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ABSTRACT

The liquid storage tanks are the lifeline structures used in any civil society as part of water
supply facilities, fire-fighting systems in industries, and in nuclear reactors for storage of
various types of liquids. In the earthquake-prone areas, it becomes necessary to prevent
damages to the tank, to safeguard invaluable human lives and avoid economic losses.
Therefore, in-depth study on the seismic behavior of liquid storage tanks is indispensable.
Subsequently, finding improved solutions over the causes of failure of the tanks during
earthquakes becomes important. For this, the base isolation technology has been extensively
used to improve the seismic performance of the liquid storage tanks. From the past researches
on the base-isolated tanks using the elastomeric and sliding systems, it has been observed that
sloshing response is rather unaffected or increased due to the addition of the base isolation
systems. Also, to the best of the knowledge of this author, so far no attempt has been made on
studying the effectiveness of rolling base isolation system for seismic protection of the tanks.
Hence, in the present study a new rolling base isolation system along with an added surface
diaphragm (SD) floating on the free liquid surface is proposed to respectively control the base
shear induced in the tank wall and sloshing response of the liquid contained in the ground-
supported cylindrical tanks.

Anew rolling base isolation system in oblate shape is devised and proposed herein, named the
oblate spheroid base isolation (OSBI) system. The OSBI system has an elliptical shape in any
of its vertical plane, thus having an additional advantage to restore back to its original
position after an earthquake event. Hence, it does not require additional supplemental devices
as needed by some of the conventional isolation systems. The detailed mathematical
formulation, governing dynamical equations of motion, and energy formulation for the tank
mounted on the OSBI system are derived and solved. The seismic response of the ground-
supported cylindrical tank isolated using the OSBI system is investigated using mechanical
lumped-mass model of the tank. The study is carried out for the relatively broad and slender
tanks subjected to uni-directional harmonic excitations and bi-directional horizontal
components of the earthquake ground motions.

Further, a three-dimensional (3-D) finite element (FE) analysis of the liquid storage tank
mounted on the OSBI system along with the surface diaphragm (SD) is carried out. As
analytical solution becomes intricate, especially analytical or closed-form solutions may
become intractable, the finite element method (FEM) may be relied on for conducting seismic

analysis of the tank mounted on the OSBI system along with the SD. For the FE-based

v



analyses of the liquid storage tanks initially, a mesh convergence study is performed using
free vibration analysis of a thin circular cylindrical shell. In addition, the seismic analysis of
the fixed-base ground-supported 3-D cylindrical tank is investigated using a coupled
acoustic-structural (CAS) approach in the FEM. Here, rigid and flexible tanks of two
different aspect ratios, broad and slender, are subjected to uni-directional, bi-directional, and
tri-directional (tri-axial) components of earthquake ground motions are investigated. The
dynamic responses obtained from the FE-based modeling and analyses are also compared
with the conventional lumped-mass model of the tank available in the literature.

The efficacy of the SD was also studied by conducting a series of laboratory experiments on
the 3-D non-isolated and base-isolated square liquid storage tanks. The tests were performed
by varying the base excitation frequency, water level in the tank, and for different SD
materials of varying thicknesses. Further, numerical study is also performed based on the
CAS and the coupled Eulerian-Lagrangian (CEL) approaches in the FEM to model the
coupled fluid-structure interaction (FSI) in the liquid storage tank. The experimental and
numerical results are compared to study the performance of surface diaphragm in controlling
the sloshing response of the liquid in then on-isolated and base-isolated tanks. Furthermore,
the seismic responses of the 3-D rigid and flexible base-isolated tanks along with the SD are
investigated using the CAS approach in the FEM. A parametric study of the 3-D base-
isolated tank using the conventional isolation system is conducted to assess the efficacy of
different base isolation system in dynamic response reduction. The parameters used in the
parametric investigation include, rigid and flexible, broad and slender tanks, three different
vibration period of isolation system, aspect ratio of the tank, and thicknesses of surface
diaphragm.

