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[IC RESPONSE OF CONCRETE RECTANGULAR

LIQUID STORAGE TANKS

Jun Zheng Chen P.Eng.
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Department of Civil Engineering
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ABSTRACT

In this thesis, the dynamic response of concrete rectangular liquid storage tanks is
investigated. In previous studies, the tank wall has been assumed as rigid in the
calculation of hydrodynamic pressures. The effect of flexibility of tank wall is considered
in this study. The analytical solutions for both impulsive pressure and convective pressure
induced by both horizontal and vertical ground motions are presented.

A 2-D coupled analysis model of tank wall is proposed. The hydrodynamic pressures
are considered as external forces applied on the tank wall. Through a technique called the
sequential method, the two fields of fluid and structure are coupled. The time-history
analysis using the mode superposition method and the direct step-by-step integration
method are carried out. Two rectangular tanks are analyzed. From the comparison of the
results obtained from the proposed model with those proposed by other researchers, such
as added mass model based on the rigid wall boundary condition, it shows that the
lumped mass approach overestimates the base shear and wall displacement. The effect of
wall flexibility on displacements, base shears and base moments are also discussed.

A combination of the added mass method and the sequential method is used to study
liquid storage tanks subjected to the vertical ground motion. It is found that the effect of
the vertical acceleration should be considered in dynamic analysis of rectangular tanks. It
is concluded that the total response of the structures should be based on the sum of the

response under both horizontal and vertical components of ground motion.

v



ACKNOWLEDGEMENTS

I would like to express my thanks to Professor M. Reza Kianoush for his
encouragement, support and supervision of this research work.

Financial support received for this project from Ryerson University in the form of a
scholarship and from the Natural Sciences and Engineering Research Council (NSERC)
of Canada under an operating grant is appreciated.

In addition, deep gratitude is expressed to my parents for their encouragement in the

past years, which led me to this achievement.



TABLE OF CONTENTS

Chapter Page
Llst Of Tables .............................................................................................. iX
List Of Figures ............................................................................................... X
List Of SYMDBOLS  rereresssersresssemstreuecssnnicemennicsiniicims st xiv
1 Introducti(m ............................................................................................. 1
1 . 1 IntrOductiOH ....................................................................................... 1
1.2 Objecﬁves and SCOpe Of the Smdy .................................................... 1
1.3 Thesis Layout .................................................................................... 2
2 Literature ReVieW .................................................................................... 4
2‘1 Introduction ....................................................................................... 4
2.2 Failure of Fluid Storage Tanks under Earthquakes «++eoeoseoeerrsreeceaees 4
2.3 PreViOus ResearCh ............................................................................. 6
24 Other Related Studles ....................................................................... 1 4
3  Hydrodynamic Pressures in Rectangular Tanks oceoeoeessresemerseenmeneraneenns 17
3 . 1 Intr()ducti()n ...................................................................................... 1 7
32 PreViOUS Analysis ............................................................................. 17
33 Fhlld MOﬁOH in Rectanglﬂaf Tanks .................................................. 19
3.4 Hydrodynamic Pressures — Horizontal Acceleration Condition +-+-23
341 GOVQming EquatiOn ................................................................ 23
3.4.2 Tpulsive SOIUtIOn @ -wwesrerseesesseesemsreasemsmmsennsmmenssisscsuunnes 25
3.43 COHV@C&V@ Soguﬁon ¢ R R RARRALL 26
3.5 Hydrodynamic Pressures — Vertical Acceleration Condition -+ 28
4 Stmctural Dynamic Anaiysis Of Taﬂk Waus ........................................... 30
4.1 IﬂtrOduCtion ...................................................................................... 3()

vi



4.2 Finite Element Model of Rectangular Tank (Tank Wall) «ooeoeoeeereneee 30

43 GOV@miﬂg Equati@n Of MOﬁOn ........................................................ 32
4.4 Plane Stress Flament o t-s-ceessersrresssssessesisnsniisisississniserssnissnnseins 34
4.5 Rayleigh Ritz Method - rrerssssersssssssssssssssssssssssssssssinsssissnssssscas 36
46 TimE"HiStOYy AﬁaEYSiS ...................................................................... 37
Dynamic Analysis of Liquid Storage Tank System :«--s-oseeerreesesseeernen 41
5.1 Introducti()n ...................................................................................... 41

5.2 Finite Element Model for Rectangular Liquid Storage Tank

System ............................................................................................ 4 ‘E
5.3 Dynanlic Analysis ............................................................................ 43
5 '3 . 1 Goveming Equation Of Motion ............................................... 43

5.3.2 Coupled Analysis of Horizontal Ground Motion Condition ---44

5.3.3 Coupled Analysis of Vertical Ground Motion Condition-+---- 49
5.4 Load Comblnation ............................................................................ 50
Description of the Computer Program for Dynamic Analysis -« 52
6.1 Introductlon ...................................................................................... 52

6.2 Subroutine HYDRO for Hydrodynamic Pressure

CAlCULALIOR +++rrrrveersernerserseomsrnsesnerscsnresoniiscsestsinesssteensnisnsrssnresesns 52
63 Incorporation Of HYDRO intO SAP W ............................................ 55
6.4 ADalysis ProCEAUIE - -wwsserrrrssssssssssstssmisssssssssssasssassssssssnss s 56
Parameter Analysis and Examples -+« eresesreesemsessssmsissnniicnsinennes 58
71 Introducﬁgn ...................................................................................... 58
7.2 Dynamic Analysis of Liquid Storage Tanks — Empty Tanl -+ 58
7.3 Dynamic Analysis of Liquid Storage Tanks — Full Tank:««oereeeeeees 65

7. 31 HOﬁZOntai Ground MOﬁOﬂ ...................................................... 65



7,3.2 Verﬁical G»r@und Mgtign ..................................................... ;...-EOE

7.3.3 Combination of Horizontal and Vertical Ground Motion -+ 117

8 Summary, Conclusions and Recommendations «ooeseeoeessreeserseesesininnees 124
8 1 Sumary ......................................................................................... 124

8_2 COBCEUSiOHS ..................................................................................... 126

8.3 Recomﬂlcndatigns for Further Research ......................................... 127
References ............................................................................................. 1 2 8
Appendix A - Derivation of Equation - Impulsive Pressure (Horizontal)-----133

Appendix B - Derivation of Equation - Convective Pressure (Horizontal) 135
Appendix C - Derivation of Equation - Impulsive Pressure (Vertical) -+ 138

Appendix D - FOmlat Of Input File PRE.DAT ............................................... 140

viti



Table

7.1

7.2

7.3

7.4
7.5

7.6

7.7

7.8

7.9

7.10

LIST OF TABLES

Page
Summary of Dynamic Response of Empty Tank «----sessserssevsesesseases 64
Summary of Dynamic Response of Tall Liquid
Storage Tank — Full Tank- - weseeeeserserssersmeenssemiuiinnimessnenne: 76
Summary of Dynamic Response of Shallow Liquid
Storage Tank — Full Tank- e weesereserssemsccriemmsionsimsenssinsennsiaseniisinnss 80
Different Modulus of Elasticity of Concrete < srermssersssersensecnse 28
Effect of Variation of Modulus of Elasticity of
CONCTEtE ON RESPONSE ++rervssssressssssscssssssssssssusssssinsssssssssissssssssssssessenss 89
Summary of Dynamic Response of Liquid Storage Tanks
due e Verﬁcal Gr()und IIGLIONS o+-oororrrooroossecsocoseatoonssasoossoantacaonssocsseossss 104
Combination of Dynamic Response of Tall Tank in
Horizontal Direction (1940 El Centro Earthquake) «-oo-oeerereeseressneeeeneess 118
Combination of Dynamic Response of Shallow Tank in
Horizontal Direction (1940 El Centro Earthquake) «-eceooeeeeessereraneeenees 119
Combination of Dynamic Response of Tall Tank in
Horizontal Direction (1994 Northridge Earthquake) «+-««eerserereeeereeeees -~--120
Combination of Dynamic Response of Shallow Tank in
Horizontal Direction (1994 Northridge Earthquake) «--r-oveereeeeseeeseeres 122

ixX



LIST OF FIGURES

Figure

21

2.2

23

2.4

2.5

2.6

2.7

2.8

2.9

2.10
3.1

Elephant Foot Deformation of Water Tank
on the Hill behind Olive View Hospital (San Fernando,

Caﬁfomia, Eaﬁhquake Of February 9’ 197}) .......................................

All filled stainless steel tanks buckled. (Livermore,

Caﬁf()mia earthquake, Jan. 24, 1980} ...................................................

Displaced Collar Ring around a Large Tank in the

Karumojima Tank Farm (Kobe, Japan Earthquake, Jan. 17, 1995) -

A 13-inch Anchor Bolt Stretch in Jensen Filtration Plant,

Metropolitan Water District. (San Fernando, California,

Earthquake OfFebruary 9, 1971) ..........................................................

Collapse of Elevated Steel Storage Bin Anchorage,

(AlaSka Earthquake’ Mar. 2‘7’ 1964) .....................................................

Joseph Jensen Filtration Plant -Collapse of Concrete Wall of

Underground Reservoir (San Fernando, California,

Earthquake Of February 9, 1971) ----------------------------------------------------------

Joseph Jensen Filtration Plant - Damage of Column

of Concrete Underground Reservoir (San Fernando,

California, Earthquake of February 9, 1971) wwovrmessersmmsssmsssanssmssrsnssnen

Damage of a 700,000-liter Capacity Elevated Reinforced

Concrete Water Tank (Chilean earthquake of May 1960) -----eccoeeeeeeue

Damage of Concrete Supports under Tank, Habas Liquid Gas Plant

(Izmit (Kocaeli), Turkey earthquake, Aug. 17, 1999) -oeereerrererrarneeeses

Hounserss Model ----------------------------------------------------------------------------------

Generalized Westergaard Added Hydrodynamic

MaSS Modei fOF Dam3 ..........................................................................

Page



3.2
3.3

3.4
4.1
4.2
43
5.1
5.2
5.3
5.4
5.5
6.1
7.1
7.2
7.3

7.4
7.5
7.6
7.7

7.8
7.9
7.10
7.11
7.12

Coordinate System for Surface-Wave Problems «reereerserercenresrseeeseens 19

Hydrodynamic Pressure Distribution

for Rigid Tank (Dogangun et al., 1996) w+rseweerssssssseessmsssseseinssssecsenens 21
Geometry for Liquid in a Rectangular Tanke-+eweseermsseerssecssccemecunncs. 23
leed Base CoOnneCHiQ - oesrrrorretnrorssescsssantcossiiststestiosssssorsssssososassarsios 31
Hinged or Pinned Base COMNECHon -« w-ewrstwstessessesmmimmsessnicssisnssinnen. 31
MOdei Of Rectangular Tank .................................................................... 31
Hounser’s Model «wreeererererrmeenesesentinienssisinssiii o esonsnees 42
Finite Element Model of Rectangular Tagk - -+weesserescseemsemsemecnsensnns 42
FIOW Chart Of Sequential Analysis ......................................................... 46
Transfer Data in Coupled Fluid Storage Tank System --seeeeereeeeseseceeees 47
Typical Loads Applied on Tank Wall - --ceeeemereesiomsisusssmmsinieninnnnes: 51
The FIOW Chart Of SUbroutine HYDRO ................................................ 53
Dimensions and Parameters of Rectangular Tank -« - -weerseerersesseccennees 59
Finite Element Model — Tall Tank----e-weseesreresereresnsssmmsicsssissmnmssencsns 60

N-S Component of El Centro Accelerogram,

1940 Imperial Valley Barthquake - -+essersseesssersecriseonsccmennicnsninasenns 61
Dynamic response of Empty Tank - Model 1-----swersseeesetesssnimsesunenns 62
Dynamic response of Empty Tank - Model 2+ wswssresseussimsscssseisscnns. 62
Dynamic response of Empty Tank - Model 3+ weseersetossmmssssisiiuneens 63

Comparison of Impulsive Pressure Distribution

in Two Models (Rigid) = wesweserssressesssersssmssensscssnesssemssinisensscnssnnaenssanescces 66
Dynamic response of Tall Tank - Model 1 -+-ereseceeecmssccmsenissnsscsisiennss 69
Dynamic response of Tall Tank - Model 2 «+--weeermreeessssmssesmsessmssinsenns: 69
Dynamic response of Tall Tank - Model 3 - e-swweseseeressecmserssniisssnsenneses 70
Dynamic response of Tall Tank - Model 4 -++-eeerssseceeeressionsessmssiinnins 71
Dynamic response of Tall Tank - Model 5 +cswwereeeeserssenssenserissnmnsicses 71

Xi



7.13
7.14

7.15

7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23
7.24
7.25
7.26
7.27
7.28

7.29
7.30

7.31

7.32

7.33
7.34

Dynaimc response Of T&H Tank - Model 6 ............................................. 72
Dynamic Response of Wall and Impulsive Pressure
at Tlme t=456 sec (M{)del 5) ................................................................. 73

Dynamic Response of Wall and Impulsive Pressure

at Time t=2.16 56c (MOdel 6) ++werrrssermsssssmmsessnmneses s 74
Analysis Results from Kim et al. (1996) - -eerseesseomssesssissssimsssssininnne, 75
Finite Element Model — Shallow Tank----e-sesesrerseesessersenssimisnseinnn, 79
Dynamic response of Shallow Tank - Model 1 ««ewsseeesssseerssecmmssscmnnninnn: 82
Dynamic response of Shallow Tank - Model 2 -+--seweessemmssssesmsisnnseinsees ’3
Dynamic response of Shallow Tank - Model 3 ++-eeevessevssssrmsssensesnunnen. 84
Dynamic response of Shallow Tank - Model 4 -+ewvseseemmssessmnsesmanninss 85
Dynamic response of Shallow Tank - Model 5 «+--evsesseeessecsssessssnnnenan. 86
Dynamic response of Shallow Tank - Model 6 ««-weerseemsseemerereessrenss g7
Dynamic Response of Shallow Tank - E=0.8Fq «--ewreeerseesssensseoneneees 90
Dynamic Response of Shallow Tank - Eg=0.6E «+w-seeereserssesessescensens 92
Dynamic Response of Shallow Tank - Eg=0.4F «eeemeereesssenessnsee. 93
Dynamic Response of Shallow Tank - Eg=0.2Eqw+swwesererersessessscssnasees 04
Dynamic Response of Shallow Tank - Eg=0,1Eqe--sweseeessreessomnsssnssness 96
Effect of Flexibility of Tank Wall on ReSponse -+ wsecssessersscesecsece 97

Dynamic Response of Tank Wall and Impulsive

Pressure Distribution for Different B -rerererersresssssesrerssusnsenssscsnniincnes 99
Vertical Component of El Centro Accelerogram (0-8sec)

1940 Imperial Valley Earthquake -+ -smssssessessssssssesenssssssssssissscconen 101
Vertical Component of Northridge Accelerogram (0-12sec)

1994 Northriﬂge Barthquake -« resrseersessresserserscssesniomcomnnecniaaniese 101
Two Models Used in the Vertical Ground Motion Calculation e 102
Dynamic Response of Tall Tank due to Vertical

Ground Motion — Model 1 (1940 El Centro Earthquake) «---+ooe--eeeeeeeee 105

xit



7.35

7.36

7.37

7.38

7.39

7.40

7.41

7.42

7.43

7.44

7.45

7.46

Dynamic Response of Tall Tank due to Vertical

Ground Motion — Model 2 (1940 El Centro Earthquake) ««---s-o-reevesureee: 106
Dynamic Response of Shallow Tank due to Vertical

Ground Motion — Model 1 (1940 El Centro Earthquake) -+o-eeeeeeereeees 108
Dynamic Response of Shallow Tank due to Vertical

Ground Motion — Model 2 (1940 El Centro Earthquake) «=-rcreeesereeneees 109
Dynamic Response of Tall Tank due to Vertical

Ground Motion — Model 1 (1994 Northridge Earthquake) «-eoreseeeeeee 111
Dynamic Response of Tall Tank due to Vertical

