at the point
3 of the UNI ENV 1993-1.1:2005); A is the foundation stiffness factor equal to 0.5 for flexible
foundation and 1.0 for rigid foundation.

Flexible tanks

The evaluation of the tank stresses in the context of the seismic design can be un-conservative
if shell wall is assumed to be rigid, especially in case of steel tanks. The fluid pressure in a
flexible wall tank consists of four contributes:

- impulsive pressure for flexible tank p(z,9) determined from Eqg. (2.60);

- convective pressure p.,(z,19) determined for the first n sloshing modes from the
expression (2.40);

- vertical pressure for flexible tank p, ¢ (z) determined from Eq. (2.61).

Impulsive pressure

According to the NZSEE at Point C3.3.2, the maximum spatial-temporal value (¢, 9,t) of the
impulsive component associated with the tank wall flexibility is obtained from Eqg. (2.35)
describing the rigid impulsive component:

p: (2,0) =qO(Z)SeTm7WRCOS6’ (2.60)

where Tr (Egs. (2.61) and (2.63)) is the fundamental period of the first impulsive mode for
flexible tank, neglecting the soil-structure interaction.
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Vertical pressure

In the NZSEE, the contribution of the vertical seismic motion to the dynamic pressure on the
shell associated to the wall flexibility is given by the expression (Eq. (C3.7) paragraph C3.3.2):

7wH (2.61)

p\/ (Z) — [1_i) Sve (T 'Vf)

H g

where Ty is the fundamental period of the first impulsive mode associated to the flexible tank
wall and neglecting the soil-structure interaction, given at paragraph C3.6 of NZSEE:

5.617H [y
o= Lw 2.62
v (== (262)

\

T 1

Natural period of the tank-fluid system

As already presented in the paragraph “impulsive pressure”, in case of flexible tanks, the natural
period of the first horizontal impulsive mode neglecting the soil-structure interaction is
described as follows:

- for cylindrical tank with H in meter (Eq. (c.3.26) paragraph C3.6 NZSEE):

_ 5.617zH |y, (2.63)

T K E
h g

where Kj, is function of the slenderness ratio H/R and ratio between thickness and radius, s/R.
The Eq. (2.63) is determined by Haroun and Housner and it is valid in case of steel tanks with
constant thickness and full of water; however, it may be extended also to other material and
liquid contained in cases in which the shell mass is small compared with the mass of the stored
material;

- for cylindrical and rectangular tank with height H (Eq. (C3.29) paragraph C3.6 of the
NZSEE and paragraph A.7.2.2 of the EC8-4):

) k. [ kh?
T =T, l+—|1+ (2.64)
kx kH
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where Ky = 4712mf/Tf2 in (N/m), K, and K, are obtained from expression defined
at the paragraph 2.3.1, considering that in the expression of a (Eq. (2.49)), the period
T, is replaced by T¢; m; is the horizontal impulsive mass in case of deformable tank,
set at the height hy measured from the tank base. The value of T is obtained from Eq.
(2.63).

2.3.3. Seismic design of on-grade steel tanks according to AWWA D100-05

The standard AWWA D100-05 do not provide the evaluation of pressures distribution since the
values of circumferential stresses are obtained from a direct formula (paragraph 12 of AWWA)
that takes into account the three following contributes:

- impulsive contribute;
- convective contribute;
- vertical contribute.

For the sake of comparison with other codes (EC8-4 and NZSEE), this work obtains the
pressure distribution associated to each stress component by dividing them by the tank radius.
It should be noted that this relation is valid only under the hypothesis of membrane behavior of
the shell wall, and far from the bonded edges and concentrated loads.

Impulsive pressure

As aforementioned, AWWA D100-05 do not provide the evaluation of the impulsive pressure
distribution. However, it can be obtained from the ratio between the formulation of
circumferential stress given in the codes and the tank ratio:

- IfD/H > 1.333 (Eq. (13-43) Paragraph 13.5.4.2.3 AWWA D100-05):

Y Y Y D
8.480-A-G,-D-H .{H—O.S-(H) :l-tanh (0.866'(HD (2.65)

! R

- IfD/H <1333 andY/D < 0.75 (Eq. (13-44) Paragraph 13.5.4.2.3 AWWA D100-
05):
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2
5.220. A -G, -D?-| —0.5.{ Y j
0.75-D 0.75-D (2.66)

R

P =

- IfD/H <1.333andY/D = 0.75 (Eq. (13-44) Paragraph 13.5.4.2.3 AWWA D100-
05):

2.620- A -G, - D?
pi = R

(2.67)

where Y is the distance (mm) measured from the free liquid surface, D and H are respectively
the tank diameter and height (m), G;is the ratio between the specific weight of the liquid
contained and that of water, 4; is the design impulsive acceleration (g) defined as follow (Eq.
(13-17) paragraph 13.2.9.2 AWWA D100-05):

p = Sule 0365, 1
14R ~ R

(2.68)

where S,; represents the elastic response spectrum corresponding to a time period T = 0.2's
and a damping ratio of 5%, whereas S, is the elastic response spectrum correspondingto T =
0.1s; I is the seismic importance factor, whose value is 1.5 for tank of strategic importance for
the emergency management, and 1.25 for tanks of considerable importance and 1 for all other
tanks (Paragraph 13.2.2 AWWA D100-05). R; represents the seismic force reduction
coefficient associated to the impulsive component and it is defined in a following paragraph of
this chapter as a function of the tank typology.

Convective pressure

The convective pressure distribution for AWWA D100-05 can be evaluated with the same
approach used for the impulsive component at the previous paragraph (Eg. (13-46) paragraph
13.5.4.2.3 AWWA D100-05):

1.850-A, -G, D* cosh [36853%}

b, = . (2.69)
R-cosh[3'68 H }
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where Y is the distance (mm) measured from the free liquid surface, D and H are respectively
the tank diameter and height (m), G;is the ratio between the specific weight of the liquid
contained and that of water, A; is the design impulsive acceleration (g) defined as follow (Eqg.
(13-18) paragraph 13.2.9.2 AWWA D100-05):

S

_ ec’ IE
A= LAR, (2.70)

where S, represents the elastic response spectrum corresponding to a time period of the first
convective mode T, defined as follows (Eq. (23-22) paragraph 13.5.1 AWWA D100-05):

T.=2n b

3.689 -tanh [3'63 A } @71)

For a damping ratio of 0.5%. I is the seismic importance factor defined in the previous
paragraph. R; represents the seismic force reduction coefficient associated to the convective
component and it is defined in a following paragraph of this chapter as a function of the tank

typology.

Vertical pressure

The pressure distribution due to the vertical component of the ground motion for the standard
AWWA D100-05 can be derived by using the procedure described for the impulsive and
convective component:

:Nh'A/

P, R

(2.72)

where Ay, (g) is the vertical design acceleration, defined at paragraph 13.5.4.3 of AWWA D100-
05 as follows:

A =0.14S, (2.73)

where S,; represents the elastic response spectrum corresponding to a time period T = 0.2 s
and a damping ratio of 5%. N,, is the circumferential tensile internal force due to the hydrostatic
pressure and defined as
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N,=gGDy (2.74)

Reduction factor for the seismic force and damping factor

The AWWA standards employ different seismic force reduction factor for impulsive and
convective modes to take into account the damping effect, the overstrength and the ductility of
the system. Values adopted for the force reduction factor are defined at paragraph 13.2.6 of
AWWA and reported herein in Table 2.7 as function of the tank typology and analyzed
component.

Table 2.7. Reduction factor for seismic forces, R

Tipologia R; R.
Serbatoi ancorati meccanicamente 3.0 1.5
Serbatoi non ancorati 2.5 1.5

The AWWA standards, at paragraph 13.2.7.3.2 consider different damping factor for impulsive
and convective modes: for the convective component of response, the seismic action is modified
through a damping factor of 0.5%; for the impulsive mode, AWWA standards suggest a
damping factor of 5%.

Combination of pressures

AWWA D100-05 at paragraph 13.5.4.2.3 provides a direct formula for the evaluation of the
circumferential tensile stresses due to the hydrodynamic pressures generated by the seismic
action (Eq. 13-42) paragraph 13.5.4.2.3 AWWA D100-05):

(%:JN3+N5+O%AY (2.75)

1000t,

where t, (mm) is the wall thickness, N; (N/mm) in the internal tensile force induced by the
impulsive pressure, N. (N/mm) in the internal tensile force induced by the convective pressure,
Ny, (N/mm) in the internal tensile force induced by the hydrostatic pressure.
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In order to obtain the total pressure distribution, a formulation very similar to Eq. (2.75) has
been used; in particular, the three contributes are combined according to the SRSS rules, then
the contribution of hydrostatic pressure is added to the results:

Prot =/ P+ P+ pS+ P, (2.76)

Convective wave height

The evaluation of the maximum height of the convective wave is given in AWWA D100-05 at
paragraph 13.5.4.4 (Eqg. 13-52):

d,., =05-D-A, (2.77)

where A (g) is the design convective acceleration employed for the evaluation of the sloshing
effects, and it is defined as (Eq. 13-53 and Eq. 13-54, paragraph 13.5.4.4, AWWA):

- forT, <4s
A = Secl ) IE
f T
- forT,>4s
48, -
Af — le E

where S,.; is the elastic response spectrum corresponding to 7 = 1.0 and a damping factor of
0.5%, I is the seismic importance factor defined in a previous paragraph, and T, is the time
period of the first convective mode evaluated in Eq. (2.71).

2.3.4. Comparison between design procedures in terms of pressures

In the current section, the distributions of hydrodynamic pressures proposed by the different
codes (EC8-4, NZSEE and AWWA D100-05) are compared for the purpose of evaluating and
quantifying the main differences among them. The proposed comparison focuses on the
impulsive, convective and total pressures and on the different values of behavior factor used by
the different codes. In order to solve complex functions (e.g. Bessel functions) and iterative
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procedures, the comparison procedure has been carried out through the use of Matlab. Steel
tanks analyzes have different aspect ratios. However, the radius R and the ratio t/R are constant.
The tank wall is considered to be flexible. In the following, data of the tanks, seismic action
and soil type involved in the analysis are summarized as follows:

- Tank radius: 5m;

- Wall thickness: 0.01 m;

- Density of the fluid content 1020 kg/m?,;

- Density of the tank shell material: 7950 kg/m?;

- Young modulus of the tank shell material: 210000000 kN/m?;
- Poisson modulus: 0.30;

- Shear modulus of the tank shell material: 81000000 kN/m?;

- Peak ground horizontal acceleration ag: 0.38g;

- Soil category according to EC8: A,

Impulsive pressures

In Figure 2-19 and Figure 2-20 is shown the behavior between the distribution of the impulsive
component of the hydrodynamic pressures for the different codes considered (EC8-4, NZSEE
and AWWA D100-05), evaluated in case of squat tank (H/R = 0.4) and slender tank (H/R =
3.5). In both cases the ratio between shell thickness and tank radius is t/R = 0.002 and R =
5m. The pressures normalized with respect to the quantity ( p; - R - a4 - g) are plotted in Figure
2-19 and Figure 2-20.

For all the codes considered, in case of slender tank the impulsive pressure achieves higher
values than those obtained in case of squat tanks. Indeed, as discussed in Chapter 1, the
increasing of the slenderness ratio lead to an increment of the liquid percentage moving in
unison with the tank wall. The NZSEE code provides a single formulation for slender and squat
tanks. The only difference consists on the spectral acceleration associated to two different
periods. Therefore, only the intensity of pressure changes among the two tank models. On the
contrary, in EC8-4 and AWWA codes, in addition to an intensity variation between squat and
slender tanks, it is possible to observe a different shape of the pressure distribution as well.
Indeed, the impulsive pressure distribution slender tanks shows the peak value in the upper part
of the wall. Then, in case of AWWA the peak value remains constant, while in case of EC8-4
it decreases near the base. This behavior is due to the flexible contribute to the impulsive
pressure, that is not considered in the NZSEE. Figure 2-22 shows that the relevance of this
contribute increases as the slenderness ratio increases, while in case of squat tanks (H/R=1), the
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impulsive rigid contribute is dominant. For this reason, the impulsive pressure distributions
according to EC8-4 and NZSEE for squat tanks are very similar (Figure 2-19 and Figure 2-20).

___AWWA  EC84 __ NZSEE ___AWWA ___EC84 __ NZSEE
1 T w T \ 1 T T w T
0.8 1 0.8
0.6 1 06
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P(imp)/( p*R*ag*g) [] P(imp)/( p*R*ag*g) [-]
Figure 2-19. Normalized impulsive pressure in case of Figure 2-20. Normalized impulsive pressure in case of
H/R=0.4 H/R=3.5

The maxima values of the normalized impulsive pressure for H/R=0.4 and H/R=3.5 are
summarized in Table 2.8. Moreover, the percentage variation of maxima values obtained with
AWWA and NZSEE are calculated with respect to the maxima values obtained for EC8-4.

Table 2.8. Maxima values of the normalized impulsive pressure and percentage variation with respect to EC8.

Maxima values of normalized EC8-4 NZSEE (%) AWWA (%)
impulsive pressure.

H/R=0.4 0.30 0.37 (23%) 0.60 (100%)

H/R=3.5 1.69 2.21 (31%) 1.85 (9%)

Figure 2-21, 2-22, 2-23 represent the normalized distribution of the impulsive pressure as
function of the slenderness ratio for the three codes examined and ratio t/R=0.002. The
comparison confirms what discussed above: for the European standard, changes in slenderness
ratio lead to substantial variation of intensity and shape of impulsive pressure; according to the
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American code, for values of H/R higher than 1 (approximately 1.5), the value of pressure at
the base remains constant, and it represents the maximum value. Moreover, for H/R higher than
1.5, this maximum value of pressure involves a bigger extent of the wall. In case of the NZSEE
code, variation is observed only for the pressure intensity, not for the shape.
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Figure 2-21. Normalized impulsive pressure for NZSEE ~ Figure 2-22. Normalized impulsive pressure for EC8-4
as function of the slenderness ratio as function of the slenderness ratio
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Figure 2-23. Normalized impulsive pressure for AWWA
as function of the slenderness ratio
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Convective pressures

Figure 2-24 and Figure 2-25 show the behavior between the distribution of the convective
component of the hydrodynamic pressures for the different codes considered (EC8-4, NZSEE
and AWWA D100-05), evaluated in case of squat tank (H/R = 0.4) and slender tank (H/R =
3.5). In both cases the ratio between shell thickness and tank radius is t/R = 0.002 and R =
5m. The pressures normalized with respect to the quantity ( p; - R - a4 - g) are plotted in Figure

2-24 and Figure 2-25.
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Figure 2-24. Normalized convective pressure in case of  Figure 2-25. Normalized convective pressure in case of
H/R=0.4 H/R=3.5

A first consideration should be made on the differences between pressures obtained in case of
squat tank (H/R = 0.4) and pressure in case of slender tank (H/R = 3.5): as already explained
in Chapter 1, the lower is aspect ratio H/R the bigger is the percentage of liquid mass involving
in the convective motion. Then, in case of squat tanks, this generate high convective pressures
on the tank wall, both at the top and at the base level. The maxima values of the normalized
convective pressure for H/R=0.4 and H/R=3.5 are summarized in Table 2.9. Moreover, the
percentage variation of maxima values obtained with AWWA and NZSEE are calculated with
respect to the maxima values obtained for EC8-4.
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Table 2.9. Maxima values of the normalized convective pressure and percentage variation with respect to EC8.

Maxima values of normalized EC8-4 NZSEE (%) AWWA (%)
convective pressure.

H/R=0.4 0.19 0.24 (26%) 0.08 (-0.57%)

H/R=3.5 0.31 0.38 (23%) 0.13 (-58%)

In Figure 2-26, 2-27, 2-28 the distribution of the normalized convective pressures are plotted
as function of the slenderness ratio for the three codes and t/R=0.002.

Figure 2-26, 2-27, 2-28 suggest some considerations: with respect to slender tanks, squat tanks
are characterized by a bigger convective contribute to the hydrodynamic pressure. This is valid
for all codes. Moreover, values of the convective pressures calculated according to the AWWA
standard are lower than those obtained from the EC8-4 and NZSEE. This issue is probably due
to the effect of the behavior factor. The next paragraph shows a comparison between total
pressures calculated by including the behavior factor and total pressure calculated excluding it.
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Figure 2-27. Normalized convective pressure for

Figure 2-26. Normalized convective pressure for NZSEE
EC8-4 as function of the slenderness ratio

as function of the slenderness ratio
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Figure 2-28. Normalized convective pressure for AWWA
as function of the slenderness ratio




Total pressures

Figure 2-29, 2-30, 2-31, 2-32 shows the comparison between total pressures evaluated
according to the combination rules provided in this Chapter for the different codes analyzed.
Total pressures have been evaluated in case of squat tank (H/R = 0.4) and slender tank
(H/R = 3.5). In both cases the ratio between shell thickness and tank radius is t/R = 0.002
and R = 5m. In figures, the total pressures are normalized with respect to the quantity ( p; -
R - ag4 - g). In Figure 2-29 and Figure 2-31 pressures calculation includes the behavior factor,

whereas in Figure 2-30 and Figure 2-32, pressures calculation excludes it. It should be noted
as, in case of a squat tank (H/R=0.4), values of pressure calculated through AWWA standard
are bigger compared to values of pressure obtained with the other codes if the behavior factor
is not included in analyses. A comparison between Figure 2-29 and Figure 2-31 shows that
pressures obtained from the American standard are lower because of the high values of the
force reduction factor proposed by the code. In Figure 2-32 this behavior is not so evident
since the tank shell height is bigger and the hydrostatic contribute tends to absorb the
differences related to the other contributes. It should be noted that for a squat tank (H/R=0.4),
NZSEE and EC8 curves are practically overlapped (Figure 2-32).
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Figure 2-29. Normalized total pressure in case of
H/R=0.4 and behavior factor
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Figure 2-30. Normalized total pressure in case of
H/R=0.4 and without behavior factor
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Figure 2-31. Normalized total pressure in case of Figure 2-32. Normalized total pressure in case of
H/R=3.5 and behavior factor H/R=3.5 and without behavior factor

The values of the normalized convective pressure at the base for H/R=0.4 and H/R=3.5 are
summarized in Table 2.10 (considering behavior factor) and Table 2.11 (without considering
behavior factor). Moreover, the percentage variation of maxima values obtained with AWWA
and NZSEE are calculated with respect to the maxima values obtained for EC8-4.

Table 2.10. Values of the normalized total pressure at the tank base and percentage variation with respect to EC8
(considering behavior factor).

Values of normalized total EC8-4 NZSEE (%) AWWA (%)
pressure considering the
behavior factor

H/R=0.4 1.84 1.96 (6.5%) 1.68 (-8.7%)

H/R=3.5 20.8 17.6 (-15%) 11.57 (-42%)

83



Table 2.11. Values of the normalized total pressure at the tank base and percentage variation with respect to EC8
(without considering behavior factor).

Values of normalized total EC8-4 NZSEE (%) AWWA (%)
pressure without considering
the behavior factor

H/R=0.4 1.88 2.01 (6.9%) 2.86 (52%)

H/R=3.5 20. 97 17.82 (-15%) 14.95 (-28%)

From the pressures values summarized in Table 2.10 and Table 2.11 the influence of the
behavior factor and the differences among the codes can be examined. In particular, in case of
squat tank (H/R=0.4), the behavior factor leads to a reduction of the total pressure of 41%. In
NZSEE and ECS8 this reduction effect is much smaller.

2.4. Conclusion

The current chapter is organized into three parts. The first section provides a list of the European
and international codes and standards dealing with analysis, design and verification of storage
tanks made of steel, pre-stressed or ordinary reinforced concrete located in areas of seismic
activity. The second section deals with a critical comparison of the main design codes, focusing
on provisions for the definition of reduction factor and damping factor, which represent two
main topics in the framework of the lateral design seismic forces for liquid-containing tanks.
Moreover, the section has the aim to compare the different approaches adopted by codes for
modeling tank-fluid system and soil-structure interaction, combining impulsive and convective
effects, evaluating hydrodynamic pressure on wall and base and sloshing wave height.

Some concluding remarks can be made on the critical comparison presented in the second
section. Recognizing that liquid storage tanks possess low energy-dissipating capacity, all codes
discussed specify lower values of the response modification factor compared to the
conventional buildings. This lead to higher design seismic force for tanks. However, the manner
and extent to which tank design seismic forces are increased in various codes might present
several differences. There is a substantial variation in the values of the impulsive and convective
base shear coefficients from American codes and standards, NZSEE and Eurocode 8. Indeed,
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the formers (ACI 350.3, ACI 371, D-110, D-115, D-100, API 650) present a detailed
classification of tanks and to each typology a different value of the response modification factor
is assigned. On the contrary, NZSEE and Eurocode 8 do not provide such detailed classification
of this factor based on the tank type. Among the differences in definition of design seismic
force, it should be highlight that codes like ACI 350.3, D-110 and API 650 define the seismic
design forces at the allowable stress design level, whereas ASCE 7 is at the strength design
level. This is the reason for the bigger values of response modification factor in ACI 350.3, D-
110 and API1 650. Code D-100 as well defines design forces at the allowable stress design level.
However, values of response modification factor are the same as those in ASCE 7, because a
factor of 1.4 is used to convert design forces from strength design level to allowable stress
design level. Differences among codes can be found in the context of the analysis of the tank-
fluid system. NZSEE and EC8-4 adopts different mechanical models for tanks with rigid and
flexible walls, whereas all other codes use the rigid tank model for all types of tanks. In
particular EC8-4 introduces an impulsive component of pressure related to the wall flexibility;
NZSEE uses a rigid tank model for reinforced concrete tanks and a flexible tank model for steel
tanks. In these codes, the effects of the wall flexibility is taken into account by using a design
acceleration corresponding to the impulsive mode natural period. For the purpose of combining
impulsive and convective responses, Eurocode 8 uses the absolute summation rule, whereas
ACI 350.3, D-110, D-115, D-100, API 650 and NZSEE adopt the SRSS rule. ASCE 7 claims
that both rules may be employed for combination. NZSEE, Eurocode 8 and ACI 350.3 provide
expressions for hydrodynamic pressure distribution on the tank wall. In contrast, expression for
hydrodynamic pressure distribution on the tank bottom is given in NZSEE only. However, all
the codes take into account the effect of hydrodynamic pressure on the bottom plate in the
calculation of overturning moment. Provisions on the soil-structure interaction are given in
NZSEE, ASCE 7 and Eurocode 8 only. These concluding remarks reveal the urgent need of a
unified approach for the classification of tanks and the attribution of response modification
factor to each tank typology, in order to overcome discrepancies presented in this chapter.

In the third section, a detailed analysis of the seismic design procedures of on-grade cylindrical
steel storage tanks subjected to horizontal and vertical ground accelerations, according to the
UNI EN 1998-4:2006, NZSEE and AWWA D100-05 is presented. Rigid and deformable tanks
are considered in case of rigid or flexible foundation and in case of base perfectly or partially
anchored to the foundation. Moreover, a comparison in terms of pressures distributions between
the three codes examined is carried out as well. Analogies and differences between them are
highlighted. For all the codes considered, in case of slender tank the impulsive pressure achieves
higher values than those obtained in case of squat tanks.

Indeed, as discussed in Chapter 1, the increasing of the slenderness ratio lead to an increment
of the liquid percentage moving in unison with the tank wall. The NZSEE code provides a
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single formulation for slender and squat tanks. Therefore, only the pressure intensity change
among the two tank models. On the contrary, in EC8-4 and AWWA codes, in addition to an
intensity variation between squat and slender tanks, it is possible to observe a different shape
of the pressure distribution as well. In case of impulsive pressure, both in squat and slender
tanks the maxima values obtained with EC8-4 are smaller compared to those from NZSEE and
AWWA. With regards to the convective component of pressure, the lower is aspect ratio H/R
the bigger is the percentage of liquid mass involving in the convective motion. Then, in case of
squat tanks, this generate high convective pressures on the tank wall, both at the top and at the
base level. This is valid for all codes. Moreover, values of the convective pressures calculated
according to the AWWA standard are lower than those obtained from the EC8-4 and NZSEE.
This issue is probably due to the effect of the behavior factor. The influence of the behavior
factor on the total pressures and the differences among the codes have been be examined. In
particular, in case of squat tank, the behavior factor leads to a reduction of the total pressure of
41%. In NZSEE and ECS8 this reduction effect is much smaller.
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3. Definition of a new tank damage database

3.1. Introduction

One of the main purpose of the current study is to provide earthquake damage to ground motion
relationships for on-grade steel storage tanks based on post-earthquake damage evaluation data.
Also called empirical fragility curves, they are carried out from statistical procedures and
describe the probability of experiencing or exceeding a particular level of damage as a function
of ground-shaking intensity [61]. Past researchers developed fragility curves using relatively
small collections of data. However, it is known that the number of samples affects the reliability
of fragility estimation. In case of empirical data, this issue is much more emphasized because
of measurement errors, indirect nature of observations and different uncertainties affecting
information. In light of these considerations, one of the main step of the current work was
defining a larger tank damage database. The current chapter provides all details on data source,
seismic events considered, information collected, and criteria used for assigning to each
database tank a reliable value of PGA. The tank damage database is attached to this work in
Appendix A.

3.2. Effects of seismic loading on liquid storage tanks

In the following, a classification of the main failures of tank subjected to seismic event is
presented (paragraph 3.2.1). Then, a synthetic description of the empirical performance of the
tanks collected in database is provided for each earthquake involved, in order to highlight
failure causes and consequences (paragraph 3.2.2). A more detailed description of damage is
provided by the database in Appendix A.

3.2.1. Review of the main tank failures caused by earthquake

Reports on damages caused by past earthquakes reveals that liquid storage tanks show a
complex dynamic behavior under seismic action. The occurrence of a certain failures rather
than others depends on factors such as presence of anchors, slenderness ratio, roof type, fill
rate, etc. The experience suggests that basing on the H/D ratio, the tank dynamic behavior can
change completely. Usually, under seismic action slender tank behaves as a cantilever, with a
concentration of high stresses near the base and a considerable value of the overturning
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moment, due to the high position of the mass centroid. The most probable failures are uplifting
and elephant foot buckling, rupture of the junction between the bottom and the base shell,
buckling of the bottom shell, breakage of the inlet/outlet piping system, failure of anchors, shell
buckling in the central part of the shell. Damage to the upper part and to the roof is not common
for tall tanks. On the contrary, very squat tanks suffer mostly damages to the upper part because
of the sloshing motion of the content inside, in particular buckling at the top of shell and at the
roof, failure of the wall-roof shell connection, failure of rafters and columns sustaining the roof.

In the following, a technical description of the abovementioned seismic damages is provided.

Shell buckling modes. The tank shell can be subjected to different kinds of instability:
elastic and elastic-plastic. The first, usually involving the central part of the shell, is
commonly known as “diamond buckling” due to the deformed configuration, and
involves the elastic property of the shell material. It is caused by the excessive vertical
compression meridional stress in combination with moderate hoop tensile stresses (this
condition occurs in above the lower course of tank, where hydrodynamic pressure,
which leads to an increase in the elastic buckling load, is small as compared to its
magnitude at the tank base). On the contrary, elastic-plastic buckling, also known as
“elephant foot buckling”, extends around the tank circumference close to the lower
course and it results from combined action of vertical compressive stresses exceeding
the critical stress and hoop tension close to the yield limit. However, Rammestorfer et
al. in [62] attributed the bulge formation to three components, the third is the local
bending stresses due to the restraints at the tank base. Shell buckling modes can have
different consequent scenarios such as failure of the weld between adjacent plates of the
wall, failure at the bottom-wall connection (with or without leaking at junctions),
deformation and rupture of the inlet/outlet piping system with probable loss of content,
and in some cases total collapse of tank. Elastic buckling can also occur at the bottom
plate, because of the presence of axial stresses in addition to the hydrostatic pressure,
that pushes down the plate when it tends to uplift [63].

Damage to the upper course and roof. Damage to the roof is usually caused by the
sloshing motion of the convective mass, in the case in which the freeboard between the
liquid surface and the roof is not sufficient. Often, the amplitude of the liquid waves can
exceed several meters, as revealed by the presence of scratch marks in the upper course
of the wall produced by the impact of floating roof [2]. In case of full or near full fixed
roof tank, the sloshing motion results in increasing the pressure pushing onto the roof.
Common codes and standards do not provide provisions for an adequate design of the
roof under sloshing impact forces. Reports of past earthquakes revealed that, in the case
of fixed roof, failure can occur at the joints between shell wall and roof, at the roof plate
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in the form of buckling, in vents, in overflow piping and other appurtenances. Floating
roof can be subjected to buckle of the deck plate, damage to the pontoon, roof drains,
seals, antirotation devices, swing line and swing joints. Steel roof with curved knuckle
joints appear to perform better [2], but supporting beams and columns can be damaged
from sloshing impact forces. Extensive damage to roof and the upper part of the shell
wall may lead liquid spillage. However, the loss of content related to this part of the
tank structure is very small comparing with that caused by failures of the lower part.