Based on the abovementioned comprehensive experimental, numerical, and FE-based studies
carried on the non-isolated and base-isolated liquid storage tanks using surface diaphragm
(SD), finally, seismic analysis of the 3-D base-isolated tank mounted on the OSBI along with
the SD is investigated using the CAS approach. By conducting the numerous studies, it is
concluded that the invented and proposed new rolling base isolation system, OBSI is indeed
effective in mitigating the seismic responses; whereas, the floating surface diaphragm is
effective in controlling the sloshing response of the free liquid surface in the tank. Thereby,
base shear and sloshing response control in base-isolated liquid storage tanks is achieved by
respectively using the oblate spheroid base isolation (OSBI) system and the floating surface

diaphragm.
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R (STeT) SR & (CohT) Tonell o TRes HATST # ool 3 giaemsit, e #
HTeTAHT GoTell, 3R fafdest JhR & TR Terdl & $HSRUT & foIv WA0] RuFed &
REd & & & 39ANT T S drell SaeR@r WA §1 HY-vaur & H, & @t
qhdlT B Uched, 3HFHeT AT Sliaed I W& IR S Joha= § gu & v
HETF & ST §1 FATAT, el HSRUT oh & U SYagR W IS 8 3HeqTel
HfFAard gl 3EF 91Q, HFT & AN Tl A fAwerar (FRmEe) & wRol # dJgaw
AT Goell Agcaqul & Siiar gl 3% e, dof (99) 3feena ([Feweran) weafaer
1 hYeh & ¥ T HSRUT &b & ohdig el # Fur & foIv 3uier fohar Srar
gl S 3R TemsfEer (Tere) umel (RA¥eH) T 3Uder Y HUR-9UF &F
el etr ¥, I8 @ 711 ¢ o TR 37l gomell & JfaRed & wRoT gfafear
aéﬁm&ﬁamaﬁr?%l % 3Tdl, 3§ oEdh & AT & Fdicdd SRy ,
dopl AT U gRAT & foIw AT (cfoehedl) MUR-JYUh Yomell I FsTrasfierdr r
ETTT F & [T 39 I Fis TIE F& Har 731 §1 5@, add e 3eaTsT &
T A AT IMUR-YS JoTlell HeFd el Hdswéﬁngaﬁﬁa—?rﬂa's’-
(YTeT) SIWIH (THSY) & HIY HALM: &k AR H NG HAUR Falell &l @IfFT Ha
IR oHT F AT e i TR (F27) vafFrar A [T & &1 Eag g
U] GCH/ISHR IThid (3Heele) PR A Teh a1 Afeler JUR-JUF Jomell dax
IR wEafad fRar wEr g, fSEeT AW T9er 3SR A UR-gUS  (3fsele
TIRISS S 3TsdIoR) (NTEETS) Jomel g1 Nugdsme [{eed #§ s &
d9ad faA & HEHR HHR BIdT 8, 30 YR oy HT "l & d I T
P & g sg1e A F v vk fAREFT ot gir g1 9T, 38 FT IRIRS
M JoUnferdl arT 3MMaRdeh TARFd Reb 3RV AT IMaRIT gl &1 faEgd
MO FAROT  (BlHee), afd & aifalier @deol & f@afEd aeer, iR
NS B{ed W dene v && & fau Far [Faor IR R = § 3k g
forar arr B NTENIS @A &1 3UAET e qUd THA-FATTT ol S
d yfdfrar & & Il Sa-aR (dFcs-Ar) SiaA (Alsd) &1 39T aeh
STe & STl 81 g T 39eTlehed &d19sh 3R gdel Ehi & AT fohar Sirar § i
HhT & STHIT & AT (FI) & Toh(Tel)-[GRATcAs oeg (8THfTeeh) Scdote3it 3R
afa-feemcaes aifast et & 3refe g g1