Ground Motion — Model 2 (1994 Northridge Earthquake) --oeo-eeoeereeee 112
Dynamic Response of Shallow Tank due to Vertical

Ground Motion — Model 1 (1994 Northridge Earthquake) «+--eoereeeereeee 114
Dynamic Response of Shallow Tank due to Vertical

Ground Motion — Model 2 (1994 Northridge Earthquake) -«+++oveoeeeoees 115
Horizontal Component of Northridge Accelerogram (0-12sec)

1994 Northridge Barthquake -+ esssseeseessersecssemsimssceininitinincnmscncecnne. 117
Combination of Dynamic Response of Tall Tank

in Horizontal Direction (1940 El Centro Earthquake) «---oereevreveesresceeres 118
Combination of Dynamic Response of Shallow Tank

in Horizontal Direction (1940 El Centro Earthquake) ««--eccceoeeereseeraer 119
Combination of Dynamic Response of Tall Tank

in Horizontal Direction (1994 Northridge Earthquake) «--oooeeoeeoeeeeneees 121
Combination df Dynamic Response of Shallow Tank

in Horizontal Direction (1994 Northridge Earthquake) ---ocooeeeemeseeesees 122

xiii



[B]

Hi

LIST OF SYMBOLS

area of the plane stress element
amplitude of vibration

strain-displacement matrix

period-dependent spectral amplification factor

matrix of damping coefficient

displacement

displacement at the top of tank wall
Damping

matrix of material constants

Young’s modulus
modulus of elasticity of concrete
generalized force

base shear of tank wall
vector of generalized force

acceleration due to gravity

shear modulus of material

height above the base of the wall to the center of the
gravity of the impulsive lateral force

height from the base of the wall to the center

of gravity of tank wall

gravity of the impulsive lateral force

height of tank

height of fluid

height of tank wall

Xiv



1 = important factor

(k] = element stiffness matrix
k] = matrix of stiffness coefficient
I L = half inside length of a rectangular tank in the

directions of x and z
Mg = base moment
M; = impulsive mass of contained liquid per unit

width of a rectangular tank wall

M, = mass per unit width of a rectangular tank wall
[m] = ¢lement mass matrix

[M] = matrix of inertia coefficient

[N] = matrix of shape function

= hydrodynamic pressure (Chapter 3)

= hydrodynamic pressure function (Chapter 3)
Pg = the lateral inertial forces of wall and lateral impulsive force
Px> Py = components of the applied boundary forces per unit

Iength of the boundary (Chapter 4)

Ry« = response modification factor
8 = the boundary of the plane stress element
S = site profile coefficient representing the soil characteristic

as they pertain to the structure

t = {ime
tw = thickness of tank wall
T = kinetic energy

T = period of vibration in the nth mode.

XV



u(t), u(t) = velocity and acceleration of fluid in horizontal
direction respectively (Chapter 3)

u,u, 0 = displacement, velocity and acceleration respectively
in x direction (Chapter 4)

v, v,V = displacement, velocity and acceleration respectively

in y direction (Chapter 4)

=
‘\?v‘r"
=2
‘:v-’
=,
[
Il

matrix of system displacement, velocity

and acceleration respectively (Chapter 4)

U = strain energy
v = Poisson’s ratio
Vy, Vy = velocity component in the directions of x, y
X,V Z = (Cartesian coordinates
Woe = Viﬁual work done by the non-conservative forces
Z = seismic zone factor
) = velocity potential function for liquid
¥ = shear strain
£ = normal strain
€ = effective mass coefficient (Chapter 7)
n = function for mean level of the free surface
= wavelength
Ae = wavelength for convective pressure
Ar = wavelength for impulsive pressure
A, = proportion of critical damping in the nth mode
Jo, = mass density of material

pr = mass density of liquid

xvi



mass density of tank wall
normal stress
shear stress

natural frequency

natural frequency of the impulsive mode of vibration
natural frequency of the convective mode of sloshing

damping ratio

Xvii



Chapter 1 Introduction

1.1 Introduction

Liquid storage tanks are essential facilities in lifeline and environmental engineering
systems. They also play an important role in the rescue work after earthquakes. Any
damage of such tanks after an earthquake may cause consequential loss to the society.
Although major studies have been conduct in the past, as most of them are related to
circular liquid storage tanks, especially steel tanks, little attention has been focused on the
dynamic response of concrete rectangular tanks. In this study, the dynamic response of
concrete rectangular liquid storage tanks is investigated.

The problem related to liquid storage tanks involves many fundamental subjects
which are of concern. One of them is the interaction between the fluid and structures
under the seismic loading. Usually the hydrodynamic pressures induced by earthquakes
can be separated into convective pressure and impulsive pressure. The boundary
condition in the calculation of hydrodynamic pressures has been treated as rigid wall such
as those in the current design standards and codes e.g. ACI 350.3 (2001) and New
Zealand Code NZS3106 (1986). For the case of concrete tanks, the effect of tank
flexibility on dynamic response is still questionable. In this study, this problem is

investigated.

1.2 Objectives and Scope of the Study

The main purpose of the present study is to investigate the dynamic response of
liquid storage tanks. As mentioned before, though some general principles of dynamic
response of liquid storage tanks are studied, the major emphasis is on the dynamic
response of concrete rectangular liquid storage tanks. In this thesis, a finite element
model is developed to consider. the magnitude of hydrodynamic pressures due to the

flexibility of wall in the dynamic analysis. In order to implement this proposed model, a



sequential method is used and a computer program is developed. On this basis, the
dynamic response of liquid storage tanks is easily analyzed. Finally some
recommendations are provided.
The scope of the present study is summarized below:
(1) Study the hydrodynamic pressures in the flexible wall boundary condition.
(2) Develop a finite element model for the analysis of the dynamic response of liquid
storage tanks.
(3) Establish the dynamic analysis techniques for computer analysis.
(4) Develop a computer program HYDRO which can calculate the impulsive pressure.
Incorporate this program into a general purpose structural analysis software SAPIV.
(5) Analyze rectangular tanks under horizontal and vertical ground motion. Study
different models in order to verify the validity of the proposed model.

(6) Study the load combination of liquid storage tanks subjected to earthquakes.

1.3 Thesis Layout

The thesis is divided into eight chapters. In Chapter 1 the objectives and the scope of
research are described. A summary of the research work on dynamic response of liquid
storage tanks is presented in Chapter 2.

Chapter 3 discusses how to calculate hydrodynamic pressures in the flexible wall
boundary condition. The basic theory in relation to surface wave or potential flow is
presented. Two-dimensional analytical solutions for both impulsive and convective
hydrodynamic pressure are provided. The results include hydrodynamic pressures
induced by both horizontal and vertical ground motions.

In Chapter 4, the dynamic response of an empty tank is investigated. The dynamic
analysis is carried out using time history analysis. Both the mode superposition method
and the direct step-by-step integration method are used. |

Chapter 5 presents a finite element model for the analysis of fluid-structure

3]



interaction problem. The sequential method used in the analysis for the proposed model is
described.

In Chapter 6, the subroutine HYDRO is presented. The linear structural analysis
software SAPIV is used to carry out dynamic analysis. The incorporation of subroutine
HYDRO into SAPIV is described.

Chapter 7 presents the results of series of parametric studies on the dynamic
response of rectangular storage tanks. A rectangular tank studied by other researchers is
used to verify the efficiency of proposed model.

Finally, a summary and the major conclusions reached from thé study are described

in Chapter 8. Some recommendations for further study are also given in this chapter.



Chapter 2 Literature Review

2.1 Introduction

The previous research work related to the dynamic response of liquid storage tanks
is presented in this chapter. Section 2.2 describes the damages and failures of the fluid
storage tanks during past earthquakes. Some figures describing the failure mechanism are
presented for understanding of this problem. A brief summary of historical research in
this field is presented in Section 2.3. Different models used in the analysis of fluid
storage tanks and the major contributions from past studies are described in this section.
Finally some related information is presented as this subject links to many other
engineering fields. The design codes and the related documents are introduced in Section

2.4.

2.2 Failure of Fluid Storage Tanks under Earthquakes

Liquid storage tanks are very important components of lifeline and industrial
facilities. The damage of such tanks may not mean the loss of economic value of the tank
and content. Without the assured water supply, some consequential damage such as
uncontrolled fires may occur. In addition, as these structures are used extensively for the
storage of a variety of liquids and liquid-material such as oil, liquefied natural gas,
chemical fluids, and wastes of different forms, any collapse during earthquake can be a
disaster to the environment. This will lead to the even worse condition in which the loss
may be more than the earthquake itself.

The failure modes of fluid storage tanks in past earthquakes can be summarized into
the following categories.

For steel storage tanks, it may be:

(1) Elephant-foot buckling of bottom shell due to overload stresses. Figure 2.1 shows the
elephant foot deformation of one steel tank after San Fernando, California,

Earthquake of February 9, 1971.



(2) Diamond-shaped buckling of tanks with very thin shells. Figure 2.2 shows such
deformation in a winery after Livermore, California earthquake, Jan. 24, 1980. All
these filled stainless steel tanks buckled.

(3) Damage to the roof caused by sloshing of the fluid or failure of frangible joints
between wall and roof. Such collapse of roof occurred frequently in San Fernando,
California Earthquake 1971. For example Granada High Tank, which is a 55-foot
diameter by 45-foot high riveted steel tank, was damaged by the collapse of the roof
trusses which were constructed of light-gauge steel angle.

(4) Fracture of wall-base connection in tanks partially restrained or tanks unrestrained
against up-lift. Figure 2.3 shows a fracture failure at the bottom of large tank in Kobe,
Japan earthquake, Jan. 17, 1995.

(5) The rocking of the tank resulting from the sloshing of the fluid inside may pull out or
cause tension failure of the anchor bolts. Figure 2.4 shows an anchor bolt pulled out
about 13 inches in Joseph Jensen Filtration Plant wash-water tank in San Fernando,
California, Earthquake of February 9, 1971.

(6) Failure of a tanks support system for elevated tanks. Figure 2.5 shows the collapse of
an elevated steel storage bin anchorage in Alaska earthquake, Mar. 27, 1964.
Concrete liquid storage tanks have also suffered severe damages to the roofs,

columns and wall systems due to excessive initial forces in past earthquakes. In San

Fernando, California, Earthquake of February 9, 1971, a finished underground water

reservoir of Joseph Jensen Filtration Plant was subjected to a maximum horizontal

inertial force estimated about 0.4g which would be about 450 to 500 psi applied to the
roof due to the filled cover. Figures 2.6 and 2.7 show the damage to the wall and column
of this reservoir respectively.

The concrete support system is commonly used in elevated fluid storage tanks. The
failure of such a system, for example the failure of beam and column plastic hinges in the

circular frames, can also frequently be found after strong earthquakes. In the Chilean



earthquake of May 1960, a 700,000-liter capacity elevated reinforced concrete water tank
suffered strut damage throughout. The actual water content at the time of the earthquake
was 600,000 liters. Figure 2.8 shows the damaged tank after the earthquake. This
phenomenon has also been observed in a recent earthquake of Izmit (Kocaeli), Turkey
earthquake, Aug. 17, 1999 as shown in Figure 2.9.

Besides, there are many other types of damages to both steel and concrete liquid
storage tanks such as foundation failure due to liquefaction of soil beneath the tank and
failure of connection between the tank and piping or other accessory systems.

Based on observation from previous earthquakes, it is concluded that liquid storage
tanks can be subjected to large hydrodynamic pressures during earthquakes.
Consequently, high stresses can cause buckling failure in the steel tanks. In concrete
tanks, due to large inertial mass of concrete, the stresses could be large and result in
cracking, leakage or even collapsing of the structure. These damages and failures of
liquid storage tanks in past earthquakes attract many practicing engineers and researchers

to study this problem in order to improve the behaviors of those structures.

2.3 Previous Research

Intensive research work on the dynamic response of liquid storage tanks commenced
in the late 1940’s, but originally it was in the study of dynamic response of the fuel tank
in aerospace engineering. Later Housner (1957, 1963), Hounser and Haroun (1979, 1980),
Haroun and Housner (1981), Haroun (1983, 1984), Haroun and Tayel (1985), Haroun and
Abou-Izzeddine (1992A, 1992B), Veletsos and Yang (1976) and Veletsos and Tang (1986,
1987, 1990), Veletsos et al. (1992A, 1992B), Nash et al. (1987), Park et al. (1990), Kim
et al. (1996) and many others carried out research work in this area. However, these
studies were mostly related to cylindrical steel tanks which were more commonly used in
the civil engineering especially in the oil and water supply industry. Little attention was

drawn to the seismic response of concrete tanks, especially to rectangular tanks.
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Figure 2.1 Elephant Foot Deformation of Water Tank on the Hill behind Olive

View Hospital (San Fernando, California, Earthquake of February 9, 1971)

Figure 2.2 All Filled Stainless Steel Tanks Buckled. (Livermore, California

Earthquake, Jan. 24, 1980)



Figure 2.3 Displaced Collar Ring around a Large Tank in the Karumojima Tank
Farm (Kobe, Japan Earthquake, Jan. 17, 1995).

Figure 2.4 A 13-inch Anchor Bolt Stretch in Jensen Filtration Plant, Metropolitan
Water District. (San Fernando, California, Earthquake of February 9, 1971)



Figure 2.5 Collapse of Elevated Steel Storage Bin Anchorage
{Alaska Earthquake, Mar. 27, 1964)

Figure 2.6 Joseph Jensen Filtration Plant -Collapse of Concrete Wall of
Underground Reservoir

{San Fernande, California, Earthquake of February 9, 1971)



Figure 2.7 Joseph Jensen Filtration Plant - Damage of Column of Concrete
Underground Reserveir

(San Fernande, California, Earthquake of February 9, 1971}

Figure 2.8 Damage of a 700,000-liter Capacity Elevated Reinforced Concrete Water
Tank (Chilean Earthquake of May 1960)
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Figure 2.9 Damage of Concrete Supports under Tank, Habas Liguid Gas Plant
(Izmit (Kecaeli), Turkey Earthquake, Aug. 17, 1999)

The main difference between the research on dynamic response of fuel tanks in
aerospace engineering and those in civil earthquake engineering is that the later more
concerned with response in the lower frequencies as the size of the such tanks are so lager
that the dynamic response resulting from the lower frequencies dominates the critical
stresses and deformation of the tanks.

Housner (1957) developed the most commonly used model as indicated in Figure
2.10. He assumed the énc@@pressibis liguid underwent small displacement. The
hydrodynamic pressures induced by earthquake were separated into two parts: impulsive
pressure - the portion of the liquid accelerating with the tank, and convective pressure -
the portion of the liguid sloshing in the tank. On this basis, he developed simplified
expressions to approximate these pressures by added masses, The added mass in terms of

impulsive pressure is rigidly connected with the tank wall and the added mass in terms of

11



convective pressure is connected to the tank wall using springs. The boundary condition
in calculation of hydrodynamic pressures was treated as rigid in his model. Later, Epstein
{1976) presented the design curves according to the Housner’s model for estimating the
bending and overturning moment induced by the hydrodynamic pressures for both

cylindrical and rectangular tanks,
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Fluid Surfoce Fluid_Surface. — Convective
e J— - \ /’ ——
j R ; |/
% ‘v B 3 //b——““" ' T——H ,_,_/‘\‘ / \/\f’__\_CI)____\/\V’;\/L__‘
i 1 . | \ T M
Hw i - ® ) ‘l ‘\\ .
! Hoode Y . h; : /{/’\
! i g | e M,
‘L T 7 e ot ‘: hrasprany i—-%— F X
Lx Lx Lx Lx
. t, . t.
(a) Fluid Motion in Tank {b) Dynamic Model for Rigid Wall Tank

Figure 2.10 Hounser’s Model

Yang and Veletsos (1976) considered the effect of wall flexibility on the magnitude
and distribution of the hydrodynamic pressures and associated tank forces. They assumed
that the tank-fluid system behaved like a single degree of freedom system and the base
shear and moment were evaluated for several prescribed modes of vibration. They used
Fluggle’s shell theory to analyze the dynamic response of tank. The displacement
component of the arbitrary point on the shell were expressed in terms of natural modes of
the vibration of 2 uniform éaﬁﬁiever beam with shear and bending flexibilities, and the
effect of the container lignid was approximated by assuming that a portion of the mass of
liguid was attached to the shell. It is found that for tanks with realistic flexibility, the
impulsive forces are considerable higher than those in rigid tanks.