Anchorage failure. The anchorage system is widely used in case of slender tank, because
of the high position of the center of liquid mass and then the need to counter the
overturning moment. The most common anchorage system for steel tanks consists in
hold-down bolts, straps or chairs. In case of strong earthquake, the anchorage system
may be insufficient to withstand the seismic load and this usually results in anchor pull-
out, stretching or failure. However, failure of anchors rarely leads to loss of tank
contents.

Foundation failure. The storage farms are often located in coastal areas, so this results
in poor foundation soils and problem of liquefaction under seismic action. During the
earthquake of Niigata in 1964, in Niigata Refinery Plant of Showa Oil Co. large crude
oil tanks, built on not compacted ground, sustained settlements of several centimeters,
base rotation and consequent troubles such as breakage of piping and leakages [64]. In
similar situations, the loss of contents has caused a substantial reduction of the
supporting materials under the tank base, and then an increase of the structural damages.
During the Miyagi earthquake in 1978, the annular bottom plate of some tanks at the
Tohoku Oil Sendai refinery, because of settlements, deformed so much that an acute
angle was formed with the shell plate [65]. Field inspections detected other kinds of
foundation failure as well, such as ring wall cracks and failure at the concrete pad. In
case of tanks inadequately restrained against the uplift, vertical displacements cause
additional tensile stresses in the base plate and in some cases the rupture of wall-bottom
junction and of the base plate welds. In addition, sliding movements can damage tank
and fittings, as the following paragraph will explain.

Piping system failure. Piping failure can have several causes. Experience reveals that
vertical and lateral tank movements result in breakage of valve, flanges and fittings,
pipes disconnection and rupture. In particular, rigid piping is known to be highly prone
to damages under seismic action. The presence of flexible loop in a pipe between the
tank and the independent piping support should lead the complex to perform better.
Damage to piping would entail repair costs of only 1% to 2% of the replacement value
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of the tank, but would put the tank completely out of service immediately after the
earthquake [66]. Indeed, depending on the extent of damage, the quantity of leakage can
be different, as well as the consequent scenarios. Failure at piping can also occur in case
of extensive buckling at the tank base, because of large shell deformations at the
connection between the pipe and the tank. Buried pipes connected to the bottom plate
broke in case of lateral movement and uplift, such as the case of the Loma Prieta
earthquake in 1989 [2]. Obviously, damage to relief piping system is less severe in terms
of loss of contents than damage to inlet/outlet piping.

3.2.2. Empirical performance of on-grade steel tanks under seismic action

A critical overview on the steel tanks dynamic performance observed during past earthquakes
is one of the main tools for detecting critical issues and week points of this kind of structure.
Following seismic events of significant intensity, damage information obtained from field
inspections are collected in official post-earthquake reports and technical articles. Damage data
collections are widely used especially for the evaluation of the empirical seismic fragility of
tanks [8-10,67]. One of the bigger data collection available in current literature is NIST GCR
97-720, a technical report authored by Cooper [2], primarily concerned with the performance
of petroleum storage tanks during major earthquakes ranging from the 1933 Long Beach
earthquake through the 1995 Hyogoken-Nambu (Kobe) earthquake. Because of the similarity
in construction of water tanks, their performance was included in the report. However, Cooper’s
collection is not the only data source on tank damages. A list of further reports and articles
providing information on tanks damages caused by earthquakes have been provided as
references of the current thesis. In this section, the empirical seismic performances of on-grade
steel tanks are reported for 24 earthquakes occurred in the current century. A more detailed
description of the tank damages is given in the database provided in Appendix A.

The 1933 Long Beach Earthquake

This moment magnitude 6.4 earthquake on March 10, 1933 originated offshore on the Newport-
Inglewood fault [2]. Considering the concentration of oil production, storage, refining, and
transport facilities in the affected area, actual failures were few. All tanks that failed, or
sustained damage, were of riveted construction and located at a distance from the epicenter
ranging from 3.5 to 45 Km. Damage to the roof seems to have its equivalent in later earthquakes
damage to welded tanks. Sloshing in floating roof tanks also occurred in this earthquake,
causing damage to the seals. The dearth of tank damage could be attributed to the relatively
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small magnitude of the earthquake, “good” soil conditions at most tank locations, and most
tanks not being full at the time of the earthquake. The destruction of the CLADWP Western
Avenue riveted water tank (Figure 3-1) shows the possible effect of long period motion at a
distance.

Figure 3-1. CLADWP Western Avenue riveted water tank, failure of the fourth shell course, Long Beach 1933

The 1952 Kern County Earthquake

The moment magnitude 7.3 earthquake occurred on July 21, 1952 was followed by a series of
strong aftershock in a rather extended area in the northeast direction from the initial epicenter.
The initial earthquake occurred in an area in close proximity to a number of tanks. Damage
occurred to the General Petroleum tanks on their pipeline system from the San Joaquin Valley
to the Los Angeles Basin. Virtually all the tanks observed in this area were riveted tanks with
thick shells to allow for acceptable tensile stresses at the riveted splice between the shell plates.
Considering the proximity of the facilities to the epicenter and the severity of the earthquake,
one would expect more tank damage. Continental Station, located at 38 km from the epicenter,
sustained no damage. Damage also occurred to tank floating roofs at the Pacific Gas and
Electric Kern Power House, located at 42 km from the epicenter. The damage was principally
to the floating roof seals accompanied by some sloshing and oil spillage. In most cases where
damage to floating roof tanks occurred, there was also rotation of the roof and breakage of the
roof anti-rotation guide and/or gage well. There were a number of smaller diameter bolted
“production” tanks which either failed by elephant foot buckling, or in at least one case, the
tank collapsed and fell over. The collapsed tank was nearly full. Most production tanks have
heights and diameters that are approximately equal, and are of bolted shell construction [2,68].
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The 1964 Alaska Earthquake

The Great Alaska moment magnitude 9.2 earthquake occurred on March 27, 1964. The
epicenter of this earthquake was located in or near Prince William Sound. Damage to tanks and
other structures in surrounding cities was extensive. This damage was caused not only by the
strong shaking and ground failure, but also, for many sites, by the tsunami which followed the
earthquake. In Anchorage, located 130 km from the epicenter, tanks were located in the dock
area. Soils in the dock area consisted of silts and thick lens of “Bootlegger Clay”. Damage to
the larger tanks appeared to be minimal. Damage to smaller tanks appeared more frequently
and more severely for those tanks situated closed to the water. Some tanks suffered elephant
foot buckling as well as shell and roof damage (Figure 3-3) [2]. Reports on the earthquake noted
that tanks less than half-full did not suffer damage. In Valdez, located 85 km from the epicenter,
two tank farms were severely damaged by the earthquake and the resulting fire. The tank farms
were built near the shoreline on poor soils [69]. The tanks appear to be not large (D/H from 1
to 2). Whittier was the closest community to the epicenter at 60 km. Tanks located near the
shoreline suffered damage similar to those at VValdez[70] (Figure 3-2). The most tank in Nikiska,
located at 210 km form the epicenter, suffered roof damage.

Figure 3-2. A tank farm in Whittier, Alaska was severely damaged by surge-waves developed by underwater landslides
in Passage Canal, on March 27, 1964
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Figure 3-3. Anchorage, Alaska, 1964. Vibration and ground fractures damaged some structures in the port area,
including the fuel tank seen in the lower right

The 1964 Niigata Earthquake

The moment magnitude 7.6 earthquake occurred on June 16, 1964. It caused extensive damage
in Niigata City, in Yamagata and Akita Prefectures. In Niigata City, two large oil refineries
have been established, one belongs Showa Oil Co. and the other to Nippon Oil Co. These two
plants were damaged severely by the Niigata earthquake, one of the large crude oil tanks in
Showa Qil Co. began to burn immediately after the earthquake, and the damage was so severe
that the most part of the plant were burned out completely. In Nippon Oil Co., there are several
new oil tanks founded on improved ground by vibrofloatation, and they suffered almost no
damage by the earthquake. However, so many tanks founded on natural ground suffered severe
damage. Considerable unequal settlements were observed and the maximum settlement was
about 50 cm [64,71,72].

Figure 3-4. Settlement of tank on unimproved ground (Watanabe, 1966)
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The 1971 San Francisco Earthquake

The moment magnitude 6.7 earthquake had its epicenter about 21 km north of the City on San
Fernando. There was ground breakage or surface faulting south of the epicenter. Tank damage
in this earthquake seems to have been confined to the general area north of where ground
breakage occurred. A squat tank suffered roof and upper shell damage but not elephant foot
buckling. It was one-half or two-third full at the time of earthquake. The tank had a knuckled
roof/shell joint. Shell buckling damage was in the upper shell course but not in the knuckle joint
[2]. Information for a lot of damaged tank was also available in technical reports. The main
damages detected were floor plate ruptures, shell bucking, damage to roof seals in case of
floating roof tanks, and damage to inlet/outlet fittings.

The 1972 Managua Earthquake

The moment magnitude 6.3 earthquake on December 23, 1972 occurred near Managua, the
capital of Nicaragua. The epicenter was 28 kilometers northeast of the city center and a depth
of about 10 kilometers. Few damage data are available for storage tanks. The grain storage
tanks of the INCEI, showed uplifting of their anchor bolts to the south, and local buckling of
the tanks to the north as well as near the top. Three tanks suffered elephant foot buckling, but
they were left in service [66].

The 1978 Mivyaqi Earthquake

The moment magnitude 7.7 earthquake on June 23, 1978 damaged many buildings, structures
and roads in Sendai city which is located about 100 km from the epicenter. At the Tohoku Oil
Sendai Refinery, in the suburbs of Sendai city, three oil storage tanks were damaged severely,
resulting in flow-out of the contents. Three tanks failed at the annular bottom plate along the
inside fillet weld toe at the corner joint with the shell plate. Measurements made of the annular
bottom plate thickness after the earthquake revealed that the bottom plate thickness in these
tanks decreased by corrosion. Two tanks settled an average of about 10 to 14 cm along the
perimeter. The anchor bolts of a water tank were uniformly pulled out about 15 cm. In many
other tanks, the rolling ladder on the floating roof was buckled or deformed and oil flushed out
on the floating roof [65,73]. Figure 3-5 shows one of the three failed storage tanks at Sendai
Refinery, Tohoku Oil Company, Ltd. The damage illustrated is due to suction caused by rapid
evacuation of the oil through the ruptured connection of the base and wall of the tank. The
several tanks, of similar size, in the foreground are thought to be undamaged.
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Figure 3-5. Miyagi 1978: failed storage tanks at Sendai Refinery, Tohoku Oil Company, Ltd.

The 1979 Imperial Valley Earthquake

The moment magnitude 6.4 earthquake provided the opportunity to evaluate the performance
of tanks were near ground motions were recorded. Most of the information was obtained from
EERI Reconnaissance Report [74] and the paper by Haroun [75]. The epicenter was located
about 30 km from the site of the tanks. The tanks were located about 4-5 km west of the Imperial
fault, where there was surface movement in the vicinity of the tanks. The full tanks at the
Imperial Irrigation District (11D) power plant suffered roof damage which consisted of the roof
separating from the shell at the roof/shell weld, allowing oil to spill. Sever damage at the
Southern Pacific Pipe Lines (SPPL) terminal was to three tanks, consisted principally of
elephant foot buckling. A number of eighteen tanks at this terminal sustained major damage.
All tanks were built to AP1 650 in effect at the time of construction.

The 1980 Greenville Earthquake

The Greenville moment magnitude 5.8 earthquake on January 26, 1980, affected mostly wine
tanks. A reconnaissance indicated that damage to the storage tanks at the Wente Bros. Winery
near Livermore, California, was of engineering significance (Figure 3-6). A cursory study of
the damage data indicates that the model of failure or the pattern of damage was a function of
the following factors: 1) Fullness or emptiness of tanks: empty tanks suffered little or no
damage; 2) Height-to-diameter ratio (H/D): the tanks with low value of H/D (H/D < 1.5) had
predominantly large-amplitude “elephant foot” buckles all around (Figure 3-7 (a)). The tanks
with intermediate values of H/D (1.5 <=H/D <=2.0) exhibited varying patterns and
combinations of diamond-shaped buckles (Figure 3-7 (b)) and elephant foot buckles. Tanks
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with high value of H/D (H/D > 2.0) suffered minor or no damage to the shell but had some
failed anchorage welds or bolts; 3) Location of the cooling jackets: where this extra sheet of
steel was close to the bottom of the tank, there was no damage to the shell. Where the jacket

was located 3 or 4 feet above the base, the major buckling occurred between the cooling jacket
and the base [76].

Figure 3-6. A general view of tank damage at Wente Bros. Winery, Greenville 1980

Figure 3-7. Typical elephant's foot buckling pattern (a); typical diamond-shaped buckling pattern (b)

The 1983 Coalinga Earthquake

The Coalinga moment magnitude 6.3 earthquake on May 2, 1983 presented the opportunity to
observe performance of both large and medium sized tanks when subjected to strong ground
motion at relatively short distance from the epicenter. The general terrain is rolling hills and
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valleys, with primarily alluvial sols which are considered good foundation soils. This
earthquake, which produced large accelerations, showed that large tanks do uplift, that sloshing
in large floating roof tanks causes damage, that smaller bolted tanks with lower D/H ratios are
vulnerable to damage and possible failure, and that large tanks are less vulnerable to elephant
foot buckling than smaller tanks. Also evident from this earthquake is to not use bottom draw
piping which is embedded in the earth below the tanks [2,77-79].
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Figure 3-8. Elephant foot bulge at the base of a storage tank (a);diagram showing mechanism that causes elephant foot
type damage to cylindrical storage tanks (b)

Figure 3-9. Bulge and rupture in one of Shell’s storage tanks, probably caused by liquid slosh (a); Diagram of probable
mechanism (liquid slosh) that caused damage sustained in the upper rings of cylindrical storage tanks (b)

The 1985 Chile Earthquake

On Sunday 3rd March 1985, at 19.47 local time, the central region of Chile was shaken by a
major earthquake of moment magnitude 8.0 which caused heavy damage to a wide range of
structures and left over 170 people dead and 1,000,000 people homeless. Many types of
structures were damaged, ranging from adobe buildings to engineered bridges and harbor
facilities. A large refinery at Concon, 30 km north east of Valparaiso, was damaged by the
earthquake. One steel tank appeared to be leaning significantly and another could be seen to be
buckled at the top, and to be stained by an oil spill. Although no information could be obtained
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from the authorities, the refinery was apparently working normally, and no sign of serious fires
or oil spills could be seen. Other damaged facilities were detected in Oxiquim chemical plant
located at 50 km from the epicenter, Terquim Tank farm and Port of San Antonio at 55 km
[80-83].

The 1986 Adak Earthquake

On May 7, 1986 a major earthquake of moment magnitude 8.0 occurred southeast of the
Andreanof Island group in the Aleutian Islands chain. On the island of Adak there are diesel
generator power plants, steam plants, electrical substations, and a large number of facilities.
Storage tanks located in Fuel Pier Yard and Power Plant 3 and having aspect ratio H/D grater
tank 1 suffered no damage.

The 1987 New Zealand earthquake

The 1987 New Zealand earthquake measured 6.5 on the moment magnitude scale and struck
the Bay of Plenty region of New Zealand on 2 March. Industrial sites were badly affected. At
Bay Milk Products in Edgecumbe, huge stainless-steel milk silos collapsed, spilling thousands
of liters of milk. Two milk tankers were thrown on their sides. At the N.Z. Distillery Company,
tanks of spirits collapsed, saturating the ground with vodka and gin. Although these damages,
many storage tanks survived to the earthquake [66,84].

The 1991 Costa Rica earthquake

On April 22, 1991, the moment magnitude 7.7 Talamanca earthquake occurred with its
epicenter located 39.5 km south of Limon, Costa Rica. The RECOPE oil refinery in Moin
suffered severe damage to the plant facilities and to the oil storage tanks. The severe damage to
different types of oil storage tanks together with the fact that many of these tanks had been
filled on April 21, 1991, just one day before the earthquake, provide a rare opportunity to
examine the different types of possible modes of failure. Tank no. 792, which was a temporary
storage tank containing naphtha and diesel oil, exploded and landed about 50 m from its original
location. Tanks 704,705, and 728 suffered severe damage to the roof and the tops of the walls
due to sloshing of the contents, as shown in Figure 3-10. The forces due to hydrodynamic effects
caused rupturing of the joint in the steel plates at the roof-wall junction (Figure 3-10 (b)). Five
tanks containing gasoline had either total collapse or severe tilting of their floating roofs. Four
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tanks experienced total loss of their contents due to the classical "elephant-foot™ buckling of the
vertical walls near the base, as shown in Figure 3-11 [85-87].

Figure 3-10. Overall view of the 12.19 m high by 44.2 m diameter oil storage tank showing oil spillage from top vents
and from rupture of roof-wall junction (a); close-up of wall buckling and rupture of joint between steel plates at roof-
wall junction (b)

Figure 3-11. Close-up of elephant foot buckling at base of 9.75 m high by 21.14 m diameter tank

The 1989 Loma Prieta Earthquake

The Loma Prieta moment magnitude 6.9 earthquake of October 17, 1989 illustrated that tank
damage can occur at considerable distance from the epicenter. Soil conditions obviously affect
the performance of tanks, but different foundation design has led to different seismic
performances of tanks located in the same area. Examination of the available information on
water tanks near the area of strong shaking shows that the 100,000 gallons bolted tank which
had elephant foot buckling probably had D/H on one or slightly greater. The remaining water
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tanks were of a capacity that D/H would expected to be larger than two. No shell buckling was
indicated in damage reports on these larger tanks [2,88-91].

The 1992 Landers Earthquake

The moment magnitude 7.3 Landers earthquake occurred on June 28, 1992. Though no
petroleum storage tanks were damages in this earthquake, the large number of water tanks in
the affected area and the small amount of damage, other than two total failures, make this a
significant earthquake for tanks. Consideration for Landers include: most water tanks operate
near full, hillside settings may provide “improved” foundation conditions. Most tanks in the
Landers area were low, with heights less than 7.4 m. Sloshing and seal damage to large floating
roof oil tanks occurred in the Los Angeles area, 180 km from Landers [2,92,93].

The 1994 Northridge Earthguake

The moment magnitude 6.7 earthquake occurred in January 17, 1994. It occurred on a blind
thrust fault with the epicenter located in the San Francisco Valley near the community of
Northridge. This earthquake significantly affected a number of tanks. Tanks located at north
(20 km) and west (15 km) of the epicenter suffered damage. The Larwin tanks were totally
destructed. From pictures of one of these tanks the shell appears to be raised from the floor in
the manner that one would expect if floor/shell yielding at hinges were to take place (i.e.,
supporting the theory of the thicker annular ring). Also Newhall County Water District Tank 7
has a 12.7 mm bottom, and this tank did not have elephant foot buckling. Damage to smaller
bolted tanks was again experienced in this earthquake. Roof damage to water tanks seemed to
be a feature of this earthquake. The MWD Jensen Tank, which had upper shell damage and
pulled anchor bolts in the 1971 San Francisco earthquake had its upper shell stiffened and the
anchor bolts removed. This tank suffered no damage in this earthquake. The City of Simi had
problems with buried and backfilled underdrains pulling out from the bottom of the tank (a
similar problem occurred on a large oil tank at Coalinga and water tank at Loma Prieta) [94—
96].
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Figure 3-12. Stretched anchor bolts in two tanks affected by 1994 Northridge earthquake

The 1995 Kobe Earthquake

The moment magnitude 6.9 Kobe earthquake on 17 January 1995 fortunately did not provide
the same tank problems resulted in prior Japanese earthquake (Tokyo 1923, Niigata 1964 and
Miyagi-Ken-Oki (Sendai) 1978). The closest major refineries which had tanks at risk were
located about 35 km from the epicenter at Osaka and Sakai. Acceleration at these three
refineries is estimated to be 0.2g and apparently there was no major damage. A liquid storage
tank terminal, about 10 km east of the epicenter and on the waterfront, was damaged from site
liquefaction. There was no loss of product from damaged tanks. This terminal is built on
reclaimed ground and probably experienced peak ground acceleration of 0.6-0.8 g. The terminal
setting is 2-4 km from active faulting. The damage consisted principally of tank tilting, pipe
support/piping loss of foundation support, and walkway-platform loss of support. Liquefaction
was the principal cause of damage at this waterfront location [2,97-99].
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Figure 3-13. Tanks in the port area. The ground shows signs of massive liquefaction and settlement. The tanks appear
to be on pile-supported foundations

The 2003 Tokachi-oki Earthquake

The 2003 Tokachi-oki earthquake of moment magnitude 8.3 that occurred in the subduction
zone southeast of Hokkaido, Japan, generated large-amplitude long-period ground motions with
periods of several seconds to around 10 s in sedimentary basins in Hokkaido. These long period
strong ground motions excited sloshing of liquid in large oil storage tanks, causing damage to
many storage structures. The most severe damage occurred at a refinery in the city of
Tomakomai, which lies in the Yufutsu sedimentary basin, southwestern Hokkaido. Seven oil
storage tanks with floating roofs suffered fire damage and/or sinking of the roof. The liquid
sloshing in those tanks that suffered severe damage had a fundamental-mode natural period of
5-12 s, comparable to the period of ground motions caused by the earthquake. The 2003
Tokachi-oki earthquake was the first M 8-class event to be recorded by the Japanese nationwide
strong ground motion seismograph networks, K-NET and KiK-net. It was thus the first time
that large-amplitude long-period ground motions, which are a characteristic of large
earthquakes, were recorded at a high station density in Japan [100].
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Figure 3-14 Tokachi-oki earthquake in 2003. From left to right: ring fire in a crude oil tank; open-top fire in a naphtha
tank; sinking of floating roofs in two kerosene tanks

The 2003 Bam Earthquake

The 6.6 moment magnitude earthquake occurred on December 26, 2003 has the epicenter at
29.01 N - 58.26 E-SW of the city of Bam in southeastern Iran. Three out of six on-grade steel
oil tanks at Roghan Jonub Company experienced leakage of liquid from roof-to-wall junctions
because of sloshing during the quake. Other damage modes such as elephant foot buckling,
rupture of rigid piping, and tank were not observed in these tanks. Figure (18) shows the leakage
of oil from on-grade tanks [101-103].

Figure 3-15 Bam earthquake in 2003. Leakage of oil from tank due to sloshing
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The 2007 Central Peru Earthquake

On August 15, 2007, an 8.0 moment magnitude earthquake occurred off the coast of Central
Peru. Inspections were made of a number of industrial structures in the epicentral region,
principally on the road between Pisco and the Port of San Martin. In general, both structural
and non-structural damage was limited, despite these industrial sites being located close to Pisco
in areas susceptible to ground subsidence. At the Port of San Martin, a water storage tank was
located close to the access road near the port. The tank was anchored to a concrete base. There
was no discernable damage or movement. At the Blue Pacific Oil, a large fish oil processing
and storage facility on the coast. There are 10 large steel tanks about 12 m diameter and 10 m
high, connected by pipework. They were built in 1967. Six of the tanks were reported to be on
a 1.5 meter deep reinforced concrete raft. Three tanks classic elephant type buckling around a
large extent of their perimeter. One tank showed buckling at the first strake level,1.5 m above
ground (Figure 3-16). No product was lost due to pipe or tank failure, but some had sloshed out
at the top through inspection holes. There was no sign of lateral movement or any restraints to
prevent it, but there is a possibility that there was some settlement. At Epesca Peru, another fish
oil plant next door to Austral with similar facilities, there was no damage. The Storage depot
near Pisco takes oil and gas pipelines from offshore platforms and stores it. A water tank had
buckled and split at the bottom, but this was a rusted skirt only and no product was lost. There
were no signs of sideways movement. All other tanks were undamaged [104,105].

Figure 3-16 Central Peru earthquake in 2007.Blue Pacific oil facility view and tank damages

The 2010 Chile Earthguake

On February 27, 2010 a moment magnitude 8.8 earthquake struck the central part of Chile.
During the 2010 Chilean earthquake there was no observed major fail in tanks, despite the high
values recorded of vertical accelerations. One of the most important failure occurred in
Santiago’s airport. The airport had four fuel steel tanks and one for storing drink water, all of
them were of welded steel. The tank containing water collapsed, while the four adjacent tanks
of liquid fuels remained intact. The steel structure of Arturo Merino Benitez airport had major

104



nonstructural damages, which kept it out of service for a long time. The water tank was self-
anchored and had a storage capacity of 1,300 m?® which was full at the time of the earthquake.
Tank collapse was likely due to repeated wall uplifts and subsequently shells plates buckling
[80,106,107].

The 2011 Tohoku Earthquake

The 2011 off the Pacific coast of Tohoku Earthquake of moment magnitude 9.0 caused damage
to oil storage tanks and other hazardous materials facilities. The damage of the oil storage tanks
and hazmat facilities has a different aspect by area. The area for on-site survey is separated into
three areas as ‘the Pacific coast’, ‘the coast of the Japan Sea’ and ‘the Tokyo Bay’. Along the
Pacific Coast: many tanks and pipelines floated and displaced by the buoyancy and the force of
the tsunami; foundations of the tanks were swept away by the tsunami; no severe damage of
the floating roofs by the liquid sloshing; few damage on storage tanks by the strong ground
motions; liquefaction by the strong ground motions. Along the coast of the Japan Sea: sinking
of the inner floating roof, fractures of the pontoons and oil spill onto the deck of the floating
roofs due to the liquid sloshing and so on. Along the coast of the Tokyo Bay: sinking of the
floating roof and other damage by the liquid sloshing [6,108,109].

Figure 3-17 Tohoku earthquake in 2011. Silos damaged by ground shaking at Sendai harbor (a), tank settled because
of liquefaction around the foundation

The 2014 Napa Valley Earthquake

On August 24, 2014 a moment magnitude 6.0 earthquake occurred northwest of American
Canyon, California. Of the 12 tanks in the City of Napa’s water system, one (termed Montana
“B”) sustained significant damage (Figure 3-18). The tank is an unanchored 67’ diameter, 37’
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high circular welded steel tank with corrugated iron (CGI) roof supported by redwood beams
on steel columns. The water sloshed with approximately 6’ amplitude, damaging the roof. There
was no buckling of the walls, but some rocking was evidenced by motion at the outtake slip
joint. The tank drained immediately following the event due to a nearby pipe break. The Napa
Valley has approximately 400 wine production facilities, about 300 of which have been built
since 1966. An estimated 50 wineries sustained measurable damage to tanks, barrels and/or
buildings. Stainless steel wine tanks used in the wine industry are generally not anchored or
inadequately anchored. Damage limited to full tanks with limited base anchorage. The majority
of tanks were empty in preparation for the harvest and crush in September [110,111].

