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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 
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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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सार 
तरल (जल) भंडारण टɇक (टंकी) िकसी भी नागिरक समाज मɅ जल आपूितर् सुिवधाओं, उɮयोगɉ मɅ 
अिग्नशमन प्रणाली, और िविभÛन प्रकार के तरल पदाथɟ के भंडारण के िलए परमाणु िरएक्टरɉ के 
िहèसे के Ǿप मɅ उपयोग की जाने वाली जीवनरेखा संरचनाएं हɇ। भूकंप-प्रवण क्षेत्रɉ मɅ, टɇक को 
नुकसान को रोकने, अमूãय मानव जीवन की रक्षा और आिथर्क नुकसान से बचने के िलए 
आवæयक हो जाता है। इसिलए, तरल भंडारण टɇक के भूकंपीय åयवहार पर गहराई से अÚययन 
अिनवायर् है। इसके बाद, भूकंप के दौरान टɇकɉ की िवफलता (िगरावट) के कारणɉ मɅ बेहतर 
समाधान ढंूढना मह×वपूणर् हो जाता है। इसके िलए, तल (बेस) अलगाव (िवलगता) प्रौɮयोिगकी 
का åयापक Ǿप से तरल भंडारण टɇक के भूकंपीय प्रदशर्न मɅ सुधार के िलए उपयोग िकया जाता 
है। इलाèटोमर और èलाइिडगं (सरकन) प्रणाली (िसèटम) का उपयोग कर आधार-पथृक टɇक पर 
िपछले शोध से, यह देखा गया है िक आधार अलगाव प्रणाली के अितिरक्त के कारण प्रितिक्रया 
बिãक अप्रभािवत या विृद्ध हुई है। इसके अलावा, इस लेखक के ज्ञान के सवȾ×तम जानकारी से, 
टɇकɉ की भूकंपीय सुरक्षा के िलए रोिलगं (लुढ़कनी) आधार-पथृक प्रणाली की प्रभावशीलता का 
अÚययन करने के िलए अब तक कोई प्रयास नहीं िकया गया है। इसिलए, वतर्मान अÚययन मɅ 
एक नई रोिलगं आधार-पथृक प्रणाली मुक्त तरल सतह पर तैरते हुए एक अितिरक्त सतह- 
(पटल) डायफ्राम (एसडी) के साथ क्रमशः टɇक दीवार मɅ पे्रिरत आधार कतरनी को िनयंित्रत करने 
और जमीन मɅ िनिहत तरल की èलोिशगं (लहर) प्रितिक्रया को िनयंित्रत करने का प्रèताव है। 
चपटा पटल/अंडाकार आकृित (ऑÞलेट) आकार मɅ एक नया रोिलगं आधार-पथृक प्रणाली तैयार 
और प्रèतािवत िकया गया है, िजसका नाम चपटा अंडाकार आकृित आधार-पथृक (ऑÞलेट 
èफेरॉइड बेस आइसोलेशन) (ओएसबीआई) प्रणाली है। ओएसबीआई िसèटम मɅ इसके िकसी 
लंबवत िवमान मɅ अंडाकार आकार होता है, इस प्रकार भूकंप की घटना के बाद अपनी मूल 
िèथित मɅ वापस बहाल करने के िलए एक अितिरक्त लाभ होता है। इसिलए, इसे कुछ पारंपिरक 
अलगाव प्रणािलयɉ ɮवारा आवæयक अितिरक्त पूरक उपकरणɉ की आवæयकता नहीं है। िवèततृ 
गिणतीय सूत्रीकरण (फॉमूर्लेशन), गित के गितशील समीकरणɉ को िनयंित्रत करना, और 
ओएसबीआई िसèटम पर लगाए गए टɇक के िलए ऊजार् िनमार्ण तैयार िकया गया है और हल 
िकया गया है। ओएसबीआई िसèटम का उपयोग करके पथृक जमीन-समिथर्त बेलनाकार टɇक की 
भूकंपीय प्रितिक्रया टɇक के यांित्रक ढेला-भार (लàÜड-मास) प्रितमान (मॉडल) का उपयोग करके 
जांच की जाती है। यह अÚययन अपेक्षाकृत åयापक और पतले टɇकɉ के िलए िकया जाता है जो 
भूकंप के जमीन के गित (मोशन) के एक(यूनी)-िदशा×मक लयबद्ध (हामȾिनक) उ×तजेनाओं और 
ɮिव-िदशा×मक क्षैितज घटकɉ के अधीन होते हɇ। 
इसके अलावा, तीन-आयामी (३-डी) के साथ ओएसबीआई प्रणाली (िसèटम) पर लगाए गए तरल 
भंडारण टɇक तथा सतह-पटल डायफ्राम का ित्र-आयामी (३-डी) पिरिमत त×व िवæलेषण (पिरिमत 
अåयव िविध - एफई) िकया है। चंूिक, िवæलेषणा×मक समाधान जिटल हो जाता है, िवशेष Ǿप से 