Both of the above studies used an analytical method which consists of the high order

differential eguations in fluid mechanics and structural dynamic problem. But due to the



limitation of solving such differential equations, the results were less accurate. In order to
analyze the dynamic response of the contained liquid system more accurately, Balendra
and Nash (1975) used the Finite Element Method to discrete the tank wall and considered
it to be a thin elastic shell element. The effect of sloshing was neglected. Thus the
problem was reduced to an empty cylindrical tank with mass matrix augmented by an
“added mass” representing the effect of the contained liguid. The program
“EXDOMTANK” based on the reference (Balendra and Nash, 1975) gave the time
history of displacement and stress in the shell due to impulsive forces. Later Yu and Nash
(1986) used Finite Element-Perturbation Method which was based on the perturbation
technique to study the non-linear sloshing of liquid and the stability. The response of
solid tank is solved by nonlinear finite element method. The technique, which was called
sequentiai method, was used to simulate the interaction between fluid and wall. But no
time history response concerned by Civil Engineering was demonstrated in their study.
The commercial finite element software ANSYS was used in their research.

Haroun has done many theoretical and experimental investigations on the dynamic
behavior of the fluid storage tanks. He used liquid-shell system in which the shell wall
was discretized by using cylindrical finite element and the fluid region was treated as a
continuum by the boundary solution techniques (Haroun, 1981). Also, he presented a
very detailed analytical method in the typical systems of loadings in the rectangular tanks
(Haroun, 1984). The hydrodynamic pressures were calculated by classical potential flow
approach. The formulas of hydrodynamic pressures only considered the rigid wall
boundary condition. In addition, Haroun (1983) carried out the experiments at University
of California, Berkeley. A series of ambient and forced vibration tests of three, full scale
water storage tanks were conducted to determine the natural frequencies and the mode
shapes of vibration. Two tanks were selected in which permanent instruments were
installed to record the possible future earthquakes. This research work significantly

improved the understanding of dynamic response of fluid storage tanks and provided



practicing engineers with simple and sufficiently accurate tools to estimate such response.

Park et al. (1990) performed research studies on dynamic response of the rectangular
tanks. They used the boundary element method to calculate the hydrodynamic pressures
and finite element method to analyze the solid wall. The governing equation for the
coupled system was given. The time history analysis was used to obtain the dynamic
response of fluid storage tanks. Both impulsive and convective effects were considered.
Later, Kim et al. (1996) used an analytical method to solve this problem. They presented
formulas for the 3-D hydrodynamic pressures calculation and applied the Rayleigh-Ritz
method using assumed vibration modes of rectangular plate with suitable boundary
conditions as admissible functions for dynamic analysis. The results obtained from the
analytical solution agreed well with those from the coupled boundary element — finite
element method.

The study of liquid storage tanks still remains to be a hot topic in the earthquake
engineering. With the development of numerical method and computer technology, Finite
Element Method is more widely used in the dynamic analysis. Variable elements are
available in the commercial software to solve the fluid and solid mechanics problem.
High-speed computer provides a powerful tool to calculate thousands of nodal stresses
and displacements only within several minutes. The time history analysis of random
vibration such as oscillation under earthquake is possible in the present software, On the
other side, more real scale experiments of fluid storage tanks are carried out to verify the
correct of the theory and design method. The results of these studies can increase the

safety of new fluid storage tanks and reduce the loss in future earthquakes.

2.4 Other Related Studies
Hydrodynamic loads and other fluid-structure interaction effects will be considered
in the design of structures which contain, surround, or submerge in fluid when subject the

seismic excitation. Therefore, the results of this research may not only be applied in the
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design of fluid storage tanks, but they can also be used in the design of hydro or marine
facilities.

Another area that includes liquid structure interaction effect is related to dams. The
safety of dams during earthquake is of concern by many structural engineers. The
difference in the behavior between a dam and a tank is that the fluid is considered as
inﬁnite on one side of boundary for the dam. However, the basic hydrodynamic pressure
calculation is similar. The added mass method is also used in the analysis, except that
only part of water is considered as inertial forces applied on the dams while the rest of
water in the reservoir remains inactive.

Nuclear reactor facilities typically include numerous fluid containers of variety of
geometries and sizes. The geometry of the container can be cylindrical, rectangular, or
even a complicated one such as horizontal cylindrical, annular cylindrical, toroidal, and
spherical or any other geometry. Also, some research groups studied the dynamic
response of such tanks (ASCE, 1984).

There are many design standards and codes available for engineering practice
purpose, however, most of them are for steel tank design. In 2001 ACI Committee 350
published ACI 350.3 (2001) “Seismic Design Of Liquid-Containing Concrete Structures
and Commentary”. This standard prescribes procedures for the seismic analysis and
design of concrete liquid - containing structures. The hydrodynamic pressures are
calculated based on the Housner model in which the boundary condition is considered
rigid and hydrodynamic pressures are treated as added masses applied on the tank wall.
The dynamic response of tank wall is analyzed by modeling the tank wall as an
equivalent cantilever beam. Such model is also used in the earlier New Zealand Code
NZS3106 (1986) “Practice for Concrete Structures for the Storage of Liquids”. In these
codes and standards, the amplitude of hydrodynamic pressures due to the flexibility of
wall is not considered.

Portland Cement Association published a document “Design of Liquid-Containing



Concrete Structures for the Earthquake Forces” (Munshi, 2002). It provides requirement

and guideline for the design and detailing of the liquid —containing structure for
earthquake forces using the IBC 2000, UBC 1997, UBC 1994, BOCA 1996 and SBC
1997 model codes. The analysis method is as the same as ACI 350.3.

16



Chapter 3 Hydrodynamic Pressures in Rectangular Tanks

3.1 Introduction

The calculation of hydrodynamic pressures is the key issue in the analysis of
fluid-structure system. This problem is studied in this chapter. In section 3.2 the previous
methods of analysis used in the calculation of hydrodynamic pressures are discussed. In
this study, the surface wave or flow potential method is used. Section 3.3 introduces the
basic concepts of surface wave in order to understand the advantages and disadvantages
of different methods used in the calculation of hydrodynamic pressures. The basic
formulation of fluid motion in a rectangular tank due to the horizontal acceleration is
established in Section 3.4. The two dimensional formulas of impulsive and convective
pressure are deducted by considering the effect of wall flexibility. In Section 3.5 the
formulas in terms of the vertical acceleration are deducted. Overall, this chapter provides

the analytical solutions of hydrodynamic pressures in rectangular tanks.

3.2 Previous Analysis

The effect of hydrodynamic pressures on the structures has been studied for long
time. Westergaard (1933) gave the first solution of pressures on a rectangular, vertical
dam subjected to horizontal acceleration. In his analysis, Westergaard showed that the
hydrodynamic pressures exerted on the face of the dam due to the earthquake ground
motion was equivalent to the inertial force of the body of the water attached to the dam
and moving back and forth with dam while the rest of the reservoir remained inactive. He
suggested a parabolic shape for this body of the water with a base width equal to 7/8 of
the height, as shown in Figure 3.1. Jacobsen (1949) solved the corresponding problem for
a cylindrical tank containing fluid and for the cylindrical pier surrounded by fluid.

Later, Housner (1957) gave the more detailed solutions on the impulsive and

convective hydrodynamic pressure in both rectangular tanks and cylindrical tanks. He



assumed the incompressible liquid underwent small displacement. Yang and Veletsos
(1976) considered amplitude of hydrodynamic pressures due to the flexibility of the wall.
Horoun (1981) used boundary solution to analyze the hydrodynamic pressures in
rectangular tanks. But only rigid wall boundary condition was considered. Park et al.
(1990) used the boundary element method to model the boundary condition of the liguid
in the rectangular tanks and later Kim et al. (1996) gave the analytical formulas for the

hydrodynamic pressures in rectangular tanks including the flexible wall.

b=7/8/H H| -~y

N

>

Figure 3.1 Generalized Westergaard Added Hydrodynamic Mass Model for Dams

From the fluid mechanics point of view, the fluid motion in a vessel can be treated
as surface waves. The principle of such free-surface phenomena can be assumed as
potential in nature. Although the hydrodynamic pressures can be solved by finite element
method, in this study an analytical method is used. The reason is discussed in the next

section.



3.3 Fluid Motion in Rectangular Tanks

The response of body of fluid to an earthquake is a very complex phenomenon.
When earthquake occurs, fluid is excited and gravity waves are generated on its free
surface. The motion induced by the surface waves may be considered to be irrotational in

most instances. Then the velocity vector may be expressed as the gradient of velocity

potential ¢(x, y,z,+) which must satisfy Laplace’s equation:

V24 =0 G.1)

After the boundary condition is established, the hydrodynamic pressures can be obtained
from solving the velocity potential equation.

Figure 3.2 shows the waves on the free surface of the liquid in a rectangular tank
subjected to vibration. The x-axis of a coordinate system is located at the mean level of
the free surface, which is defined by the equation y=7(x,z,¢) and the mean depth of the
liquid is H;.

L% Lx

Figure 3.2 Coordinate System for Surface ~-Wave Problems

Two boundary conditions must be imposed on the free surface, kinematic surface
condition and dynamic condition. The kinematic surface condition is to specify that a
particle of fluid which is at some time on the free surface, will always remain on the free

surface. Because the equation of the free surface is y-n=0, in the eulerian coordinates



system it can be expressed as that:

0

E(J)—?])%@‘V(Jv—ﬂ)=0 (3.2)
where in the eulerian frame WV(y-—-7) is denoted as:

da  Oa oo
Uvoa=u—+v—+w—
Ox oy oz

(3.3)

o can be any field variables such as function of the independent variables x, y, zand uis a
vector.
In the eulerian coordinates system and with respect to the velocity potential ¢, the

kinematic surface condition becomes:

o 0Ox Ox 0z 0Oz Oy

For the dynamic condition, it is to specify that the pressure is constant at the surface.
It is implemented from the Bernouli equation which is for unsteady, irrotational motion.
Since gravitational forces are intrinsically important in free-surface waves, gravity g must

be included in the body force term. So the boundary condition p=P(x,z,t) on y=n is:

9. P 1 g, -
6t+p+2 Vo -Vé+gn=F() (3.5

It assumed that the fluid is incompressible and inviscid. The boundary condition at
the flat bed is that:
% on y=-H (3.6)
%7

and boundary condition at the surface of the wall is that:

% _ a(t) on x=tL, (3.7
Ox

It may be seen that the most difficulties to get hydrodynamic pressure is to solve the
boundary conditions rather than differential equation. By linearizing the problem we can

get some analytical solution (discussed later), while the basic features of the flow are not



destroyed.

In recent studies, the finite element method has become more popular to simulate the
fluid motion. In some cases, the finite element is used to analyze the fluid in which no
special fluid elements are used. The shear modulus may be specified to be zero in the
standard solid element or using the stress-strain relation of solid material to calculate the
hydrodynamic pressure. As no special treatment of the fluid domain is needed, the
element matrices may be assembied and the system can be solved just as for a solid
analysis. The disadvantage of such solution is that the special treatment is needed on the
fluid structure boundary. Here continuity of the normal displacement is required, while
the fluid must be allowed to slip relative to the structure in the tangential direction. If no
special boundary condition is specified, as stress-strain relation’ of solid material does not
agree well with that in the fluid condition, the results will be great less than the analytical

method such as results shown in Figure 3.3 (Dogangun et al., 1996).
i
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Figure 3.3 Hydrodynamic Pressure Distribution For Rigid Tank
{(Dogangun et al., 1996)

The fluid can also be modeled as a steady-state flow in the vessel using pure



pressure formulations for the fluid. The fluid can be considered an incompressible,
invisid liquid with mass density p;, The equations governing the fluid domain are:

(1) Conservative of mass:

o,
=g 3.8
o | (3.8)
(2) Conservative of Momentum:
Ou, ou, G, ou, Ou,
i L. iy _P§+ _’+—] B K :0 3.9
Pz(at jaxj) axj[ , ﬂ(axj 6xi)} p-f (3.9)
(3) Constitutive Equations:
o, =1;—-Po,
1, = uD; (3.10)
1 Ou, Ou,
D, =—(—+—=L
o2 (ﬁx. Ox, )

I

In the above equation u;, u; denotes the velocity vector, oy is the total stress tensor,
7 is the viscous stress tensor, P is the pressure, f'is the body force vector (per unit mass),
p is the density, and u is the shear viscosity of the fluid. The boundary condition is the
same as that in the surface wave. It can be solved using the finite element method (Reddy,
1993, 2001), but the use of non-symmetric matrix is not favor in the analysis. Although
the finite element software such as ANSYS can solve some parts of this problem, the
difficulties still exist in the specifying the boundary conditions. More complex
computational fluid dynamics (CFD) techniques may be needed to truly simulate the
motion of the fluid subjected to earthquakes.

Due to the difficulties in modeling the exact fluid motion in the body of liquid, it is
preferred to calculate hydrodynamic pressures based on the boundary conditions. This
method is called boundary solution which is of two types. It can be either the analytical
method (Haroun, 1984) or Boundary Element Method (Park et al., 1990). In this study,

the analytical method is used.
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3.4 Hydrodynamic Pressures — Horizontal Acceleration Condition

Before solving the problem of two-dimensional hydrodynamic pressures in
rectangular tanks, one assumption must be paid attention to. It is assumed that the waves
in rectangular tanks are of small amplitude waves in order to make the surface boundary
condition more tractable. It means that 7 is small compared with the wavelength A and
the liquid depth H;. Thus the high order term with respect to the Taylor expansion can be
neglected in the general equations presented in previous section. Then the linearized

boundary conditions can be more easily handled in the analysis.

3.4.1 Governing Equation
Figure 3.4 shows the tank geometry of width L= 2L, and depth of fluid H, for liquid

in a two-dimensional rectangular tank. The mass density of fluid is py.

lﬂb

Lx Lx

Figure 3.4 Geometry for Liquid in a Rectangular Tank

The satistied partial different equation is that:

2 2
¥+g.§.=0 G.11)
v

in which ¢ is the velocity potential function. The velocity components v, v, in the

directions of x , y are that:



y =9
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The hydrodynamic pressure is expressed by:
d¢(x, y,1)
3 7t = Tl
p(x,y,t)=—p, Py
The boundary conditions are:
o’ o¢
E;;(X»Hzat) +g—a;(x,H,,t) =0

-6—¢(x,0, H=0
Oy

90 L, y.0=i(0)
Ox

(3.12.1)

(3.12.2)

(3.13)

(3.14)

(3.15)

(3.16)

The velocity potential can be separated into two partial solutions in order to make it

easier to solve the problem. ¢ ;represents the impulsive pressure and ¢ , represents the

convective pressure. The velocity potential equation and the corresponding boundary

conditions are given:

g +¢,=¢

For ¢;, the boundary conditions are that:

9,
—g-j~(x,H,,t)=()
%{x,@,i)=0

0
D21, y,0 = (o)
ox )
For ¢y, the boundary conditions are that:

o’ 0 0
%(X9H171)+g?§2—(x9}{]91) = _g.g;—(st,'st)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)



%(x,@, =0 (3.22)

9 (41,7, =0 (3.23)
Ox

The significant difference between ¢; and ¢, in boundary condition is that the
surface pressure is equal to zero in impulsive condition ¢;, while in convective condition
$rit is combined with the free surface and the effect due to the impulsive pressure. The
other difference is that the velocity of fluid at the surface of sidewall is equal to the
velocity of flexible wall in impulsive condition ¢; while in convective conditién $it is

equal to zero.