g% I, -3 (3-31) & T NTHAAE Jomell (RAEEH) W 9IMT AT ol
$BRUT &F TUT Tde-Ucel SIWH & F-3mamEr (3-31) aRfAT dca fagewor (aRfaa
3egg fAfY - wws) foam §1 i, faedwucrs FATUR SIfee & arar §, &9y &9 4
faeeNuTcAs a1 FE-9FY (BlHA) FATU 3196 g Hehd g, THST & WY 3NTHAI3TS
YUl 9 &@MT 910 &F & NI faeawer & garele & fov aRfAT dea fr (vws)
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W IR AT ST Hehell §1 YOI H O HSRUT EF & UHS-MR TARANUT o
foT, T e ATAWOT 3eTTT TEH gdell IRTT el (SelThR/ elfgde) @ &
HFd YT fARRINOT 1 IUAT ek HAT g1 WS Iowrar, TURN-dA (hares-sq)
STHI (IM33)-FATIT 3-8 SolToh Eoh & HhUIT fARRTOT T ST Uhs # U JlaAd
e foleh-TlellcHsr (HUTH) TIOCHIOT &1 39ANET fhar g1 @, al 3HelE-37e@l Uge]
3UT, &419%h 3R Tl & HoR IR oreliel b, T W3S AR AT Feil-feieash,
afa-feemcAs, IR B-RemcAs (F-31af) geat & el §1 wws-3menRa Arsfelr 3R
faeeiyor & gree arfaelier gfafshansit &1 Jefer Arfged & 3uasts & & URURS oS-
AT Alser ¥ o F gl

THST T FATAhIRAT T 3T 3-8 IR-JUsh 3R ITUR-JUF qoT el HSROT E&h
TR JART BT Tk H@ell AT X fhar aar| gheTor 98 Sedsiar 3gicd,
¢H H el & TR, IR A A & [Affed v el & v 5 @ 59+
3eTal, T HSROT &b A JPA Ga-BITll STLAA (VHUHINTS) HT HISe Hlel o
for deww 3R gFwa gaRaa-ddfme (@Eva) Tfehor & 3R | deacAs
AT o TRaT B TENTcHS 3R H&AcHS IRUTAT &I Jofell g I STAThEA &
Yede d AT A & AT o & g, arfeh axer B el ufafear @ e
3o AR IuR-gus e A IR A S @) @S Hemar, THS & WY 3
FOR 3N ordell ITUR-gUw Ehi & ohdry gfafhansit &1 ths & dived giteshion
FI YT b oI T &1 gl Afaeiier gfafshar & Far & |AfReT 9@ 9 Jomelr $r
JHTGHIRAT HI 3heled el & [olU URYRSE 3@ YUl & 3INRT dah 3-8
HUR-92eh Eoh T Teh Trael (W) gl ImAitola fohar g1 defes siar &
39T FU T WA F FoR 3 o=, e 3R gder &6, 3reeng yomer i
ofieT 3797 et 3afe, S T Tl 3qUTd, IR TcAg SRATPEA HI HeS ATA |
AL ST (THST) HT 39AT I g IN-gUh AR HUR-JIF el $SROT Sl
W fFT 30 I9ed A9s JATcHS, T&IcHS, 3T THS-3memRa Tediel & 3R
W, 3 #, NTHNHS T T AT 3-8 IUR-JUF S HT HHUT fIRAT0T THST &
ary Aoy TfCHIUT HT IYIART e Sid $HF STl g1 FS ETTAT T HaTeld Floh,
g sy fAsrem o § 6 snfaseRa 3R gearfaa @8 AfeeT 3R 3eema guTel,
HETHINS AT S GlAfHABT FI FH FA H aredg A g g, ST, welfear
Il SHAWH Had ol TAg T THHER Tidfhar ol AT o & gomd § | 59
YR, IMUR-JYF Rl HSRUT ¢ H MUR FcRell IR ogl gfafrar a=or swaer:
3ilsolc TS dF 3Te@NT (NTHAIIE) YuTlell 3R Felifcar TAg STATBE T 39ATeT
Feh gkl fohar B
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U, and i,