Figure 3-18 Napa Valley in 2014. Roof damage in Montana B tank

3.3. Data sources and seismic events considered

The starting point for gathering the new collection of data presented in this work, as for previous
works on tank fragilities [8-10], was the report authored by Cooper (NIST) [2]. However this
data was here reviewed and expanded using other official post-earthquake reports and papers
[112-119]. Information collected for each tank has the aim to present an adequate description
of the overall conditions of the tank at the time of the earthquake occurrence. In particular:

= Information on the site in which tank is located, soil type, epicentral distance, Joyner-
Boore distance [120], ground motion intensity parameters as horizontal and vertical
peak ground accelerations and horizontal peak ground velocity;

= Information on tanks, i.e. dimensions, volume, foundation type, presence of anchorage,
roof type, shell junction type and shell material, fluid level at the time of earthquake,
date of construction and design code and finally damage suffered and extent of release.
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The new database contains information on 5829 tanks, based on damage observed from
earthquakes listed at the paragraph 3.2.2. However, not all tanks in database are taken into
account for the fragility analysis presented in the current study, which is focused on atmospheric
tanks used in chemical and process industries. For example, wine tanks (Greenville 1980 and
Napa Valley 2014 [76,110]) have not been considered, since the material of which they are
made and their geometry can lead to a different structural behavior with respect to that of oil
tanks. Furthermore, in case of liquefaction of soil or ground failure beneath the tanks, a full
understanding of the structural mechanism might be very complex and not always possible. For
this reason, many tanks subjected to Niigata 1964, Kobe 1995 and Chile 1985 earthquakes were
excluded from analyses. Similarly, since the cause of damage for tanks subjected to Tohoku
2011 earthquake is not so clear (many tanks were also affected by a severe tsunami occurred
during the seismic event) they were not included in fragility analyses. This is also the case of a
tank severely damaged and collapsed during the Northridge earthquake because of an adjacent
tank. One of the 38 tanks experiencing the 1991 Costa Rica earthquake overturned and
exploded. However, reports are not clear about the cause of this catastrophic failure, so it is not
included in analyses. Then, the tanks involved in fragility formulations are 3026. Table 3.1, for
each of the 24 events collected in database, shows the number of tanks in the database, the PGA
range, the source from which PGA values were obtained and finally the source of the other
earthquake data. The fourth column of this table specifies, for each earthquake, the number of
tanks used in fragility analysis.
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Table 3.1. Earthquake characteristics for tank database used in fragility analysis

Seismic Event Number | PGA Range (g) Number of Information PGA Source
of Tanks Tanks Used Source
in Analysis
Long Beach, 1933 52 0,358 - 0,448 52 [2,78] This work
Kern County, 1952 64 0,113-0,351 64 [2,68] This work
Alaska, 1964 40 0,20-0,384 40 [2,69,70,78] This work
Niigata, 1964 189 0,16 - [64,71,72] [71,72]
San Fernando, 1971 35 0,12-0,86 35 [2,78,84,121] This work, [66,84]
Managua, 1972 3 0,39 3 [78] [78]
Miyagi, 1978 73 0,29 73 [65,122,123] This work
Imperial Valley, 1979 29 0,378 -0,467 29 [2,75,124] This work
Greenville, 1980 177 0,167 1 [76] This work
Coalinga, 1983 52 0,187 -0,45 52 [2,77,78,84,125] | This work, [66,84]
Chile, 1985 168 0,23-0,28 163 [80-84] This work, [66,83,84]
Adak, 1986 3 0,20 3 [84] [66,84]
New Zealand, 1987 11 0,3-0,5 11 [84] [66,84]
Loma Prieta, 1989 1824 0,065 -0,55 1824 [2,88-91,126] This work, [2,66]
Costa Rica, 1991 38 0,24 37 [85-87] This work
Landers, 1992 33 0,19-0,553 33 [2,126] This work, [2,66]
Northridge, 1994 105 0,23-0,90 104 [2,95,96,121,12 | This work, [2,66,95,126]
6,127]

Kobe, 1995 426 0,36 -0,74 - [2,97] This work, [2]
Tokachi-oki, 2003 177 0,10 177 [100] This work
Bam, 2003 7 0,413 -0,497 7 [101] This work
Central Peru, 2007 104 0,34-0,427 104 [104,105] This work, [104,105]
Chile, 2010 202 0,24-0,334 202 [80,106,107] This work
Tohoku, 2011 1927 0,11-0,91 - [6,108,128] This work
Napa Valley, 2014 96 0,23 -0,65 12 [110,111] This work
Total 5829 0,065 -0,90 3026
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3.4. Undamaged tanks

A crucial aspect of the creation of the present database is the introduction of a large population
of undamaged tanks involved in past earthquakes and never included in previous fragility
analyses. Information on these tanks, indeed, is not always clearly available in reports but in
this work, it has been obtained by comparing data from different documents, analyzing the plant
layouts from available pictures and comparing them with plant views provided by GIS archives.
This has been the case of tanks subjected to earthquakes like Miyagi 1978, Northridge 1994,
Kern County 1952, Tokachi-oki 2003, Coast of Central Peru 2007 and Chile 2010. These
samples were not mentioned in Cooper’s collection [2], that was the main source of all previous
empirical fragility analysis on on-grade storage tanks. The absence of a large number of
undamaged tanks might have led previous researches to overestimate tanks fragilities. In the
following the undamaged tanks added for the aforementioned earthquakes are briefly presented.

Miyagi, 1978. A report authored by Kawano et al. [65] classifies tank damage occurred at the
Tohoku Oil Sendai Refinery (100 km from the epicenter) in five basic categories: 1) failure of
the annular bottom plate at bottom corner joint with oil spills; 2) settlement along the tank
perimeter; 3) buckling of rolling ladder connected to floating roof; 4) pull-out of anchor bolts;
5) buckling of upper shell courses. Only six oil tanks, out of the total seventy-three, suffered
substantial damage (i.e. categories 1 and 5), the remaining sixty-seven suffered only slight
damage (i.e. categories 2,3 and 4). These kind of failures, in the aim of Damage States, are
considered as DS1, i.e. no damage or slight damage, since they affect non-structural part of the
tank.

Northridge, 1994. Damage data on ninety tanks were included in the data collection provided
by ALA. In addition, the present work considers other fifteen tanks suffering only slight damage
or no damage. Information on these tanks has been found in [126].

Kern County, 1952. Compared to the databases used in previous researches for developing
fragility curves, the current work considers forty tanks additional tanks. They contained water,
gasoline and oil and were located at a distance of 48-50 km from the epicenter. Most of them
were undamaged. [68].

Tokachi-oki, 2003. This earthquake has never been included in previous fragility studies, as
well as Coast of Central Peru 2007 and Chile 2010, discussed in this section. Information on
damage of one hundred seventy-seven squat tanks, located at West Port of Tomakomai, has
been extracted from [100] and GIS archives. Only seven tanks suffered sinking of the floating
roof as a result of damage to the roof pontoons because of large amplitude sloshing. The
remaining one hundred seventy tanks were undamaged.
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Coast of Central Peru 2007. Information on one hundred-four oil and water storage tanks was
obtained from [105], [104] and from GIS Archives. Tanks sites were the Port of San Martin,
the Blue Pacific Oil plant and at other plants located on the coast near Pisco as Austral Fish Qil,
Epesca Peru and Pluspetrol Peru (about 53-56 km from the epicenter). Only five tanks suffered
damage: three fish oil tanks with fixed roof experienced elephant foot buckling around a large
extent of their perimeter; another similar tank showed buckling at the first strake level, 1.5 m
above ground (see Figure 3-16); a water tank had buckled and split at the bottom. All the
remaining storage tanks did not suffer damage.

Chile 2010: damage data and information on tanks have been obtained from [80], [106],[107]
and GIS archives. Most tanks had H/D ratio lower than 1, and only a tank out of two hundred-
two collapsed. The others resulted undamaged.

3.5. Recent earthquakes

Previous database considered principally old seismic events. In particular, for his fragility
curves, O’Rourke [8] used an inventory of nine seismic events occurred from 1933 to 1994,
ALA 2001 [66] and Salzano [10] obtained fragility curves basing respectively on nineteen and
about eleven seismic events occurred in the same period. The present database considers for the
calculation of tank fragilities twenty-one earthquakes including five more recent events: 2003
Tokachi-oki earthquake (M,, = 8.3), 2003 Bam earthquake (M,, = 6.6), 2007 Central Peru
earthquake (M,, = 8), 2010 Chile earthquake (M,, = 8.8), and 2014 Napa Valley earthquake
(M,, = 6). Itis expected and confirmed by damage data that recent seismic events have showed
limited damage to tanks, since the most of them are new buildings and designed under recent
seismic codes.

3.6. Information collected

Information on tanks and damage is extracted not only from previous databases. Indeed, many
other reports and papers have been analyzed for obtaining additional data and confirming the
reliability of past datasets. Information such as size and liquid stored is available for most of
the tanks. For recent earthquakes (i.e. Tohoku, Napa Valley, etc.), for which reports provided
limited data, information as the exact tank location in coordinates (often used for the evaluation
of PGA value by ShakeMap), dimension and roof type is obtained by using GIS archives. This
approach allowed to obtain data for a number of tanks much bigger than that involved in past
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databases. Information about material is less frequently found in reports, but it can be deduced
by the knowledge of the liquid contained. Indeed, for petroleum tanks, the material adopted is
usually steel, instead for wine tanks aluminum and stainless steel are often used. Sometimes,
source documents provide details about the plate thickness of bottom plate, shell courses and
roof. The date of construction and/or the adopted design code are available for only 16% (477
out of the 3026 tanks) of the tank inventory used for fragility curves. Principal roof types are
floating and fixed; for the latter typology, the most common shapes are dome, cone, flat and
knuckle. However, cases of fixed roof with internal floating pan has been detected. Information
on the foundation includes details on anchorage system and type of foundation structure. Tanks
for which anchorage condition is known represent the 12% (375 out of 3026) of the tank
inventory, and only 29% (109 out of 375) of them is anchored. Reports reveal that the most
common foundation typologies used for atmospheric tanks are gravel or concrete pad, concrete
ring, direct base on compacted soil or rock, pile foundation. The height of fluid at the time of
earthquake is a crucial issue for the tank seismic response. Fill level in an oil tank can often be
less than 50%, otherwise water system distribution tanks are kept at fill levels between 80%
and 100% [9]. Percentage of filling is available for 14% of tanks in database (422 out of 3026).
Information on structural damage and extent of release are deduced from reports for all tanks
involved in the fragility analyses. It should be pointed out that reports do not provide the exact
percentage of liquid losses and then, this information appears qualitative only. Further
information on characterization of tank structural damage and amount of content released will
be given later in a dedicated section. Table 3.2 provides a synthetic description of the physical
characteristics of the database tanks. The number of tanks for which this information is
available is also listed.

Table 3.2. Physical characteristics of database tanks

Parameter Range Average Value | Median Value | Number of Tanks
Size (H/D) 0.17-4.17 0.69 0.31 1336 (44%)
Percentage Full

0% - 100% 65% 75% 422 (14%)

- - - 375 (12%)
477 (16%)
505 (17%)

242 (8%)

Anchorage system
Date of construction/Design code

Roof type
Foundation type

3.7. Criteria used for defining PGA values

Different reports are often inconsistent on PGA. Discrepancies may result from several factors:
i) the lack of ground motion recording stations close to the tanks, ii) the use of different
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attenuation models for the PGA estimation, iii) the lack of information on soil properties, iv)
the uncertainties on the location of tanks, v) the spatial variability of PGA.

In this work, in order to provide consistent values of PGA for each tank involved in fragility
analysis, the following procedure was used:

= in case of a ground-motion recording station in the site of the plant, information from
recorded data was used;

= in cases of tanks located far from recording stations, the PGA value was obtained from
ShakeMap, a tool provided by the web site of “United States Geological Survey’s
(USGS) Earthquake Hazards Program”[129].

= Finally, in case of older earthquake, for which shake maps were not available, the
attenuation model proposed by D. M. Boore et al. was used (provided by “Pacific
Earthquake Engineering Research Centre” in NGA-West2 Equations for Predicting
Response Spectral Accelerations for Shallow Crustal Earthquakes [120]).

Table 3.3 shows the PGA definition method used for each earthquake in database (only tanks
involved in fragility analysis).
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Table 3.3. Method of acquisition of PGA value for each seismic event involved in fragility analysis

Seismic event

Method used for the PGA acquisition

Long Beach, 1933

Attenuation model (PEER Center)

Kern County, 1952

Attenuation model (PEER Center)
Recorded acceleration

Alaska, 1964

Recorded acceleration

San Fernando, 1971

ShakeMap USGS
Recorded acceleration

Managua, 1972

Recorded acceleration

Miyagi, 1978

Recorded acceleration

Imperial Valley, 1979

ShakeMap USGS

Greenville, 1980

ShakeMap USGS

Coalinga, 1983

Attenuation model (PEER Center)
Shake Map USGS
Recorded acceleration

Chile, 1985 ShakeMap USGS
Recorded acceleration
Adak, 1986 Recorded acceleration

New Zealand, 1987

Recorded acceleration

Loma Prieta, 1989

ShakeMap USGS
Recorded acceleration

Costa Rica, 1991

ShakeMap USGS

Landers, 1992

ShakeMap USGS
Recorded acceleration

Northridge, 1994

ShakeMap USGS
Recorded acceleration

Tokachi-oki, 2003

ShakeMap USGS

Bam, 2003 ShakeMap USGS
Central Peru, 2007 ShakeMap USGS
Chile, 2010 ShakeMap USGS

Recorded acceleration

Napa Valley, 2014

ShakeMap USGS

The diagram shown in Figure 1 synthetizes the procedure used for acquiring the PGA value for
earthquake considered.

Report provides a record from accelerometric station?

YES l lno

‘ Accelerometric station is closed to the tank area? | ShakeMap (USGS) is available for the

analysed earthquake?
ves § no §§

ves § § no

Recorded acceleration Value of
is used e PGA value from PGA value is provided
sncalEEten af ShakeMap is used by using Attenuation
this value is Model (PEER Center)
NOT
recommended

Figure 3-19. Procedure used for acquisition of PGA value
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3.7.1. ShakeMap

ShakeMap is a tool used to portray the extent of potentially damaging shaking following an
earthquake. It can be used for emergency response and loss estimation. ShakeMap was first
developed for earthquakes in southern California as part of the TriNet Project, a joint effort by
U.S. Geological Survey (USGS), California Institute of Technology (Caltech), and the
California Geological Survey (CGS) [121]. Following the Northridge earthquake in 1994, older
analog instruments were replaced with a state-of-the-art seismic network with digital
communications in real time. Deployment was completed in 2002. Because the earthquake
happens over a faults surface, not at a single point, the location of the earthquake (the epicenter)
tells us only where the earthquake started, not necessarily where the shaking was the greatest.
For a large earthquake, damage can sometimes occur hundreds of miles from the epicenter.
Other factors, such as rupture direction and local geology, influence the amount of shaking in
a particular area. It is the distribution of intensity (local severity of shaking), rather than the
magnitude (the total energy released by earthquake), that provides useful information about
areas prone to damage.

Philosophy of estimating and interpolating ground motions

The overall strategy for the deployment of stations relies on dense instrumentation concentrated
in urban areas with high seismic hazards (USGS, 1999) and fewer stations in outlying areas
[130]. Based on this philosophy, maps generated in these urban regions are expected to be most
accurate where the population at risk is the greatest, and therefore, where emergency response
and recovery efforts will likely be most urgent and complex. Even so, significant gaps in the
observed shaking distribution will likely remain, especially in the transition from urban to more
rural environments. Likewise, many critical facilities and lifelines are widely distributed, away
from population centers and their dense seismic sensor networks. Thus, as a fundamental
strategy for ShakeMap, USGS has developed algorithms to best describe the shaking in more
remote areas by utilizing a variety of seismological tools.

If there were stations at each of the tens of thousands of map grid points needed to adequately
portray shaking, then the creation of shaking maps would be relatively simple. Of course,
stations are not available for the overwhelming majority of these grid points, and in many cases
grid points may be tens of kilometers or more from the nearest reporting station. The overall
mapping philosophy is then to combine information from individual stations, site amplification
characteristics, and ground-motion prediction equations for the distance to the hypocenter (or
to the causative fault) to create the best composite map. The procedure should produce
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reasonable estimates at grid points located far from available data while preserving the detailed
shaking information available for regions where there are stations nearby.

Recorded ground-motion parameters

ShakeMap requires estimates of magnitude, location, and (optionally) shaking 1Ms at seismic
stations. As such, ShakeMap has been interfaced with several types of seismic processing
systems. The ShakeMap system, however, is a stand-alone software package and itself contains
no data acquisition component. It is assumed that station data delivered to ShakeMap are free-
field sites that have been vetted by the contributing network. For global and historic earthquake
ShakeMap generation, USGS has developed scripts to preprocess various forms of seismic
waveform (as well as macroseismic) data which are openly available around the world.

Parametric data from stations serving ShakeMap should include peak ground acceleration
(PGA), peak ground velocity (PGV), and peak response spectral acceleration amplitudes (at
0.3, 1.0, and 3.0 sec). For all maps and products, the motions depicted are peak values as
observed; that is, the maximum value observed on the two horizontal components of motion.

Macroseismic intensity

Intensity data can fill important gaps where ground-motion recordings are not available, and
often provide the only control in sparsely instrumented areas. This is particularly true for
historic earthquakes, for which macroseismic data provide important constraints on shaking
intensities. The ShakeMap Atlas (Allen et al., 2008, 2009a; Garcia et al., 2012a) is a collection
of important historic earthquake shaking maps which are now widely used for scientific
analyses and for loss model calibration (e.g., Wald et al., 2008; Jaiswal and Wald, 2010;
Pomonis and So, 2011).

Macroseismic intensity data can also be an important constraint on peak ground motions, since
ground motion amplitudes can be derived from intensity through the use of a suitable Ground-
Motion/Intensity Conversion Equation (GMICE). Because a GMICE represents a statistical
(probabilistic) relationship, the conversion to and from intensity has a higher uncertainty than
direct ground-motion observation. ShakeMap accounts for this higher uncertainty by down-
weighting converted observations in the interpolation process.
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Ground motion and intensity predictions

In areas distant from the control of seismic instrumentation or reported intensity, ground
motions must be estimated using the available earthquake source parameters and GMPEs or
Intensity Prediction Equations (IPEs). GMPEs are available for a wide range of magnitudes,
source mechanisms, and tectonic settings. IPEs are still comparatively uncommon.

3.7.2. Attenuation model

Attenuation model used in the current work for estimation of tank PGA has been provided by
the Pacific Earthquake Engineering Research (PEER) Center in “NGA-West2 Equations for
Predicting Response Spectral Accelerations for Shallow Crustal Earthquakes” [120]). This
work proposed ground-motion prediction equations (GMPEs) for the computation of a median
peak ground motions and response spectra for shallow crustal earthquakes in active tectonic
regions. The equations were developed as a part of the NGA-West 2 project and are based on a
composite data set [131] that includes global events from 1935 to 2011 spanning a wide
magnitude range, plus a large number of small-to-moderate magnitude events from California
principally from 1998 to 2011.

Ground-motion prediction equations (GMPESs) are used in seismic hazard applications to
specify the expected levels of shaking as a function of predictor variables such as earthquake
magnitude and distance. GMPEs for active crustal regions are typically developed from an
empirical regression of observed amplitudes against an available set of predictor variables.
Early GMPEs were very simple equations giving peak ground acceleration as a function of
magnitude and epicentral distance (e.g., Douglas in [132]). Modern GMPEs express peak
motions and response spectra as functions of moment magnitude, distance to the rupture
surface, and site condition variables such as the time-weighted average shear-wave velocity
over the upper 30 m of the profile (Vs3,). The Prediction of horizontal-component peak ground
acceleration (PGA), peak ground velocity (PGV) and response spectra (PSA, the 5% damped
pseudo response spectral acceleration) is limited to the case of earthquakes of moment
magnitude 3.0 to 8.5, at distances from 0 to 400 km, at sites having Vg5, in the range from 150
m/sec to 1500 m/sec, for periods between 0.01 sec and 10 sec.

Form of the equation

The functional forms of the equation for predicting ground motions is:

116



InY =F. (M, mech)+F, ; (Rjg, M)+ F 5 (V3, Rig, M) +5,6(M, Ryg, V) (3.1)

where [nY represents the natural logarithm of a ground-motion IM (PGA, PGV, or PSA); Fe,
Fp , and Fspg represent the source-dependent function (“E” for “event”), path function (“P”),
and site amplification function (“S”), respectively (subscript ‘B’ indicates base-case model; not
used for event function since the same equations are used for the base-case and adjusted
models). The predictor variables are M, mech, Rss , and Vss , which represent moment
magnitude, fault type, Joyner-Boore distance (defined as the closest distance to the surface
projection of the fault), and time-weighted average shear-wave velocity over the top 30 m of
the site, respectively; &, is the fractional number of standard deviations of a single predicted
value of InY away from the mean value of InY; o is the total standard deviation of the model.
The Fe, Fpg, and Fsg and o functions are period dependent.

Path and Source Functions

The base-case path-dependent function is given by:
Fos (R M)=[c,+C,(M =M ()]IN(R/R.)+c,(R-R,) (3.2)

where

R=.R,,2+h? (3.3)

and ¢y, ¢3, ¢3, Myof, Rref, and h are the coefficients determined by regression.

The event-specific function is given by:

F- (M, mech) =
eU +eSS+e,NS+e,RS+¢e,(M -M,)+e,(M-M,)> M<M, (3.4)
eU +€SS+e,NS +e,RS+¢,(M -M,) M>M, (3.5)

where U, SS, NS, and RS are dummy variables (taking on value of 1 or 0, as indicated in Table
3.4) used to specify unspecified, strike-slip, normal-slip, and reverse slip fault types,
respectively; M,,, the “hinge magnitude” for the shape of the magnitude scaling, is a coefficient
to be set during the analysis. M, is period-dependent; in the case of PGA prediction (T = 0),
M, = 5.5.
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Table 3.4Values of dummy variables for different fault types [120]

Fault Type u SS NS RS
Unspecified 1 0 0 0
Strike-slip 0 1 0 0
Normal-slip 0 0 1 0
Reverse-slip 0 0 0 1

Site Term

The nonlinear site amplification component of the base-case GMPE (introduced in Eq. (3.1)) is
comprised of two additive terms representing Vs3,-scaling and nonlinearity as follows:

Fse =In(F;,) +In(F,) (3.6)

where Fs 5 represents site amplification in natural logarithmic units; F;,, represents the linear
component of site amplification, which is dependent on Vgs,; and F;,, represents the nonlinear
component of site amplification, which depends on Vg3, and the amplitude of shaking on
reference rock (taken as V30 = 760 m/sec).

The linear component of the model (F;;,,) describes the scaling of ground motion with Vg5, for
linear soil response conditions (i.e., small strains) as follows:

In(F;,) =

V,
cln[%] Vg <V, (3.7)

V
cln[ K j Vgao >V, (3.8)

where ¢ describes the Vg34-scaling in the model, V. is the limiting velocity beyond which
ground motions no longer scale with Vs3,, and V.. is the site condition for which the

amplification is unity (taken as 760 m/sec). Parameters c and V, are period-dependent and are
determined by regression.

The nonlinear term in the site amplification model (F;,,) modifies the linear site amplification
so as to decrease amplification for strong shaking levels. The F,, term is constructed so as to
produce no change relative to the linear term for low PGA, levels. The functional form for the
F,, term is as follows:
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(3.9)

3

In(F,) = f, + f, |n(MJ

where f;, f, and f; are coefficients in the model and PGA, is the median peak horizontal
acceleration for reference rock (taken as 760 m/sec). The coefficient f; is taken equal to zero
to force In(F;,) to zero for PGA, < f;, whereas the coefficient f; is taken equal to 0.1g.
Finally f, is a function of period and Vs, as follows:

f, = f,[exp{ f5(Min(V,y,, 760) —360)} — exp{ f (760 — 360)}] (3.10)

In order to apply the site amplification function, one must first evaluate PGA, for applicable
magnitude and distance using Eqg. (3.1) for rock site conditions.
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4. Seismic fragility formulations

4.1. Introduction

This section provides a technical description of the seismic fragility analysis carried out for on-
grade steel storage tanks. The development of fragility formulation has been widely used by
many researchers in the past as a means to investigate the seismic behavior of liquid storage
tanks. This approach has the advantage to directly provide an estimate of damage and loss of
content, parameters required for risk assessment. O’Rourke and So [8] characterized the seismic
behavior of cylindrical on-grade steel storage tanks developing fragility curves using a logistic
regression analysis of the performances of 397 tanks in nine earthquake events. The damage
states adopted to characterize damage were consistent with the damage state description in the
HAZUS methodology. Fragility relations were obtained as a function of the aspect ratio and
filling percentage. Comparison with HAZUS fragilities and other seismic performance relations
contained in literature, as ATC 13 (1985) [133] and ATC 25 (1991) [134], was also provided.
American Lifeline Alliance (hereafter ALA, [135]) obtained tank fragilities using a bigger
collection of data including 532 tanks exposed to 21 earthquakes and a slightly different
definition of damage states, based on tank functionality. Least square regression was used for
estimation of the median acceleration to reach a particular damage state and the associated
lognormal dispersion parameter. The influence of filling level and anchorage was also
investigated. Berahman [67] analyzed steel storage tanks with fill level higher than 50% from
ALA’s database and calculated seismic fragility of unanchored tanks adopting a Bayesian
approach. The author adopted ALA’s damage states. The comparison with tank fragilities
available in literature suggested that the actual tank performance was better than that proposed
in ALA and O’Rourke. Salzano et al. [10] proposed empirical fragilities in terms of content
release intensity, adopting probit analysis. The tank database used was almost the same of
previous studies, but in this case authors divided tanks into release states, depending on the loss
of content caused by damage. Seismic tank performance and release entity were analyzed and
discussed in the framework of Quantitative Risk Analysis.

Although a consistent number of researches have been conducted on this issue, past databases
counted a relatively small number of samples. Moreover, in most cases, development of
fragility curves was based on the usage of damage matrixes, in which tanks were divided into
PGA bins, and the value of dispersion parameter was bounded a priori [8-10]. In light of that,
the objective of the study reported herein is to evaluate the seismic fragility of atmospheric on-
grade steel tanks using a bigger collection of damage information (presented and discussed
Chapter 3) and trying to overcome the limits of previous works.
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The current section presents first a critical overview of data collection and fragility relations
available in current literature, pointing out the main problems related to the management of
damage information from visual inspections, choice of criteria for classifying damage into
ranges, relation between reparability and functionality after damage occurrence, choice of
appropriate method for fitting empirical function and interpretation of results. The present work
establishes two sets of Damage States. The first set characterizes failures in terms of tank
structural performance, the second in terms of loss of content. A Bayesian approach has been
used to fit fragility curves. Generalized linear model with probit and logit functions have been
employed in order to derive seismic fragilities as function of tank aspect ratio, filling level of
the liquid content and presence of base anchorage system. One of these models has been
formulated in order to take into account simultaneously the effects on fragility of these crucial
aspects. A critical comparison with previous works in terms of damage states, analysis method
adopted and results obtained is also presented.

4.2. Statistical procedures for developing seismic fragility curves

Earthquake damage to ground motion relationships is a key component for earthquake loss
estimation and the performance-based analysis of the risk of structures [61]. These
relationships, also known as fragility curves, describe the probability of experiencing or
exceeding a certain damage level as a function of ground-shaking intensity.

It is possible to distinguish three general classes of fragility functions basing on the method
used to create them [136]:

1. Empirical fragility curves are based on post-earthquake damage evaluation data. They are
obtained by fitting a function to approximate observational data from the laboratory or the real
world. The observational data can be: (1) ordered pairs of environmental excitation and a binary
indicator of failure (i.e., reaching or exceeding the specified limit state), for each of a set of
individual assets; or (2) ordered sets of environmental excitations, number of assets exposed to
that level of excitation, and the number of those that failed when subjected to the environmental
excitation [8-10,67,137,138].

2. Analytical fragility curves based on structural modeling and response simulations. The
performance of the structure is a function of some vector of “basic” variables. These variables
determine both the capacity of a structure to withstand a load and the demand placed on the
structure. Once the limit function, or limit state, is defined the probability of exceedance the
limit states is calculated [139-141].
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3. Expert opinion or judgment-based fragility curves are created by polling one or more people
who have experience with the asset class in question, where the experts guess or judge failure
probability as a function of environmental excitation. ATC- 13 (Applied Technology Council
1985) compiles a large number of judgment-based fragility functions for California buildings
[142,143].

Fragility functions can also be obtained by a combination of these methods. For example, many
of the fragility curves in HAZUS-MH’s earthquake module are created by such a hybrid
approach. As before mentioned, in this work the empirical method has been used to develop
seismic fragility curves of tanks. Information about damage is provided by the database
assembled for purpose of analysis (described in Chapter 3 and given in Appendix A).