3.4.2 Impulsive Solution ¢,
The solution for the impulsive pressure in terms of ¢ ; is that (the detailed derivation
of Eq.3.24 is in Appendix A):
2 2-sinh(4, ,x)
¢1 = “Z
vt Ay, H,-cosh(4,, L)

inx

cos(Z, )| cos(&,,,) - i(t)dy (3.24)

Then the impulsive pressure can be obtained by the application of Eq.3.13, then:

— o9 & 2-p H, ..
PP =X G L) eos () eosT, ) dDdy (325)

The vertical component of the velocity at the surface y=H, is:

BT 2 -sinh(4, ,x)
7 oy ~ H,-cosh(4, L)

in*x

[ cos(A, ) i(0)dy (3.26)

For goﬁl cos(4, ) u(t)dy = const. at specific time t.
By integration Eq.3.26 with time, the vertical displacement of particle at the free
surface of the fluid is that:

, = 2.sinh(4,,%) 4
d(t) = govydtz_z ool L) j“ cos(4, ,») #(t)dy (3.27)
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3.4.3 Convective Solution ¢,

The velocity potential function ¢ , with respect to the harmonic response is given

below (the detailed derivation of Eq.3.28 is in Appendix B):

o 2 & 1 2.-g 2
=y, -Sin{ew-7;- . . .
#2 =ty -sin(@-1) ; Zg (@ —a?2,)-cosh(A, H )L, A, H, -cosh(A, L) 4. °+A4,

(D™ -4, -cosh(4, L )—A_,sinh(4, L )] sin(4,,x)-cosh(4,,y)

4]

(3.28)
The harmonic convective pressure in the rectangular tank is that:
0 .. o 1 2.
p=__¢2__—_u0u81n(a).t).z z 5 5 . g .
ot i m (@ -, ) cosh(A, ,H)-L A, -H, -cosh(4,, L)
;u 2 2 l 2 ° [(_,_1)'” ° A‘i,n : COSh(ﬂ/i.an) - lc,m Sinh(ﬂ‘i,an )] : Sin(ﬂ’c,m X) : COSh(;{‘c,my)
in + (o
(3.29)
The natural frequencies of sloshing fluid is that:
07y = Ao+ g tanh(A,, H)) (3.30)

The vertical velocity component for the particles at the surface of the fluid y=H; is that:
- 9
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(3.31)

And the corresponding displacement component d is given below:

d() = g v, di

U, S 1 2-g
= — e COSUOD .l . N .
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(3.32)
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The velocity potential function ¢, with respect to the random earthquake vibration can be

obtained by the Fourier Transform and the Duhamel’s integration. For the frequency, the

response of pressure p(w) can be defined as simple form as shown below:

plo) = z _S@y) (3.33)

®* ~w?,)

Then apply the Fourier Transform in Eq.3.33 to get the impulsive pressure:

o0

po)=— [ _S&) 4 (3.34)
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For an arbitrary acceleration input the pressure is obtained by application of Duhamel’s
integration shown below:
p) = Zf(x y)j. o, -i(t)-sinfo, (t -7)]-dr (3.35)
T =
And the final formula in terms of convective pressure p, vertical velocity component v

and the displacement component d are indicated below:

P= ; ; cosh(/?,cmH y-L, /1 -H, - cosh(lm r)
2 m
PRENURE (=D . ~cosh(A, L )y— A4, sinh(4, L }]-sin(4,,x)-cosh(4,,)- 4,(2)
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3.5 Hydrodynamic Pressures — Vertical Acceleration Condition

The hydrodynamic pressures induced by the vertical acceleration include three
pressure components, the long-period contributed by the convective fluid motion
(sloshing), the impulsive fluid pressure component which varies in synchronism with the
vertical ground acceleration and the short period component contributed by the vibration
of the tank wall. Based on an experimental study conducted by Haroun and Tayel (1985),
little or no sloshing occurred due to the transient vertical motion. Therefore, the sloshing
can be neglected due to the vertical acceleration condition and only the last two
components are considered in this study.

In this study, it is assumed that the base of the concrete rectangular tank is rigid.

The soil is considered as rigid as well and rigid connect with the base of tank. Therefore,
the tank base moves with soil during the earthquake. There is no interaction between the
soil and base at the bottom of tank.

When the rectangular tank is subjected to the vertical ground acceleration, the
boundary conditions are governed by the following boundary conditions:
(1) At the liquid free surface, the atmospheric pressure is assumed to be zero. Then the

boundary condition at the surface of fluid can be expressed as:
%(x,H,,t) =0 (3:39)

(2) The vertical velocity on the rigid base of the rectangular fluid storage tank is equal to

vertical ground velocity, then

9 (20,6 = v, () (3.40)
oy

(3) At the interaction surface between the fluid and the flexible tank wall, the boundary
condition must satisfy the compatibility along the height of the wall:
9 (4L, 9,0 =) (3.41)
ox
The hydrodynamic pressure can be obtained by the application of Eq.3.13 and

shown below (the detailed derivation is in Appendix C):
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(3.42)
It can be observed that the first part in the right hand side of Eq.3.42 is only related
to the vertical acceleration of the ground motion and the second part is corresponding to

the transverse vibration of the flexible wall.



Chapter 4 Structural Dynamic Analysis of Tank Walls

4.1 Introduction

The dynamic response of empty tank (tank wall) is considered in this chapter. In this
case, the tank is analyzed using the finite element method. The-behavior of tank wall is
assumed to be linear-elastic. The plane strain element is used to model the tank wall and
the Rayleigh-Ritz method is used for the dynamic analysis. For time history analysis,
both the mode superposition method and the direct step-by-step integration method are
used. The algorithm of unconditional stable Wilson 6 method is applied. The difference in
specifying damping and analysis results between the mode superposition method and the

direct step-by-step method is discussed.

4.2 Finite Element Modeling of Rectangular Tank (Tank Wall)

The concrete tank consists of rectangular walls connected to the base to contain the
liquid. The connections between the base and the walls can be either fixed base
connection or hinged (pin) as shown in Figures 4.1 and 4.2. Also these tanks may contain
roofs which are not shown. In this study it is assumed that the tank wall is fixed to the
base and free at the top.

Dynamic response of tank wall subject to earthquake is analyzed using the finite
element method. Only the two-dimensional model is considered in this study. The plane
strain element is used in the analysis. Figure 4.3 (a) shows a three dimensional
rectangular tank. A Cartesian coordinate system (x, y, z) is used with the origin located at
the center of the tank base. In addition, it is assumed that the length to width ratio of the
tank is so large that the unit length of tank can represent the tank. The corresponding 2-D
model is shown in Figure 4.3 (b).

It is assumed that the earthquake ground motion excites the liquid storage tank in the

X-direction. The two walls parallel to this direction are considered to be rigid; the walls
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in the direction of earthquake are flexible and oscillate in this direction.
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4.3 Governing Equation of Motion

Equations of motion of the structure system are derived from Hamilton’s principle.

It can be expressed by:
[ (S(T-U)+ W, )dt =0 (4.1
where T is kinetic energy
U is strain energy
W, is the virtual work done by the non-conservative forces.

The Hamilton principle can be applied to the equation of motion for any system such
as discrete, multi-degree of freedom system and continuous system. The advantage of this
formulation is that it uses scalar energy quantities. Vector quantities may only be required
in calculating the work done by the non-conservative forces.

When the Hamilton’s principle is applied to discrete systems, it can be expressed in

Lagrange’s equations. In the case of multi-degree of freedom system, the deformation of

which is described by n independent displacements u,,u,,...,u,, then the kinetic energy
is only a function of the velocities #, (i=1,2, ..., n), and strain energy is only a function
of the displacement u, (i=1,2, ..., n), thatis:
T =T(u,,1,,..,u,) (4.2)
U=U(u,,uy,...u,) 4.3)
Similarly, the dissipation function is a function of the velocities #; (i=1,2, ..., n) thatis
D = D(,,1,,...,14,) (4.4)
Also, the work done by the non-conservative forces can be written in the form

z oD
W, = (F, ~ 5ok (4.5)
- .

H

where the F, are the generalized forces.



Then the Eq. 4.1 can be expressed as Lagrange’s equation:

4B ko i=12n (4.6)
dt Ou,” 0Ou, Ou

i
If the previous procedure is written in matrix form, the kinetic energy, dissipation

function and strain energy can be the following forms:
1

r=- fa) MY} (4.72)
D _—.%{a}f[cj{u} (4.7b)
U= %{u}T [& e} (4.7¢)

where {u} = matrix of system displacement
{1} = matrix of system velocities
{ii} = matrix of system acceleration
[M] =matrix of inertia coefficient
[c] = matrix of damping coefficient

[K] = matrix of stiffness coefficient

Using equation (4.7), the separate terms in Lagrange’s equations become

{_d_ (QT_)} ~[m]- ) (4.82)

dt “ou,

£

{aD }:[C]-{a} (4.8b)

{aU} = [x]-4u) (4.80)

ou,
Therefore, the governing equation of motion derived from Lagrange’s equation in the

matrix form can be expressed that:

] fif+[C]-fup+ [K] g = () (4.9)
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It can be seen that it is only necessary to obtain the energy expressions in matrix form in

order to determine the matrix coefficient in the equation of motion.

4.4 Plane Strain Element
The derivation of energy in Hamilton’s principle in this study is based on the linear

elastic theory. The plane strain element is used in 2D modal as shown in Figure 4.4:

Fig. 4.4 Geometry of Plane Stress Element

(1) The strain energy stored in the element is:

1

U=t [(o8, 40,8, +7,7,)d4 (4.10)

Which can be expressed in the following matrix form:

_1 T

=1 j; (o) {e}dA (4.11)
where {0}’ =|o_,0,,7,, |

{g}T = I_gxﬁgy’yxy_‘

t = thickness of element

The stress-strain relationship is that:

{0} =[DJe} (4.12)
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For isotropic material the elastic properties are the same in all direction. Then the matrix

of material constants is:

E I-v v 0
Dle————— v 1-v 0 (4.13)
1+v)(1-2v) 1-2v
0 0 >

E = Young’s modulus
v= Poisson’s ratio
Substituting equation Eq. 4.12 into the energy expression Eq. 4.11 gives

U= %t L {e}"[D}{g}dA (4.14)

The strains can be expressed in terms of displacement as follows:

du
ox
@@= & (4.15)
oy

ou oOv
..._...+.__
| 0y Ox |

(2) The kinetic energy:
_ 1 22 .2

T ——2ftLp(u +97)dA (4.16)
(3) The virtual work:

SW = j (p,0u+ p,6v)ds (4.17)
where py, py are the components of the applied boundary forces per unit length of the
boundary and s is the boundary of the element.

The dynamic analysis is carried out using the software SAPIV in this study. Itis a
computer program for static and dynamic analysis of linear structural system. For

quadrilateral plane strain element in SAPIV, the isoparametric formulation is used. The

strains in terms of the unknown nodal displacement is:

{e}=1B1{d} (4.18)
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where [B] is the strain-displacement matrix. The related linear shape function in the

natural s-t coordinate system is defined below:

N = 4=90-9
4
N, =4+ 9=
4
N, = (I+s)d+1)
4
N, = g__sl(_lﬁﬁ (4.19)
Then the element stiffness matrix can be derived by:
k1= j’A [BY [ DI[Bltdxdy (4.20)
and the element mass matrix is:
[m] = j L[N]T[N] 0 - tdxdy (4.21)

Finally, the global stiffness and mass matrix can be obtained by assembling the element

matrix using direct method.

4.5 Rayleigh Ritz Method
The technique for determining approximate solutions to the Hamilton’s principal is

Rayleigh-Ritz method. It approximates the solution of the virtual displacement such as

u(t) with a finite expansion of the form:
u' (1) = 5 RO (4.22)
j=1 JJ

where theg’ (¢) are unknown functions of time t, and the ¢; are prescribed functions of

vibration, which must satisfy the geometric boundary condition.
In finite element method the continuous system can be discreted into a system with a
finite number of degrees of element. Then the application of Hamilton’s principle leads to

Lagrange’s equations as the following matrix form formula:
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[ for [T j+ (K T = A} (4.23)
Where
L) PO (4.24)
The mass matrix and stiffness matrix are derived from the corresponding element
matrix in Eq.4.20 and Eq.4.21 respectively.

The natural frequencies and modes of free vibration of structure are determined by

considering the virtual work done by external force equal to zero. It results in:
[l j+ [k Ju }=0 (4.25)
Since the motion is harmonic then,
ur)={a"lsinw -1 (4.26)
where the amplitudes { ”} are independent of time and @ is the frequency of the
vibration. Substituting Eq.4.26 into Eq.4.25, it gives:
[k -o*mfar}=0 4.27)

The condition that Eq.4.27 has a none-zero solution is that the determined of

coefficient should be vanished. It is:
]K - conl =0 (4.28)
Eq. 4.28 can be expanded to give a polynomial of degree n in w? . This polynomial

equation will have n roots @] ?...w]. These values are called eigenvalues. SAPIV

provided the solution of such eigenvalue calculation. In this study only first two natural

frequencies are considered.
4.5 Time-History Analysis

Time-history analysis is used to calculate the response of liquid storage tanks

subjected to earthquake in this study. Acceleration time history is used as the seismic
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input. A complete response history of the structure for the entire duration of the
earthquake ground motion is.computed. The advantage of such analysis is that it can
analyze time dependent characteristics of the dynamic response. It not only provides the
maximum stress values, but also acceleration, velocity and displacement at each time step,
which are the boundary conditions of fluid domain in liquid-structure interaction problem.
Both the mode superposition method and the direct step-by step integration method are
used in the study.

Mode superposition method is based on the fact that for certain forms of damping,
the response in each natural mode of vibration can be computed separately. The total

response is obtained by combining the effects of every mode. Each mode responds with

its own particular pattern of deformation or mode shape ¢,; with its own natural

frequency of vibration @,, and with its own modal damping ratio £,. As the lower

modes of vibration are essential to the dynamic response of structures, only the response
in the first few modes need be considered. In this study the first two modes are analyzed.

In the direct step-by-step integration method, the equations are not transferred into a
different form prior to the numerical integration as the mode superposition method does.
The equations of motion are satisfied at each discrete time intervals A¢. Therefore,
analysis results from the direct step-by-step integration method cannot provide natural
frequencies which mode superposition method can calculate. In this study both methods
are carried out using linear static and dynamic structural analysis software SAPIV.

The step-by-step integration technique determines the stability, accuracy and
efficiency of dynamic analysis. Many techniques are available such as central difference
method, Houbolt method, Wilson & method and Newmark method etc. The numerical
integration procedure can be either explicit or implicit. When the solution at time ¢+ Az
is based on the equilibrium condition at the previous time step £, the integration method
is called an explicit integration method. If the solution at time ¢+ A¢ is obtained from

equilibrium at time ¢+ A¢, it is called implicit. The main advantage of the implicit
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method is that it is unconditionally stable. The time interval Ar has no special
mathematical limitation in it. The Afcan be much larger than that in the expiicit method,
but it still must be small enough in order to assure the accuracy of calculation. In this
study the time interval Az used for dynamic analysis is the range of 0.01 sec and 0.02
sec.

In SAPIV unconditionally stable Wilson 6 method is used. The algorithm is
summarized below (Bathe et al., 1974)
1. Initial Calculation:

(a) Calculate the following constants (assume C=aM+K):

6=1.4 1=6-At by=p-a,

a, = (6 +3a-t)/(z* +3p 1) a, =3b,/7-6/(z"-6)

y = —f-a, ag =2b, —6/(z-6)

a, =6/t" +3by /T a,=b1/2+1-3/6

a, =6/1+2b ag =At/2

a,=2+1-b,/2 a, =At*/3

a,=6/[8-G3B t+77)] a,=a,/2 4.29)

(b) Form effective stiffness matrix
K ' =K+a,-M (4.30)

(c) Triangularize K~

2. For each time increment:

(a) Form effective load vector R, :
R' =R +6(R,., ~R)+M(a, u, +a,-u, +a, i) 431)

(b) Solve for effective displacement vector «, :
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£ *

K -u, =R (4.32)
(¢) Calculate new acceleration, velocity and displacement vectors,
B, =0, u, +a5-u +a,-u, +a, i, (4.33)
Uppne =, +ag (i +id) 4.34)
Upopy U, AL, +ay T, +ay i, (4.35)

(d) Calculate element stresses if desired

In SAPIV damping is specified in different ways depending on the method of
analysis. In the mode superposition method damping is specified by the damping ratio. It
is assumed 5% for the concrete wall. In direct step-by-step integration method, Rayleigh

damping is used. It can be calculated by the equation shown below:
[C]=alm]+ plk] (4.36)

The parameters a, B are obtained by the formulas:

an(T, A, =T, 4,)

a
T2 -T2 (4.37)

ﬂ:Ti 'Tj.(Tj "11' -7 '}'i)
T} -1 (4.38)

where A, is proportion of critical damping in the nth mode, and 7, is period of vibration

in the nth mode. The first two modes of vibration are considered in this study.
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Chapter 5 Dynamic Analysis of Liquid Storage Tank System-

5.1 Introduction

A finite element model is proposed in this chapter, which can consider the effect of
flexibility of wall on hydrodynamic pressures. Based on the proposed model, a sequential
method is used for dynamic analysis. The proposed model has proved to be equivalent to
the Housner’s model when the tank wall is assumed to be rigid. Both horizontal and
vertical ground motion are considered in the study. Finally, the load combination of the

liquid storage tanks subjected to the earthquakes is discussed.