िवæलेषणा×मक या बंद-प्राǾप (फॉमर्) समाधान अचूक हो सकते हɇ, एसडी के साथ ओएसबीआई 
प्रणाली पर लगाए गए टɇक के भूकंपीय िवæलेषण के संचालन के िलए पिरिमत त×व िविध (एफई) 
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पर भरोसा िकया जा सकता है। शुǽआत मɅ तरल भंडारण टɇक के एफई-आधािरत िवæलेषणɉ के 
िलए, एक जाल अिभसरण अÚययन एक पतली पिरपत्र गोल (बेलनाकार/ िसलɅिड्रकल) खोल के 
मुक्त कंपन िवæलेषण का उपयोग करके िकया है। इसके अलावा, èथायी-तल (िफक्èड-बेस) 
जमीन (ग्राउंड)-समिथर्त ३-डी बेलनाकार टɇक के भूकंपीय िवæलेषण की जांच एफई मɅ एक युिग्मत 
Úविनक-संरचना×मक (सीएएस) Ǻिçटकोण का उपयोग िकया है। यहां, दो अलग-अलग पहलू 
अनुपात, åयापक और पतले के कठोर और लचीले टɇक, भूकंप ग्राउंड मोशन की यूनी-िदशा×मक, 
ɮिव-िदशा×मक, और ित्र-िदशा×मक (ित्र-अक्षीय) घटकɉ के अधीन हɇ। एफई-आधािरत मॉडिलगं और 
िवæलेषण से प्राÜत गितशील प्रितिक्रयाओं की तुलना सािह×य मɅ उपलÞध टɇक के पारंपिरक लàÜड-
मास मॉडल से भी की है। 
एसडी की प्रभावकािरता का अÚययन ३-डी गैर-पथृक और आधार-पथृक वगर् तरल भंडारण टɇक पर 
प्रयोगशाला प्रयोगɉ की एक Įृंखला आयोिजत करके िकया गया। परीक्षण बेस उ×तेजना आविृ×त, 
टɇक मɅ पानी के èतर, और िविभÛन मोटाई के िविभÛन एसडी सामग्री के िलए िकया गया। इसके 
अलावा, तरल भंडारण टɇक मɅ युिग्मत द्रव-संरचना इंटरैक्शन (एफएसआई) का मॉडल करने के 
िलए सीएएस और युिग्मत युलिरयन-लैग्रɅिगयन (सीईएल) Ǻिçटकोण के आधार पर संख्या×मक 
अÚययन भी िकया है। प्रयोगा×मक और संख्या×मक पिरणामɉ की तुलना सतह पर डायाफ्राम के 
प्रदशर्न को अÚययन करने के िलए तुलना की है, तािक तरल की धीमी प्रितिक्रया को अलग-
अलग और आधार-पथृक टɇक मɅ िनयंित्रत िकया जा सके। इसके अलावा, एसडी के साथ ३-डी 
कठोर और लचीला आधार-पथृक टɇकɉ के भूकंपीय प्रितिक्रयाओं को एफई मɅ सीएएस Ǻिçटकोण 
का उपयोग करके जांच की है। गितशील प्रितिक्रया मɅ कमी के िविभÛन बेस अलगाव प्रणाली की 
प्रभावकािरता का आकलन करने के िलए पारंपिरक अलगाव प्रणाली का उपयोग करके ३-डी 
आधार-पथृक टɇक का एक प्राचल (पैरामीिट्रक) अÚययन आयोिजत िकया है। पैरामीिट्रक जांच मɅ 
उपयोग िकए गए पैरामीटर मɅ कठोर और लचीला, åयापक और पतला टɇक, अलगाव प्रणाली की 
तीन अलग कंपन अविध, टɇक का पहलू अनुपात, और सतह डायाफ्राम की मोटाई शािमल हɇ। 
सतही डायाफ्राम (एसडी) का उपयोग करते हुए गैर-पथृक और आधार-पथृक तरल भंडारण टɇकɉ 
पर िकए गए उपरोक्त åयापक प्रयोगा×मक, संख्या×मक, और एफई-आधािरत èटडीज के आधार 
पर, अंत मɅ, ओएसबीआई पर लगाए गए ३-डी आधार-पथृक टɇक का भूकंपीय िवæलेषण एसडी के 
साथ सीएएस Ǻिçटकोण का उपयोग करके जांच की जाती है। कई अÚययनɉ का संचालन करके, 
यह िनçकषर् िनकाला गया है िक आिवçकािरत और प्रèतािवत नई रोिलगं आधार अलगाव प्रणाली, 
ओबीएसआई भूकंपीय टɇक प्रितिक्रयाओं को कम करने मɅ वाèतव मɅ प्रभावी है, जबिक, Ýलोिटगं 
सतह डायफ्राम मुक्त तरल सतह की चमकदार प्रितिक्रया को िनयंित्रत करने मɅ प्रभावी है । इस 
प्रकार, आधार-पथृक तरल भंडारण टɇक मɅ आधार कतरनी और लहर प्रितिक्रया िनयंत्रण क्रमश: 
ओÞलेट èटेरॉयड बेस अलगाव (ओएसबीआई) प्रणाली और āलोिटगं सतह डायाफ्राम का उपयोग 
करके हािसल िकया है। 
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µ Dynamic viscosity of water in N·sec/m2 