4.3. Critical analysis of fragility models available in literature

In the context of fragility curves based on post-earthquake damage data, one of the most
significant researches proposed in literature is the statistical study on on-grade steel tanks
provided by O’Rourke and So in 1999 [8]. The authors developed fragility curves by building
a database on the seismic performance of 423 tanks damaged by nine earthquakes (379 out of
the total number were involved in analysis). PGA values ranged from 0.10 to 1.20g. Based upon
the physical description of each tank seismic performance, derived from the database source
documents, O’Rourke and So assigned to each tank one of the five HAZUS damage states,
formulated in terms of functionality, as described below in Table 4.1

Table 4.1. O’Rourke damage state definition and distribution within database (adapted from [8])

Damage | Description Number of
State Tanks
DS1 No damage to tank or I/O pipes 257
DS2 Damage to roof, minor loss of content, minor shell damage, minor piping damage, 102
no elephant foot buckling

DS3 Elephant foot buckling with no leak or minor loss of contents 33
DS4 Elephant foot buckling with major loss of contents, severe damage 15
DS5 Total failure, tank collapse 16
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Table 4.2. HAZUS damage states used for building-type structures

HAZUS Description

Damage State

DS1 No damage

DS2 Slight damage

DS3 Moderate damage

DS4 Extensive damage

DS5 Complete (collapse) damage

A possible issue related to these Damage States is that they do not distinguish the severity of
failure at the piping system and treat in the same manner damage to inlet/outlet pipes, pressure
relief line, overflow pipe and other pipe appurtenances. In fact, all piping failures were
associated uniquely to Damage State 2. In terms of functionality, this choice may result
inappropriate since the entity of content loss is completely different according to the location
of piping-shell coupling. A further issue is that the HAZUS Damage States, described in Table
4.2 and developed for use with building-type structures, were adopted. For buildings it is
reasonable to assume that increasing damage states also relate to increasing severity of failure
and decreasing functionality. Contrarily, in case of tanks, this criterion is not always reliable.
Failure to piping, categorized as DS2, can lead to a complete loss of content and put tank out
of service, even if repair costs could be inexpensive. On the other hand, repair cost of the shell
in case of occurrence of elephant foot buckling without loss of content, regarded as DS3, could
be much more expensive, yet the tank might not lose any functionality immediately after the
earthquake. Table 4.3, defined by combining the damage states used by O’Rourke and
information on repair costs and loss functionality reported by ALA 2001, confirms that in case
of storage tanks, there is not a direct correlation between repair costs and functionality, as
assumed for common buildings.

Table 4.3. Repair costs and impact on functionality related to DSs obtained by following HAZUS criteria

Damage Failure Mode Repair Costs as a Percentage | Impact on Functionality as a
State of Replacement Cost Percentage of Contents Lost
(O’Rourke Immediately After the
and So) Earthquake
For Each For Damage For Each For Damage
Failure Mode State Failure Mode State
DS1 No damage to tank or I/O pipes 0% 0% 0% 0%
Rupture of overflow pipe 1% - 2% 0% - 2%
Rupture of drain pipe 1% - 2% 50%-100%
DS2 Rupture of Inlet/Outlet Pipe 1% - 5% 1% - 30% 100% 0%-100%
Roof system partial damage 2% - 20% 0%-10%
Roof system collapse 5% - 30% 0%-20%
DS3 Elephant foot buckling with no leak 30% - 80% 30% - 80% 0% 0%
DS4 Elephant foot buckling with leak 40% - 100% | 40% - 100% 100% 100%
DS5 Total failure, tank collapse 100% 100% 100% 100%
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O’Rourke binned tanks into 8 PGA intervals and calculated the logit function for each PGA
range and Damage State. Linear regression was then used to define fragility as a function of
PGA. However, a regression in which data is binned based on the value of the covariate (in this
case IM) is highly sensitive to the binning scheme. The authors calculated tank fragilities for
their full database, for tanks with aspect ratio H/D > 0.7 and H/D < 0.7, and for tanks with
filling level FL > 50% and FL < 50% . In order to allow comparisons with the HAZUS
model, lognormal fragility functions were deducted from logistic regression curves. Median
value of the lognormal distribution m; and standard deviation o; of In(PGA) for each Damage
States are summarized in Table 4. In order to allow a direct comparison with results obtained
in this work, the median value y; of the associated normal distribution of in(PGA) has been
reported in table as well. By examining results, authors concluded that squat tanks behave better
than slender tanks and filling level contributes to worsen tank seismic performance.

Table 4.4. O’Rourke empirical parameters for fragility curves (adapted from [15])

Damage States

Fragility

parameters DS =2 DS >3 DS = 4 DS =5
All tanks (N=397)

m[g] 0.70 1.10 1.29 1.35
ulln(g)] -0.36 0.10 0.25 0.30
o[ln(g)] 0.48 0.35 0.28 0.22

Tanks with H/D < 0.70

m[g] 0.67 1.18 1.56 1.79
ulln(g)] -0.40 0.17 0.44 0.58
o[ln(g)] 0.50 0.34 0.35 0.29

Tanks with H/D = 0.70

m[g] 0.45 0.69 0.89 1.07
ulln(g)] -0.80 -0.37 -0.12 0.07
o[ln(g)] 0.47 0.32 0.21 0.15

Tanks with FL < 50%

m[g] 0.64 - - -
plin(g)] -0.45 - - -
o[in(g)] 0.41 - - -

Tanks with FL > 50%

m[g] 0.49 0.86 0.99 1.17
u[ln(g)] -0.71 -0.15 -0.01 0.16
o[in(g)] 0.55 0.39 0.27 0.21
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Another significant contribution was provided by ALA 2001 [9]. The authors reviewed and
amplified the inventory developed by Cooper [2]. The new database contained 532 tanks in a
PGA range from 0.10-1.20g with an average value of 0.32 g. Moreover, ALA modified the
definition of Damage States, in particular for the case of piping damage: slight damage to pipe
causing only minor leaks (such as damage to overflow or relief pipe) was treated as DS=2,
while broken inlet/outlet pipe allowing a consistent loss of content was assigned to DS=4. This
way of classifying damage is more consistent with functionality than with repair costs.
Substantial buckling to the upper courses is defined as DS=3, contrarily to O’Rourke’s work,
in which it was classified as DS=2. In order to fit fragility models, authors divided tanks into 9
PGA ranges. For each range the PGA was defined as the average of the PGA values of each
tank in that range and the percentage of tanks reaching or exceeding a Damage State was
calculated. A least square regression analysis was performed to fit lognormal fragility curves.
The dispersion parameter o was bounded in the interval 0.01 to 0.80. Fragility parameters m,
u and o are shown in Table 4.5 and Table 4.6 as a function of the effect of filling level and
presence of anchorage.

From a critical analysis of their results the authors deducted that an increasing filling level leads
to a decrement of the median acceleration levels to reach a certain damage states. Furthermore,
they concluded that tanks with filling levels below 50% do not experience elephant foot
buckling with leakage or collapse. Moreover, anchored tanks perform better than unanchored
tanks. It should be noted, however, that database counted only 46 anchored tanks against the
251 unanchored, and tanks with unknown anchorage condition were assumed to be unanchored.
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Table 4.5. ALA empirical parameters for fragility curves as a function of fill level (adapted from [9])

Damage States

E;fgr'rl]g%’ers DS >2 DS >3 DS >4 DS =5
All tanks (N=531)

m[g] 0.38 0.86 1.18 1.16
ulin(g)] -0.97 -0.15 0.17 0.15
o[ln(g)] 0.80 0.80 0.61 0.07

Tanks with FL < 50% (N=95)

m[g] 0.56 >2.00 - -
ufln(g)] -0.58 - - -
olln(g)] 0.80 0.40 - -

Tanks with FL > 50% (N=251)

m[g] 0.18 0.73 1.14 1.16
ulin(g)] 171 -0.31 0.13 0.15
o[in(g)] 0.80 0.80 0.80 0.40

Tanks with FL >60% (N=209)

m[g] 0.22 0.70 1.09 1.16
ulln(g)] -1.51 -0.36 0.09 0.15
o[in(g)] 0.80 0.80 0.80 0.41

Tanks with FL > 90% (N=120)

m(g| 0.13 0.67 1.01 1.15
u[ln(g)] -2.04 -0.40 0.01 0.14
o[in(g)] 0.07 0.80 0.80 0.10

Table 4.6. ALA empirical parameters for fragility curves as a function of filling level and anchorage (adapted from [9])

Damage States

Fragility

parameters DS =2 DS >3 DS =4 DS =5
Tanks with FL > 50% (N=251)

m[g] 0.18 0.73 1.14 1.16
ulln(g)] -1.71 -0.31 0.13 0.15
o[ln(g)] 0.80 0.80 0.80 0.80

Tanks with FL > 50%, Anchored, (N=46)

m[g] 0.71 2.36 3.72 4.26
ulln(g)] -0.34 0.86 1.31 1.45
o[in(g)] 0.80 0.80 0.80 0.80

Tanks with FL > 50%, Unanchored, (N=205)

m[g] 0.15 0.62 1.06 1.13
ulln(g)] -1.90 -0.48 0.06 0.12
o[in(g)] 0.12 0.80 0.80 0.10
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Some critical remarks should be made on the regression procedure adopted by ALA (2001). As
already mentioned, a least square regression analysis was performed to fit lognormal fragility
curves, and the dispersion parameter o was bounded in the interval 0.01 to 0.80. It should be
noticed that in many cases (see Table 4.5 and Table 4.6) the estimated value for o corresponds
to the upper bound assumed by the authors. In these cases, ¢ = 0.80 is not the true dispersion
of the data used, since it was bounded a priori in the regression procedure, which might be
questionable because it forces the shape of fragility curve. Indeed, if no bounds were applied to
the dispersion parameter, results from the same statistical procedure would be different. In order
to demonstrate that, the ALA method (i.e. regression procedure and tank database) has been
used in this work for deriving fragility curves without bounding the dispersion parameter,
hereafter “unforced procedure”. On the contrary, the procedure adopted by ALA (2001) in
[9,66] and whose results are shown in Table 4.5 and Table 4.6, hereafter is called “forced
procedure” since it bounds the dispersion parameter and forces the shape of fragility curves. In
particular, the analyses on all tanks of the ALA database has been compared in this section.
Table 4.7 shows results in terms of fragility parameters m, u and o from the “unforced
procedure” above explained. These values must be compared with results from the “forced
procedure” for all tanks in Table 4.5.

Figures 4.1 - 4.4 compare for each damage states, the fragility curve obtained from the forced
procedure (red) and that from the unforced one (black). Comparison between results shows that,
when in the regression procedure the dispersion parameter is bounded (Table 4.5, all tanks,
DS = 2 and DS = 3), its value can be far from the “true” value obtained from the not bounded
analysis (Table 4.7, all tanks, DS > 2 and DS > 3) . Median values has been found to change
as well. It should be noted that no differences between the two calculations are obtained for
DS = 4 and DS = 5, since in these cases the true dispersion parameter o was already under the
limit 0.80.

Table 4.7. “Unforced procedure”: Empirical parameter for fragility curves obtained in this work by adopting the ALA
method (procedures and tank database) without bounding the dispersion parameter

Damage States

Earfgr:g%’ers DS>2 DS >3 DS > 4 DS=5
All tanks (N=531)
mlg] 0.52 117 118 1.16
pu[in(g)] -0.65 0.16 0.17 0.15
o[ln(g)] 1.65 1.28 0.61 0.07
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The third significant contribution to the technical literature was provided by Salzano et al. [10].
Authors obtained fragility curves based on damage states in terms of content release by
analyzing the collection of data provided by ALA (2001). The dataset was reorganized in term
of Risk States (RS) with reference to the loss of content, as shown in Table 4.8.

Table 4.8. Salzano et al. damage state definition and distribution within database (adapted from [10])

Risk Description Number of
State Tanks
RS1 Negligible loss of content 332
RS2 Structural damage of shell or auxiliary equipment allowing slight loss of content 159
RS3 Extended or catastrophic damage resulting in total loss of content 41

In case of RS2, it was assumed that safety procedures and technical staff are able to avoid or
mitigate the risk of major accident and to restore plant functions in ten minutes at least. On the
contrary, RS3 represented catastrophic failure of tank or piping system, causing huge quantity
of released content, so it is not possible to mitigate subsequent accidents like pool fire, flash
fire, vapor cloud explosion and toxic dispersion. Also in this case, tanks in database were
divided into PGA bins and probit regression was adopted to obtain the probability of damage
in terms of loss of content with respect to PGA. Also in this case, the authors set the highest
value of the dispersion parameter o to be equal to 0.80. As above demonstrated in case of ALA
fragility curves, this regression procedure might be questionable because it forces the shape of
fragility curve and values of pand o can be far from the “true” ones obtained from the not
bounded analysis. Fragility parameters m, u and o are given in Table 4.9. As obtained from
previous works analyzed, results showed that full tanks are more fragile than either empty or
half-filled tanks. Base anchors increase the median acceleration to reach RS2 and RS3 for any
filling level.
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Table 4.9. Salzano et al. empirical parameters for fragility curves as a function of filling level and anchorage (adapted

from [10])
Risk States
Fragility RS>2 RS =3
parameters
All tanks
m|g] 0.38 1.18
ulin(g)] -0.97 0.17
o[ln(g)] 0.80 0.61
Tanks with FL < 50%, All anchorage
conditions
m|g] 0.18 1.14
ulln(g)] -1.71 0.13
o[ln(g)] 0.80 0.80
Near full tanks, Anchored
m[g] 0.30 1.25
ulln(g)] -1.20 0.22
o[ln(g)] 0.60 0.65
Tanks with FL >50%, Anchored
m[g] 1.71 3.72
ulln(g)] 0.54 1.31
o[in(g)] 0.80 0.80
Near full tanks, Unanchored
m[g] 0.15 1.06
ulln(g)] -1.90 0.06
o[in(g)] 0.70 0.80
Tanks with FL >50%, Unanchored
m[g] 0.15 1.06
ulln(g)] -1.90 0.06
o[in(g)] 0.12 0.80

4.4. Characterization of tank damage

The present work establishes two sets of Damage States, the first based on structural damage
and the second base on loss of content severity.

4.4.1. Definition of damage states

The first set of damage states characterizes failures in terms of tank structural performance and
it consists of five Damage States. Table 4.10 provides a description of each damage state and
the number of tanks classified accordingly.
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Table 4.10. Damage State definition used in the present work

Damage | Description Number of
State Tanks
DS1 No damage or slight damage to tank wall, bottom plate, minor damage to piping 2786
system
DS2 Damage to roof and upper part of shell due to sloshing 72
DS3 Damage to piping system 59
DS4 Slight elephant foot buckling, damage to the shell-bottom plate junction 59
DS5 Extensive elephant foot buckling, damage to the shell-bottom plate junction, 50
severe damage to the shell or bottom plate, total failure, tank collapse,
overturning.

Damage states proposed herein introduce some differences compared to those originally
established by HAZUS methodology for building-type structure, and later adopted for tanks by
O’Rourke and ALA [8,9]. In fact, normally the severity of failure increases as the damage state
increases. Whereas, following the definition of DSs adopted in this work, the severity of failure
increases from DS1 to DS5 except for DS2, the damage state related to failure at roof and upper
shell courses. This consideration has been suggested by a critical analysis of the relation
between the intensity measure adopted, i.e. the peak ground acceleration, and tank damage.
Contrary to the other failures, damage to the upper part of tank is strictly related to the sloshing
motion of the liquid contained. In case of squat tanks, convective hydrodynamic pressure
becomes very high compared to the corresponding component in slender tanks and the strong
impact of liquid waves can easily cause damage to the upper part of the wall, to roof and to
roof-wall junction, allowing liquid spillage [2]. On the other hand, failures included in Damage
States from DS3 to DS5, (failure at piping system, lower part of shell, bottom-shell junction,
EFB etc.), are related to the tank bulging motion, i.e. the motion of liquid moving in unison
with shell wall, and also to the tank rocking motion, for unanchored tanks. The natural period
of sloshing system is known to be far from that of bulging [144]. The bulging motion is excited
mainly by short period accelerations, while sloshing motion by longer period accelerations. In
addition, PGA is not strongly correlated to the spectral acceleration for long periods, so it might
not be a very effective intensity measure for damage states associated with tank sloshing. This
is also demonstrated by analyzing distribution of damage versus PGA, for tanks with filling
level greater or equal to 50%, as shown in Figure 4-5. In particular, this figure shows the ratio
between the number of damaged tanks and the total number in different PGA intervals. Damage
modes related to rocking and bulging motions clearly show an increasing trend, contrarily,
damage modes related to sloshing are more uniformly distributed among the PGA axis. The
boundary values of each PGA range in Figure 4-5 are set in order to divide tanks into groups of
approximately the same number. In conclusion, it is reasonable to assume that DS2 depends on
mechanical phenomena not significantly related to Damage States from 3 to 5. Thus, a tank
supposed to be in DS5, for example, might not necessarily feature damage related to DS2.
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Figure 4-5. Percentage of damaged tanks for each PGA range

Development of fragility curves will take into account this issue, as discussed later. Compared
to the damage classification used in past researches [8,9], the one propose herein distinguishes
piping system damage into DS1 and DS3, depending on the entity of failure and its location, as
well as the pipe type involved. For example, damage to an overflow pipe creates only slight
leaks, while damage to either inlet/outlet or drain piping can have much more relevant
consequences. Finally, when elephant foot buckling is associated to rips at the shell-bottom
junction, a huge quantity of fluid can flow-out, because of location of failure. This is why, if
occurring together with other crises, it is regarded as DS5.

4.4.2. Definition of risk levels

The second set of damage states classifies damage data in terms of loss of content and it consists
of three Risk Levels. In the framework of seismic risk assessment of plants, the quantitative
evaluation of release of dangerous substances is a fundamental topic [145]. Indeed, depending
on the amount of content lost and on toxicity, flammability and reactivity of stored substances,
liquid leakages can trigger hazardous chains of events whose consequences affect not only the

132



plant but also the surrounding environment. Quantitative Risk Analysis uses information on
releases in order to estimate the likelihood and consequences of hazardous events, and expresses
quantitatively results in terms of risk to people and environment. Based on the amount of release
caused by failure at the shell or at the piping system, each database tank has been associated to
a Risk Level, following the criteria given in Table 4.11. It should to be noted that spillage from
the top of the shell is not considered as release, in order to be consistent with considerations on
sloshing made before.

Table 4.11. Risk Level definition used in the present work

Risk Description Number of
Level Tanks
RL1 No release, spillages from roof 2893
RL2 Minor leaks from shell tearing or damaged piping 41
RL3 Major leaks from shell rupture or broken pipe, inlet/outlet pipe or outflow pipe 92
disconnected from tank. Leaks from tearing in correspondence of bottom-shell
junction

4.5. Parametric fragility curves
4.5.1. General approach

Fragility curves were fitted using the two set of damage states described at paragraph 4.4 (DSs
and RLs). Lallemant et al. [61] discussed the most commonly used methods for fitting fragility
curves from observational data. In this work Bayesian approach is used to estimate parameters
of seismic fragility relation for on-grade storage tanks [146].

In the Bayesian approach adopted a general parametric fragility model is defined as a function
of ground-motion intensity IM (i.e. PGA) and of a set of unknown regression parameters @:

P:(IM) = f(IM; @) (4.1)

The current knowledge of parameters @, in Bayesian statistics is described by a joint density
function f(@) referred to as priori distribution. If y is defined as the vector of observed data,
the Bayes theorem is applied to update the knowledge of the regression parameters and then
obtain a posterior distribution:

foly) - PO1OS©@) _ PO10)/(©)
Y=""P  TPy10)f(6)d6

(4.2)
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where P(y |@) is named likelihood function L. The integrals at denominator can be solved
using computational algorithms based on Markov Chain Monte Carlo methods (MCMC) and
Gibbs sampling [147].

Generally, the minimum dimension of a database to select in order to construct a fragility
function depend on the level of uncertainty the study can accept. Simple rules for establishing
the minimum number of samples necessary to predict the observed behavior in case of linear
models are available in literature [148-154]. Guidelines for Empirical Vulnerability
Assessment (Rossetto et al. in [155] suggests a database size of minimum 100 observations and
a at least 30 of them should have reached or exceed a given damage state [156], with the data
point located among a wide range of IM values.

4.5.2. Fragility curves based on individual damage states

This paragraph provides a description of the procedure used to fit parametric fragility curves
basing on the general damage exceedance condition D = D;. For this purpose, for each damage
state D;, the observed damage data is converted into a binary variable y;; which is equal to 1 if
damage the i-th tanks is greater or equal to D; and 0 otherwise. Assuming the binary variables
yij independent and identically distributed, the likelihood function L; for the damage state D;
is defined as [61,157,158]:

N
L= P(y;10;) = | [ = pisam; 00 ip v 0, (4.3)
i=1
where N is the total number of tanks observed, p; ; indicates the failure probability related to
the damage state D; for the ground motion intensity IM;, @; represents the vector of unknown
regression parameters and y; is a vector containing observed damage data for the damage state
D;ie.y;= |J’z,j» ---'yN,jl- Equation (4.3) corresponds to assuming that y;; follows a Bernoulli
distribution B, with probability p; ;:

yij ~ B (Lpi;(IM,6;)) (4.4)

In the present work, two generalized linear models (hereafter GLM) have been used: the first
GLM employs a probit link function, whereas the second GLM uses a logit link function. For
each GLM, five different expressions are used for defining the probability of failure as a
function of ground-motion intensity.
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In particular, for both the GLMs:

= the first expression is used to investigate tank fragility by considering all tanks in
database;

= the second expression is used to investigate the effect of the aspect ratio H/D on tank
fragility;

= the third expression is used to investigate the effect of the filling level;

= the fourth expression is used to investigate the presence of base anchorage system;

= the fifth expression is used to take into account simultaneously the effects of the tank
aspect ratio and presence of base anchorage system on tank fragility.

GLM with probit link function

As aforementioned, at first, the fragility for all tanks in database is determined. It should be
noted that a GLM using a probit function can be rewritten in terms of lognormal model. The
probability of failure p; ; is defined as by

In(IM;) — p;
pij =9 <T

) = &(ag, + fo, In(IM,)) (4.5)

where @(.) represents the standard normal cumulative distribution function and a, ; and S, ;,
are unknown regression parameters fitted from the GLM described as follows:

&~ (pyj) = @ ; + Bo,; In(IM;) (4.5b)

The regression parameters a, ; and S, ; are clearly related to the median value u; of In(IM;)
and the dispersion parameter g; by the expressions:

wi=—ay; Bo; (4.6)

a; = 1/bo, (4.7)

In order to avoid zero damage probability for IM = 0, the logarithm of the ground motion
intensity has been considered as covariate.

For the purpose of investigating the influence of aspect ratio, the filling level and the presence
of anchorage system on the tank fragilities, further expressions are adopted for defining the
probability of failure as a function of IM. In case in which the fragility analysis involves the
effects of aspect ratio H /D, the probability of failure p; ; has the following structure:
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H
pij =@ (Ofo,j + @pup,j - (5) + Bo; - ln(IMi)> (4.8)
L

where (H/D); is the value of the aspect ratio relative to the i-th observation; ayp; is a
regression coefficient relative to the j-th Damage State, expressing the influence of the aspect
ratio on the tank fragility. In order to provide a correspondence with the first model given in
Egs. (4.5) - (4.7), the median value u; of the associated normal distribution and the dispersion
parameter o; are derived for the lognormal function in Eq. (4.8):

H -
Kj=- (ao,j + Qup,j - (5)) Boj (4.9)
L

0j = 1/Po; (4.10)

The effect of filling level FL on the tank seismic performance has been studied by employing
an expression analogous to that given in Eq. (4.8) used to investigate effects of aspect ratio. In
particular, the probability of failure p; ; has the form:

pij = P(ag, + ap,; - (FL); + Bo, - In(IM,)) (4.11)

where (FL); is the value of the filling level corresponding to the i-th observation, and a,, ; is
a regression coefficient expressing the influence of FL on the tank fragility. As before, a
correspondence in terms of parameters u; and o; between the model in Eq. (4.11) and that
presented by Eqs. (4.5) - (4.7) is provided by Egs. (4.9) and (4.10) in which, in the expression
of u;, theterm ayp ;- (H/D); issubstituted by ag ;- (FL);.

In case in which tank fragility analysis involves effects of anchorage system, the probability of
failure p; ; is described as

pij=®(ag;+as, - (A); +aya; - (NA); + Bo; - In(IM,)) (4.12)

where (A4); is equal to 1 for anchored tanks and 0 otherwise, and (NA); is inversely defined;
a,; and ay, j represent respectively the effects of the presence and absence of anchorage
system on the seismic tank fragility. The parameters u; and o; can be described by Egs. (4.9),
(4.10) in which, in the expression of u;, the term ayp, ;- (H/D); issubstituted by ag; + a4 ; -
(A); + anuj - (NA);.

The approach described by Egs. (4.8) - (4.12) consists of three different fragility functions that
consider separately the effects on tank fragility of the three aspects investigated (aspect ratio,
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filling level and presence of anchorage). Other researches have proposed different fragility
models depending on H/D, filling level and anchorage, even though they fitted these models
independently using different subsets of their database [8-10]. Taking into account the effects
of the aforementioned parameters through specific regression coefficients, as proposed here,
allows to perform significance tests on these latter, and therefore evaluate which parameters are
statistically more relevant for the definition of fragility. However, this criterion does not
consider the combined effect of these parameters. Therefore, an overall fragility function taking
into account simultaneously the effects of the tank aspect ratio and anchorage system is
provided. In this last case, the probability of failure p; ; is described as follows:

H
Dijtot = P (ao,j + ayp,j - (g)i +ay;(A); +ayaj- (NA); + Boj - ln(IMi)) (4.13)

For this last expression, the parameters u; and o; can be obtained from Egs. (4.9), (4.10) in
which the expression of p; is adjusted by replacing the term ayp, ;- (H/D); with ag; +

H
aHD,j ) (E)l + aA,j . (A)l + aNA,j . (NA)l

GLM with logit link function

Also in this case, at first, all tanks in database are used to evaluate tank fragility. The probability
of failure p; ; is defined as by

e(Yo,j'Hlo,j In(IM;))

= 4.14
Pij 1+ e(Yo,j""?o,jln(IMi)) ( )
where y, ; and 7, ;, are unknown regression parameters fitted from the GLM described as

follows:

ln< Pij > = Yo, + 1o In(IM,) (4.14b)
1—-p;

In case in which the fragility analysis involves the effects of aspect ratio H/D, the probability
of failure p; ; has the following structure:

H
e (Yo,j+VHD,j'(5)i+Tlo,j In(IM;))

Dij = o (4.15)
14+ e()’o,j+)’1—m,j'(3)i+no,j111(1Mz))
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where (H/D); is the value of the aspect ratio relative to the i-th observation and yyp j is a

regression coefficient relative to the j-th Damage State, expressing the influence of the aspect
ratio on the tank fragility.

The effect of filling level FL on the tank seismic performance has been studied by employing
the expression:

e (Vo,j+VrL,j (FL)i+1,j In(IM})) (4.16)

bij = 1 4+ e oYL (FL)i+no,In(IM))
where ygy, ; is a regression coefficient expressing the influence of FL on the tank fragility.

In case in which tank fragility analysis involves effects of anchorage system, the probability of
failure p; ; is described as

e (0,jtva,j (A)ityNa,j-(NA)i+10,; In(IM;))

= 4.17
Pij 1 + e@0,j+7aj (AityNna,j(NA)i+1o,; In(IMy) ( )

where y, ; and yna; represent respectively the effects of the presence and absence of
anchorage system on the seismic tank fragility.

The fragility formulation that takes into account simultaneously the effects of the tank aspect
ratio and anchorage system is described as follows:

H
. (Yo,j+YuD () +YA,j @i+YNa j (NA) i+ jIn(IM}))

S = 4.18
Pijtot 1+e(Vo,j"'VHD,j'(%)i"’VA,j'(A)i"’VNA,j'(NA)i"'no,jln(IMi)) (4.18)
For GLMs with probit and logit link functions, Bayesian regression has been performed using

the software R and JAGS [159,160] and the model parameters @; = [a,;, 5; | and 0; =
[v+.;,m; | have been estimated for each damage state D;, for the all formulations presented.
Three MCMC chains are used and their convergence is checked by computing the potential

scale reduction factor [147]. Uninformative distributions are adopted as priori distributions of
the model parameters.

Compared to the previous works [8-10], data are not divided into PGA bins whose boundaries
could significantly affect results, and therefore regression is calculated directly from the entire
dataset. Following this approach, fragility relations are not influenced or forced by the choice
of range bounds. Moreover, the value of dispersion parameter is not subjected to any boundary.
The ground motion IM used for defining tank fragilities is the Peak Ground Acceleration, since
it is the most widely available parameter from reports. However, this might not be the most
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efficient IM for all types of tank damage, as discussed when DSs have been defined, at
paragraph 4.4.