5.2 Finite Element Model for Rectangular Liquid Storage Tank System

As discussed in Chapter 2, many different models are available to analyze the
dynamic response of liquid storage tanks subjected to earthquakes. Housner’s model is a
typical model used widely in the design standards and codes such as ACI 350.3 (2001)
and New Zealand Code NZS3106 (1986). Although the Housner’s model was discussed
in Chapter 2, in order to compare it with the proposed model presented in this study, it is
demonstrated in Figure 5.1 again.

Previously, the most popular coupled analysis technique used for analyzing the
fluid-structure interaction was the added mass method which means that the
hydrodynamic pressures are treated as additional masses attached on the surface of wall.

"In the Housner’s model, the added mass in terms of impulsive pressure is rigidly
connected to the tank wall and the added mass in terms of convective pressure is flexibly
connected to the wall by means of springs.

In this study, the fluid structure interaction problem is considered as Coupled-Field
Analysis, which means an analysis that takes into account the interaction (coupling)
between two or more discipline (fields) of engineering, including the fluid structure

analysis, thermal-stress analysis, magnetic-thermal analysis, magnetic-structural analysis
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and micro-electro mechanical systems etc.
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Figure 5.1 Hounser’s Model

Figure 5.2 shows a 2-D finite element model proposed in this study. The concrete
rectangular tank has width 2L, (in the direction of earthquake), height H, and wall
thickness #,. It is filled with fluid with the height H;. The tank wall is discreted into a

numbers of finite elements. The plane strain rectangular element is used in the analysis.
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Figure 5.2 Finite Element Model of Rectangular Tank

The difference between the Housner’s model and the proposed model is that the

hydrodynamic pressures are considered as external forces in the proposed model, while



they are treated as added masses in the Housner’s model. In addition, in the proposed
model the effect of flexibility of tank wall is considered in the analysis. The advantages

of the proposed model will be explained in the following section.

5.3 Dynamic Analysis
5.3.1 Governing Equation of Motion

.Earthquake motion is three dimensional in nature. For the horizontal ground
motion, the equation of motion of the flexible tank wall in terms of the transverse
displacement u relative to the ground can be expressed as the following equation,

aSsuming that the ground excitation is directed along the x-axis as indicated in Figure 5.2:
[, }+[CHa, }+ [k, }= M ], + (P} (5.1)
fu )4, ) {ii, }: Displacement, velocity and acceleration of rectangular wall relative to the
ground.
{ii ‘ }: Horizontal ground acceleration in x direction.
{P}: Hydrodynamic pressure on the wall surface.
[K ]: Stiffness matrix of rectangular tank wall.

[M]: Mass matrix of rectangular tank wall.

[C]: Damping matrix of rectangular tank wall

For the vertical ground acceleration, the situation is more complex. As the vertical
ground acceleration can be transmitted into horizontal hydrodynamic pressures in the
liquid storage tanks, so the rectangular liquid storage tank wall undergoes horizontal
displacement in addition to axial displacement. As the transverse vibration of the flexible
tank wall is significant, in this study only the horizontal motion due to the vertical
acceleration is investigated. The equation of motion in the x direction (horizontal) can be

expressed as that:
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[l + [T, )+ [T, )= (P) 62)

The denotation in this equation is the same as that in Eq.5.1

5.3.2 Coupled Analysis of Horizontal Ground Motion Condition

Using Equation 5.1 and 5.2, the dynamic analysis of the fluid storage tank system
can be divided into two engineering problems, fluid mechanic and structural dynamic
analysis. In Chapter 3 and 4, these two problems were studied respectively.

Basically the dynamic response of fluid storage tanks must be solved by a “strong”
coupled method that data must be transferred or shared between at each step of the
solution to maintain accuracy of overall simulation. In the past, coupled analysis is
achieved using the added mass method. For the general condition, the impulsive
hydrodynamic pressures in terms of the added mass can be calculated by:

{P}=—ln Jiiy=—[m B, +ii, | (5-3)
where [M i] is the added mass representing the impulsive pressure.

As a result, the equation of motion in terms of added mass method can be expressed as:

[, + Y, b+ [Cloi, b+ [K Ko, = {1, + 1 i, | (5:4)

The added mass with respect to impulsive pressure can be calculated from Housner’s

model. For distributed mass it is:

\/g‘pl ‘HI .[1_ y2 ]taﬂh(ﬁ.Lx)

m(y)=-—
2 H} H, (5.5)

Or lumped mass that is:

_ tnh[0.866(L, /H,)]

itotal = z
’ 0.866(L. /H
( x L) (5,6)

Also it can be obtained from Eq. 3.25 for rigid wall boundary condition which is as same

as the Haroun’s model (1984) in Eq. A.16. The distributed mass is:
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© 2.1} .
m)=3 Tl Pl ani(d, L) cos(2, -5) 57

i=l i TEEy
and the lumped mass is:

Mioa = mtaﬂh(ﬂv!i}:)M
ot Z A -H}-L, ’ (5.8)
where M, is the mass of liquid in the half tank.

If the added mass method is used in the dynamic analysis, the added mass matrix
representing the impulsive pressure derived from the rigid wall boundary condition
cannot change with the time. Therefore, the amplitude of hydrodynamic pressure due to
the flexibility of wall cannot be considered in the structural dynamic analysis. It means
the boundary condition for the impulsive pressure is still rigid in the added mass method.
Only the tank wall is considered to be flexible in the dynamic analysis.

In order to consider the effects of flexibility of wall in both hydrodynamic pressures
calculation and dynamic analysis of tank wall, the sequential method is used in this study.
The sequential method is a technique in which the two fields are coupled by applying
results from the first analysis as loads or boundary conditions for the second analysis.
Principally the dynamic response of liquid storage tanks must be solved by “strong”
coupled method. As shown in Equation 5.1, the hydrodynamic pressures are the external
forces applied on the surface of the rectangular tank wall. The hydrodynamic pressure is
then calculated according to the boundary conditions determined by the dynamic
response of tank wall shown in Eq.3.25. Actually Equations 5.1 and 3.25 must be solved
simultaneously because the interaction between the tank wall and the hydrodynamic
pressure occurs at the same time. Since it is difficult to solve the dynamic response of
tank wall and hydrodynamic pressure from these equations directly, the sequential
method can be used to approximate it.

The sequential method is carried out by the following procedure. First the dynamic
response of the flexible tank wall subjected to an earthquake is analyzed at time step t.

Then the hydrodynamic pressure is determined, which also includes the effect of

45



flexibility of the tank wall. Finally the hydrodynamic pressure is applied on the tank wall
at the next time step t+At. The procedure is then repeated at each time step until the
analysis is complete. Figure 5.3 shows in a flowchart format the procedure for analysis

and Figure 5.4 shows the transfer of data between the rectangular tank wall and the fluid.

Specify the Inertial Condition of
Rectangular Tank (Solid Wall)

v
Specify the Inertial Condition of
Fluid inside ({P}=0 at first step)

T
g

k

Applied the Ground Motion and Hydrodynamic
Pressure on the Rectangular Tank Wall

4

Calculate the Structural Dynamic
Response of Rectangular Tank Wall

Transfer Acceleration of Flexible
Wall to Fluid Domain

k

Calculate the Hydrodynamic Pressure (Boundary
Condition Is Defined by Dynamic Response of Wall.)

y

Yes. | Input Ground Acceleration
Record of Next Time Step

No.

X

End

Figure 5.3 Flow Chart of Sequential Analysis
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Figure 5.4 Transfer Data in Coupled Fluid Storage Tank System

The equation of motion in terms of the sequential method at time t can be expressed
as:

v i, S+ [l o 1KY, b= -0 By - [R - 806+ (s5.9)
where R;(t-At) is time dependent functional for impulsive hydrodynamic pressure and can
be derived from the Eq.3.25.

If Ri(t-At) is treated as M;(t-At), time dependent function for added mass related to
hydrodynamic pressure at time t-At, Eq.(5.9) becomes:

L2 A S (e CNERTS TARE 1708 A o LZACE) PV Y B S

or
(v, Yo, S+ [0, - a0, o S+ [CHt S+ [K e, = [ By = [, - 80 B
(5.11)
It can be seen that if the impulsive hydrodynamic pressure due to the acceleration of
the flexible wall in Eq. 5.10 is moved to left hand side as shown in Eq.5.11, it is
equivalent to Eq. 5.4, except that time t in Eq. 5.10 is replaced by t-At in Eq.5.11. If the
hydrodynamic pressure at time t-At is known, it can be easily applied as external force on
the tank wall to obtain the dynamic response of tank wall at the next time step, t.
Furthermore, if the time interval At is decreased in the analysis, the accuracy of final
result can be improved.
There are four major advantages of using the proposed model over the models used
by other researches. As discussed before, the hydrodynamic preésure is no longer
approximated by the added masses in the proposed model. As a result, the flexibility of

tank wall can be considered in both the hydrodynamic pressure calculation and dynamic
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analysis of tank wall.

Secondly, in the past, many researchers used the pre-assumed vibration function to
calculate the amplitude of hydrodynamic pressure due to the flexibility of tank wall. This
method was first proposed by Yang and Veletsos (1976) in the study of dynamic response
of circular tanks. In their research, three vibration functions based on the oscillation of
vertical cantilever beam were assumed to calculate the hydrodynamic pressures. In fact,
for a variety of height-diameter ratios of circular tanks, it is not very accurate to use few
vibration functions to approximate the dynamic response of tanks (Nachtigall et al., 2003).
Kim et al. (1996) applied Reyleigh-Ritz method using assumed vibration modes of
rectangular plate with suitable boundary conditions as admissible function to study the
rectangular tank. The added mass method is still used to approximate the hydrodynamic
pressures in the structural dynamic analysis due to the complexity of calculations.
However, for the proposed model, as the dynamic response of tank wall is analyzed using
the finite element method, the dynamic response at each time step can reflect the motion
of tank wall more accurately. Thus the boundary conditions used in the hydrodynamic
pressure calculation are also more accurate than those from the pre-assumed vibration
mode method.

Thirdly, the proposed model has low computation cost in the analysis as compared
with the other models. In the past, some researchers proposed ‘strong coupled’ equation
of motion in their research (Balendra et al. 1982). As the governing equations for the
fluid dynamics and solid dynamics are absolutely different, these equations were very
difficult to be solved directly, especially in the time history analysis. In the proposed
model, the two engineering fields are solved separately. Then through sequential analysis,
the time history of dynamic response can be easily obtained. But it must be emphasized
that in the proposed model the time step At must be small enough to guarantee the
accuracy of the results.

Finally, in the past, few researches have considered the damping effect in the
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dynamic response of liquid storage tanks. However, the effect of damping can be very
critical in dynamic analysis of liquid storage tanks. It is possible that resonance may
occur resulting in the dynamic response of liquid storage tanks to be extremely large. In

the proposed model, damping is considered using a damping ratio or Reyleigh damping,

5.3.3 Coupled Analysis of Vertical Ground Motion Condition

In the vertical ground motion condition, as the vertical ground acceleration can
transmit the hydrodynamic pressure in the horizontal direction, some special techniques
must be used in the dynamic analysis. Equation 3.42 shows the hydrodynamic pressure

induced by the vertical ground acceleration. This equation is repeated as below:

p=p,(H, -V <t>+}: /1 H P coth(,, L, ) cos(A,, ) cos(A, ) ii(e)dy

(5.12)

The above equation can be simplified into a matrix form as follows:
{Ph=[R.]- ¥, 01+ 1Prc (513)
where {P}: the total hydrodynamic pressure induced by the vertical ground acceleration

{ ﬂex} the part of hydrodynamic pressure due to the flexibility of tank wall. It can

be obtained from the formula:

P =3 G ocotb(h, L)eosh, W osh 0 0l (513)

n=t Ay
ERV]: Hydrodynamic pressure function due to the vertical ground acceleration. It
can be derived from the formula:
R, =p,(H -y (5.14)
The dynamic response of liquid storage tanks subject to the vertical ground motion

is analyzed by the combination of the added mass method and the sequential method. As

the wall inertial mass due to vertical ground motion has no significant effect in the
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horizontal direction, the inertial mass matrix of tank wall is equal to zero. The

hydrodynamic pressure due the vertical ground acceleration is approximate by the added

liquid mass M, = R, applied on the tank wall. The hydrodynamic pressure due to the

flexibility of tank wall is analyzed by the sequential method. Therefore the governing

equation of motion is:

[, Yo, b+ [CHor }+ (K Ko, = [0, 16, 0+ AP ) (5.15)
1t is noted that this method is conservative for the dynamic response of liquid storage
tanks subjected to the vertical grouhd motion due to the approximation of added mass. As

the relative acceleration in the tank wall is small in this case, the virtual inertial forces

represented by the added mass due to the hydrodynamic pressure are not significant.

5.4 Load Combination

When a rectangular tank is subject to the simultaneous action of three components
of earthquake motion, tank walls experience hydrodynamic pressures and inertial forces
in addition to the hydrostatic pressure. For 2-D model, it assumed the earthquake wave
has only two components, horizontal and vertical. As a result, in the horizontal direction,
the loads include hydrostatic pressure, inertial force and hydrodynamic pressures which
contain the impulsive pressure and convective pressure induced by both horizontal and
vertical ground motion. It is known that the sloshing response in the vertical ground
motion is not significant (Kana 1979). Thus it is not included in this study. The
corresponding system of loads of rectangular tank wall subjected to earthquake is shown
in Figure 5.5.

The combination of dynamic response of liquid storage tanks is calculated by sum of
all dynamic load cases in the time history. The convective pressure can be obtained using
the response spectrum method as demonstrated in Chapter 3. However, the convective

and hydrostatic pressures are not considered in the study.
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Chapter 6

Description of the Computer Program for Dynamic Analysis

6.1 Introduction

The time history analysis is carried out using linear static and dynamic structural
analysis software SAPIV. The Hydrodynamic pressure is calculated using the subroutine
HYDRO developed in this study. It is successfully incorporated into SAPIV to obtain the
dynamic response of liquid storage tanks. The algorithm and incorporation of HYDRO
into SAPIV is presented in this chapter. The program can calculate the response of
rectangular tanks due to both horizontal and vertical ground motions. The impulsive
pressure is considered in this program. Some numerical methods and computer

techniques used in this study are explained. The analysis procedure is described.

6.2 Subroutine HYDRO for Hydrodynamic Pressure Calculation

The subroutine HYDRO is developed to calculate the hydrodynamic pressure
applied on the rectangular tank wall. Only impulsive pressure is considered in this
program. It is incorporated into SAPIV as a subroutine to calculate the magnitude of the
hydrodynamic pressure due to the flexibility of wall. The flow chart of the program is
shown in Figure 6.1.