U, andu,,

U, anduy,

U, andu

rzy

MATHEMATICAL NOTATIONS

Horizontal acceleration of the base mass relative to the ground in x- and y-

directions, respectively

Horizontal displacement of the base mass relative to the ground in x- and y-

directions, respectively

Horizontal velocity of the base mass relative to the ground in x- and y-

directions, respectively

Vertical acceleration of the base mass due to the motion of rollers along the x-

direction and y-direction, respectively

Convective pseudo-acceleration

Displacement of the convective mass

Eccentric angle (angle with respect to the major radius, ry) in x-z plane
Eccentric angle (angle with respect to the major radius, ry) in y-z plane
Energy dissipated by rolling friction in x-axis

Energy dissipated by rolling friction in y-axis

Frequency of the convective mass

Half the horizontal distance between the upper and lower points in x-z plane
Half the horizontal distance between the upper and lower points in y-z plane
Horizontal displacement of the base mass relative to the ground along x-axis
Horizontal displacement of the base mass relative to the ground along y-axis

Acceleration component along the direction vector for an outward pointing
normal

Acoustic particle velocity in outward normal direction of the acoustic medium
Critical damping ratio of the superstructure

Damping matrix of order 2Nx 2N for the fixed-base building

Differential operator

Displacement of the convective mass

Eccentric angle (angle with respect to the major radius, ry) in x-z plane
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1/k,

1/c,

Eccentric angle (angle with respect to the major radius, ry) in y-z plane

Eigenvector (the mode of vibration)

Energy dissipated by rolling friction in x-axis
Energy dissipated by rolling friction in y-axis
External excitation

First invariant of the deviatoric strain tensor of the left Cauchy-Green
deformation tensor
First invariant of the deviatoric strain tensor of the left Cauchy-Green
deformation tensor

Ground acceleration

Horizontal displacement of the center of mass of the OSBI relative to ground
along x-axis

Horizontal displacement of the center of mass of the OSBI relative to ground
along y-axis

Horizontal displacement of the center of mass of the roller relative to ground
in x-direction

Influence coefficient matrix for the base mass of order 2 x 2

Influence coefficient matrix for the superstructure of order 2Nx 2

Internal energy per unit mass

Internal energy per unit mass

Laplacian operator

Mass matrix of order (2N +2)x (2N +2) for the base-isolated building

Mass matrix of order 2Nx 2N for the fixed-base building

Matrix operator (gradient and divergence) of variable

Nodal acceleration

Proportionality coefficient between the pressure and the displacement in the

normal direction to the surface

Proportionality coefficient between the pressure and the velocity in the normal

direction to the surface
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Relative base mass displacement vector with respect to the ground of order 2 x

1

Relative floor displacement vector with respect to the base mass of order Nx 1
Resultant displacement

Rotation of the OSBI system about the x-axis

Rotation of the OSBI system about the y-axis

Rotation of the rolling rod about the y-axis

Stiffness matrix of order 2Nx 2N for the fixed-base building

Stiffness matrix of order (2N +2)x (2N + 2)for the base-isolated building
Strain

Stress

Surface traction

Time rate of change of the acoustic pressure

Velocity of liquid particles

Velocity of shock particle

Velocity of sound through the liquid

Velocity potential function

Vertical displacement relative to the ground along z-axis (in x-z plane)
Vertical displacement relative to the ground along z-axis (in y-z plane)
Vertical displacement relative to the ground in z-direction

Volumetric compressive strain as a function of initial density, po

Characteristic impedance of material at the boundary
Coefficient of rolling friction between the base mass and the OSBI system
Coefficient of sliding friction

Acceleration of the OSBI system along the x- and y-axes, respectively
Angular acceleration of the OSBI system along the x- and y-axes, respectively
Ground acceleration along the x- and y-axes, respectively

Relative velocity of the base mass in the x- and y-axes, respectively
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Vertical acceleration of the OSBI system along the x- and y-axes, respectively
Vertical acceleration in base mass along the x- and y-axes, respectively