4.6. Results

4.6.1. Fragility curves for damage states

Fragility curves in terms of Damage States are derived for all database tanks by employing the
generalized linear models presented in Egs. (4.5) - (4.7) for probit link function, and in Eq.
(4.14) for logit link function. Their plot for damage states from 2 to 5 and the respective
observed frequencies are shown in Figure 4-6 (in case of GLM with probit link function) and
Figure 4-15 (in case of GLM with logit link function). Table 4.12 shows estimates of the model
parameters a, ; and 3, ;. For the ease of comparison with other works in literature, in Table
4.12 the median value p; and the standard deviation o; of the normal distribution associated to
In(PGA) are also reported for each damage state j. However, this has been done only for the
GLM with probit link function, since as shown in Eg. (4.5), it corresponds to a lognormal
model. Table 4.17 depicts estimates of the model parameters y, ; and 7, ;, as well as the median
value u; of In(PGA). Note that for Damage State 2 as well as Damage State 5, fragility models
were defined considering the probability of achieving those DS rather than their exceedance
probability. The reason of this choice has been clarified in the paragraph dealing with Damage
States description (paragraph 4.4). It should be noted that fragility curve for DS = 2 has been
shown in figure only for fragility involving all database tanks (Egs. (4.5) - (4.7) and Eq. (4.14)).
Figures associated with the further models proposed in this work show fragility curves for DS >
3, DS = 4 and DS = 5, since PGA might not be an effective intensity measure for DS = 2.

As already mentioned, the influence of the H/D ratio, filling level and anchorage system on
tank seismic performance is also investigated. The median value of H/D in present tank
database is 0.31. In particular, out of 3026 tanks, 662 tanks have H/D ratio greater or equal to
0.31, 674 tanks have H/D ratio less than 0.31, while for 1690 tanks this information is not
available. The median value of filling level in tank database is 0.75 and most tanks are
unanchored (266 out of 375 tanks for which information on anchorage system is available).

The effects of tank aspect ratio H/D on seismic fragility has been analyzed by adopting the
GLM with probit link function described by Egs. (4.8) - (4.10) and the GLM with logit function
described by Eq. (4.15). Results in terms of fragility parameters a,;, ayp ; and B,; are
presented in Table 4.13. By substituting values obtained for a, ;, ayp j and B ; into Egs. (4.9),
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(4.10), median value u; and dispersion g; of the associated normal distribution are obtained for
H/D = 0.2 and 0.6 and presented in Table 4.13; the corresponding fragility curves are plotted
in Figure 4-8. Similarly, results in terms of fragility parameters v, j, Yup,j » M0j, and median
value u; of In(PGA) are presented in Table 4.18, whereas the corresponding fragility curves
are plotted in Figure 4-17. For the sake of comparison, Figure 4-8 and Figure 4-17. show
fragility curves for all tanks as well (in red line).

Tank fragility as a function on the filling level was studied by using the GLM with probit link
function described in Eg. (4.11), and the GLM with logit function described by Eq. (4.16).
Table 4.14 contains value of model parameters ay j, ar;, ; and By, as well as the median value
p; and the standard deviation o; of In(PGA) calculated for FL =0.2,0.5 and 0.9 .
Corresponding fragility curves are represented in Figure 4-10. Likewise, Table 4.19 provides
fragility parameters y, j, ¥ry,j, o, and the median value u; of In(PGA), and Figure 4-19 plots
the corresponding fragility curves.

The influence of the anchorage system on the tank dynamic performances was investigated by
employing the GLM with probit link function in Eq. (4.12) and the GLM with logit link function
in Eq. (4.17). Since from a first analysis the parameter a;, has been found not to be significant,
a further analysis has been conducted without considering anchored tanks (in Egs. (4.12) and
(4.17) the term a;, - (A); has been omitted). Indeed, it should be noted that information on the
presence of base anchorage is available for only 109 and its irregular distribution among PGA
does not allow to carry out a consistent statistical analysis. Therefore, Table 4.15 summarizes
value of a, j, ay,, ; and B,; obtained from analysis as well as value of y; and o; for unanchored
tanks. Fragility curves for unanchored tanks are plotted in Figure 4-12. On the other hand, Table
4.20 shows fragility parameters y, ;, ¥na,j sMoj and the median value u; of In(PGA); in Figure
4-21 the corresponding fragility curves are plotted.

Finally, fragility parameters obtained for the last overall GLM in case of probit link function,
described by Eq. (4.13), are provided in Table 4.16. Values for u; and g; assuming H/D =
0.5, 1 and 2 and absence of anchorage system (NA = 1) are shown as well. The corresponding
fragility curves are shown in Figure 4-14. Table 4.21 shows fragility parameters for the GLM
with logit function described by Eq. (4.18) and in Figure 4-23 the corresponding fragility curves
are depicted. Also for these two overall GLMs, the parameter a;, has been found to be not
significant, then a further analysis has been conducted without considering anchored tanks, (the
corresponding term a4 - (4); in Eq. (4.13) and (4.18) is omitted). Note that all tables show the
significance p — values corresponding to the significance tests carried out in the parameters
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Ayp,j» ApLj Ana,j VED,j» YFLj Yna,j [147]. All the regression parameters included in the models
appear to be statistically significant.

The Akaike information criterion (AIC) has been used in order to estimate the relative quality
of the two statistical models used (probit and logit models) for the given set of data. The GLM
with probit link function has been found to represent in a more reliable way the observed data.

Results from fragility analyses overall confirms some general trends from other researchers
[8,9] in terms of influence on the tank performances of filling level, presence of base anchorage
system and tank aspect ratio: squat tanks show better seismic performances than slender tanks,
since median PGA to reach or exceed a certain damage state decreases as the aspect ratio
increases (see Table 4.13, Table 4.16, Figure 4-8 and Figure 4-14). Moreover, Salzano et al.
[10] remark that for low values of the aspect ratio, tanks only suffer damage to roof. Filling
level affects the tank seismic performance reducing the PGA level relative to each damage state
(see Table 4.14 and Figure 4-10), as found in [8,10,67]. Finally, the presence of anchorage
system improves the seismic performance level of tank (see Table 4.15, Table 4.16, Figure 4-12
and Figure 4-14), as claimed by Salzano and ALA in [10,135].

Table 4.22 and Figure 4-24 allow a quick comparison between fragility curves obtained in the
current work and those available in literature in terms of Damage States. It should be noted that,
with regard to the current work, comparison involves the fragility obtained by using the probit
model, since it has been found to represent the observed data in a more reliable way, as
aforementioned. Moreover, the tank fragility obtained in case of “all tanks” has been analyzed.
The comparison excludes DS2 for the reasons discussed in this chapter at paragraph 4.4.

Fragility curves obtained in the present work, are characterized by higher PGA median values
than those provided in literature by O’Rourke and So (2000) and ALA (2001) [8-10]. It is an
expected result since database used in the present work represents a bigger collection of data,
including larger number of seismic events and tanks. For more recent events, moreover, it is
supposed that tanks involved would perform better than older riveted tanks. On the other hand,
the older databases used by previous researchers included almost exclusively damaged tanks; a
great number of undamaged tanks, considered in the present database, were omitted in the
previous ones. These aspects have certainly led to overestimate tank fragilities in the past.

Moreover, in ALA (2001) the fragility curves were fitted by performing a regression (least
square regression) using a bounded range of possible o values (o = 0.01 to ¢ = 0.80).
However, if no bounds were applied to the dispersion parameter, results from the same
statistical procedure would be different (this statement has been demonstrated at paragraph 4.3).
Therefore, the parameter o = 0.80 obtained for DS > 2 and DS > 3 was not the true
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dispersion of the data used, because it was bounded a priori in the regression procedure, and
this forced the results. In contrast, in the current work, the value of dispersion parameter is not
subjected to any boundary. This aspect has led to reduce the dispersion parameter of ALA
fragility curves for DS > 2 and DS > 3, and also to obtain smaller median values u of In(IM;).

4.6.2. Fragility curves for risk levels

The same approach has been used for deriving fragility curves in term of risk levels (or release
states). It is noted from literature that very squat tanks are not vulnerable to elephant foot
buckling while they are easily subjected to cracks in fixed roof connection or damage to the
upper part of wall by floating panel [10,126]. However, as explained above, damage and
spillage caused by sloshing in this work are considered as not damage. Consequently, these
fragilities are relative to losses from damage to the lower part of shell (releases from elephant
foot buckling, bottom-shell junction, piping-shell coupling, etc.). Moreover, it should be
pointed out that spillage from the roof is usually of secondary importance with respect to
releases from the bottom, since in the latter case, location of failure and weight of the liquid
column above can induce the complete escape of content.

Fragility curves in terms of Risk Levels are derived for all database tanks by employing the
GLMs presented in Egs. (4.5) - (4.7) and Eq. (4.14). Their plot for risk levels 2 and 3 and the
respective observed frequencies are shown in Figure 4-7 in case of probit function, and in Figure
4-16 in case of logit function. The GLM parameters for probit function, i.e. the coefficients a ;
and B, ;, the median value u; and the standard deviation o; of In(PGA) for the j-th Risk Level
are provided in Table 4.12, whereas the GLM parameters for logit function are shown in Table
4.17. As for damage states, also in case of risk levels fragility curves are derived as function of
aspect ratio, filling level and anchorage system. Fragility parameters relative to probit function
are shown in Tables 4.11 - 4.15, while those associated with logit function are summarized in
Tables 4.16 - 4.20. Fragility curves are depicted in Figures 4.3, 4.5, 4.7, 4.9 (probit function)
and Figures 4.12, 4.14, 4.16, 4.18 (logit function).

Results from analysis in terms of risk levels confirms what obtained in case of damage states
with regard to the tank performances and to the effects of aspect ratio, filling level and
anchorage system on tank seismic fragility.

Table 4.23 and Figure 4-25 allow a quick comparison between fragility curves obtained in the
current work and those available in literature in terms of Risk Levels [10]. In particular, the
tank fragility obtained in case of “all tanks” has been analyzed. Moreover, with regard to the
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current work, comparison involves the results from the probit model, since it has been found to
represent the observed data in a more reliable way, as aforementioned.

As found for damage states, the current study has obtained lower fragilities also in terms of risk
levels with respect to what found in literature [10]. The same considerations made at paragraph
4.6.1 are valid in this case of risk levels as well.

Moreover, Salzano et al. (2003), as ALA (2001) in case of damage states (see paragraph 4.6.1),
fitted fragility curves in a bounded range of possible o values (o = 0.01 to ¢ = 0.80).
Therefore, the parameter o = 0.80 obtained for RL > 2 was not the true dispersion of the data
used. In contrast, the current work has not bounded the value of dispersion parameter.
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Figure 4-6. Fragility curves for all tanks in database in
terms of Damage States (Eqs. (4.5)-(4.7))
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Figure 4-7. Fragility curves for all tanks in database in

terms of Risk Levels (Egs. (4.5)-(4.7))

Table 4.12. Fragility parameters obtained adopting the model presented in Eqgs. (4.5)-(4.7) for Damage States and Risk

Levels.
Damage States Risk Levels
Fragility DS =2 DS >3 DS >4 DS =5 RL > 2 RL=3
parameters
aOJ-[—] -1.036 0.115 -0.267 -0.762 -0.029 -0.347
Bo;lin(g)~"] 0.527 1.051 0.952 0.884 1.056 0.965
Associated normal distribution of In(PGA)
u; [In(g)] 1.967 -0.109 0.281 0.862 0.028 0.360
o;[ln(g9)] 1.899 0.951 1.050 1.130 0.947 1.037

144



a H/D=0.20 x HI/D = 0.60 o H/D =0.20, x H/D = 0.60,

_ DS>3, ___DS=4, . DS=5 — RL=22, — — —RL=3
; ; 0.9 . .

=
©

08¢

SR =R
o e N

=
~

Probability (-)
Probability (-)

—
w

e
(N}

017

PGA (g) | PGA (g)

Figure 4-8. Fragility curves for H/D=0.2 and 0.6 in Figure 4-9. Fragility curves for H/D=0.2 and 0.6 in
terms of Damage States (Eqs. (4.8)-(4.10)). terms of Risk Levels (Egs. (4.8)-(4.10)).
Red lines correspond to all tanks (see Fig. 4-6) Red lines correspond to all tanks (see Fig. 4-7)

Table 4.13. Fragility parameters obtained adopting the model presented in Egs. (4.8)-(4.10) for Damage States and

Risk Levels.
Damage States Risk Levels
E;fgr:g%’ers DS =2 DS >3 DS >4 DS=5 RL>2 RL=3
aoi[-] -0.967 -0.070 -0.437 -0.857 -0.158 -0.492
aypjl—] -0.021 0.321 0.322 0.282 0.252 0.286
p — value 0.837 49-107° 3.2-107° 5.6-1073 1.5-1073 6.8-10~*
Bojlin(g)~'] 0.532 1.062 0.977 0.949 1.074 0.991
Associated normal distribution of In(PGA) for H/D = 0.2
u;ilin(g)] 1.827 0.005 0.382 0.844 0.100 0.439
a;[In(g)] 1.880 0.942 1.024 1.054 0.931 1.009
Associated normal distribution of In(PGA) for H/D = 0.6
y;lin(g)] 1.843 -0.115 0.250 0.725 0.007 0.323
gjlin(g)] 1.880 0.942 1.024 1.054 0.931 1.009
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Figure 4-10. Fragility curves for FL=0.2,0.5and 0.9 in  Figure 4-11 Fragility curves for FL=0.2, 0.5 and 0.9 in
terms of Damage State (Eq. (4.11)). terms of Risk Levels (Eq. (4.11)).
Red lines correspond to all tanks (see Fig. 4-6) Red lines correspond to all tanks (see Fig. 4-7)

Table 4.14. Fragility parameters obtained adopting the model presented in Eq. (4.11) for Damage States and Risk

Levels.
Damage States Risk Levels
garfgrug%’ers DS=2 DS >3 DS >4 DS=5 RL>2 RL=3
ayi[—] -2.184 -0.752 -1.168 -2.200 -0.920 -1.428
ap;[—] 1.737 1.670 1.582 2.042 1.610 1.723
p — value <2-107 <2-107'® <2-107% <2-107' <2-1071% <2-1071°
Bojlin(g)~"] 0.12829 0.79609 0.68623 0.5103 0.787 0.632
Associated normal distribution of In(PGA) for FL = 0.2
u;lin(g)] 14.317 0.526 1.241 3.512 0.759 1.714
a;[In(g)] 7.795 1.256 1.457 1.960 1.271 1.581
Associated normal distribution of In(PGA) for FL = 0.5
u;lin(g)] 10.256 -0.104 0.549 2.311 0.145 0.896
g;[ln(g)] 7.795 1.256 1.457 1.960 1.271 1.581
Associated normal distribution of In(PGA) for FL = 0.9
u;lin(g)] 4.840 -0.943 -0.373 0.710 -0.673 -0.194
g;[ln(g)] 7.795 1.256 1.457 1.960 1.271 1.581
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terms of Damage States (Eq. (4.12)).
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Figure 4-13. Fragility curves for unanchored tanks in

terms of Risk Levels (Eq. (4.12)).

Red lines correspond to all tanks (see Fig. 4-7)

Table 4.15. Fragility parameters obtained adopting the model presented in Eq. (4.12) for Damage States and Risk

Levels.
Damage States Risk Levels
Earfgrug%’ers DS =2 DS >3 DS > 4 DS=5 RL>2 RL=3
“o,j[—] -1.208 -0.160 -0.438 -0.872 -0.300 -0.638
ay[-] - - - - - -
p —value - - - - - -
anail—] 0.455 0.712 0.482 0.439 0.714 0.736
p — value 4.0-107* 5.6-10712 3.2-107° 2.6-1073 59-10711 6.2+-10710
Bojlin(g)™"] 0.446 0.981 0.912 0.887 0.996 0.905
Associated normal distribution of In(PGA) for unanchored tanks
u,-[ln(g)] 1.690 -0.563 -0.049 0.488 -0.41616 -0.10779
a,-[ln(g)] 2.243 1.020 1.096 1.128 1.004 1.105
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Figure 4-14. Fragility curves for unanchored tanks as
function of H/D, in terms of Damage States (Eq. (4.13)).
Red lines correspond to all tanks (see Fig. 4-6)

Table 4.16. Fragility parameters obtained adopting the model presented in Eq. (4.13) for Damage States

Damage States

Fragility parameters DS =2 DS >3 DS >4 DS =5
ag;[-] -1.138 -0.246 -0.553 -0.969
ayp,il—] -0.111 0.191 0.245 0.216
p — value 0.292 1.0-1072 2.5-1073 0.04
aA,j[_] - - - -
p — value - - - -
aygjl-] 0.494 0.640 0.398 0.380
p — value 2.8-107* 3.2-107° 53-107* 0.012
Bojlin(g)™"] 0.463 0.994 0.929 0.911
Associated normal distribution of In(PGA) for unanchored tanks with and H/D = 0.
u;[ln(g)] 1.511 -0.493 0.035 0.528
gj[ln(g)] 2.162 1.005 1.077 1.098
Associated normal distribution of In(PGA) for unanchored tanks withand H/D = 1
u;[ln(g)] 1.631 -0.588 -0.097 0.409
o;lin(g)] 2.162 1.005 1.077 1.098
Associated normal distribution of In(PGA) for unanchored tanks with and H/D = 2
u;[ln(g)] 1.871 -0.780 -0.361 0.172
o;lin(g)] 2.162 1.005 1.077 1.098
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Figure 4-15. Fragility curves for all tanks in database in ~ Figure 4-16. Fragility curves for all tanks in database in
terms of Damage States (Eq. (4.14)) terms of Risk Levels (Eq. (4.14))

Table 4.17. Fragility parameters obtained adopting the model presented in Egs. (4.14) for Damage States and Risk

Levels.
Damage States Risk Levels
Fragility DS =2 DS >3 DS >4 DS =5 RL>2 RL=3
parameters
Yo,l[-] -1.501 0.620 0.044 -0.691 0.419 -0.067
nolj[ln(g)—l] 1.264 2.211 2.157 2.279 2.286 2.232
Median value of In(PGA)
u;[in(g)] 0.500 -0.273 -0.019 0.316 -0.185 0.031
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Figure 4-17. Fragility curves for H/D=0.2 and 0.6 in

terms of Damage States (Egs. (4.15)).
Red lines correspond to all tanks (see Fig. 4-15)
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Figure 4-18. Fragility curves for H/D=0.2 and 0.6 in
terms of Risk Levels (Egs. (4.15)).
Red lines correspond to all tanks (see Fig. 4-16)

Table 4.18. Fragility parameters obtained adopting the model presented in Egs. (4.15) for Damage States and Risk

Levels.
Damage States Risk Levels
ngggg{ers DS =2 DS >3 DS > 4 DS=5 RL>2 RL=3
Yo,[-] -1.501 0.227 -0.369 -1.084 0.096 -0.440
Yupj[—] -0.059 0.601 0.620 0.584 0.485 0.556
p — value 0.407 2.1-107° 1.1-107° 5.7-1073 3.3-107° 6.4-1073
no,;[In(g) "] 1.171 2.189 2.134 2.259 2.259 2.208
Median value of In(PGA) for H/D = 0.2
pilin(g)] 1.542 -0.163 0.114 0.406 -0.094 0.148
Median value of In(PGA) for H/D = 0.6
u;[In(g)] 1.584 -0.274 0.001 0.322 -0.174 0.488
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Figure 4-19. Fragility curves for FL=0.2, 0.5 and 0.9
in terms of Damage State (Eq. (4.16)).
Red lines correspond to all tanks (see Fig. 4-15)
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Figure 4-20 Fragility curves for FL=0.2, 0.5 and 0.9 in
terms of Risk Levels (Eq. (4.16)).
Red lines correspond to all tanks (see Fig. 4-16)

Table 4.19. Fragility parameters obtained adopting the model presented in Eqgs. (4.16) for Damage States and Risk

Levels.
Damage States Risk Levels
g?g&:g{ers DS =2 DS >3 DS >4 DS=5 RL>2 RL=3
Yo,l—] -4.785 -1.316 -2.188 -4.768 -1.696 -2.848
YrLjl—] 3.969 3.113 3.137 4.767 3.136 3.655
p — value <2-10716 <2-10716 <2-10716 <2-10716 <2-10716 <2-10716
no,[In(g)"] 0.045 1.528 1.342 0.987 1.520 1.254
Median value of In(PGA) for FL = 0.2
u;lin(g)] 13.478 0.451 1.157 3.850 0.704 1.684
Median value of In(PGA) for FL = 0.5
u;lln(g)] 10.150 -0.151 0.445 2.398 0.077 0.820
Median value of In(PGA) for FL = 0.9
u;lin(g)] 4.567 -0.968 -0.460 0.476 -0.734 -0.357
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Figure 4-21. Fragility curves for unanchored tanks in

terms of Damage States (Eq. (4.17)).
Red lines correspond to all tanks (see Fig. 4-15)

o
©

o
oo

=
-~

o
=3}

o
wn

o
=

©
w

o
[§]

0.17

PGA (g)

Figure 4-22. Fragility curves for unanchored tanks in

terms of Risk Levels (Eq. (4.17)).
Red lines correspond to all tanks (see Fig. 4-16)

Table 4.20. Fragility parameters obtained adopting the model presented in Egs. (4.17) for Damage States and Risk

Levels.
Damage States Risk Levels
Fragility DS =2 DS >3 DS > 4 DS =5 RL>2 RL=3
parameters
Yo;[-] -2.061 0.0365 -0.379 -1.103 -0.206 -0.791
Yasl-] - - - - - -
p — value - - - - - -
¥najl—] 1.007 1.249 0.877 0.807 1.266 1.359
p — value 43-107* 3.3-10712 2.8-107° 6.7-1073 6.6-10711 1.2-10710
no,;[In(g)™ "] 0.978 2.009 1.999 2.120 2.066 1.977
Median value of In(PGA) for unanchored tanks
u;[in(g)] 1.430 -0.654 -0.248 0.131 -0.511 -0.288
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Figure 4-23. Fragility curves for unanchored tanks in terms

of Damage States (Eq. (4.18)).

Red lines correspond to all tanks (see Fig. 4-15)

Table 4.21. Fragility parameters obtained adopting the model presented in Eq. (4.13) for Damage States

Damage States

Fragility parameters DS =2 DS >3 DS > 4 DS =5
Yo,l-] -1.897 -0.126 -0.603 -1.320
Yup,;[—] -0.278 0.371 0.473 0.448
p — value 0.292 1.0-1072 2.5-1073 0.040
YA,j[—] - - - -
p — value - - - -
Ynajl—] 1.103 1.119 0.717 0.667
p — value 2.8-107* 3.2-107° 5.3-107* 0.012
no;[In(g) ] 1.014 2.035 2.024 2.144
Median value of In(PGA) for H/D = 0.5, unanchored
wlin(g)] 1.401 -0.528 -0.105 0.262
Median value of In(PGA) for H/D = 1, unanchored
u;lin(g)] 1.598 -0.673 -0.301 0.095
Median value of In(PGA) for H/D = 2, unanchored
u;lin(g)] 1.765 -0.868 -0.528 -0.128
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Figure 4-24. Fragility curves for all tanks in database in terms of Damage States: probit model of the current work
(Egs. (4.5)-(4.7)), black lines; ALA (2001), red lines; O Rourke and So (2000), blue lines.

Table 4.22. Comparison in terms of fragility parameters obtained for Damage States and all database tanks in :i) the
current work by using probit model presented in Eqs. (4.5)-(4.7), ii) O ’Rourke and So (2000), iii) Al4 (2001).

Fragility parameters

Current study O’Rourke and So (2000)[8] ALA (2001)[9]
Damage States  p; [In(g)] g;[in(g)] u; [In(g)] o;[in(g)] u; [In(g)] oj[ln(g)]
DS >3 -0.11 0.95 0.10 0.35 -0.15 0.80
DS >4 0.28 1.05 0.25 0.28 0.17 0.61
DS =5 0.86 1.13 0.30 0.22 0.15 0.07
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Figure 4-25. Fragility curves for all tanks in database in terms of Risk Levels: probit model of the current work (Eqgs
(4.5)-(4.7)), black lines; Salzano et. al (2003), green lines;

Table 4.23. Comparison in terms of fragility parameters obtained for Risk Levels and all database tanks in :i) the
current work by using probit model presented in Egs. (4.5)-(4.7), ii) Salzano et al. (2003).

Fragility parameters
Salzano et al. (2003) [10]

Current study

Damage States U [in(g)] g; [In(g)] Hj [in(g)] Uj[ln(g)]
RL > 2 0.03 0.95 -0.97 0.80
RL=3 0.36 1.04 0.17 0.61
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4.7. Conclusion

The evaluation of seismic fragility of on-grade steel storage tanks based on empirical damage
data constitutes the first main step carried out in the context of this PhD research. At the date,
the bigger collection of damage data available in literature was provided by Cooper in [2]. His
technical report collects data on about 500 tanks in 10 earthquakes ranging from 1933 through
1995. All previous statistical studies based on tank empirical damage data [8-10,67] were
performed by using this dataset. The current study provides to the technical state of art a bigger
tank damage data collection of 5829 on-grade steel storage tanks involved in 24 seismic events
from 1933 through 2014. Database includes tanks of different size, fabrication type, date of
construction, code adopted, liquid stored, roof and foundation type. For recent earthquakes,
tank average dimension and location have been obtained from GIS archives. Reliable PGA
values for tanks in absence of ground-motion recording have been obtained by using the
program ShakeMap or attenuation models. Of this initial collection, 3026 tanks have been
selected for the purpose of analysis, while the others have been excluded because of different
construction material and geometry, and damage related to soil liquefaction.

A further novel introduced by the current study has been the new definition of Damage States,
basing on a critical analysis of the different mechanisms involved in the tank seismic
performance. Tank damages have been classified into 5 damage states and 3 risk levels. In
particular, compared to previous researches, this work analyzes in different way damage to the
lower shell courses and damage to the upper part of tank, since the dynamic mechanisms
involved (i.e. bulging and sloshing) are excited by different frequencies.

Bayesian regression was used to calculate tank fragility curves. Different generalized linear
models with probit and logit link functions have been employed for expressing the probability
related to the damage state under investigation as a function of ground-motion intensity. The
effects on the tank seismic performance of the aspect ratio H/D, filling level of the liquid stored
at the time of the earthquake occurrence, and presence of anchorage system have been
investigated. One of this model provides the advantage to take into account simultaneously the
effects on fragility of these crucial aspects. Results demonstrate that past studies tend to
overestimate the seismic fragility of tanks, since with respect to the present work, (1) smaller
data collections were used, (2) a significant number of undamaged tanks, considered herein,
were omitted and (3) newer seismic event were not taken into account. However, the current
results overall confirms some general trends from other researchers in terms of influence on the
tank performances of filling level, presence of base anchorage system and tank aspect ratio. In
particular, slender tanks are more vulnerable than comparatively squat tanks, as well as
anchored tanks performed better than comparatively unanchored tanks. Finally, tank seismic
performance decreases as the filling level increases.
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5. Simplified analysis of the tank rocking motion

5.1. Introduction

The main purpose of this chapter is to provide a simplified analysis of the rocking motion of
cylindrical tanks focusing on the role of dynamic forces involved in rocking-bulging
interaction.

As well known, the dynamic response of unanchored cylindrical tanks to the horizontal ground
acceleration is governed by the interaction between bulging and rocking motions [161]. Despite
many researches have been conducted on this topic, their contribution to an effective treatment
was limited to numerical simulations and experimental tests. Even in the framework of seismic
design code, the rocking motion is determined using a diagram carried out by a study performed
with finite element analyses on sample tanks (see Chapter 1). In particular, uplift of the tank
bottom plate is given as a function of the overturning moment for different values of the aspect
ratio of the tank [162]. Therefore, in order to provide an effective tool for the evaluation of the
main tank response, this work presents an analytical treatment of the tank bulging motion that
takes into account the effect of rocking. Indeed, during the seismic event, the tank bulging
motion is affected by the rotational inertia forces associated with the bottom plate uplift, then,
considering the bulging and rocking motions separately can lead in error. In particular, the
analyses carried out will demonstrate that rocking motion causes a reduction of the bulging
response.

After a critical analysis of the current literature, the first section of this chapter provides an
overview of the main steps of Taniguchi’s research carried out in the framework of the tank
rocking-bulging motion, in order to describe the technical background on which the current
study is founded.

A next section provides a detailed description of the analytical model developed by Taniguchi
in [163], the so-called two degree of freedom system (2DOF) that constitutes the starting point
of the current study. The aim of the 2DOF system is to simulate the dynamic behavior of tanks
taking into account both rotational motion and horizontal translational motion. It should be
mentioned that no plasticity of the model is considered; moreover, the sliding motion is not
taken into account.