The input data for subroutine can be divided into two parts. One is directly
transferred from SAPIV such as node information NEQ, Y(I) and acceleration of flexible
wall X(I). The other is obtained from the independent input file “PRE.DAT” which
contains information of fluid in the tank. The purpose of using separate data input file is
to keep integration of SAPIV and subroutine HYDRO, and less destroy the program
structure of SAPIV. The PRE.DAT includes node information - MF, size of tank - HL, XL,
YL, density of fluid - DENS, ground acceleration — A(I), and type of calculation -

horizontal or vertical. The format of input data file PRE.DAT is described in the



Appendix D.

Transfer Data  From Read the Fluid Data (node information,
SAPIV {(node information, sizes of tank, density of fluid, ground
acceleration of flexible acceleration, type of calculation -
wall) horizontal or vertical)

U U

Initialize the Data (pressure,
absolute acceleration)

d

Calculate Distribution of
Hydrodynamic Pressure at Each Node

4

Calculate Concentrated Load of
Hydrodynamic Pressure at Each Node

4

Transfer Impulsive Pressure to SAPTV

Figure 6.1 The Flow Chart of Subroutine HYDRO

The inertial impulsive pressure at each node is equal to zero at the first step in the
subroutine HYDRO. It is noted that the acceleration of structure calculated in SAPIV is
relative acceleration in the structural dynamic analysis, however the acceleration used in
the hydrodynamic pressure calculation is the absolute acceleration. Therefore, after the
relative acceleration from SAPIV is calculated, it must be added with ground acceleration
to obtain the absolute acceleration as shown in Eq.6.1.

W(e)=d, +ii, 6.1
This absolute acceleration can be used in the hydrodynamic pressure calculation.

The subroutine HYDRO then calculates the impulsive pressure distribution along
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the height of the wall. Afterwards, the impulsive pressure distribution is linearized and
the distributed impulsive pressure is concentrated at the nodes in structural dynamics
analysis.

In the calculation of impulsive pressure, the subroutine SIMP3 is used for
integration. The Simpson three-point integration method is used. It is that if one extra
point fx;) between f(xg) and f(x,), where f(x) is a predefined function, these three points
can be connected with a parabola to approximate this function. The formulas that result
from taking the integrals under these parabolas are called Simpson three point rules. It

can be expressed in mathematical form as below:
I= j ! f(x)dx = § £, (x)dx (6.2)

Where f5(x) is the second order polynomial.

If £5(x) is represented by a second order Lagrange polynomial, it result in:

=" (x—x)x—x,) Fx)+ (x = x)(x —x,) £+ (x—=x)(x = %) £ (x,)Jdx

T g mx (% — %) (x, = %,)(x, = x,) (%, = X%)(x, = %,)
6.3)
After integration and algebraic manipulation, it becomes:
h
I= —3—[f (%) + 41 (x))+ f(x;)] 6.9
Where h is the width of the stripe, in this program h=(x»-x0)/2. So it can also be expressed
as that:
[;(xz_xo)f(x0)+4f(xl)+f(x2) (6.5)

6

Tt must be noted that although Simpson three point integration method can calculate
both odd and even number segments, for simplifying purpose, only odd number segments
are adopted in this program. Therefore the number of finite elements that contact the fluid
must be odd. Although it will not affect the accuracy of the calculation, it must be noted
in the meshing of tank wall in the part which contacts the fluid.

Finally data of impulsive pressure are transferred to SAPIV. It is noted that if there is
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no degree of freedom at the nodes, in SAPIV the numbers of equations are not specified.
For example the nodes at the bottom of tank wall rigidly connected to tank base have no
numbers of equations, In this situation, the hydrodynamic pressure must be directly
transferred to these nodes. Thus the impulsive pressure can be considered as external load

applied on the tank wall.

6.3 Incorporation of HYDRO into SAPIV

SAPIV is a computer program for static and dynamic analysis of linear structural
system. The detail information about SAPIV including the format of input file can be
found in the reference (Bathe et al., 1974).

In SAPIV there are two types of time history analysis, the mode superposition
method and the direct step-by-step integration method. For added mass method, the mode
superposition method is used, while the direct step-by-step integration method is applied
in sequential method. Thus the results of analysis of these two different methods can be
compared with each other in order to verify the efficiency of sequential method used in
the new model.

Although the direct step-by-step integration method cannot provide the natural
frequencies of structure, it can calculate the displacement, velocity and acceleration at
each time step. Therefore, it is very convenient to apply the sequential method in the
dynamic analysis of liquid storage tank system. In SAPIV the main subroutine for the
step-by-step direct integration method is subroutine STEP. The subroutines for such
analysis include:

(1) ADDMAS - to read the system mass matrix

(2) PLOAD- to read forcing function dada

(3) EMIDS — to create an integer array mass which flags transnational component
number associated with the system freedom

(4) GROUND - to modify the function multiplies and arrival time arrays to input ground
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motion
(5) INDLY - to read arrival time values from data input
(6) LOADYV — to read time, function from input card
(7) INOUT — to output requests for displacement and element stress components
(8) TRIFAC — to decompose the system matrix in blocks
(9) SOLSTD - to solve for displacement, velocities and acceleration at each solutions
time step
(10)SDSPLY- to print response table
The subroutine SOLSTD can calculate displacement, velocities and acceleration at
each time step. These are boundary conditions used in the impulsive pressure calculation.

The subroutine HYDRO for impulsive pressure calculation is incorporated into

subroutine SOLSTD.

6.4 Analysis Procedure

The analysis procedure is described in this section. Before the calculation of liquid
storage tank, the empty tank must be analyzed. The input file for empty tank is prepared
according to the reference (Bathe et al., 1974). Then the output file provides the equation
numbers which are used for application of hydrodynamic pressure according to the
element nodes. These equation numbers with the Y coordinate of nodes on which
hydrodynamic pressure is applied can be specified in Part 3 of PRE.DAT.

In SAPIV the equation numbers will not be specified to the nodes which have no
degrees of freedom. Therefore, such equation numbers must be defined as zero in
RRE.DAT. For example, the equation numbers of the nodes at the bottom of the
rectangular wall rigidly connected to tank base are zero. The impulsive pressure must
also be directly added to the base reaction to obtain the total support reaction at each time
step.

Although the earthquake time function has already been defined in SAP.DAT, in
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order to less destroy the structure of SAPIV, it has to be input again in Part 4 of PRE.DAT.
It can be easily achieved by copying it from the input file SAP.DAT directly.
Thus the procedure of analysis can be summarized below:
(1) Prepare the input file SAP.DAT for empty rectangular tank.
(2) Run SAPIV to obtain the equation numbers of nodes which impulsive applied.
(3) Prepare the input file PRE.DAT.
(4) Run SAPIV again to obtain the dynamic response of fluid-rectangular tank system.
(5) Add the hydrodynamic pressure where the nodes are defined as zero to get total
support reaction.
(6) Calculate the base shear, base moment and top displacement of rectangular tank wall

for design.
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Chapter 7

Parameter Analysis and Examples

7.1 Introduction

In this chapter a series of dynamic analyses are carried out in order to verify the
efficiency of the proposed model. The validity of SAPIV is first tested by static analysis
of tank wall. Then an empty tank is studied to prove the accuracy of time history dynamic
analysis. The results from the mode superposition method and the direct step-by-step
integration method are compared with each other to confirm the validity of these two
methods used in this study.

Several models are used in the dynamic analysis of rectangular liquid storage tanks.
The accuracy of analysis is improved by application of the techniques discussed in the
previous chapters. A concrete rectangular tank studied by the other researchers (Kim et al.,
1996) is also investigated in this study. Dynamic responses of the tank in terms of
horizontal and vertical ground motions are investigated. The results of dynamic analysis
and impulsive pressure distribution are discussed.

Another rectangular tank is investigated later by the application of the different
ground motion record in order to study the response of liquid storage tanks for the
vertical ground motion. The load combination of horizontal and vertical ground motion is

also studied.

7.2 Dynamic Analysis of Liquid Storage Tanks - Empty Tank

The rectangular tank studied by Park et al. (1990) and Kim et al. (1996) is analyzed
in this study. Figure 7.1 shows the dimensions of tank and parameters. Figure 7.2 shows
2-D finite element model.

Prior to dynamic analysis of rectangular tank wall, a static analysis is carried out. A

concentrated force equal to 400 KN is applied at top of the wall. The displacement
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calculated using SAPIV is 81.15 mm which is similar to the result 83.33 mm calculated
by analytical method. The base shear is 399.96 KN. It proves that the static analysis is
correct and the 4-nodal plane strain element in SAPIV is valid.

For dynamic analysis, the North-South component of 1940 El Centro Earthquake
records is used as input ground record in the horizontal direction. The accelerogram of
Imperial Valley (Irrigation District) is shown in Figure 7.3. The time interval between

each step is 0.01 sec. The damping ratio in the mode superposition method is 5% for the
concrete wall. The Rayleigh damping [C]=a[M]+ f[K] is used in the direct

step-by-step integration method. The parameters a, B are calculated using Equations 4.30

and 4.31 as discussed before.
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For the empty tank, three models are analyzed:

(1) Equivalent lumped mass model based on ACI 350.3. The total mass of rectangular
tank wall is lumped on a cantilever wall at the equivalent height.
(2) The model with the mass of rectangular tank wall distributed at each node.

Both of above models are analyzed using the mode superposition method.

(3) This model is the same as model 2 except that it is analyzed using the direct
step-by-step integration method.

The results of analysis are summarized in Table 7.1. The time history response in
terms of displacement d, at the top of tank wall and base shear Fp is shown in Figures
7.4-7.6.

The results presented in Table 7.1 and Figures 7.4-7.6 show that the calculation
results are almost the same between the mode superposition method and the direct
step-by-step integration method with respect to distributed mass model. This indicates
that these two methods are equivalent in the dynamic analysis. In addition, the period of
first mode in equivalent lumped mass model can also be calculated by the analytical
method such as that presented in ACI 350.3. It is 0.1862 sec which is as same as the

result of Model 1 calculated by mode superposition method of SAPIV shown in Table 7.1.
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That means the results from both the mode superposition method and the direct
step-by-step integration method are correct, or the time history dynamic analysis in
SAPIV can provide the correct analysis results. The maximum base shear in equivalent
lumped mass model is larger than that of distributed mass model. This is due to mass
distribution. Basically the results from the distributed mass model are more accurate than
those of the lumped mass model. The displacement at the top of tank wall in Model 1 is

less than that of Model 2 and 3.
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7.3 Dynamic Analysis of Liquid Storage Tanks ~Full Tank
7.3.1 Horizontal Ground Motion

For the liquid storage tank, 6 conditions are calculated. The summarized calculation
results are list in Table 7.2. For the first 5 models, the time history of displacement d4 at
the top of the tank wall and base shear Fg is shown in Figures 7.8-7.12.

The impulsive pressure is applied by the added mass method in Model 2 and Model
3. The added mass is obtained from application of unit acceleration in Eq.5.3. Both of
them are analyzed by mode superposition method. The difference between Model 2 and
Model 3 is that the different formulas are used in the calculation of lumped added mass
representing impulsive pressure. In Model 2 the lumped added mass of impulsive
pressure is calculated using Eq.5.6 proposed by Housner (1957). The lumped added mass
of impulsive pressure in Model 3 is obtained from Eq.5.8 proposed in this study. It is as
same as the results from Haroun (1981) for the rigid wall boundary condition. The
distribution of impulsive pressure along the height of wall is shown in Figure 7.7. From
the calculation results, we can find that the results from Model 2 and Model 3 are similar.
The difference between these two models does not exceed 10%. For this tank, the total
added mass in Housner’s model is 65.710x10° kg, while it is 59.815x10° kg in Model 3.
The position or height of concentrated mass h; is 4.20 m calculated by the equation in
ACI 350.3. Due to finite element model it is conservatively added at the nearest node
(node26).

In Model 4 the distributed added mass is used. It is an improved model compared to
Model 3 assuming lumped added mass. It is analyzed by the mode superposition method
as well. Though the period of first two modes are not big different with above two models,
the base shear is reduced. This is due to the mass distribution discussed in the empty tank.
All these three models use the rigid wall boundary condition to calculate the impulsive
pressure.

The analysis result of the proposed model is shown in Model 5. The effect of

65



flexibility of tank wall in both hydrodynamic pressure calculation and structural dynamic
analysis are considered. It is achieved by the application of sequential method discussed
in Chapter 5. The dynamic analysis is carried out by the direct step-by-step integration
method. The top displacement time history of Model S is similar to those obtained from
the added mass method for rigid wall boundary condition (Model 2, 3, 4). But the base
shear is increased due to the flexibility of tank wall compared to Model 4. From
calculation results, despite the dynamic response of liquid storage tank has little different
between Model 2, 3, 4, 5, the top displacement and base shear at peak value are almost
between two periods, 2-3 sec and 4-5sec. That means the sequential method reflects the

time history of dynamic response properly.

1.0
=
LY
R
N
0.8 N
W
AY
@ ~
> 0.6
8 N Proposed Model
= e =
& = Rigid)
%ﬂ 0.4 N - = = - Housner's Model
= N
= .
LY
6.2 %
¥
i
¥
0.6

6.0 2.8 4.0 6.8 8.0 10.9
Hydrodynmaic Pressure P/pl-iig

Figure 7.7 Comparison of Impulsive Pressure Distribution in Two Models (Rigid)

Two special cases are considered. One is in Model 6 that the Young’s Modulus is
specified as infinity to get the dynamic response of absolute rigid wall. The result shows
that the wall always moves with the ground motion. The maximum base shear is less than
that in the flexible wall. The time history of base shear is shown in Figure 7.13.

Another special case is to specify the damping parameters o, B equal to zero in
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Model 5. The dynamic response for both impulsive pressure and tank wall becomes
extremely large resulting in meaningless. This reflects that damping ratio is a very
significant parameter in the study of dynamic response of liquid storage tanks. Further
study must be carried out.

For the case of Model 1 which is based on ACI 350.3, although the period of first
mode T; = 0.225 sec calculated using equation in ACI 350.3 is similar to that calculated
using the mode superposition method T; = 0.2389 sec from SAPIV. However, the base
shear is extremely large at time 2.56 sec. This is due to the deficiency in calculation the
equivalent height. The equivalent height specified in ACI 350.3 is that:

M, -h+M -k,
h,+h, (7.1

h

It also results from the equivalent lumped mass model which couldn’t reflect the dynamic
response very well compared with the distributed mass model. The Model 1 is not
accurate in the analysis.

In ACI 350.3, the base shear is calculated by the equation:

M -
p, = zs1C, x & W}: M) g (12)

W

where Pg: the lateral inertial forces of wall and lateral impulsive force
7 seismic zone factor assuming 0.4 in this case
S: site profile coefficient representing the soil characteristic as they pertain to the
structure
I: important factor
C;: period-dependent spectral amplification factor. For T<0.31 sec, it is C;=2.75/S.
Ry response modification factor 2.75 for this case
g: effective mass coefficient
The final design base shear is modified by the response modification factor Ry, which is

a numerical coefficient representing the combined effect of the structure’s ductility,
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energy-dissipating capacity and structural redundancy. Using Eq. 7.2, the result of base
shear Py is equal to 355.16 KN which is similar to those from this study. But the natural
period of liquid storage tank, which reflects the basic properties of dynamic response of
structure, is not so accurate compared with those of Model 2 and 3.

The change of hydrodynamic pressure with time in the earthquake is another
interesting problem concerned in this study. The maximum impulsive pressure will be
increased significantly due to the flexible wall boundary condition. But it may not occur
at the same time of the maximum dynamic response of tank wall. The reason is as same
as that the maximum dynamic response of tank wall will not appear at the time of
maximum ground acceleration. In Figure 7.14(a) it shows the absolute acceleration along
the height of wall or mode shape at the time the maximum dynamic response of liquid
storage tank is reached for Model 5. The horizontal ground acceleration at the bottom of
wall at that time is 1.766 m/sec” and the one at the top of wall is 6.990 m/sec’. The
corresponding impulsive pressure distribution is shown in Figure 7.14(b). It can be found
that the impulsive pressure is significantly more than that in the rigid boundary condition.
Figure 7.15 shows the result for Model 6 at the time the maximum dynamic response is
reached. As the wall is absolute rigid, the acceleration along the height is equal to ground
acceleration 3.072 m/sec’ as shown in Figure 7.15(a). The impulsive pressure distribution
is indicated in Figure 7.15(b). All these calculation results are obtained from the
subroutine HYDRO at each time step.