Modified Bessel function of first order and its derivative, respectively
Material constants

Damping matrix of the system

Acoustic fluid element damping

Structural element damping

Stiffness matrix of the system

Acoustic fluid element stiffness

Structural element stiffness

Mass matrix of the system

Acoustic fluid element mass

Structural element mass

Spatial coupling matrix

Structural element forces

Acoustic fluid element forces

Influence coefficient matrix

Nodal displacement values and over-dots indicate derivative with respect to
time

Fluid boundaries are given by prescribed pressure

Structure boundaries are given by prescribed force vector

Structure boundaries are given by prescribed displacement

Prescribed normal pressure gradient

Dynamic viscosity of water in N-sec/m?

Amplitude of motion (maximum displacement from the reference line).
Major radius of ERR

Undetermined constants

Amplitude of external acceleration

Acceleration component along the direction vector for an outward pointing
normal n to the fluid region

Ground acceleration along x- and y-directions, respectively
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F,, and Fby

F,.and Fye

Fand Fyu

ax

ay

B
bs
bx

by

CpoOrc
Cipand Dq
Ca

Ch

Ce

Ci

Cij

Cs

Cx

D
Ds
e
E

Einput,x

Einput,y
Ekx

Inertial force of the bottom and top rollers acting tangentially along x-and y-

directions, respectively at the two points of contact of the rods

Isolator rolling frictional force for the bottom and top rollers along the x-and y-

directions, respectively

Restoring force of the bottom and top rollers, by virtue of its elliptical shape,

acting tangentially along x-and y-directions, respectively

Half the horizontal distance between the upper and lower points in x-z plane
Half the horizontal distance between the upper and lower points in y-z plane
Minor radius of ERR

Width of the tank

Body force

Half the vertical distance between the lower and upper points (O; and O;) of
the system in the x-z plane

Half the vertical distance between the lower and upper points (O; and O;) of
the system in the y-z plane

Speed of sound in liquid

Temperature-dependent material parameters in Neo-Hookean model

Acoustic fluid domain damping matrices

Damping of the base isolation system

Damping constant of the sloshing/convective mass

Damping constant of the impulsive mass

Coefficients which are the functions of Ay, N

Structural damping matrices of the structural domain

Half the horizontal distance between the upper and lower pole points (A and
B)

Diameter of the shell

constitutive matrix for an isotropic material relating stresses and strains
Eccentricity of the oblate spheroid

Modulus of elasticity of shell material

Input energy in x-axis

Input energy in y-axis

Absolute kinetic energy in x-axis

Absolute kinetic energy in y-axis
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He

HL
Nm
H:

Potential energy in x-axis

Potential energy in y-axis

Recoverable energy in x-axis

Recoverable energy in y-axis

Elastic strain energy in x-axis

Elastic strain energy in y-axis

Modulus of elasticity of tank wall material

Energy dissipated by damping in x-axis

Energy dissipated by damping in y-axis
Generalized force

Natural frequency in Hz.

scalar model coordinate corresponding to the mode shapes U(x, 6), V(x, 8), and
W(x, 0)

Restoring force induced in the isolator

External nodal forces

Rolling frictional force of isolator due to its geometry
Amplitude of displacement

Inertial (relativistic) force of isolator

Nodal forces exerted on the tank wall due to the pressure imparted by the
oscillation of the liquid contained in the tank

Total restoring force of the isolation system
Restoring force of isolator due to its geometry
Eulerian volume fraction (EVF).

Base shears in x- and y-directions, respectively
Acceleration due to gravity

Initial shear modulus

Constant thickness of the cylindrical shell

Height (or length) of the cylindrical shell

Sloshing displacement in the tank.

Height of convective mass from bottom of the tank
Height of impulsive mass from bottom of the tank
Liquid height in the tank

Sloshing displacement in the image

Height of rigid mass from bottom of the tank
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thickness of the closure

internal forces resisted by the tank liquid materials
Elastic volume ratio (EVR)

Mass moment of inertia of the OSBI system

sum of mass moment of inertia of the bottom rollers
bulk modulus of the liquid in MPa
Transformation coefficient.