In order to validate the accuracy of the 2DOF system in describing the effects of rotational-
translational interaction on the main response, the second order system of differential equations
is solved using a numerical software (MATLAB). Results obtained in terms of time history of
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relative displacement and rotation are compared with those of the experimental test carried out
by recording, through a high-speed camera, the motion of a physical model whose features are
calibrated in order to properly represent the dynamic behavior of the 2DOF model. Once
validated through the comparison, the 2DOF system provides the tank model equations by
replacing the physical quantities of the 2DOF model with those of a sample tank. The equations
of motion for the tank model are simplified in order to easily obtain the two main quantities
that describe the tank rocking-bulging motion: the maximum angular acceleration 9,,,, and
the absolute maximum response acceleration ( X; + Zy)mar that takes into account the
reduction of bulging motion due to the occurrence of rocking.

Despite a previous study conducted by Taniguchi [163] provides a simplified analysis obtained
from the same differential equations of the tank model, the author does not keep in simplified
equations the terms related to the rocking-bulging interaction. However, as the comparison
between analytical and experimental results obtained in the present work corroborates, the
rocking-bulging interaction is governed by rotational inertia, centrifugal and Coriolis forces
that play a leading role in the dynamic response of the tank. Therefore, the behavior of a tank
experiencing rocking-bulging motion is far from that of a tank experiencing exclusively bulging
or rocking motions, because different forces are involved in each of these cases. In light of this,
the present work proposes a new treatment of the second order differential system, that unlike
the previous study, maintains terms related to rotational inertia, centrifugal and Coriolis forces
also in the simplified analysis. By following this procedure, reasonable values both for angular
acceleration and horizontal absolute response acceleration are obtained.

The last section of this work proposes the seismic analysis of an unanchored steel storage tank
carried out in LS-DYNA software. Value of the response obtained from numerical analysis is
compared with that provided by the analytical one, in order to validate the accuracy of the latter.

It should be noted that the proposed procedure does not take into account the effect of sloshing
motion. Actually, as confirmed by a previous study [161], the natural period of the sloshing
system is far from that of the bulging one. Moreover, the main shock, principally consisting of
short period ground accelerations exciting the bulging system, appears during the first instants
of a recorded accelerogram. At these moments, shake table tests show that only small waves
occur on the fluid surface at the two opposite ends of the tank diameter parallel to the seismic
action. This little splashing is attributed to the rocking-bulging motion of the liquid. Sloshing
motion occurs later, excited by the long period accelerations. For this reason, it is reasonable to
neglect the sloshing system in the proposed analysis.
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5.2. Rocking-bulging motion in literature

Bulging motion represents the motion of the liquid inside the tank undergoing the translational
inertia force. It is also known as impulsive motion (see Chapter 1 for details). In the context of
clamped tanks, the mechanical investigation on the tank-fluid system subjected to horizontal
acceleration was first begun by Housner [18]. Housner considered the tank to be infinitely rigid
so that the motion of the tank shell and roof together with a portion of the liquid content moving
in unison with the shell, coincides with ground motion. This theory has been widely recognized
and used in American and European seismic design codes. Actually, tanks are not rigid and
typically have a natural period in horizontal vibration that affects the tank response. Veletsos
in [22] concluded that the impulsive force can be reasonable estimated from the solutions
derived for a rigid tank except that the maximum ground acceleration is replaced by the spectral
value of the pseudo-acceleration corresponding to the fundamental natural frequency of the
tank-fluid system. Sakai and Ogawa [164] solved the shell-liquid couple vibration problems (so
called “bulging problem”) through a variational approach and presented the calculation of the
natural periods of tanks. Simplified mechanical models proposed in literature [16—20]
employed spring-mass models to take into account the effect of the impulsive mass for rigid
(spring constant k — oo) and flexible wall. That is reasonable since the tank-fluid system is
regarded as a continuous system. It should be noted that, in case of fixed tanks, the sum of
bulging and sloshing mass provides the total liquid mass.

In case of unanchored tanks, the dynamic behavior of the tank-fluid system becomes more
complex, due to the discontinuous nature of the rocking phenomenon, and to the strongly
nonlinear fluid-shell-soil interaction problem. The rocking motion of the unanchored tank has
been the subject of both experimental and analytical study. Clough [49] investigated the uplift
displacement of the tank bottom plate and hypothetically identified the crescent like uplift
region of bottom plate. Clough and Niwa [50] experimentally the stress distribution around the
junction between shell wall and bottom plate through static tilt tests. 1soe [165] and Peek
[57,166] provided the analytical procedure to obtain the stress distribution of the same problem.
Assuming the development of two elastic hinges in the bottom plate, the calculation of its
deflection was presented by Wozniak and Mitchell in 1978 [51]. Veletsos and Tang [167], in
analyzing the rocking motion of unanchored tanks described the tank-fluid system through a
mechanical model similar to that used for investigating the transient response of laterally
excited fixed tanks. Their mechanical model consisting of impulsive and convective spring-
mass systems was excited through an angular base motion about a horizontal axis at the center
of the tank base. This is a first simplification of the formulation, since actually tank rotation
occurs alternately about the right and the left tank bottom edges. Several components of the
response for the rocking tank were evaluated from existing data related to the tank response in
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case of lateral excitation. However, as demonstrated by later studies, in case of base uplift
occurrence, the total liquid mass does not count only impulsive and convective components.
Veletsos and Malhotra [168,169] studied the uplifted resistance of the tank bottom plate and
presented a reasonable and efficient analysis method for the asymmetrically uplifted plates. The
same authors in [55] thoroughly investigated the effects of the bottom plate uplifting on the
tank liquid system. However, their works did not take into account the mechanical role of the
liquid content responding to the tank rocking motion. Although the behavior of partially
uplifting plate was largely investigated, the effects of uplifting on the response of the tank-
liquid system has not been not fully understood. Moreover, a mechanical model which
considers all physical quantities involved in the tank rocking response and relationships among
them was not not provided. Then, in order to fully understand the problem of tank rocking, it
was necessary to investigate the problem from a kinematic point of view. Under this
consideration, the first simpler model analyzed was a rigid body. Housner in [170] analyzed the
rocking response of a free-standing rigid body subjected to the ground motion. Spanos [171],
Anooshehpoor [172] and Shenton [173] found the minimum overturning ground motion
acceleration. Pompei [174] and Zhang [175] pointed out the importance of rotational inertia
forces in analyzing the kinematics of the rocking motion of a body. Using the variational
approach, Taniguchi [176-178] investigated the rocking motion of bodies including the effects
of rotational inertia forces. Later, in Ref. [48,179,180] the author employed the mechanical
analogy between the rocking motion of the rigid body and that of the tank. In his studied he
considered the rocking-bulging interaction motion. In Ref. [161] Taniguchi provided a first
method for the evaluation of the dynamical quantities involved in rocking motion, i.e. the
effective mass of liquid for rocking motion and that for rocking-bulging interaction, and
discussed about the fundamental role of the rotational inertia forces. Later, in [162], the author
proposed a more accurate procedure consisting in adopting the so-called “slice model” for
evaluating the masses of fluid contributing to the rocking motion of cylindrical tanks. Details
on this work are given in the next paragraph.

5.3. Technical background on tank rocking-bulging motion

In the framework of this PhD thesis, one of the main topics analyzed has been the dynamic
behavior of the tank-fluid system, with particular regard to the tank rocking-bulging interaction
motion. This study has been developed during a research period at the Tottori University, under
the supervision of Prof. Tomoyo Taniguchi. The present section aims to provide an overview
of the main steps of Taniguchi’s research in order to underline the key concepts and main
achievements constituting the background on which the current study is founded.
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As already mentioned, Taniguchi understood the importance of analyzing the rocking motion
of unanchored tanks starting from the kinematic study of a rectangular rigid body subjected to
horizontal and vertical acceleration [178]. By deriving equations of motion, commencement
and termination conditions, and reaction forces of the rigid body modes, he analytically
described the lift-off motion, slip motion and lift-off-slip interaction. Figure 5-1 depicts the two
possible motions of the rigid block starting from the rest position (i.e. lift-off motion and slip
motion) and the four subsequent responses, accordingly to the equations of motion governing
the rigid body modes and boundary conditions corresponding to the commencement and
termination of the motions.

Rest
&
Sy
liftoff motion 1/ \ slip motion

Initial

response

note 1 note 2

liftoff motion 1/ \ slip motion Liftoff motion / \ slip motion

Subsequent . ){\7 / ; A ! 1
response .\“. / .\‘ / ’,"' / ,.'l f ] :i
L i " VL

note 3 note 4 note 5 note 6

note 1 : equations of liftoff motion™
liftoff commencement conditions
note 2 : equations of slip motion™
slip commencement conditions
note 3 : equations of liftoff motion™
liftoff termination conditions™
overturning conditions™®
note 4 : equations of liftoff-slip interaction motion™
slip commencement conditions including liftoff motion effects
termination conditions™
liftoff termination conditions™
overturning conditions™
note 5 : equations of liftoff-slip interaction motion™
liftoff commencement conditions including slip motion effects
slip termination conditions™
Liftoff termination conditions™
overturning conditions™
note 6 : equations of slip motion™

slip termination conditions™

Figure 5-1. Classification of the response of a rigid body subjected to horizontal and vertical ground acceleration [178]
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From observation of the lift-off motion he categorized the lift-off as a not vibrant phenomenon
but a bouncing phenomenon. Indeed it has no natural frequency and there is no conservative
force which is proportional to the lift-off angle. Employing the mechanical analogy between
the lift-off motion of the rigid bodies and the tanks, Taniguchi investigated the dynamical
system of the tank rocking motion.

As already mentioned, the effective mass of liquid for bulging motion represents the portion of
the liquid mass undergoing the horizontal inertia forces. A fundamental step in Taniguchi’s
research consisted in founding that the rocking motion of a body is governed by the effects of
rotational inertia forced on the non-inertial coordinate system, i.e. the centrifugal, inertia, and
Coriolis forces. This consideration led the author to observe that as for the bulging motion, it is
possible to derive the analytical formulation for the effective mass of liquid for rocking motion.
The distribution of this mass was supposed to be linear among the entire height of the tank wall.
Figure 5-2 shows a simple sketch of the liquid masses distribution along the tank wall (bulging
and rocking masses).

' | : Effective mass of fluid for rocking motion (M)

/. Effective mass of fluid for bulging motion (M)

7] : Effective mass of fluid for rocking-bulging interaction (M)

Figure 5-2. Liquid masses distribution among the tank wall

However, the effective mass for rocking motion was not the only subject of investigation. From
Figure 5-2 it should be noted that the distribution of the effective mass of fluid for bulging
motion and that for rocking motion partially overlap. A part of the effective mass of fluid for
tank bulging motion may be also under the influence of the rotational inertia forces. Under this
consideration, Taniguchi introduced a third effective mass, i.e. the effective mass of fluid for
rocking-bulging interaction motion. As many results by past investigators show, the uplift
region of the tank bottom plate is partial. It may yield the hypothesis that the influences of
rotational inertia forces exerted by the tank rocking motion on the bulging system are limited
to a part of the effective mass of liquid for bulging motion which overlaps with the distribution
of the effective mass of liquid for rocking motion.

162



The effects of rotational inertia forces as well as the effective mass for rocking and rocking-
bulging interaction were employed in Ref. [161], in which the author defined an analytical
procedure for the analysis of the dynamics of rocking tanks that computes the effective masses
involved in the tank rocking motion. A spring-mass-rigid-body combined system has been
adopted to describe the mechanism of the tank rocking motion. In addition, the contribution of
the rotational inertia forces involved in the tank rocking motion to the bulging response was
thoroughly examined. Figure 5-4 shows the analized tank model in rotated position. The height
of the liquid content is h, the tank radius R. Rotation can occur alternately about the left and
the right bottom edges (0 and 0"). The model has a rigid-doughnut-shaped bottom plate and
stiffen-less membrane in its central part. The effective mass for bulging motion, M;, which is
the same as the effective mass of liquid for impulsive motion, is attached to the tank wall by
horizontal sping, whose stifness is calibrated in order to meet the natural frequency of the first
bulging mode of the tank. Curves for determining mass M; and its height from the base h; can
be found in [181]. This research considers the effective liquid mass for rocking motion
distributed along the filling height of content and from the inner surface of the tank wall up to
the edge of the rigid doughnut-shaped bottom ring (see Figure 5-3 and Figure 5-4).

Figure 5-3. Idealized form of the effective mass for rocking [161]
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stiffness-less

Figure 5-4. Spring-mass-rigid-body combined system in rotated position [161]

The appearance of the effective mass of liquid for rocking motion can be regarded as the hollow
cylinder in Figure 5-3 or Figure 5-4. Its wall thickness is the same as the width of the rigid-
doughnut-shaped bottom plate, L,. From the geometry shown in Figure 5-3, the effective mass
of liquid for rocking motion and the moment of inertia of this mass has been calculated. Their
expressions are the following:

8=1-2L,/D (5.1)

M. =(1-5°)M, (5.2)
M0h2 2 2 2 2

I = 15 {37%(6% +5)(1-5°) +16(1-5°)} (5.3)

where M, is the total mass of the liquid content and y = D /h is the tank aspect ratio.

The effective mass of liquid for rocking-bulging interaction has been calculated based on the
Housner’s theory. Housner [18] determined the effective mass of liquid for impulsive motion
in accordance with fluid pressure as if the mass were moving with the tank. From the same
analogy, the lateral pressure exerted by the fluid above the uplift region of the bottom plate (i.e.
by the hollow cylinder content) is given as if an equivalent mass M,, were moving with
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impulsive motion of the tank. This part is also moving with the rocking motion of the tank and
consequently subjected to the rotational inertia force. The ratio of the effective mass for
rocking-bulging motion to the effective mass bor bulging motion is obtained as:

sinh(\@ R_LbJ
mo_q1_ h (E g1.5j (5.4)
M, sinh (\/é Ej R
R{1.06—0.7453inh {1.15(1—Lij+L"(Z—L"j(h—l.SJ
M, _ h R h RJ\R (£>1.5j (5.5)
M, R R

1-0.436—
h

Figure 5-5 presents values of this ratio for various h/R.
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Figure 5-5. Ratio of effective mass of liquid for rocking-bulging interaction motions to that for impulsive mass [161]

Through this study, Taniguchi demonstrated that the effective mass of fluid for rocking motion
and that for rocking-bulging interaction can reach significant values with respect to the
impulsive mass, and then, they play a significant role in the framework of tank rocking motion.
Under this consideration, other investigations were carried out by the author with the purpose
to rigorously quantify them. A simplification employed in the spring-mass-rigid-body
combined system was the rigid-doughnut-shaped bottom plate. Generally, the tanks have a
flexible bottom plate, then rotation 9 involves only a crescent-like uplifted part that appears
eccentrically on the periphery of the tank bottom plate. In Ref. [162], Taniguchi focused on this
issue by considering the effects of the deformed tank bottom plate on the fluid pressure. Then,
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he proposed an analytical procedure for evaluation of the effective mass of fluid for rocking
motion and that for rocking-bulging interaction of cylindrical tanks having the crescent-like
uplift part in the bottom plate. The cylindrical tank was studied through the so-called slice
model. Figure 5-6 shows a tank with undeformable shell wall. It rotates around the Y-axis with
the angular velocity J,(t) pivoting at its left bottom edge, at the origin O of the global
Cartesian coordinates X —Y — Z, and its bottom plate has a crescent-like uplifted part as a
consequence. The value of 241 gives the width of the uplifted part of the tank bottom plate,
while [ — 61 gives the diameter of the circular unuplifted part of the tank bottom plate.

A thin rectangular tank, i.e. the slice model, is set inside the cylindrical tank at a distance a
from the X-axis and perpendicular to the Y-axis. The element coordinates x — z of the slice
model has the origin at 0" and is parallel to the X — Z plane of the global coordinates. Figure
5-7 and Figure 5-9 show a plane view of the tank bottom plate where the hatched part represents
the crescent-like uplifted part of the tank bottom plate. The bottom part of the slice model is
shown as a segment 0’ — N.

Figure 5-6. Cylindrical tank and slice model [162]

The boundary conditions applied to the slice model change in accordace with the location of
the slice model in the cylindrical tank model. If the slide model is located between Y = 0 and
Y = 1 — 41, i.e. if the slice model contains an unuplifted part on its bottom, then the boundary
condition for the bottom part are shown in Figure 5-8. In contrast, if the slice model is located
between Y = +1 — 61 and Y = =%, i.e. if the bottom of the slice model consists of only uplifted
part of the tank bottom plate, the boundary condition are depicted in Figure 5-10. It should be
noted that the bottom plate of the cylindrical tank is assumed to uplift rectilinearly.
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Figure 5-9. Slice model whose all bottom part uplifts
[162]
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Figure 5-8. Boundary conditions for the slice model
which has unuplifted bottom part [162]
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Figure 5-10. Boundary conditions for the slice model
whose all bottom part uplift [162]

The solution of the Laplace equation in Cartesian coordinate that satisfies all boundary
conditions is obtained by applying the Fouriet transformation. Fouriet inverse transformation is
then applied to it and finds a solution of the velocity potential function of the slice model. Its
derivative with respect to time gives the fluid pressure at an arbitrary point inside the slide

model of interest.
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Effective mass of fluid for rocking motion of cylindrical tanks

Once the fluid pressure has been obtained, the pressure gradient of fluid in a given direction
gives the effective density of fluid moving in unison with the tank in the given direction at an
arbitrary point inside the tank. Therefore, from the equilibrium of forces acting on a small
volume in the rotational direction (Figure 5-11), the effective density of fluid for rocking motion
at an arbitrary point inside the slice model is given as a function of the pressure gradient in the
rotational direction:

1 dP(r,0,t)
726, (t) 20

Perr (r,6) = — (5.6)
Employing the expression for P(r,0,t) obtained as described before and coordinate
transformation, Eq. (5.6) becomes:

Perr(x,2) = fa(x,z)p or fz(x,2)p (5.7)

where f,(x,z) and fz(x, z) are the ratios of the effective density of fluid for rocking motion to
the original density of fluid at an arbitrary point. In particular, f,(x,z) is that for the slice
model located betweenY = 0 and Y = +1 — 1 (see Figure 5-7), while f5(x, z) is that for the
slice model located between Y = +1—81 and Y = +1 (see Figure 5-9). Expression for
fa(x,z) and fz(x, z) are given in Ref. [162]. The effective mass of fluid for rocking motion of
the cylindrical tank M,. is given by summing up the mass of all small volumes inside all slice
models:

M, = ﬁ*MTotal (58)

2VI12=a? (1-61

__1 h h (2Vi2=a? /1l (5.9)
f;' - lzhn fo fo —(l—al)fAdadXdZ +2 fO fO fl—é'ldeadXdZ

where f,. is the ratio of the effective mass of fluid for rocking motion of cylindrical tank M,. to
the total mass of the fluid M4

Table 5.1 shows values of the ratio of the effective mass of fluid for rocking motion to the total
mass of fluid fulfilled in the tank for different values of the tank aspect ratio h/2l. Employing
values of § from 1% to 10% (according to Ref. [5], the value of § is up to 6% to 7% for broad
tanks), the effective mass of fluid for rocking motion is computed. The value of f, increases as
the tank becomes tall, and as the uplift part extends (se graph in Figure 5-12). In slender tanks,
since it is about a half of the total mass of fluid fulfilled in the tank, ignoring its effects in
analyzing the tank rock motion may yield erroneous results.
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Following a similar procedure, the effective moment of inertia of fluid for rocking motion, as
well as the horizontal and vertical distance between the pivot O and the centroid of effective
mass of fluid for rocking motion, drx and dr, have been calculated and tabulated (respectively
Table 5.2, Table 5.3, Table 5.4) for the tank commonly used geometry as a function of the tank
aspect ratio h /21 for different values of 6.
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Figure 5-11. Equilibrium of forces acting on a small volume in the slice model in rocking motion [162]
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Figure 5-12. Effective mass of fluid for rocking motion [162]
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Table 5.1 Values of the ratio of the effective mass of fluid for rocking motion to the total mass of fluid fulfilled in the

tank
h/2I

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
§=1.0 0.895 0.861 0.831 0.805 0.785 0.773 0.762 0.754 0.749 0.747 0.744 0.745 0.745
§=0.1 0.148 0.180 0.215 0.251 0.284 0.317 0.349 0.377 0.397 0.425 0.441 0.460 0.481
§=0.09 0.136 0.168 0.203 0.239 0.276 0.308 0.338 0.369 0.390 0.415 0.438 0.458 0.472
§=0.08 0.124 0.157 0.192 0.229 0.264 0.300 0.330 0.361 0.383 0.409 0.429 0.450 0.467
§=0.07 0.113 0.145 0.181 0.219 0.254 0.289 0.321 0.353 0.376 0.403 0.423 0.444 0.465
§=0.06 0.101 0.134 0.170 0.208 0.244 0.280 0.313 0.345 0.369 0.397 0.418 0.440 0.458
§=0.05 0.089 0.122 0.159 0.197 0.235 0.272 0.305 0.338 0.363 0.391 0.415 0.435 0.456
§=0.04 0.078 0.111 0.148 0.188 0.225 0.264 0.297 0.331 0.359 0.386 0.409 0.430 0.452
§=0.03 0.066 0.099 0.137 0.177 0.216 0.254 0.289 0.324 0.353 0.379 0.404 0.427 0.448
§=0.02 0.055 0.088 0.126 0.166 0.207 0.246 0.282 0.317 0.347 0.373 0.399 0.423 0.444
§=0.01 0.045 0.077 0.116 0.158 0.201 0.239 0.277 0.311 0.342 0.369 0.397 0.419 0.442

Table 5.2 Values of the ratio of horizontal distance between the centroid of M,. and O to the diameter of tank

h/2l
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 12 13 14 1.5
8=1.0 05164 0.5159 0.5141 05116 0.5087 0.5056 0.5026 0.4998 0.4973 0.4950 0.4931 0.4915 0.4902
§=0.1 0.6162 0.5543 0.5086 0.4774 0.4566 0.4434 0.4356 04313 0.4289 0.4291 0.4293 0.4310 0.4331

§=0.09 0.6151 0.5508 0.5041 0.4726 0.4525 0.4394 0.4318 0.4283 0.4263 0.4264 0.4278 0.4296 0.4310
§=0.08 0.6131 0.5463 0.4989 0.4676 0.4475 0.4356 0.4283 0.4254 0.4236 0.4242 0.4253 0.4273 0.4293

§=0.07 0.6103 0.5412 0.4930 0.4621 0.4420 0.4309 0.4246 0.4222 04213 04219 0.4233 0.4255 0.4283
§=0.06 0.6072 0.5348 0.4862 0.4558 0.4368 0.4264 0.4209 0.4191 0.4183 0.4195 0.4212 0.4238 0.4263
§=0.05 0.6023 0.5271 0.4783 0.4485 0.4309 0.4216 0.4170 0.4159 0.4156 04172 0.4198 0.4220 0.4250
§=0.04 0.5952 05174 0.4692 0.4408 0.4246 0.4171 0.4131 04128 04134 0.4155 04178 0.4204 0.4234
§=0.03 0.5856 0.5054 0.4584 0.4320 0.4183 0.4119 0.4094 0.4097 0.4108 04129 0.4159 0.4190 0.4220
§=0.02 0.5700 0.4898 0.4459 0.4233 0.4122 0.4073 0.4058 0.4068 0.4083 0.4109 0.4140 0.4175 0.4207
§=0.01 0.5456 0.4696 0.4325 0.4146 0.4062 0.4029 0.4027 0.4040 0.4064 0.4093 04128 04161 04198

Table 5.3 Values of the ratio of vertical distance between the centroid of M,. and O to the depth of fluid

h/2|
03 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 15
8=1.0 04733 0.4630 0.4520 0.4454 0.4408 0.4377 0.4360 0.4354 0.4359 0.4366 0.4378 0.4396 0.4411
§=0.1 0.4947 0.4921 0.4873 0.4860 0.4857 0.4860 0.4869 0.4892 0.4910 0.4933 0.4958 0.4978 0.5006

§=0.09 0.4965 0.4940 0.4895 0.4886 0.4882 0.4884 0.4900 0.4915 0.4935 0.4956 0.4982 0.5000 0.5035
§=0.08 0.4986 0.4962 0.4921 0.4914 0.4911 0.4915 0.4928 0.4943 0.4962 0.4983 0.5006 0.5025 0.5059
§=0.07 0.5011 0.4991 0.4949 0.4943 0.4941 0.4946 0.4954 0.4969 0.4988 0.5010 0.5033 0.5051 0.5083
§=0.06 0.5046 0.5022 0.4980 0.4976 0.4976 0.4978 0.4985 0.4996 0.5015 0.5037 0.5058 0.5087 0.5111

§=0.05 0.5090 0.5059 0.5020 0.5014 0.5010 0.5011 0.5015 0.5025 0.5044 0.5066 0.5081 0.5107 0.5122
§=0.04 0.5144 0.5103 0.5062 0.5053 0.5049 0.5043 0.5045 0.5056 0.5067 0.5085 0.5105 0.5131 0.5146
§=0.03 0.5220 05161 05110 0.5096 0.5081 0.5079 0.5076 0.5084 0.5097 0.5109 05132 05155 05170
§=0.02 0.5322 0.5231 0.5164 0.5136 0.5120 05108 0.5106 05111 05124 0.5138 0.5159 05179 05195
§=0.01 0.5448 0.5308 0.5214 0.5177 0.5151 0.5136 05134 05137 0.5146 0.5158 0.5179 0.5193 0.5215

Table 5.4 Values of the ratio of the effective moment inertia of fluid for rocking motion to the moment inertia of total

mass
h/2l

03 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5
8=1.0 0.5833 0.6252 0.6549 0.6685 0.6853 0.7029 0.7235 0.7474 0.7760 0.8056 0.8376 0.8728 0.9079
8=0.1 0.1208 0.1363 0.1577 0.1859 0.2206 0.2625 0.3112 0.3652 04180 0.4800 0.5364 0.5969 0.6651
§=0.09 01111 0.1266 0.1481 0.1762 0.2126 0.2542 0.3030 0.3581 04123 04717 0.5362 0.5974 0.6569
§=0.08 0.1014 01171 0.1382 0.1672 0.2032 0.2475 0.2959 0.3516 0.4031 0.4674 0.5284 0.5893 0.6545
8=0.07 0.0915 0.1070 0.1290 0.1584 0.1943 0.2386 0.2883 0.3448 0.4015 0.4624 0.5248 0.5865 0.6563
8=0.06 0.0817 0.0971 0.1193 0.1489 0.1860 0.2309 0.2814 0.3383 0.3951 04577 0.5195 0.5864 0.6498
8=0.05 0.0718 0.0873 0.1098 0.1398 0.1776 0.2233 0.2724 0.3323 0.3903 0.4536 0.5190 0.5824 0.6485
§=0.04 0.0618 0.0777 0.1003 0.1310 0.1692 0.2166 0.2656 0.3265 0.3865 0.4505 0.5145 0.5792 0.6471
§=0.03 0.0502 0.0677 0.0908 0.1219 0.1613 0.2086 0.2614 0.3206 0.3820 0.4439 05117 0.5792 0.6414
§=0.02 0.0419 0.0578 0.0816 0.1137 0.1543 0.2017 0.2555 0.3151 0.3768 0.4405 0.5087 0.5772 0.6437
8=0.01 0.0323 0.0485 0.0729 0.1061 0.1473 0.1956 0.2505 0.3096 0.3734 04375 0.5072 0.5717 0.6445
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Effective mass of fluid for bulging motion of cylindrical tanks

In order to investigate the effective mass of fluid for bulging motion, a slice model set a distance
a from the X-axis and perpendicular to the Y-axis has been analyzed (Figure 5-6). The Laplace
equation is solved specifying boundary conditions shown in Figure 5-13.