As mentioned earlier, the tall tank investigated in this study is as the same dimension
and properties as that used by Park et al. (1990) and Kim et al. (1996). Results of this
study show that maximum response values are somewhat different with their research as
demonstrated in Figure 7.16, particular after the 6 sec of ground motion. Results of their
study show a type of harmonic motion after 6 sec. This type of response is out of range

and in disagreement with the input ground motion from this study.
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As a second example, a shallow rectangular tank is analyzed to compare its response

with that of the tall tank studied earlier. The dimensions of tank and parameters are:

ow = 2300kg/m®  p; = 1000 kg/m’ E. = 2.644x10" MPa v = 047
I,=15m Hy,=60m Hi=55m t, =0.6m

Figure 7.17 shows the finite element model. The same analysis procedure discussed
before is first carried out. The analysis results are summarized in Table. 7.3. Time history
of each model is shown in Figure 7.18-7.23.

Results of analysis show that the general trend in the behavior of the shallow tank is
very similar to the tall tank. In particular a comparison in the results of time history of
base shear between model 1 and 5 indicates that the values are significantly higher than
Model 1. In this case, difference is 200% as compared to 230% observed in the tall tank.

For the shallow tank, the results obtained from model 4 and model 5 are very similar.
Further study shows that the hydrodynamic pressure is still amplified as a result of the
flexibility of tank wall. But the maximum base shear during the entire time history does
" not increase as compared to the results obtained from model 4 based on rigid wall
boundary condition. This is due to the hydrodynamic pressure applied as external forces
in model 5. As the hydrodynamic pressure load is highly dependent on the flexibility of
the wall in the model 5, the effect of the wall inertial forces during time history analysis
may cancel the hydrodynamic pressure. Further research in this area could be carried out
onit.

Under horizontal ground motion, the tank wall may develop cracking of concrete
and yielding of reinforcement. As a result, the stiffness of the wall could be reduced
considerably. For this reason, the tank wall is analyzed under different E; values ranging
from E,= E; for the fully uncracked section up to E.= 0.1E,. In this case, the concrete is
expected to be totally damaged. It may be unrealistic to use such a small value of E, for
liquid containing structures. However, the results provide some useful information on

how the flexible tank wall could behavior as compared to the more rigid walls.
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Figure 7.18 Dynamic Response of Shallow Tank - Model 1
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Figure 7.23 Dynamic Response of Shallow Tank - Model 6

The values of modules of elasticity of concrete, Poisson’s ratic and the shear
modules used for this study are listed in Table 7.4. The value of modules of elasticity is in
proportion to the initial value for the uncracked section. The Poisson ratio v is constant

and the shear modulus is calculated using the following relationship:

E (73)

<

G=—
2(1+v)

Table 7.4 Different Modulus of Elasticity of Concrete

E. /Eo 1 0.8 0.6 0.4 0.2 0.1
E.(x10'MPa) | 2.644 2.0776 1.586 1.058 0.529 0.264
v 0.17 0.17 0.17 0.17 0.17 0.17
G (x10*MPa) 1.130 1.126 0.678 0.452 0.226 0.113

The summarized calculation results in terms of different E; values are shown in

Table 7.5. The maximum base shear Fg base moment Mg and top displacement d, are

listed. Figures 7.24-7.28 show the time history response of these tanks. For the case of
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E.=Ey, the results are presented in earlier part. The direct step-by-step integration method
and the sequential method (Model 5) are used in the dynamic analysis. The damping ratio
is calculated based on the first two modes of vibration, which are obtained using the

mode superposition method.

Table 7.5 Effect of Variation of Modulus of Elasticity of Concrete on Response

EJ/Eo 1 0.8 0.6 0.4 0.2 0.1
Freq. f] 6.78 6.01 5.25 429 3.03 2.14
(I/sec) | (T | (0.148) | (0.166) | (0.191) | (0.233) | (0.330) | (0.467)
(Period) | £ | 35.74 31.92 2768 | 2261 | 1599 | 11.29
(sec) | (T») | (0.028) | (0.031) | (0.036) | (0.044) | (0.063) | (0.089)
£/50 (i=1,2) 1 0.89 0.78 0.63 0.45 0.32
Damping | a | 3.579 3.179 2772 | 2264 | 1.601 | 1.131
Ratio B | 0.0012 | 00013 | 0.0015 | 0.0019 | 0.0026 | 0.0037
tmax1 (5€€) 2.28 2.28 2.30 2.56 2.64 5.10
Fg (kN) 78.662 | 79.685 | 84.514 | 86338 | 91.884 | 98.780
tmaxa(s€C) 2.28 2.28 2.29 2.56 2.64 5.10
M (KNm) 241.836 | 248.573 | 259.463 | 271.826 | 257.726 | 311.475
tmax3(5€C) 2.28 2.28 2.29 2.55 2.35 5.10
da (mm) 4544 | 5976 8.160 | 12.87 | 2408 | 59.18

Figure 7.29 shows plots of the normalized response with respect to Eo. In order to
reflect the dynamic response of the full tank system more precisely, the normalized
response of these tanks can also be presented in the response spectrum form. The
normalized natural frequencies of tanks with respect to f, for the variable flexibility are

used in the x coordinate as well. Both the first and the second natural frequency have the

]9



same proportion to f, of which the tank has the modulus elasticity equal to Eo. Similar
graphs are shown for base shear and moment.

Figure 7.29 shows that the natural frequencies of vibration decrease when the tank
wall becomes more flexible. However, the base shears and moments increase with the
increase of flexibility of tank wall. For the case E.= 0.2E, the base moment decrease as
compared to E,= 0.4E,, but the base shear still increase. This could be due to the higher
mode effect as will be seen later.

Figﬁre 7.30 shows the acceleration and impulsive pressure distribution along the
tank wall when the maximum base shear is reached. Figure 7.30(a) indicates that as the
flexibility of tank wall increases, the acceleration along the height of tank wall increases.
Figure 7.30(b) shows the increase in impulsive pressure distribution with the increase of
the flexibility of the tank wall.

Comparing all the cases, there is special case for Ec= 0.2E,. In this case the wall
acceleration reduced towards the top of tank wall. This could be due to the high mode
effects as mentioned earlier. As the horizontal ground acceleration is still higher than
those of others at the time when the maximum base shear is reached, the hydrodynamic
pressure still increases. But the relative acceleration along the height of tank wall is small.
Therefore the effect of flexibility of tank wall is not as significant as those of others. It
also means that the input time history of earthquake has effect on the time history of

hydrodynamic pressure load.
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7.3.2 Vertical Ground Motion

Two different vertical ground motions are used in this investigation. One is the El
Centro Barthquake 1940. The horizontal component of this record was used earlier in this
chapter. The second ground motion record is Northridge Earthquake 1994. Past
earthquakes show that the maximum amplitude of the vertical component of ground
acceleration can be significant, especially near the center of the earthquake (Collier and
Flnashai, 2001). In order to study this kind of earthquake, Northridge Earthquake 1994 is
chosen for the analysis. The vertical accelerograms of these two earthquakes are shown in

Figures 7.31 and 7.32 respectively.
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Figure 7.31 Vertical Component of El Centro Accelerogram (0-8sec):
1940 Imperial Valley Earthquake

9.300
0.200
0.100 4 5
0.000
-0.100 4 i
-0.200

-0.300
-0.400

Acceleration (unit : g)

Time (sec)

Figure 7.32 Vertical Component of Northridge Accelerogram (0-12sec):
1994 Northridge Earthquake

101



The dynamic response of liquid storage tanks subjected to the vertical ground
motion is .analyzed on the basis of theory presented in Chapter 5. Only horizontal
hydrodynamic pressure induced by the vertical acceleration is considered. The horizontal
dynamic response of liquid storage tanks subjected to vertical ground motion is analyzed.

Two models are used for the dynamic analysis. The first model is to analyze
dynamic response of liquid storage tanks using the added mass method as shown in

Figure 7.33(a). The part of hydrodynamic pressure induced by the vertical acceleration,

which is equal to p = p,(H - y)ii(#), is represented by the added mass m (y). It is

distributed along the tank wall. A rigid wall boundary condition is used in the
hydrodynamic pressure calculation. The second model is analyzed using the combination
of the added mass method and the sequential method as demonstrated in Figure 7.33(b).
The added mass method which is the same as Model 1 considers the hydrodynamic
pressure induced by the vertical ground acceleration, and the sequential method considers
the flexibility of the tank wall in the horizontal direction. Basically Model 2 should

provide more accurate results than Model 1.

hydrodynamic
pressure due

to flexibility
of wall

(a) Model 1 (b) Model 2

Figure 7.33 Two Models Used in the Vertical Ground Motion Calculation

Both the tall tank and the shallow tank used previously are analyzed in this study.

Table 7.6 shows summary of analysis results for the different size of tanks in the different
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vertical ground motions. The damping ratio is 5% for Model 1. For Model 2, the
Rayleigh damping is used. The first two natural periods of liquid storage system are
calculated from Model 1. The maximum dynamic responses of liquid storage tanks under
vertical ground motion are listed.

It can be found that the displacement, base shear and base moment calculated using
Model 2 can be either larger or smaller than those from Model 1. The reason of such
phenomenon is that there are two motions resulting in the horizontal movement of
flexible tank wall when the tank is subjected to the vertical ground motion. One follows
the vertical ground motion, and another is horizontal motion due to the flexibility of tank
wall. As the natural frequencies of these two motions are far apart from each other, the
consequence of these two motions is like damping effect on each other.

The time history responses of the liquid storage tanks subjected to the vertical
ground motion are shown in Figures 7.34-7.41. They are obtained through either Model 1
or Model 2. In addition, mode shape of tank wall and the corresponding distribution of
hydrodynamic of Model 2 at the peak value are also demonstrated.

The time history diagrams show the responses obtained from Model 1 and Model 2
are significantly different. This is because of consideration of flexibility of tank wall as
discussed before. In the diagrams of hydrodynamic pressure distribution (Figures 7.35(d),
7.37(d), 7.39(d), 7.41(d)) the hydrodynamic pressure induced by the vertical ground
acceleration is demonstrated in the form of solid line. The amplitude of hydrodynamic
pressure due to the flexibility of tank wall is in the form of dash curve. The total increase
or decrease of hydrodynamic pressure due to the vertical ground motion is obtained by

the sum of these two pressures.
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7.3.3 Combination of Horizontal and Vertical Ground Motion
In Section 7.3.1, dynamic response of liquid storage tanks induced by the horizontal
ground motion is discussed. Also, the impulsive hydrodynamic pressure induced by the
vertical ground motion is calculated in Section 7.3.2. The total dynamic response of
liquid storage tanks due to the horizontal and vertical ground motions is calculated by
sum of these two load cases. For the horizontal ground motion, model 5 in which the
sequential method combined with the direct step-by-step integration method as discussed
in Section 7.3.1 is used. For the vertical ground motion, model 2 in which the
combination of the added mass and sequential method using the direct step-by-step
integration method as discussed in Section 7.3.2 is used.
The horizontal component of Northridge Earthquake 1994 used in the analysis is

shown in Figure 7.42.
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Figure 7.42 Horizontal Component (360°) of Northridge Accelerogram (0-12sec):
1994 Northridge Earthquake

Tables 7.7 — 7.10 show maximum dynamic response of tank wall and response due
to the horizontal ground motion and vertical ground motion respectively. Figure 7.43 -
7.46 show the time history of such combination. From the analysis results of combination
of hydrodynamic pressures, it confirms the importance of vertical ground motion in the

calculation of hydrodynamic pressures induced by both vertical and horizontal ground
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motion. It is even critical when the maximum amplitude of vertical component of ground

motion exceeds peak horizontal amplitude.

Table 7.7 Combination of Dynamic Response of Tall Tank in Horizontal Direction

(1940 El Centro Earthguake)

Horizontal Ground | Vertical Ground
Ground Motion Sum
Motion Motion
Top Displacement (mm) -26.30 -0.82 -27.12
Base Shear (KN) -338.111 -32.850 -370.961
Base Moment (KNm) -2018.524 -99.976 -2118.500
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Table 7.8 Combination of Dynamic Response of Shallow Tank

in Horizontal Direction (1940 El Centro Earthquake)

(a) Displacement (Top)
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Horizontal Ground | Vertical Ground
Ground Motion Sum
Motion Motion
Top Displacement (mm) -4.544 -0.234 -4.778
Base Shear (KN) -78.662 -8.405 -87.067
Base Moment (KNm) -241.836 -17.042 -258 878
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Table 7.9 Combination of Dynamic Response of Tall Tank

in Horizontal Direction (1994 Northridge Earthquake)

Horizontal Ground | Vertical Ground
Ground Motion Sum
Motion Motion
Top Displacement (mm) -98.42 1.34 -97.08
Base Shear (KN) -1243.647 20.841 -1222.806
Base Moment (KNm) -7857.994 125.199 ~7732.795
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Table 7.10 Combination of Dynamic Response of Shallow Tank

in Horizontal Direction (1994 Northridge Earthquake)

Ground Motion

Horizontal Ground

Motion

Vertical Ground

Motion

Sum

Top Displacement (mm)

-8.616

-0.093

-8.709

Base Shear (KN)
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Base Moment (KNm)
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Chapter 8

Summary, Conclusions and Recommendations

8.1 Summary

The dynamic response of concrete rectangular liquid storage tanks subjected to
earthquakes is investigated in this study. Analysis is performed under both horizontal and
vertical ground motions. The main purpose of study is to investigate dynamic response of
such tanks.

The most important issue concerned in this study is how to calculate the
hydrodynamic pressures. According to the Housner’s model, the hydrodynamic pressures
can be divided into two parts, convective pressure and impulsive pressure. In this study,
both of them are formulated based on the potential flow theory under horizontal and
vertical ground motions. The boundary conditions of fluid include the flexibility of the
tank wall in the hydrodynamic pressure calculation.

The dynamic response of an empty tank is analyzed using the finite element method.
It is based on the linear elastic theory. The linear structural analysis software SAPIV is
used for dynamic analysis. A two-dimensional rectangular tank wall is analyzed using the
mode superposition method and the direct step-by-step integration method. The time
history of dynamic response of empty tank wall is demonstrated. The validity of SAPIV
used for structural dynamic analysis in this study is verified.

The liquid storage tank system is analyzed using the coupled analysis method. In
this study, the hydrodynamic pressures are no longer to be approximated by added masses
such as that used in the Housner’s model, but treated as external forces. The advantage of
the proposed model is that it can consider the effect of flexibility of tank wall on both
hydrodynamic pressure calculation and dynamic analysis of solid wall. In previous
studies, the flexibility of concrete tank wall is considered only in the dynamic analysis of

solid wall and the hydrodynamic pressure is calculated using the rigid wall boundary
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condition. In order to analyze the dynamic response using the proposed model, a
sequential method is applied. The sequential method can apply results from the first
analysis as loads or boundary conditions for the second analysis. Through this method the
fluid and the solid rectangular tank can be coupled. It is proved that except the difference
time step for the calculation of hydrodynamic pressure in time history, the governing
equation of motion of the proposed model is equivalent to that of the Housner’s model in
the dynamic analysis. If sufficient small time increment, At, is used in the calculation, the
results obtained from sequential method can appropriately reflect the dynamic time
history response.

A computer program HYDRO is developed in this study to calculate hydrodynamic
pressures. As a subroutine, it is successfully incorporated into the linear structural
analysis software SAPIV. Thus the dynamic response of liquid storage tank can be easily
obtained.

In order to demonstrate the efficiency of the proposed model using the sequential
method, a tall rectangular tank is first analyzed in this study. Different models are used to
prove the validity of proposed model. It is concluded that the amplitude of hydrodynamic
pressure is affected by the flexibility of the tank wall.

The response of a shallow tank is also analyzed in this study. The effect of variation
in the flexibility of tank wall is studied. The acceleration along the height of tank wall
and the corresponding hydrodynamic pressure distribution due to wall flexibility are
demonstrated.