Initial bulk modulus

Acoustic fluid domain stiffness matrices
Stiffness of isolator.

Convective spring stiffness

Impulsive spring stiffness

Stiffness matrix

Structural stiffness matrices of the structural domain
Length of the tank

Differential operator

Length of tank in the image

Nodal mass

Superstructure floor mass

Degrees-of-freedom

Acoustic fluid domain mass matrices

Mass of isolator

Convective mass of liquid in the tank
Convective mass in x- and y-axes, respectively
Impulsive mass of liquid in the tank

Impulsive mass in x- and y-axes, respectively
Mass matrix

Mass of the OSBI system

Rigid mass

Sum of mass of the bottom rolling rods

Rigid mass in x- and y-axes, respectively
Structural mass matrices of the structural domain
Total effective mass of the tank

Fluid region
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Na
Na
Ns
N

p(t)
Pa
Px
qa(t)

Circumferential mode

Normal vector

Boundary normal vector point outward from the fluid domain

FE shape functions for the acoustic fluid domain

Boundary normal matrix pointing outward from the structural domain
FE shape functions for structural domain

Dimensionless parameter

Acoustic pressure at the top surface of the liquid.

Hydrodynamic pressure at any point

Acoustic fluid, dynamic pressure

Nodal pressure

Half the vertical distance between the lower and upper pole points (A and B)
Added fluid mass per unit volume

Transformation vector that couples each degree-of-freedom to the ground
motion

Radius of the cylindrical shell/ tank

Major radius of the oblate spheroid along the two horizontal axes (x- and y-
axis)

Minor radius of the oblate spheroid along the vertical axis (z-axis)
Aspect ratio of the tank

Fluid acoustic-structural surface area

Sign function, i.e. sgn(u,) = U, /|u,|

Time

Transpose

Isolation time period

Time period of convective mass

Time period of impulsive mass

Natural period of the system

Fundamental time period of the superstructure

Thickness of tank wall

Strain energy per unit reference volume

Displacements of the shell in the x, 6 and z directions, respectively

Displacement of fluid particles

x|



Up Isolator relative displacement with respect to the ground

Upx Horizontal displacement of the base mass relative to the ground along x-axis
Uby Horizontal displacement of the base mass relative to the ground along y-axis
Uc Displacement of the convective mass

Ucx, Ucy Absolute displacement of convective masses in x- and y-axes, respectively
Uix, Uiy Absolute displacement of impulsive masses in x- and y-axes, respectively
Urx,Ury Absolute displacement of rigid masses in x- and y-axes, respectively

Us Structural domain displacement

\Y Elemental volume

Vv Velocity distribution of liquid.

Vy, Vy Base shear generated in the x- and y-axes of the tank, respectively

W Weight of tank

w(t) Vertical displacement of the surface diaphragm and the over-dot represents its

derivative with respect to time, t

Xb ,Yb Displacements of the base mass relative to the ground in x- and y-axes,
respectively

Xb,max Maximum limit for the isolator displacement

Xc Ye Displacements of the convective mass relative to the base of the tank in x- and
y-axes, respectively

Xi \Yi Displacements of the impulsive mass relative to the base of the tank in x- and

y-axes, respectively

Cp Damping ratio of isolator.

Ce Damping ratio of convective mass

Gi Damping ratio of impulsive mass

Gs Damping ratio of tank material

0; z Co-ordinates in the circumferential and radial directions of the shell,

respectively

Am; N Axial wave number and the circumferential wave parameter, respectively
v Poisson’s ratio of material

p Density of shell material

pL Density of the liquid in kg/m®.

Ps Density of material in kg/m°.