Z A zp
db(2VIZ — a?, z,t)
O(x,h,t)=0 —_—= U
dx
. VAl \v4
P
(_["'“\dfb(().z,!) —
dx 0
e —— o«
pe—— b———
| N
o o € -
— < x
1—i2 — a2 / ad(x,0,1) 0
dz -

Figure 5-13. Boundary conditions of slice model for specifying the tank bulging motion [162]

The velocity potential has been calculated and its derivative with respect to time gives the fluid
pressure at an arbitrary point inside the slice model of interest. The pressure gradient of fluid in
the horizontal direction gives the effective density of fluid for bulging motion (see Figure 5-14)

Pefs = = ————— (5.10)

1 0P(x,z,t)
Uy 0x

Employing the expression of the fluid pressure, the effective density of fluid for bulging motion
of the slice model is given as:

Pesr(x,2) = fp1(x,2)p (5.11)

where fy,,(x, z) is the ratio of the effective density of fluid for bulging motion to the original
density of fluid in the tank. Expression for f;,,(x, z) is given in Ref. [162]. The effective mass
of fluid for bulging motion of the cylindrical tank M, is given by summing up the mass of all
small volumes inside all slice models:

My = foMrota (5.12)
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h (2ViZ=aZ (1
fo = ﬁ[fo foz ’ f_,fm(X,Z)dadxdz]

(5.13)
where f;, is the ration of the effective mass of fluid for bulging motion M, and the total liquid
mass Mr,:q;- Values of f;, have been found to be in good agreement with those in literature
[182]. Figure 5-15 shows this comparison as a function of the tank aspect ratio.

ZJ\ z“
dP(x,z,t)d
Pz, + LEEOX
h h 7 /
dmegy -1 /V
PE—
fe———
o o 27— a2 Tx
dP(x,zt)dx
-ye-a_ U/ Pz =57

Figure 5-14. Equilibrium of forces acting on a small volume in the slice model in bulging motion [162]

0.9
0.8
0.7
0.6
e 0.5
0.4
0.3
0.2
0.1 —Proposed method

0
03 0.5 0.7 0.9 1.1 13 15

h/2l

—Handbook

Figure 5-15. Effective mass of fluid for bulging motion [162]
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Effective mass of fluid for rocking-bulging interation

Finally, the effective density of fluid for rocking-bulging interaction was given as the quotient
of the product between the effective density of fluid for rocking motion and that for bulging
motion divided by the original density of the fluid content. Summing up the effective mass of
all small volumes inside all slice models, the effective mass of fluid for rocking-bulging
interaction of the cylindrical tank was defined as

My = froMrota (5.14)

1 h r2Vi2—a? (1-61 h r2VI12—a? (1l
frb=W[ [ | fifdadraz+2| | fobldadxdz] (5.15)
T1Jo Jo —-(1-81) 0o Jo 1-61

where f,, is the ratio of the effective mass of fluid for rocking -bulging interaction M,.,, and
the total fluid mass My,;,;. Values of f,.,, were calculated and given in Table 5.5 and Figure
5-16 as a function of the aspect ratio for different value of §. The value of f,, increases as the
tank becomes tall, and as the uplift part extends (see graph in Figure 5-16). In slender tanks, it
is about a third of total mass of fluid fulfilled in the tank, then ignoring effects of rocking-
bulging interaction in analyzing the tank rock motion may yield erroneous results.

Table 5.5 Values of ratio of effective mass of fluid for rocking-bulging interaction to the total mass of fluid fulfilled in

the tank
h/21
0.3 0.4 05 0.6 0.7 08 0.9 1 1.1 12 13 14 1.5
5=1.0 03575 04351 | 04929 | 05346 | 05648 | 05879 | 06048 | 06185| 06290 06394 | 06468 | 06558 | 0.6630
5=01 00757 | 01041 | 01408 | 01749 02079 02418 02750 03048 | 03282 03564 03756 | 03972 0.4199
5=0.09 00695 | 00978 | 0.1333| 01662 02016 | 02342 02660 02978 | 03218 03486 | 03735| 03967 | 04113
5=008 00639 | 00924 | 01259 | 01586 0.1925| 02284 02587 02912 03155| 03425| 03649 03881 | 0.4068
§5=0.07 00590 | 00845| 01183 01519 01849 02192 02516 ] 02843 03097 03367 | 03596 | 03834 0.4059
5=0.06 00526 | 00780 | 0.1107 | 01432 01771 02120 02447] 02775] 03033 03310 03542 03783 0.3979
5=005 00466 | 00715| 01032 | 01353 01696 | 02048 | 02377 02710 02972 03257 03522 03738 0.3970
5=0.04 00413 00655| 00957 | 01286 01619 01988 02311 ] 02646 | 02940 03222 03468 | 0.3695| 0.3938
5=003 00348 | 00577 | 00882 | 01203 01549 01906 | 02248 02589 | 02883 03151 | 03422 03672 0.3895
5=0.02 00281 00502 00809 | 01139 01489 01844 02189 02533 | 02828 03103 03380 03633 ] 0.3857
5=001 00235 00448 | 00742 01074 01429 01786 02140] 02477 | 02789 03071 | 03348 03587 | 0.3829
0.7
0.6 -
0.5 7
0a
a S
£
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Figure 5-16. Effective mass of fluid for rocking-bulging interaction [162]
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5.4. The two degrees of freedom model

Nomenclature

A list of the variables involved in the 2DOF model and tank model analyzed in the following
is provided herein.

k : Spring constant

m; : Mass of the Spring-Mass System (SMS)

m, . Mass attached to the base of the SMS

I; : Moment of inertia of m, at the gravity center

I, :Moment of inertia of m, at the gravity center

R; :Length between origin O and gravity center of m,
R, : Length between origin O and gravity center of m,
G, : Center of mass m,

G, : Center of mass m,

x; . Displacement of m,

Zy : Horizontal ground acceleration

a, : Angle between vertical line y and R,

a, :Angle between vertical line y and R,

6 : Rotation angle of 2DOF model

5.4.1. Geometry, masses and degrees of freedom

The starting point of the study on tank rocking motion carried out in the framework of this PhD
thesis is represented by the 2DOF system provided by Taniguchi et al. [163,183]. It consists of
two masses connected by an elastic spring, whose constant value is k; the entire 2DOF model
(m, and m,) can rotate pivoting at the left and at the right bottom edges (see Figure 5-17). The
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variable 9 describes this motion. According to the pivot, in the first case, the positive rotation
is anti-clockwise, in the second case, clockwise. Rotation angle 9 is measured on the global
coordinates (X, Y), set in the first case at the left bottom edge of the 2DOF model, in the second
case at the right one. The upper mass m, can vibrate around the rest position, according to the
stiffness of the spring. Its displacement x; is measured on the inclined element coordinates
(x,y), a local reference system that follows the rotation of the 2DOF model. The position of
the reference systems is clarified in the following Figure 5-17

Figure 5-17.The 2DOF model in rotated and displaced position [163,183]

The system composed by the upper mass m: and the spring hereafter is called Spring-Mass
(SM) system. The SM system starts to vibrate when the 2DOF model is subjected to the ground
acceleration, while the entire 2DOF model begins to rotate from the horizontal position when
the Overturning Moment (OM), mainly induced by the motion of the SM system, overcomes
the Restoring Moment (RM), related to the weight of the entire 2DOF model.

The mechanical model proposed in this section can properly describe the coexistence of
rotational and translational motions in a tank subjected to the ground shaking. Indeed, the mass
of the liquid content displacing in unison with the shell is simulated by the vibrant mass m;.
The mass m, includes all the other masses of the tank system that only contribute to the rocking
motion.

5.4.2. Derivation of equation of motion for the 2DOF model

The system of equations for the 2DOF model has been derived through the variational approach
and it consists of two simultaneous second order equations in the variables 9 and x;. As well
known, Lagrange’s equations for a system subjected to conservative and not conservative forces
have the following form:
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d (aL) oL _ (5.16)
dt aql aql N Qi '
where:

q; are the independent generalized coordinates, in this case the two degrees of freedom of the
system, @ and x;

g; are the generalized velocity 9 and %;;

L = T —V is the Lagrangian of the system and it is given;
T is the total kinetic energy;

I is the total potential energy;

Q; are the generalized forces.

Then, the Lagrange’s Equations for the 2DOF system are

d <6L ) aL B (5.17)
dt\ox,) ox; Qx, '

d (dL\ 0L

Sy 22 5.18
dt (619) 50~ (5.18)

In order to derive the Lagrangian function, kinetic and potential energy have been derived.
The kinetic energy of the 2DOF model consists of two contributes:

- Kinetic energy of the mass m,

1
Ti=5 [(1, + myR,?)

(5.19)
+my (%% + x,29% — 2R %y 9cosay + 2Ry x,9%sinay) |
- Kinetic energy of the mass m:
1 2

Then, the total kinetic energy has the following form
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1
T=T+T, = 2 [(1 + miRy?) + (I + maR,?) (5.21)

+my (%% + x,29% — 2R %y 9cosay + 2Ry x,9%sinay) |
The potential energy of the 2DOF model consists of three contributes:
- Potential energy of the mass m,
V, = myg[Ricos(a; —9) + x;sind — Ricosa, ] (5.22)
- Potential energy of the mass m,
V, = myg[R,cos(a, —9) — Rycosa,] (5.23)
- Potential energy of the elastic spring

1
Vspring = Ekxlz (5.24)

Then, the total potential energy has the following form

V= Vl + VZ + Vspring =
=myg[R,cos(a; —I9) + x;sin9 — Rycosa, ] (5.25)

1
+ myg[Rycos(a, —9) — Rycosa,] + Ekxlz

The expression of the generalized forces of the 2DOF model are derived from that of the work
done by the external forces. The work of external forces on mass m, is

W, = —myZy(Rysin(ay, — 9) + x,cos9 — Rysina,) (5.26)
whereas for mass m,

W, = —myZy(Rysin(a, —9) — Rysinay) (5.27)
The total virtual work for the 2DOF model is

SW = SW, + W,
= 6x1[—mqZycosV]
+ 69 [mle (Ricos(a; —9) + x;sind)
+ mZZH(Rlcos(a1 — 19))]

(5.28)

Then, the generalized forces
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- for the independent generalized coordinate x; is

Qx, = —MyZycosI (5.29)
- for the independent generalized coordinate 9 is

Qo = myZy(Rycos(ay — 9) + x;5in9) + my 2y (Rycos(ay — 9)) (5.30)

Once all quantities have been obtained, the first Lagrange’s equation provides the equation of
translational motion of the vibrant mass of the 2DOF model:

mX, —AmR & cosa, + Amgsin@—m, (x + AR sine, )6?
" (5.31)
+kx, +m,Z, cosd=0

It should be noted that, in Eq. (5.31), the damping effects of the SM system response are taken
into account in the inertia force of the tank bulging system by introducing the spectral response
acceleration in the framework of simplified analysis.

Similarly, the second Lagrange’s equation provides the equation for the rocking motion of the
2DOF model:

{m, (X +2AxR;sin @ +RY )+ I, + 1, +M,R? 6~ AMKR, cos

+2mx0(x, + AR sing, ) +mg {Rlsin (o, —0)+Ax, cosH} 532
+m,gR, sin(a, - 0) '

—[ml {AR, cos(a, —0)+x,5in 0} + Am,R, cos(a, —6?)] Z, =0

It should be noted that, in the case in which the equations of motion are derived for the opposite
rotational direction (the pivot is the right bottom edge), the overall structure of the differential
equations does not change, but some terms appear with opposite sign. Therefore, by introducing
the index 4, which specifies the rotational direction, the equations have been unified.

The SM system starts to vibrate from the rest position when the 2DOF model is subjected to
the ground acceleration (see Figure 5-18).

The condition to initiate the rocking motion of the 2DOF model is that the overturning moment,
due to the horizontal acceleration, overcomes the restoring moment, related to the weight force
(see Figure 5-19).

RM<OM (5.33)
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RM =(mR,sing, + mR, sine,)g

OM =mR, cose, (%, +Z, )+ m,R, cosa,Z,

AYE}!
X1

k/z k/z

:

Zy

Figure 5-18. 2DOF model in displaced position [163,183]

Figure 5-19. 2DOF model in rotated position pivoting respectively at the left and at the right bottom edges position
[163,183]

From the equilibrium among translational and rotational forces on the inclined element
coordinates, the reaction forces R, and R,, i.e. the forces to support rotation of the 2DOF
model pivoting at the left bottom edge of the lower mass. Expression of these forces in the
inclined system is the following:

Ry = Fix + Fextx (5.34)
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Ry == FIy + Fext,y (535)
where

Fy, and Fp,, are respectively the x and y-component of the inertia force

Fest x and Feg o, are respectively the x and y-component of the external forces, i.e. the force due
to the horizontal ground-acceleration and the weight force.

Once obtained in the local inclined system, these forces have been projected on the global
system as follows

Rx = Rycos¥ — Ry sind (5.34)

Ry = R,sind + Ry cos? (5.35)
Then, the vertical and horizontal components of the reactions have been found:

Ry = (my + my)Zy — myR;9cos(a; —9) — myR;9%sin(a; — 9)
+ my¥;c0s9 — 2myx%,9sind — myx,9singd — myx,9%cos? (5.36)

— myR,Icos(a, —9) — myR,9%sin(a, —9)

Ry = (my + my)g + mR,Isin(a; —9) — myR;9%cos(a; — 9) + m, &, sind
+ 2myx;9c0s9 + myx;9cos9 — myx;92sind (5.37)
+ m,R,9sin(a, —9) — myR,9%cos(a, — 9)

These represent respectively the base shear and the vertical reaction at the pivoting left bottom
edge of the model.

The transition from the lift-off around an edge to the lift-off around the other one in
accompanied by an impact. The associated loss of energy is taken into account by reducing the
angular velocity of the system after the impact. In particular, it can be expressed as follow:

O(t")=ed(t") O<e<l (5.38)

where e is the restitution coefficient; t* is the time just after the impact; t~ is the time just
before the impact. Changes in angular velocity are assumed to occur instantaneously.
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5.5. Experimental test

In order to validate the accuracy of the 2DOF system equations and their adequacy in simulating
the complex motion of a body that translates and rotates simultaneously, both experimental test
and analytical simulation have been conducted. This section provides a detailed description of
the experimental test carried out and a presentation of results obtained.

The experimental test consists on recording the free fall and free rocking of a steel model
through a high-speed camera, with the aim to obtain the displacement of a particular point of
the model and the rotation of the entire body.

5.5.1. Steel model

The sample investigated consists in a 2-story model composed of two rigid masses connected
by two flexible columns (see Figure 5-20).

Figure 5-20. Steel model used in free fall experimental test [183]

The construction materials are steel for masses and junctions, aluminum for columns. The upper
mass m, is 3.33 kg, the lower mass m, is 2.34 kg (these values include mass of steel
junctions). The distance R; between the pivot of rotation and the gravity center of m, is
299mm, while for the lower mass R, is 101mm.
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The angles between the axis y and respectively R; and R, are 0.341 and 1.446 rad. The
natural frequency of the vibrant mass m, is 3.9 Hz. The sample model is set on a steel rigid
plane. In order to avoid sliding motion, not considered in the analytical model, the two contact
surfaces have been coated with sandpaper. The restitution coefficient is assumed to be 0.85.
Figure 5-21 provides some details on the model size and clarifies the mass position with respect
to the rotation pivot (quotes in figure are given in mm).
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Figure 5-21. Geometry of the sample model used in experimental test [183]

The analogy between the steel sample and the mechanical model in terms of degrees of freedom,
masses involved, global and rotating reference systems is clarified in Figure 5-22.

Figure 5-22. Analogies between the 2-story steel model and the 2DOF system [183]
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5.5.2. Test instrumentation and set-up

The motion is acquired in high-speed photography whose time interval is 1/3000 second. The
experimental test is recorded by controlling the high speed camera functions through Photron
Fastcam. The Photron FASTCAM Viewer is an application software program that makes
possible to control high-speed cameras from the PC, including operations such as camera setup,
framing and downloading. Once the motion has been recorded, the responses of interest are
measured with an image processor, i.e. Deep Motion. Instrumentation used in laboratory and
the overall output of the experimental test are shown in Figure 5-23.

A

Photron FASTCAM Viewer

Figure 5-23. Instrumentation used for the experimental test [183]

It should be noted that there is a certain distance between the camera and the sample. It has
been calibrated so that the camera lens can properly catch the points of control and follow them
during the motion. Moreover, for this purpose an appropriate lightening has been adopted. In
order to prevent getting distorted images during the motion recording, the sample model is kept
parallel to the camera lens.

The points of control of the sample model, i.e. the points of which high speed camera records
the position in time, consist in white points surrounded by black circle. They are made of paper
and attached to the upper and lower masses of the steel model. The reference point R consists
in a point of control fixed to the base where the steel model is set. Location of points of control
is clarified in Figure 5-24.
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Point 1 /f

Point P

Figure 5-24. Location of the points of control in the model [183]

The free fault test begins from an inclined initial position. In details, an initial uplift angle about
the left bottom edge 9, = 0.125 rad is enforced to the model; consequently, a displacement of
the upper mass x; , = 2.035 mm occurs due to the inclined component of the weight force (in
Figure 5-25, the red line parallel to the upper mass). From this initial configuration, depicted in
Figure 5-25, the free fall test is performed.

1

!

25 rad

-lnitial angle

—

Figure 5-25. Initial conditions of the free fall test in terms of initial rotation angle and initial displacement [183]
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5.5.3. Coordinates reference systems

Before to explain the procedure for obtaining the response of interest, i.e. relative displacement
x, of the vibrating upper mass and rotation 9(t) of the entire model around the pivot P, some
considerations should be made on the three coordinates systems used. The first coordinates
system to be introduced is that used by Deep Motion to refer the time history of the points of
control; it is centered in the reference point R as already explained; axes are called (X', Y') and
are depicted in blue in Figure 5-26. The second coordinate system considered (X, Y), depicted
in green in Figure 5-26, is parallel to the previous one and it is centered on the rotation pivot P.
The third coordinates system (x, y), depicted in red in Figure 5-26, is centered on the rotation
pivot P and follows the rotation of the model. Note that in Figure 5-26, the model has been
rigidly rotated: that configuration should not be confused with the initial condition of the
experimental test, depicted in Figure 5-25 and consisting of initial rotation and displacement.

Figure 5-26. Coordinates reference systems [183]

5.5.4. Outputs and analysis of results

Once the motion has been recorded, the image processor Deep Motion is used to measure the
time history of the absolute displacement of points 2 (X;(t), Y, (t)), and 3 (X3(t), Y5(t)),
located at the lower mass and 1 (X;(t), Y;(t)), located at the upper mass, with respect to the
reference system (X', Y") centered at point R.

However, as deducted by the comparison between the 2DOF model and the 2-story steel model
explained in Figure 5-22, the degrees of freedom of this latter are

- rotation 9 of the entire body about the pivot located alternatively at the left and at the
right bottom edge;
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- relative displacement x, of the vibrating upper steel mass with respect to a rotating
reference system centered at the bottom edge of the lower mass (x, y).

In order to obtain time history of rotation J(t), the displacements of points 2 and 3 referred to
the system (X', Y") are employed into the equation

[Y3 (1) — (0]
[X3(1) — X2 (0]

I(t) = (5.39)
The time history of the relative displacement (x,(t), y,(t)) is calculated as the composition
between the displacement (X;(t), ¥{ (t)) obtained by Deep Motion and referred to the system
(X', Y") and the displacement of point 1, (X1,-(t), Y7,-(t)), due to the rigid rotation of the model
around the pivot and measure on the same reference system. Since displacement (X1,-(t),Y{,(t))
is read on the reference system with center in R that does not coincide with the center of rotation
P (see Figure 5-26), it is described by the expressions:

X1 () = X17(0) + dx(p,ry = dy(1,py SINI(E) + dy(1,p) cOsI(E) + dx(pr)
(5.40)
Y17 (0) = Yi.(8) — dyp gy = dya,py €0SI(t) — dx(1,py SINI(E) — dyp gy

where X;, and Y, are the coordinates of the displacement of point 1 due to the rigid rotation of
the model around the pivot and measure on the reference system center in the pivot P; dx 4 p)

and dy4,py are the components of the distance between point 1 and the rotation pivot P, whereas
dx(p,ry and dyp gy are components of the distance between the pivot P and the reference point
R.

Finally, the relative displacement (x, (t), y;(t)) has the following expression:

x1 () = X1 (t) + X1,.(t)
(5.41)

y1(t) = Y{(t) = Y{,.(t)

Values of distances employed in Egs. (5.40) summarized in Table 5.6 and depicted in Figure
5-27.
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Table 5.6 Distance between points P and 1, and between R and P

dx,p) 52.73 mm
dy,p) 286.34 mm
dxpr) 37.5mm
dypp g 2.72mm

Ldye, py
]
Ly [

Point R
\
b © #

a AN Point P
dx(p, r)

L=

dy(, p)

R)

dy(

Figure 5-27. Distance between points P and 1, and between R and P, employed in Egs. (5.40) [183]

Figure 5-28 shows a sequence of pictures depicting the main phases of the free fault test.
Pictures 1 and 2 represent respectively the initial position of the sample model and the first
instants of its rotation about the pivot P. During these phases, the relative position of the upper
mass is displaced at left respect to the lower one. Picture 3 captures the instant in which the
model touches the ground. In this configuration the relative displacement x; of the upper mass,
and consequently the elastic force, is almost zero, since the columns are in rest position. After
the impact, for a time span of 0.05 s, the upper mass continues to move to the right, while the
rotation of the entire model is zero. When the upper mass reaches the maximum displacement
(picture 4), the model starts to rotate around the pivot on the right bottom edge and the relative
displacement of columns decreases and becomes zero in correspondence of the maximum
rotation (picture 5). After this point the experimental response is no longer analyzed because of
noise problem inducted by impact.
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Figure 5-28. Main phases of the free fault-free rocking test [183]

5.6. Numerical simulation

On the other hand, the simultaneous equations of motion of the 2DOF model provided at
paragraph 5.4.2 are solved by using the numerical software MATLAB. The unknown of the
differential system are six: angular acceleration 9, angular velocity 9, rotation angle 9, relative
acceleration X, , relative velocity x; and relative displacement x; . The initial condition
employed for solving the system of differential equations are the same of the experimental test
(Figure 5-25):

Yy = 0.125
190 = O

(5.42)
X190 = —2.035mm

X109 = 0 mm/s?

In MATLAB, the system of simultaneous differential equations is solved by using the ODE
(Ordinary Differential Equation) solver. This function integrates the differential system from
to to ty, respectively initial and final time instants, with the given initial conditions. The
numerical model simulates the loose of energy associated with the impact by setting new initial
conditions for the differential equations when the model touches the ground (9, = 0). In
particular, values of rotation 9;, relative displacement x, ; and relative velocity x, ; at the time
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step i, are set equal to those at the previous time step, i — 1, whereas the angular velocity 9; is
set as the product between its value at the previous time step (with opposite sign) and the
restitution coefficient (see also Eqg. (5.38) at paragraph 5.4.2):

19i = - 19i—1 e
(5.43)
X1, = X1,i-1

X1,0 = X1,i-1

The numerical solution obtained from MATLARB is the time history of 9, 9, x; and %; .

5.7. Comparison between experimental and numerical results

Summarily, numerical results in terms of time history of x; and 9 consists in the exact solution
of the simultaneous equations of motion of the 2DOF system presented in section 5.4.2; on the
other hand, experimental test provides time history of x; and 9 for a 2-story steel model
designed and realized with the aim to physically reproduce the behavior of the 2DOF system.
A critical comparison between results from the two analyses is conducted in this section in
order to confirm the reliability of the 2DOF system in describing the combined translational-
rotational motion.

Figure 5-29 shows the time history of the rotation angle 8 obtained both from experimental test
(gray line) and analytical resolution (black line). Figure 5-30 provides the same comparison in
terms of time history of relative displacement x;.

As figures show, the analytical response is well simulated by the experimental test. In the case
of rotation angle 6, the two curves match well in terms of maxima values and bouncing timing.
In both cases, the first part of the 6 curve is not parabolic as is obtained by Taniguchi from
numerical and experimental analyses carried out on a similar model with rigid columns [184].
In particular, the current & curve shows a small deflection when the relative displacement x;
reaches the maximum value (between 0.05 and 0.1 s). This reduction observed in rotation with
the respect to the case of rigid columns is obviously due to the effect of translational motion on
the overall response.
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At the time 0.135 s, the model touches the ground. It is worth to clarify the trend of the two
curves after this first impact. As confirmed by the experimental test, once touched the ground,
the steel model rests in horizontal position for a time span of about 0.05 s (pictures 3 and 4 in
Figure 5-28), during which the upper mass continues to displace but rotation of the entire model
is zero. This behavior can be justified by analyzing the instantaneous value of forces acting on
the model and the equilibrium between overturning and restoring moments. When the model
touches the ground (9 = 0) the upper mass is approximately in the rest position (spring force
is close to zero). Overturning moment, that in case of absence of ground acceleration counts
only the term linked to the inertia force of the mass m; (OM = m,X%;R;cosa,), does not allow
the initiation of rocking motion about the right bottom edge immediately after the impact. It is
worth to point out that the behavior of the same model with rigid columns has been proved to
be different [184]: in that case, the duration of rest in rotation is comparable to that of the
impact, i.e. close to zero. Time history of rotation in experimental and analytical cases confirms
the role of the equilibrium of moments described above (see Figure 5-29).

In the framework of the experimental test, after the first impact curve shows a flat trend
accompanied by some irregularity due to the impact noise; on the other hand, analytical model
simulates it in a more ideal but still reasonable way. Noise problem obviously does not appear
and immediately after the impact, the model starts to uplift pivoting at the right bottom edge.
However, for about the same time span measured in the experimental test, although the lower
mass m,, tries to keep rotating, rotation cannot grow up and reach the maximum value, so it
depresses until the mass m, gets the maximum relative displacement x; and consequently the
maximum value of the overturning moment, at the time 0.2 s. After this point, the rotation angle
increases again until the displacement x, reaches the maximum absolute value in the other
direction.

Both the analytical responses 6 and x;, after the first impact, are shifted in time respect to the
experimental ones. This happens because the analytical model keeps following the ideal
behavior, whereas in the real model, when impact occurs, the flexible columns receive a shock
and consequently start to vibrate with a different frequency; this leads them to stop working for
few instants and to lose the ideal behavior.

Overall, comparison between experimental and analytical results confirms the accuracy of the
analytical model in simulating the simultaneous rotational-translational motion, especially
before the first impact on the ground when problem related to noise is not yet occurred.
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Figure 5-29. Comparison between analytical and experimental results in terms of rotation angle [183]
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Figure 5-30. Comparison between analytical and experimental results in terms of relative displacement [183]
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5.8.

The tank model

Nomenclature

: Diameter of the cylindrical tank
. Height of the gravity center of m,
: Height of the gravity center of m,,,

: Height of the gravity center of mg,

Iypyr: Moment of inertia of my,,,, at the gravity center

Iypnyr: Moment of inertia of m,, vy, at the gravity center

: Moment of inertia of m,.; at the gravity center

: Moment of inertia of mg, at the gravity center

: Moment of inertia of m,. at the gravity center

. Effective mass of fluid for bulging motion

. Effective mass of fluid for rocking-bulging interaction

: Mass of tank bottom plate

mppyy,: Mass of tank bottom plate that uplifts

mppny- Mass of tank bottom plate that does not uplift

: Mass of liquid contained in the tank

. Effective mass of fluid for rocking motion

: Mass of tank roof

: Mass of tank shell

: Center of effective mass of fluid for bulging motion

. Center of effective mass of fluid for rocking-bulging interaction
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G, : Center of effective mass of fluid for rocking motion

Gyr : Center of mass of the roof

G4, - Center of mass of the shell wall

R, : Length between origin O and gravity center of m,,

Rppu1: Length between origin O and gravity center of m,,;,;;,
Rppnur: Length between origin O and gravity center of my,,yy,,
R,;, : Length between origin O and gravity center of m,,,

R, . Length between origin O and gravity center of m,.,

Ry, : Length between origin O and gravity center of mg,

R, : Length between origin O and gravity center of m,.
sratior, h,): A ratio of response acceleration to the ground acceleration
T, : Natural period of the tank bulging motion

( Zy)max: Maximum horizontal ground acceleration

ap : Angle between vertical line y and R,

a,p - Angle between vertical line y and R,

appy: Angle between vertical line y and R,y

appnuL- Angle between vertical line y and Ry,

a,¢ - Angle between vertical line y and R, f

asp - Angle between vertical line y and R,.f

a, . Angle between vertical line y and R,
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5.9. Equation of motion for the tank model

Once the 2DOF system has been proved to be a reliable tool for describing the combined
translational-rotational motion, its equations of motion can be employed to provide an easy tool
for calculation of the main response of tank undergoing rocking-bulging motion. Before to
explain the simplified procedure proposed in this work, it is worth to show and discuss the
complete differential equations of motion of the tank model derived from the equations of
motion of the 2DOF model [163]. In particular, the equations for the tank rock motion have
been obtained by substituting the physical quantities of the 2DOF with the corresponding
dynamic properties of the tank in rock. The analogy between the two models is formulated by
considering the following remarks. As shown in a Taniguchi’s paper [162] (discussed at
paragraph 5.3) the liquid masses involved in the rocking-bulging motion of a cylindrical tank
are essentially: effective mass of fluid for bulging motion m,, effective mass of fluid for
rocking motion m, and effective mass of fluid for rocking-bulging interaction m,,. Values of
m, and m,,, are provided by tables as functions of the aspect of the tank and the ratio of the
uplift width of the tank bottom plate to the diameter, while value of m,, is a function of the
aspect of the tank only. The slice model [162] presented at paragraph 5.3 has been employed
for calculation of these masses.