A Amplitude of motion (maximum displacement from the reference line). 
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the system in the x-z plane 
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c0 or c Speed of sound in liquid 
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CA Acoustic fluid domain damping matrices 
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ci Damping constant of the impulsive mass 
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CS Structural damping matrices of the structural domain 

cx Half the horizontal distance between the upper and lower pole points (A and 
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D Diameter of the shell 

DS  constitutive matrix for an isotropic material relating stresses and strains 

e  Eccentricity of the oblate spheroid 

E Modulus of elasticity of shell material 

Einput,x  Input energy in x-axis 

Einput,y  Input energy in y-axis 

Ekx  Absolute kinetic energy in x-axis 

Eky  Absolute kinetic energy in y-axis 
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Epx  Potential energy in x-axis 

Epy  Potential energy in y-axis 

Erec,x  Recoverable energy in x-axis 

Erec,y  Recoverable energy in y-axis 

Esx  Elastic strain energy in x-axis 

Esy  Elastic strain energy in y-axis 

Et  Modulus of elasticity of tank wall material 

Eζx  Energy dissipated by damping in x-axis 

Eζy  Energy dissipated by damping in y-axis 

F Generalized force 

f Natural frequency in Hz. 

f(t) scalar model coordinate corresponding to the mode shapes U(x, θ), V(x, θ), and 

W(x, θ) 

Fb Restoring force induced in the isolator 

Fe External nodal forces 

FF  Rolling frictional force of isolator due to its geometry 

Ff Amplitude of displacement 

FI  Inertial (relativistic) force of isolator 

Fpr Nodal forces exerted on the tank wall due to the pressure imparted by the 

oscillation of the liquid contained in the tank 

FR Total restoring force of the isolation system 

FS  Restoring force of isolator due to its geometry 

fv Eulerian volume fraction (EVF). 

Fx and Fy Base shears in x- and y-directions, respectively 

g  Acceleration due to gravity 

G0 Initial shear modulus 

h Constant thickness of the cylindrical shell 

H Height (or length) of the cylindrical shell 

h Sloshing displacement in the tank. 

Hc  Height of convective mass from bottom of the tank 

Hi  Height of impulsive mass from bottom of the tank 

HL  Liquid height in the tank 

hm Sloshing displacement in the image 

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

I  internal forces resisted by the tank liquid materials 

Jel Elastic volume ratio (EVR) 

Jo  Mass moment of inertia of the OSBI system 

Jr  sum of mass moment of inertia of the bottom rollers 

K  bulk modulus of the liquid in MPa 

k Transformation coefficient. 