Pt Mass density of the steel tank

Pw Density of water in kg/m?
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® Velocity potential
Frequency parameter

® Angular/ circular frequency of natural vibration or excitation frequency or
circular frequency in rad/sec

Qa Acoustic fluid domain

Of Forcing frequency

Qp Acoustic fluid boundaries are prescribed by pressure

Qs Structure domain

Qsa Boundary between acoustic fluid domain and structural domain

Q, Acoustic fluid boundaries with prescribed impedance
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ABBREVIATIONS

2-D Two-dimensional
3-D Three-dimensional

AC3D8R Acoustic continuum 3-D eight-node element with reduced integration

ACI American Concrete Institute

ALE Acrbitrary Lagrangian-Eulerian

API American Petroleum Institute

ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

BE-FE Boundary element-fluid element

BEM Boundary element method

Bl Base-isolated

BNC Ball-n-cone

C Convective

C3D8R Continuum 3-D eight-node element with reduced integration

C3D8RH Continuum 3-D eight-node element with reduced integration and hybrid
formulation

CAS Coupled acoustic-structural

C-C Clamped-clamped

CEL Coupled Eulerian-Lagrangian

C-F Clamped-free

CFPI Conical friction pendulum isolator

CPM Consistent particle method

DCFP Double concave friction pendulum

DM Donnell-Mushtari

DOFs Degrees-of-freedom

DVFPI Double variable frequency pendulum isolator

EC3D8R Eulerian continuum 3-D eight-node element with reduced integration

EDF Electricite de France

EERL Earthquake Engineering Research Laboratory

EoS Equation-of-state

EPS Expanded polystyrene
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ERR Elliptical rolling rods

EVF Eulerian volume fraction

FDM Finite difference method

FEM Finite element method

FLH Flugge

FPS Friction pendulum system

FSI Fluid-structure interaction

GPa Giga Pascal

HDRB High-damping rubber bearing

I Impulsive

IMV Imperial Valley, 1940

JMA Japan Meteorological Agency

KBE Kobe, 1995

kN kilo Newton

kPa kilo Pascal

LGP Los Gatos Presentation

LNG Liquefied natural gas

LP Loma Prieta, 1989

LRB Laminated rubber bearing

LRB36 Laminated rubber bearing 36 mm thick
LRB78 Laminated rubber bearing 78 mm thick
LST Liquid storage tank

MFPS Multiple friction pendulum system

MN Mega Newton

MPa Mega Pascal

NHF Newhall Fire station

NI Non-isolated

NR Northridge (Sylmar Converter Center), 1994
NR(NH) Northridge (Newhall), 1994

N-Z New-Zealand

NZS New Zealand Standard

OPRCB Orthogonal pairs of rollers on concave beds
0SBl Oblate spheroid base isolation

P-F Pure-friction

xliv



PFPI
PGA
PU
R3D3
R3D4
R-FBI
RISs
RNC
RTB
S3R

S4R

S-C

SD
SD-SD
SPH
SR-F
S-S
SSM
TARRC
UK
USA
VCFPS
VFFPI
VFI
VFPI
VFPS
VFRB
VOF

Polynomial friction pendulum isolator

Peak ground acceleration

Polyurethane

Rigid 3-Dthree-node triangular discrete rigid elements

Rigid 3-D four-node bi-linear quadrilateral discrete rigid elements
Resilient-friction base isolator

Rolling isolation systems

Roll-n-cage

Rolling-type bearing

Shell three-node triangular three-dimensional element with reduced integration
and hourglass control

Shell four-node quadrilateralthree-dimensional element with reduced
integration and hourglass control

Simply-supported - clamped

Surface diaphragm

Shear diaphragm - shear diaphragm

Smoothed particle hydrodynamics

Sliding resilient-friction

Simply-supported - simply-supported

Simplified sloshing model

Tun Abdul Razak Research Centre

United Kingdom

United State of America

Variable curvature friction pendulum system

Variable frequency and variable friction pendulum isolator system
Variable friction isolator

Variable friction pendulum isolator

Variable friction pendulum isolator system

Variable-frequency rocking bearing

Volume of fluid
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