As the vertical ground motion is very critical in the dynamic response of liquid
storage tanks, both the tall tank and the shallow tank are analyzed for two different
carthquake records. They are analyzed using the combination of added mass method and
the sequential method. Finally all horizontal load cases are combined by the sum of the

dynamic response of liquid storage tanks obtained from the time history analysis.



8.2 Conclusions

In this study, dynamic response of liquid storage tanks is investigated. Based on the

results of the investigation, the following conclusions can be made:

1.

The magnitudes of hydrodynamic pressure can be amplified due to the flexibility of
tank wall. It results in large hydrodynamic pressure applied on the tank wall. This
may be the cause of serious damage to concrete liquid storage tanks in past
earthquakes.

The governing equation of motion of the proposed model is equivalent to the
Housner’s model in the study of dynamic response of liquid storage tanks, except the
difference in the time step in the dynamic analysis. If the time interval specified in
the dynamic analysis is small enough, the analysis results can appropriately reflect
the time history of dynamic response of liquid storage tanks.

The effect of flexibility of tank wall is very significant in the calculation of
hydrodynamic pressures. With increase of the flexibility of wall, the hydrodynamic
pressures are also increased.

In the calculation of hydrodynamic pressures, the flexibility of wall is ignored in the
design codes and standards. Although the results obtained from the design codes and
standards are still conservative, it is not accurate in the dynamic analysis of liquid
storage tanks.

The equivalent mass model used in the design standards and codes are not accurate
enough to estimate dynamic response of liquid storage tanks, such as base shear.
They are overestimated using the equivalent mass model.

The effect of damping is very significant in the study of dynamic response of liquid
storage tanks. In certain circumstance, resonance may occur resulting in extremely
large stresses in the tank wall.

The hydrodynamic pressure due to the vertical ground motion cannot be neglected. It

can also results in horizontal hydrodynamic pressures. The dynamic response of
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liquid storage tanks subject to the vertical acceleration can be analyzed using the
combination of the added mass method and the sequential method. The total response
of structures in the horizontal direction is sum of response under both horizontal and

vertical ground motions.

8.3 Recommendations for Further Research

Based on this investigation, some recommendations for the dynamic response of

liquid storage tanks are presented below:

1.

A simplified procedure should be established to include the effect of the flexibility of
the tank wall in design codes and standards.

The effect of damping on the dynamic response of liquid storage tanks must be
studied in further research. It may have significant effect on the behavior of liquid
storage tanks.

As an extended application of the two-dimensional model presented in this study,
three-dimensional model should be considered in future research. Therefore, more
complex boundary conditions of the tank wall can be considered in the dynamic
response of liquid storage tanks.

The effect of size of tanks and the level of liquid inside the tanks on the dynamic
response of liquid storage tanks should be studied in order to consider the variable
capacity of fluid containing structures.

This study shows that the hydrodynamic pressure load is highly dependent on the
input ground motion. The effect of time history of ground motion on the

hydrodynamic pressure must be studied.

. The effect of component of convective hydrodynamic pressure under earthquakes is

still not very clear. A simplified method should be used for calculation of such

pressure.
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Appendix A Derivation of Equation - Impulsive Pressure (Horizontal)

The velocity potential function ¢;is solved by separation of variables method. ¢ can be

expressed in the form that:
¢ =X()Y()-T®H A1)
Substituting ¢; into two-dimensional Laplace’s Eq. 3.11, we can get:

X" YO _,

(A.2)
X(x) Yy
According to the boundary conditions indicated in Eq.3.18-3.20 they result in:
y=H %%—=0:>X(x)oY(ny(t)':()zY(Hl)z() (A3.1)
y=0 %‘é‘— =0= X(x) Y()T(@#)~-0=Y(0)=0 (A.3.2)
Y
x=1Ly %¢—‘ =—u(t) = X(x)Y()-T@)=-u(t) (A.3.3)
X
The Eq.A.2 can be transformed as:
X(x) Y(y)
The solution for ¥ () can be expressed as:
Y(y) = B, cos(4, - y) + B, sin(4, - y) (A.5)

Where B; and B; are unknown constant. From boundary condition Eq.A.3.2, it results in

B,=0 and from the boundary condition A.3.1, it result in:

_ (2n-1)z

A A6
j oW, (A.6)
The solution for X{x) can be expressed as:
X(x) = A4, cosh(4, - x)+ A4, sinh(4, - x) (A7)

Where A; and A, are unknown constant. From boundary condition Eq.A.3.3, as the

symmetric condition, it leads to A;=0 Thus the velocity potential ¢; can be expressed as
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that:
$ = Ay, sinh(4,, - x)- B, cos(4,,, - »)- T(®) (A.8)
n=l
Substituting ¢, into the Eq.A.3.3 it results in:

ZA211 ’Bin °/’LI COSh{/’iz i :) Cos(ﬂ’zny) T(t) - _ll(t) (Ag)

n=l

Multiplying Eq.A.9 by cos(); y) and integrating with respect to y from 0 to Hj, we can get
that:

3 S 2
§A2n-Bln .T(r)~—§ T H oL )j cos(A,,») i)y (A.10)

Therefore ¢; can be expressed as that:

b = i 2 -sinh(4, ,x)
b umt Ay, H,-cosh(4, L)

LBTX

cos(4,, )], cos(4,,,) ti()dy (A1)

The hydrodynamic pressure is:

6¢1 e 2- p, -sinh(4, , x)
PP ;/1 “H, cosh(4, L)

LBTTX

H, ..
os(4,, M cos(A,, ) -ii)dy  (A.12)
The impulsive pressure distribution at the surface of the wall x=%L, is:

pe—p =Y LPL tanh L) cos(h ) costi, 0 Oy (A13)

n=1 in
For the rigid wall condition, #(¢) =,(¢f) which means that the velocity along the height

of wall is same as the velocity of ground motion, we can obtain that:

2 2.(-1)"sinh(4,,%)

= _; H, oo, L) cos(4; ) i, () (A.14)

LaTTx

The hydrodynamic pressure is:

peop O TN py G
"5 =~ A, H, -cosh(4,,L)

cos(4, ,») i, () (A.15)

At the surface of wall x=1L,, it becomes:



0 > 2:(-1"-p, .
= —-p, —L = E ——————tanh{(A, L
P T & TR, (ks

i

)-cos(4,,v) i, (F) (A.16)

This result is same as the formula of impulsive hydrodynamic pressure for the rigid wall

derived by Haroun in reference.

Appendix B Derivation of Equation - Convective Pressure (Horizontal)

The velocity potential function ¢ ,is solved by the separation of variables method. For
the harmonic conditionu, (t) = u, -sin(@ - £}, the solution ¢, can be expressed as:

¢, =X(x)-Y(¥)-u, sin{w-t) B.1)
Substituting ¢, into two-dimensional Laplace’s equation Eq. 3.11, we can get:

X (x)" + r(y)" =0 (B.2)
Xx) Y

According to the boundary conditions indicated in Eq.3.21-3.23, they result in:

y=H [—07 - ¥(3)+ g Y ()] X(x)-1iy sin(e 1) = —g% (B3.1)
o,
y=0 E=0=X() YO0 =0= Y(0)=0 (B3.2)
.,
sl P02 X(70)-T0) =02 X(@)=0 (B.3.3)

The Eq. B.2 can be transformed as:

X)) _ rey)" =12 (B.4)
X(x) Y»

The solution for ¥ (y) can be expressed as:
Y(y) = B, cosh(1,y) + B, sinh(4,y) (B.5)

Where B; and B; are unknown constant. From boundary condition Eq.B.3.2, it results in

Bg=0
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The solution for X(x) can be expressed as:
X(x) = A4, sin(A,x) + A4, cos(1,x) (B.7)
Where A and A, are unknown constant. From boundary condition Eq.B.3.3, it leads to:
Acos(A L)t A4, sin(A L. )=0 B.8)
This boundary condition may be satisfied by setting 4,=4,=0, but then ¢ »=0, which is
the trivial solution. For a nontrivial solution either 4; or 4, at least, must be different

from zero. In addition from the boundary condition Eq.3.1 related to ¢ ; it must

anti-symmetric to x=0, thus 4;# 0, 4, = 0. It results in:

cos(4.L,) =0 (B.9)
in which:
A, = @m-Dz (B.10)
2L,
Then ¢, becomes:
¢, = iAl -sin(1_,x)- B, -cosh(A_, )t -sin(e - £) (B.11)

m=1

Substituting into Eq.B.3.1, we can obtain that:

Z Alm : B2m '[—a)z ) COSh(ﬂ‘c,mHl) + g : Z’c,m ) Sinh(ﬂ‘c,mHI )] : Sin(/lc,mx) ) 1’20 : Sm(a) * t) = '—g%
m=}
(B.12)

If the right hand side is specified to zero, we can get natural frequencies of sloshing
liquid:
w?, =2, g-tanh(i_  H,) (B.13)

c,m c.m

Eq.B.12 can also be transform into following form:

Z A!m ) BZm {__(02 + mczam } ‘ COSh(/’L

m=]

c,mHl) ’ Sin(;"c,m

x)-uysin(w-1) = ~g% (B.14)
y

The solution of ¢ ; in Eq. B.14 only considers for the rigid wall boundary condition as the
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flexibility of the wall has little effect on the convective pressure. Then it can be expressed

that:

04, 2.sinh(4, %) |
—ge—l = - -u_{¢ B.15
& oy !y’H’ g; A, H,-cosh(,,L.) 5 6.15)

Multiplying both sides in Eq.B.14 by sin(/4. »x) and integrating with respect to x from -Lyx

to +Ly and substituting Eq.B15 into it, the left hand side becomes

left =) A, B,, L, {-0*+ol,1 cosh(4,,H,) i, sin(w 1) (B.16)
m=1
The right hand side becomes:
. ok 2-g . +Lx .
right = — -u_(t sinh(A, x)-sin{A__x)dx B.17
s Z Z{ A, -H, -cosh(2, L) O sinh G, )-sin(Ac ) B

The integration part can be solved as following result:

fLLxsinh(ﬂmx) sin(A,,, x)dx
2

= ﬂ, 2 }u 2 [ﬂ'i,n : COSh(ﬂ‘i,nx) : Sin(;{‘c,mx) - )l’c,m Sinh(/li,nx) : cos(ﬁ’c,m‘x)] gx
in + c,m

= A« 2 Z)L 2 [(_.1)'" ) /Ii,n .COSh(/’l’i,an) _A’c,m Sinh(/li,nl‘x )]
in + c,m v

(B.18)

Then we can get unknown constant in terms of harmonic conditionii, (¢) = u, - sin(@ - ¢) :

B © o E 2,g 2
_E ; {6’)2—0}5’,”)‘003}1(/1 Hi)'Lx }Li.ncHI.COSh{j‘i,an) /1,',;12 +/1¢ 2

c,m n

[(—i)m : ﬂ‘i,n °COSh(2'i,an) - /}‘c,m Slﬂh(l’t L )}

L,8""x

(B.19)

Therefore the velocity potential ¢, can be expressed as that:



0 a0 1

¢, =1, -sin(m-t)-z z

2-g

2

£e &4 (o7 “@? Y.cosh(AH,)-L, A, -H, cosh(i, L)

C.m

2 [(-D" A, cosh(4,,L,) - A, sinh(4,,

L, C,m

L.)]-sin(4

.

Appendix C Derivation of Equation - Impulsive Pressure (Vertical)

x)-cosh(4,,¥)

(B.20)

In this research the hydrodynamic pressures for the vertical acceleration consider two

components. One is related to the vertical motion of rigid tank. It can obtained by:

p=pH —y)¥, ()

C.1

The other is associated with the flexibility of the wall. For this component, the velocity

potential function ¢ ; can be assumed as:
¢, =X(x)-Y(y)-T@®)
Substituting ¢ ; into two-dimensional Laplace’s equation Eq. 3.11, we can get:

X" YO _
X(x)  Y()

According to the boundary conditions indicated in Eq.3.39-3.41, they result in:

et 20 X0 Y0) T@=0= V() =0

y=0 % = v () = X(0) Y () TO) =7,()

x=1L %"33_ = +i(t) = X ()Y () - T(t) = 10(2)
X

The Eq.C.3 can be transformed as:

X' YO _
X(x  Y»

The solution for ¥ (y) can be expressed as:

(C.2)

(C3)

(Cc4.1)

(CA4.2)

(C.4.3)

(€3



Y() = B, cos(4,) + B, sin(4,7) (C6)

Where B; and B; are unknown constant. For symmetric of the structure by axis of x=0 in
the vertical acceleration condition, it results in B,=0 and from the boundary condition

Eq.C.4.1, it result in:

A = @n=-lzn (o))
2H,
The solution for X{x) can be expressed as:
X(x) = 4, cosh(4,x) + 4, sinh(4,x) (C.8)

Where A; and A, are unknown constant. From boundary condition Eq.C.4.3, for the
symmetric, it leads to A=0
Thus the velocity potential ¢ ; can be expressed as that:
¢, = A, cosh(4,,x)- B, cos(4,,y) - T(t) (C.9)
n=1

Substituting ¢ ; into the Eq.C.4.3 it results in:

D Asy - By, - Ay, -sinh(4,, L) - c08(4,,¥) - T(t) = $ii() (C.10)

n=l
Here we can find that the hydrodynamic pressure related to the flexibility of the wall can
be calculated as same as the procedure used in the horizontal acceleration, except that the
boundary conditions in the horizontal acceleration is anti-symmetric while in the vertical
acceleration they are symmetric. From the same derivation procedure considering the
flexibility of wall in horizontal acceleration condition, the hydrodynamic pressure due to

the flexibility of wall in vertical acceleration is that:

0 © 2-p, -cosh(4, ,x)
Py ==p __{ﬁ_;; = z :
ot 55 A, -H,-sinh(4,,L)

cos(d,, )|, cos(A,,yXit)dy (C.11)
At the surface of the wall x=%L it becomes that:

P, 6¢1 i 1 coth(iul WL )cos(4,, y}j; cos(4, , yyi{t)dy (C.12)

n=l in
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Therefore the total hydrodynamic pressure in the vertical acceleration condition is that:

.. > 2
P=pi+p,=pH, =) T+ -——%’1—;co~th(ﬁ
i

n=i 1.5

Appendix D Format of Input File PRE.DAT

H, .y
L) cos(A, 1) | cos(Ay , vyi(t)dy

(C.13)

The PRE.DAT is input file for subroutine HYDRO. It provides information for

calculation of hydrodynamic pressure. The format is list below:

Part 1. Analysis Information

Notes
D

Columns

1-5

Variables

NSYN

Type of Data
15

Part 2. Control Information (4F10.0, 315)

Notes
(M
2
€)

“4)
)

©)

Columns
1-10
11-20
21-30

31-40
41 -45

45 -50

Variables
FDEN
XL
YL

HL
MF

NHOV

Type of Data
F10.0
F10.0
F10.0

F10.0
IS

I5

140

Entry
Number of required analysis
EQ.1 Including hydrodynamic
analysis

NE.1 Empty Tank

Entry
The mass density of fluid
The half width of rectangular tank
The height of rectangular tank
wall
The height of fluid.
Number of nodes calculated in
SAPIV

Number of required earthquake



N 51-55 NEAR

Part 3. Nodes Information (I5, F10.0)

Notes Columns Variables
¢)) 1-5 NODF()
2) 6-15 YO

I5

Type of Data

I5

F10.0

calculation
EQ.1 Horizontal
NE.1 Vertical

Number of earthquake record

Entry
The equation number applied
hydrodynamic pressure |
The Y-coordinate of node applied

hydrodynamic pressure

Part 4. Earthquake Time Function Information (12F6.0)

Notes Columns Variables
¢y 1-6 TIM(1)
7-12 ACE(1)

13- 18 TIM(2)
19-24 ACE(2)

etc.

Type of Data

F6.0
F6.0

F6.0
F6.0

etc.

141

Entry
Time values at point 1, TIM(1)
Function value at point 2,
ACE(TIM1)
Time values at point 1, TIM(2)
Function value at point 2,
ACE(TIM2)

etc.