K0 Initial bulk modulus 

KA Acoustic fluid domain stiffness matrices 

kb Stiffness of isolator. 

kc  Convective spring stiffness 

ki  Impulsive spring stiffness 

KMN
 Stiffness matrix 

KS Structural stiffness matrices of the structural domain 

L Length of the tank 

Lij Differential operator 

Lm Length of tank in the image 

M Nodal mass 

m Superstructure floor mass 

M; N Degrees-of-freedom 

MA Acoustic fluid domain mass matrices 

mb  Mass of isolator 

mc Convective mass of liquid in the tank 

mcx, mcy Convective mass in x- and y-axes, respectively 

mi Impulsive mass of liquid in the tank 

mix, miy  Impulsive mass in x- and y-axes, respectively 

MMN
 Mass matrix 

mo  Mass of the OSBI system 

mr Rigid mass 

mr Sum of mass of the bottom rolling rods 

mrx, mrx Rigid mass in x- and y-axes, respectively 

MS Structural mass matrices of the structural domain 

MT  Total effective mass of the tank 

n Fluid region 
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n Circumferential mode 

N Normal vector 

nA Boundary normal vector point outward from the fluid domain 

NA FE shape functions for the acoustic fluid domain 

nS Boundary normal matrix pointing outward from the structural domain 

Ns FE shape functions for structural domain 

P  Dimensionless parameter 

p Acoustic pressure at the top surface of the liquid. 

p Hydrodynamic pressure at any point 

p(t) Acoustic fluid, dynamic pressure 

PA Nodal pressure 

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

qA(t) Added fluid mass per unit volume 

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

motion 

R Radius of the cylindrical shell/ tank 

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

axis) 

rz  Minor radius of the oblate spheroid along the vertical axis (z-axis) 

S  Aspect ratio of the tank 

s Fluid acoustic-structural surface area 

sgn(⋅) Sign function, i.e. bbb /)sgn( uuu  =  
t  Time 

T  Transpose 

Tb Isolation time period 

Tc Time period of convective mass 

Ti Time period of impulsive mass 

Tn  Natural period of the system 

Ts Fundamental time period of the superstructure 

ts Thickness of tank wall 

U Strain energy per unit reference volume 

u; v; w Displacements of the shell in the x, θ and z directions, respectively 

uA Displacement of fluid particles 
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ub Isolator relative displacement with respect to the ground 

ubx 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 

V Elemental volume 

v Velocity distribution of liquid. 

Vx, 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 ,yc 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 

ζb Damping ratio of isolator. 

ζc  Damping ratio of convective mass 

ζi  Damping ratio of impulsive mass 

ζs Damping ratio of tank material 

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

respectively 

λm; n Axial wave number and the circumferential wave parameter, respectively 

ν Poisson’s ratio of material 

ρ Density of shell material 

ρL Density of the liquid in kg/m3. 

ρs Density of material in kg/m3. 

ρt  Mass density of the steel tank 

ρw  Density of water in kg/m3 
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Φ Velocity potential 

Ω  Frequency parameter 

ω Angular/ circular frequency of natural vibration or excitation frequency or 

circular frequency in rad/sec 

ΩA Acoustic fluid domain 

ωf Forcing frequency 

Ωp Acoustic fluid boundaries are prescribed by pressure 

ΩS Structure domain 

ΩSA Boundary between acoustic fluid domain and structural domain 

Ωz 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 Arbitrary 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 

BI 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 Flügge 

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 

OSBI Oblate spheroid base isolation 

P-F Pure-friction 
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PFPI Polynomial friction pendulum isolator 

PGA Peak ground acceleration 

PU Polyurethane 

R3D3 Rigid 3-Dthree-node triangular discrete rigid elements 

R3D4 Rigid 3-D four-node bi-linear quadrilateral discrete rigid elements 

R-FBI Resilient-friction base isolator 

RISs Rolling isolation systems 

RNC Roll-n-cage 

RTB Rolling-type bearing  

S3R Shell three-node triangular three-dimensional element with reduced integration 

and hourglass control 

S4R Shell four-node quadrilateralthree-dimensional element with reduced 

integration and hourglass control 

S-C Simply-supported - clamped 

SD Surface diaphragm 

SD-SD Shear diaphragm - shear diaphragm 

SPH Smoothed particle hydrodynamics 

SR-F Sliding resilient-friction 

S-S Simply-supported - simply-supported 

SSM Simplified sloshing model 

TARRC Tun Abdul Razak Research Centre 

UK United Kingdom 

USA United State of America 

VCFPS Variable curvature friction pendulum system 

VFFPI Variable frequency and variable friction pendulum isolator system 

VFI Variable friction isolator 

VFPI Variable friction pendulum isolator 

VFPS Variable friction pendulum isolator system 

VFRB Variable-frequency rocking bearing 

VOF Volume of fluid 
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