Since m, of the 2DOF model is a mass that translates and rotates simultaneously, it can
simulate bulging motion, rocking motion, and combined bulging-rocking motion. In particular

- InEq. (5.31), my is replaced by
e m, in terms related to bulging forces;

e m,, In terms related to the horizontal component of forces depending on
angular velocity or acceleration.

- InEq. (5.32), it is replaced by
e m, in the terms related to the horizontal acceleration;

e m, interms related to the rotational acceleration (in this case, mz is included as
well);

e m,, in terms related both to rotational and to translational variables.

On the other hand, m, of the 2DOF model is a mass that only rotates, then in the analogy with
the tank model it can represent the mass of shell, roof and bottom plate. Following the same
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criterion used for replacing masses, all the other quantities involved in the equations of the
2DOF model, i.e. @y, a3, Ry, Ry, I, I,, are replaced with the corresponding ones in the tank
model.

Value of the spring constant k is adjusted to match the natural period of the tank bulging motion.
In the formulation of the tank model, uplifted and un-uplifted parts of the bottom plate are
distinguished. Moreover, Figure 5-31 shows the analytical model of the tank rocking-bulging
motion. The equation for the tank bulging motion is rewritten as:

mbX’l_ﬂ“mrbRrbécosarb +ﬂ“mngin6 -
—m,, (% + AR, sina,, )07 +kx, +m,Z, cos @ =0 (5.44)

Similarly, the equation for the tank rocking motion becomes:

{mrb(xl2 + 2ﬂ’Xerb Sin arb)+(|rf + Ish + IprL + Ir)
+(mrf erf + msh Rszh + mprL RprUL + mr er )} 9

—Am %R, cos e, +2m, %0 (% + AR, sin e, )

+{mrf Ry sin(ay —0)+myR, sin(ag, —0)

. . (5.45)
+My 5 Ry SIN (aprL —~ 6') +m,R, sin(e, - 9)} g
—[mb {AR, cos(a, —0)+xsin 9}] 7,

—;t{mrf Ry cos(a, —0)+my Ry cos(ag, —6)

FMyau Ropu Cos(aprL - ‘9)} Z, =0

It should be noted that, in the rocking motion equation, there is not an equivalent term for
m, gx,cos6 because the liquid mass working in vertical direction cannot give its contribution
to the rotational motion, as in the case of solid materials like steel.

This study ignores response of shell and roof and assumes that the tank bottom plate is on the
ground before the tank starts to rock. Therefore, a condition to initiate the tank rock motion is
given as (Figure 5-32):

RM<OM
RM = (mrf +msh)Dg/2 (546)

OM = mbe(X1+ZH )+(mrf Hy +mgH)Z,
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Y [ ] Effective mass for rocking m,.
Y Bl Lffective mass for bulging m,
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Figure 5-31. Analytical model of tank rocking-bulging motion [163,183]

my (Zg + ¥1)

D —— |

- " Gsh

Mgy EH’

—> @.ﬁmmg Hsn

Zy

Center of rotatm{‘\_d-/

Figure 5-32. Forces at the initiation of the tank rocking motion [163,183]

Following the same criteria used for deriving Egs. (5.44) and (5.45), the base shear Ry and Ry
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Ry = (mp + myp + Mg + Mypy + MppnuL)Zn
- mrbRrbngSin(arb - 19) - mrbRrbgcos(arb - 7-9)
+ my ¥, 089 — My, (2%,9sin9 + x,9sind + x,9%cos9)
— (mrerfcosarf + mgpRspcosagy
+ MppupLRbpupLCOSAppypL + errCOSQr) (5.47)
- [9cos9 — 92sind)]
— (myfRypsina, s + mgyRgpsinagy,
+ Mypypr RopupL SiNAppypy, + My Rysind,.)

- [Jsind + 92cosV]

Ry = (M + My + Mgy, + Mypyy, + Mppyyr)g + Moy RepDsina,,, —9)
— mypR,p9%cos(ay, — 9) + my¥,sind
+ My (22, 9c0s9 + x;9cos9 — x,9%sind)
+ (mrerfsinarf + mgpRspSinagy
+ Mypupr Ropupt SiNAppypy + MyRysina,.) (5.48)
- [Jcosd — 92sind]
- (mrerfcosarf + mgpRspcosagy
+ MypuprRppupLCOSAppypr, + My RycOSQ,)
- [Jsing + 9?cosv)]

The mass m; in the expression of Ry is added to maintain the total weight of fluid.

5.10. Simplified analysis of the tank model

The equations of motion shown in the previous section for tank in rock represent a second order
differential system in six unknown. The computational effort associated with its resolution can
be high and not convenient for design purpose. In light of that, a previous companion study
[163] provided a simplified tool starting from the differential equations, but moving from tank
model to simplified system it neglected all terms describing the interaction between rocking
and bulging motions. However, as shown in previous sections (paragraph 5.7), rotational inertia
forces affect the bulging motion, as well as translational inertia forces affect the rocking one.
Under this consideration, a new approach that takes into account the rocking-bulging interaction
has been derived in this section in order to fully exploit the reliability of an analytical model
validated by experimental tests.
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The unknown variables in the system of two second order equations are: angular acceleration
6, angular velocity 8, rotation angle 8, relative acceleration ¥, relative velocity x, and relative
displacement x;.

Both the differential equations of motion for tank (Egs. (5.44), (5.45)) contain terms related to
the bulging-rocking interaction. In the case of Eq. (5.44), the term

—m,px,02 (5.49)

represents the centrifugal force component linked to the displacement x;; its direction is the
same of the displacement. In Eq. (5.45), terms related to the rocking-bulging interaction are

My (%12 + 22x, R, psina,p, )@ (5.50)
that is the moment of the rotational inertia force and

2m,p, (x1 + AR, psina,p )%, 60 (5.51)
representing the moment of the Coriolis force.

It should be noted that all these terms are related to m,.,. The present work, in order to take into
account rocking-bulging interaction, keeps these actions also in the framework of the simplified
analysis. Figure 5-33 clarifies the position of the application point and the direction of these
forces and the arm in case of moments. Note that, for simplicity of representation, they are
depicted in the 2DOF system.

Figure 5-33. Forces and moments related to the rocking-bulging interaction [183]

According to Ref.[49], the uplift width of the tank bottom plate usually is up to 6-7% of the
diameter of the tank. Therefore, the rotation angle of tank 6 is very small and values of
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trigonometric functions are regarded as sin 6 = 0 and cos & = 1. Moreover, contributions of
inertia and weight forces arising from the uplifted part of the tank bottom plate are neglected.

With the aim to provide the maxima responses of tank bulging and rocking motions, the
absolute acceleration of the tank bulging system (i, + Z ) is replaced by the response
acceleration spectrum, which is given as the product of the maximum ground acceleration
(Z 1) max DY the value of a ratio of the maximum response acceleration to the maximum ground
acceleration, S;2¢° (T, hy,), which is function of the natural period of the tank bulging motion
Tpand of its damping ratio hy:

(X1 + ZH )max = Sgﬁio (Tb’ hb )(ZH )max (552)

The relative displacement and the relative velocity are also replaced by the spectral values:

Sﬁr\ﬁio Tbvhb Zy,
(%) e = ( 2) (£ ) (5.53)
@

oy S (T N2 )
(Xl)max - o,

(5.54)

Through these substitutions, damping effects are naturally included in the analysis. It should be
pointed out that the maxima effects of tank rocking and bulging motions are assumed to be
simultaneous. In addition, the proposed analysis assumes that the tank bulging motion reaches
its maximum value specified by Eqg. (5.52) even in presence of rocking motion.

After the introduction of the response spectra and the simplifications due to the small values of
rotation, the tank model is described by a system of two simultaneous equations in the two

variables 6 and 6. In particular, Eq. (5.44) becomes:

mbsz‘?-tlio (Tb’ hb )(ZH )max - mrbHrbé
—m, ((s 0 (Ty ) (2, ),y /02 )+ Ry i a,b)e‘z + (5.55)
+k S (Ty by ) (24),,,, /@ =0

while Eq. (5.45) becomes:
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(00 (82 (1,02 o ) +

+2my, (S (Too 0y ) (2), /@ ) D2+

+(Irf +Ish+lr)+

+(myR% +m, R} +erf)}é+ (5.56)
—m, Sy (Ty 1y ) (2, )ma H, +

+2m O (S (T, 1,) (20 ) e /) [ (S5 (o1 ) (2 ) /) + D/2 ]+
+{mﬁ+msh+mr}Dg/2 {merrf+mshHsh} =0

where the following substitutions are made:

H, = R, cos ay

H, = R, cos a,

(5.57)
Hy; = Rypcosa, s
Hgp = Rgp cos agp
Moreover, in order to simplify the notation
R,.sina, =D/2
(5.58)

RT'b sin drp = D/2

are assumed. It should be noted that, in the simplified analysis, the index of rotational direction
A is not considered, since the aim of the analysis is not to investigate time history of the response
but only its maximum value.

The expression of 8 is derived from Eq. (5.56):

-1

é:{m [s 24D, |+ (1 + 14 +1,)+(myRE +mR? +m,Rf)}
[ m,H,S, ~2m.S, (S, +D/2)0—(m, +my, +m, gD /2+ (5.59)

(m H, +m,H, )( H)max]

Introducing Eq. (5.59) in Eq. (5.55), the following quadratic equation in  is provided:
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m[s n 2}92 om, Hms{ } i Wl5,2+Ds, |+

(1 415 +1,)+(m,R2 +myR2 +m R2)| "6

smH o fm[s,? + DS, [+ (1, +1, +1,)+(m,RZ + m,R2 +m R2)}"
.[mbeSa —(mrf +my, +mr)gD/2 +(mrf H, +mshHsthH

—{m,S, +kS,}=0

(5.60)

in which, in order to simplify the notation, the expression of the spectral values are given by

Sa = SZZtiO (Tb; hb)(ZH)max’
S - Sratlo (Tb) hb)(ZH)max/w

Sa = S/?lAIC-lItiO (Tp, hb)(ZH)max/wz-
The spring constant of the tank bulging system is
k = 4m?m, /T2

Solutions of the quadratic equation are given as:

[-b++b? —4ac]

2a

4=
where:

a= mrb[sd +%}92

b=-2m,’H,S, [sd +%}-

{my,[8,2+ D8, [+ (1 + 1 +1, )+ (Mg RE + MRS +mR?)}

c=myH, {m, [S,2+D8, ]+ (1 + 1y +1,)+(myRE +m, RZ +m,R?)l

-|:mbeSa _(mrf +msh +mr)gD/2+(merrf +mShHSh)(.Z.H )max:|

—{m,S, +kS, }

-1 .

(5.61)

(5.62)

(5.63)

(5.64)
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Only one of the two solutions of Eq. (5.63) is picked up, i.e. the value of 8 that maximizes 6,
since the aim of the analysis is to obtain the maximum value of the response in terms of
rotational acceleration é.

Once angular velocity and angular acceleration of rocking motion are known, the second
important task of this section is to provide a measure of the effects of rocking motion on the
bulging response. For this purpose, Eg. (5.55) is compared with the bulging motion equation,
Eq. (5.44), evaluated in absence of uplift, given as follows:

m, (%, + 2, )+kx =0 (5.65)

Therefore, substitution of Eq. (5.65) into Eq. (5.55) provides the absolute response acceleration
of the tank bulging motion that takes into account the rocking-bulging interaction effects:

o . ratio 2 mr )
(X1+Zh)={SAl-t| (Tb’hb)(zH )max}_ mb H.,0
b
ratio 5 566
my, | SA (Tb’hb)(ZH)max+2 2 (5:65)
m, @, 2

This expression shows as the appearance of rocking motion during the seismic event leads to a
reduction of the absolute response acceleration of the tank bulging motion and then a decreasing
of all response quantities involved such as bulging displacement and base shear.

The overturning moment is given in terms of the response acceleration spectrum by introducing
Eq. (5.52) in Eq. (5.46¢):

OM = mbeS/rx?-tiio (Tbv hb)(ZH )max +(mH, + mshHsh)(ZH ) (5.67)

max

Substituting Eq. (5.67) into Eq. (5.46a), the value of the ground acceleration demand for the
appearance of the rocking motion is given by:

. (mn‘ +msh)Dg
21, H, S (T, by )+ (M H,, +myH,)}

(2 Do >

(5.68)
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5.11. Numerical analysis on a sample tank

For the purpose of validating the accuracy of the proposed procedure, this section provides a
comparison between the tank response for rocking motion calculated by the simplified analysis
and that computed by the Explicit Finite Element Analysis (EFEA) for a sample tank in LS-
DYNA software. This study considers an unanchored flat bottom tank, set on an almost rigid
foundation, without roof. Shell height and diameter are respectively 30.0 m and 51.5 m. The
construction material for cylindrical and bottom plates is an aluminium alloy. Thickness value
varies in height from 54.5 mm to 16.0 mm for cylindrical shell, while for bottom plate it is
6.0 mm. The annular plate, whose width is 4.0 m, has 32.7 mm in thickness. The tank stores
liquefied natural gas (LNG) whose density is 0.47 t/m3 and depth is 28.8 m. Since the
proposed analysis does not take into account the out-of-round deformation of the shell, rigid
stiffeners modelled by rigid elements are attached to the cylindrical shell with an interval of
0.6 m. Moreover, the relative displacement between the bottom plate and the foundation is
constrained in order to prevent sliding. Cylindrical shell and bottom plate are modelled by shell
elements consisting of 21,639 nodes and 21,640 elements (see Figure 5-34). The Arbitrary
Lagrangian Eulerian (ALE) approach is employed in order to model fluid-structure interaction.
The fluid content is modelled by eulerian elements consisting of 301,168 nodes and 301,400
elements. The tank is supported by a concrete foundation whose diameter and thickness are
respectively 71.5 m and 10 m. Foundation is modelled by solid elements consisting of 15,651
nodes and 10,640 elements. It should be pointed out that the FE modelling of the foundation
does not take into account the soil-structure interaction and the dispersion of waves in soil.
However, this choice is reasonable since it leads to a safe side evaluation of the tank model
response. Dynamic excitation used in the seismic analysis is a recorded accelerogram of Kobe
earthquake of 1995, shown in Figure 5-35.
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Shell elements of
steel tank

Figure 5-34. Numerical model of a sample tank [183]

o & b N O N B O o

M A ’1 b

HGA = 8,12 m/s2
0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
T[s]

-
o

Horizontal Ground Acc. [m/s2]

Figure 5-35. Recorded accelerogram (Kobe earthquake ‘95) [183]

In this case, time history analysis uses the first seconds to increase gravitational acceleration
gradually in order to take into account the dead weight of the tank. For this reason, the response
does not begin fromt = 0.

Figure 5-36 shows time history of the vertical displacement of the two edge nodes of the bottom
plate located along the diameter parallel to the ground acceleration. Figure 5-34 clarifies the
location of the nodes analyzed for the uplift evaluation. As the alternate location of the peaks
in vertical displacement demonstrates (Figure 5-36), the left and the right bottom edges
reciprocally uplift because of the appearance of rocking motion. The maximum value of uplift
displacement is d ;;,5,, = 0.704 m.
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Figure 5-37 provides the distribution of the uplift displacement of the tank bottom plate along
the diameter parallel to the ground acceleration at the time t = 10.3 s (time in which the
maximum value of the uplift displacement d, .4, occurs). The corresponding uplift width of
the tank bottom plate is w; 4, = 3,98 m (ratio of the uplift width to tank diameter is 6 =
0.077).

The effective mass for bulging motion and the position of its gravity center for the sample tank
are obtained from literature [182]. Employing the uplift ratio reached from the numerical
analysis, the effective masses for tank rocking motion and for tank rocking-bulging interaction,
the position of their gravity centers and their moments of inertia are estimated from tables
presented in [162].

Table 5.7 summaries values of these properties and all other data required to carry out the
simplified analysis. The ratio of the maximum response acceleration to the maximum ground
acceleration S1%1°(T,, h;) is 2.48. The maximum ground acceleration (Z)max IS 8.12 m/s2.

From Egs. (5.59), (5.63) and (5.64a, b, c), values of angular acceleration 6 and angular
velocity @ are calculated. Moreover, employing these values into Eq. (5.66), the absolute
maximum response acceleration (%; + Zy)max Of the tank bulging motion that includes the
rocking motion effects is derived.

In Table 5.8 results from simplified analysis are provided. For comparison purposes, the table
presents also the value of the absolute maximum response acceleration calculated without
considering rocking effects. It should be noted that the bulging absolute acceleration when the
rocking motion occurs is about 16.5% of the bulging absolute acceleration in absence of
rocking.

The tank response computed by EFEA in terms of angular and horizontal acceleration is
affected by noise, caused by the impact of the tank on the foundation during the rocking motion.
For this reason, a filter has been used in order to reduce this effect, paying attention not to
modify the phase and the amplitude of the response.

Figure 5-38 shows the time history for angular acceleration # and rotation angle 8. As expected,
the two curves have different values of amplitude but the same phase, while their shapes are
opposite respect to the time axis. This is evidence that the filter does not affect the period of the
acceleration.

As mentioned before, the maximum uplift displacement of the tank bottom plate is reached at
t = 10.3 s; at the same time, also rotation angle is maximum, and angular acceleration value
is around 0.24 rad/s?.
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Figure 5-39 shows the time history of the angular velocity computed by numerical analysis.
When the maximum uplift displacement occurs, angular velocity is around 0.06 rad/s.
Finally, in order to compare analytical and numerical results in terms of absolute bulging
motion acceleration, some considerations should be made. The height of the gravity center of
the effective mass for bulging motion of the sample tank is H, = 10.809 m. Therefore, in the
numerical model, the absolute acceleration of the two shell nodes placed along the diameter
parallel to the ground motion at the height H,, is analyzed. Since the motion of the LS-DYNA
tank model is referred to an external global system, the absolute response acceleration of all
nodes includes the contribution due to the displacement of the shell induced by the rotational
motion, when the tank rocks. On the other hand, in the absolute response acceleration for
bulging motion (&, + Zy) carried out by the simplified analysis, the term X; represents the
relative bulging acceleration, i.e. the acceleration referred to a system of axis rotating in unison
with the tank rocking motion. Therefore, in order to provide a consistent comparison between
numerical and analytical results, the contribution of the rotation is removed from the absolute
response acceleration obtained by the numerical analysis.

Figure 5-40 shows the time history of the absolute response acceleration and highlights the
value of the response when the maximum uplift displacement of the bottom plate occurs. It
should be noted that the response acceleration trend does not match that of a single degree of
freedom system, given by a sinusoidal function antisymmetric respect to the horizontal axis.
This is a reasonable result since the bulging acceleration and the other bulging responses are
affected by the bulging-rocking interaction, as clarified in a previous section. In order to
demonstrate the reliability of the absolute response acceleration trend for bulging motion
provided by EFEA, Figure 5-41 shows the time history of the translational acceleration derived
by numerical analysis in MATLAB for the 2-story steel model. It should be noted that it does
not include the ground acceleration since the simple free fall of the model from an initial
inclined position has been analyzed. However, the overall trend of the responses depicted in
Figure 5-40 and Figure 5-41 shows a good match. The value of the EFEA absolute response
acceleration (= 16.5 m/s?) corresponding to the maximum uplift displacement is given as the
amplitude of the wave, that in this particular case does not coincide with the distance of the
peak from the horizontal axis (see Figure 5-40). Moreover, since the angular acceleration graph
is not smooth because of noise, it is recommended to pick up the medium value of the trend
near the peak of the response.

Comparison between numerical and analytical results is provided in Table 5.8. It is evident that
simplified analysis carries out very reasonable values of angular acceleration for rocking motion
and absolute response acceleration for bulging motion. Moreover, results provided by EFEA in
terms of bulging absolute acceleration, confirm that bulging response is reduced by the effect
of the rocking-bulging interaction and simplified analysis can correctly estimate this reduction.
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Otherwise, simplified analysis cannot provide reasonable evaluation of the angular velocity.
This is an expected result, since a simplified procedure neglecting the contribution of the
angular velocity has been employed for the calculation of the effective masses involved in the
rocking-bulging motion. However, this is a reasonable simplification, since values of angular
velocity are very small if compared to those of angular acceleration, so that the latter represents
the main actor of the rocking-bulging interaction.
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Figure 5-38. Time history of angular acceleration and rotation angle [183]
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Figure 5-39. Time history of angular velocity [183]
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Figure 5-40. Time history of bulging absolute response acceleration [183]
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Figure 5-41. Time history of bulging response acceleration carried out by MATLAB in the case of steel model free fall
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Table 5.7 Dynamic properties of the sample tank model involved in simplified analysis [183]

Bottom plate uplift Heights of the gravity centers
Max uplift displ. d- max 0.704 m Hp 11.094 m
H, 25.307 m
Max uplift width wy e 3,98 m | Hy 10.809 m
Hy 22274 m
Effective Masses Angles between vertical line y and R
mp 17.488x10%kg | as 67.23 rad
my 6.459x10° kg | o, 43.58 rad
Mo 4.306x10° kg | aus 45.97 rad
Msh 3.866x10° kg Moments of inertia of the masses
My 7.588x10% kg
Moy 0.0kg | Ly 4.56x10® kg.m?
Lengths between origin and gravity centers I 5.215x10° kg.m?
Dynamic bulging properties
R, 28.039 m
R, 34933 m | T} 04s
Ry 27.926 m | ks 4.310x10° kg/s*
Ry» 32.051 m | & 0.05
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Table 5.8 Tank responses calculated respectively by simplified and numerical analyses

Responses of interest Symplified Numerical
Analisys Analysis
Angular acc.  [rad/s?] 0.202 0.240
Angular vel. 8[rad/s] -2.570 0.06
Abs. response acc. for bulging motion ( X{ + Zy )mar 16.82 16.5
[m/s?] (including rocking effects)
Abs. response acc. for bulging motion ( X; + Zy )max 20.14 /
[m/s?] (not including rocking effects)

5.12. Conclusions

In order to investigate the dynamic response of unanchored tanks during seismic events, this
study first analyses the mechanical analogy between the rocking-bulging motion of a tank and
that of a 2DOF model, consisting of a spring-mass system and a lower mass attached to its base.
For the 2DOF model, the equations of motion are derived. The system of second order
differential equations is solved by using a numerical software. On the other hand, an
experimental test is conducted by recording, through a high-speed camera, the motion of a
physical model whose features are calibrated in order to properly represent the dynamic
behavior of the 2DOF model analytically described. Then, the 2DOF model is validated by
comparing the response in terms of displacement and rotation from numerical analysis with that
from the experimental one. The equations for the tank rocking-bulging motion are derived from
those of the 2DOF model by introducing the dynamic properties of a sample tank. Then,
equations of motion for tank model are simplified in order to provide an easier tool whose the
primary purpose is the evaluation of the two main quantities involved in the tank rocking-
bulging response: the maximum angular acceleration 6,,,, and the absolute maximum
response acceleration (X; + Zy)max including the reduction of the bulging motion due to the
occurrence of rocking. In this framework, the fundamental role of rotational inertia and
centrifugal forces governing the rocking-bulging interaction is investigated. Therefore, unlike
a previous work [163], all terms of the 2DOF model equations related to these forces are kept
in the simplified analysis. Finally, results of the seismic analysis conducted on a storage tank
with LS-DYNA software are compared with those provided by the simplified method in order
to validate the accuracy of the latters. The comparison reveals that the simplified analysis
represents a reliable and accurate method for the evaluation of the tank rocking-bulging motion.
Indeed, it can provide a good estimation for maximum angular acceleration and absolute
maximum response acceleration. Less accuracy is detected in the evaluation of the angular
velocity. This is attributed to a simplification in the method employed for the calculation of the
effective masses involved in the tank rocking-bulging motion, which consists in procedure that
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neglects the contribution of the angular velocity. However, this is a reasonable simplification,
since values of angular velocity are very small compared to those of angular acceleration.
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6. Concluding remarks

The main purpose of the research carried out in the aim of this PhD dissertation is the analysis
of the dynamic behavior of on-grade cylindrical steel storage tanks. This has been done through
two main research fields: the evaluation of tank seismic fragility and the analytical modeling of
the dynamic of tank-fluid system subjected to the ground acceleration.

As well known, the seismic fragilities of storage tanks play a fundamental role in the context
of the earthquake vulnerability assessment of industrial plants. The first part of the PhD study
has tried to provide a contribution to that topic. New fragility models have been proposed with
the aim to overcome limits and week points of past researches summarized in the following.

A first critical issue was the dimension of dataset: at the date, empirical fragility analyses in
literature were carried out basing on small collection of data. Therefore, the first step of the
present work has consisted in collecting a larger database on tank failure during past
earthquakes. The present dataset contains a great number of undamaged tanks omitted in
previous collections.

A further crucial point consists in the definition of damage states. Often in literature,
classification of damage was based on HAZUS criteria, suitable for building-type structure but
inadequate for cylindrical steel tanks. The present work classifies tank damages by using a set
of damage states basing on tank-fluid system structural performances and a set of risk levels
related to intensity of liquid releases.

Moreover, in most cases, development of fragility curves was based on the usage of damage
matrixes, in which tanks were divided into PGA bins, and the value of dispersion parameter
was bounded a priori. This regression procedure might be questionable because it forces the
shape of fragility curve. The present work proposes fragility curves fitted by using the Bayesian
approach. The advantage introduced by approach is that it is well suited to treat direct and
indirect information obtained from field observations and to incorporate subjective engineering
judgement. Data have been not divided into PGA bins and therefore regression is calculated
directly from the entire dataset. Following this approach, fragility relations are not influenced
or forced by the choice of range bounds. Moreover, the value of dispersion parameter is not
subjected to any boundary.

Results from fragility analyses overall confirms some general trends from other researchers in
terms of influence on the tank performances of crucial aspects as filling level, presence of base
anchorage system and tank aspect ratio. Other researches have proposed different fragility
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models depending on filling level, anchorage and H/D, even though they fitted these models
independently using different subsets of their database. Taking into account the effects of the
aforementioned parameters through specific regression coefficients, as proposed here, allows
to perform significance tests on these latter, and therefore evaluate which parameters are
statistically more relevant for the definition of fragility. In addition, an overall fragility function
taking into account simultaneously the effects of these parameters is provided.

With respect to what found in literature, the current study has obtained lower tank fragilities. It
IS an expected results, since previous researches considered mostly damaged tanks, while a
great number of undamaged tanks were omitted.

The second section of the present PhD study has focused on the mechanical modeling of
unanchored tanks dynamics. These structures are known to show a complex behavior under
seismic action, since their response involves the combination of vibrating and bouncing
phenomena. Past researches provided simple tools for the seismic analysis of the tank-fluid
system but they neglected the effects of the tank rocking-bulging motion interaction. However,
as the comparison between analytical and experimental results corroborates in the present work,
the rocking-bulging interaction is governed by rotational inertia, centrifugal and Coriolis forces
that play a leading role in the dynamic response of the tank.

Then, the current study proposes an investigation on the role of inertial and centrifugal forces
in the context of the interaction between rocking and translational motions. The simultaneous
dynamic equations of a 2DOF model have been solved through a numerical software and results
have been compared with those of experimental tests. Moreover, employing the dynamic
properties governing the tank rocking-bulging motion into the simultaneous equations, a
simplified method to determine the tank bulging response and the measure in which it is reduced
by the rocking appearance is provided. Validation of the proposed analysis is conducted
comparing its results with those computed through an Explicit Finite Element Analysis on a
sample tank.

A future development of this work could deal with the derivation of analytical fragility curves
based on structural modeling and response simulations. For this purpose, a proper numerical
model simulating the seismic response of the tank-fluid system in case of unanchored tank will
be employed. Indeed, one of the problems related with empirical fragility curves is that damage
data corresponding to high PGA values are limited, therefore, in this case curves have to be
extrapolated. By using analytical fragility, this issue can be overcome.
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