
MULTI-HAZARD STOCHASTIC RESPONSE CONTROL OF 

STRUCTURES USING SMART BASE ISOLATION SYSTEMS 

 

 

 

 

 

 

 

 

 

DANIEL HABTAMU ZELLEKE 

 

 

 

 

 

 

DEPARTMENT OF CIVIL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY (IIT) DELHI 

HAUZ KHAS, NEW DELHI - 110 016, INDIA 

AUGUST 2024



 

© Indian Institute of Technology (IIT) Delhi, New Delhi, 2024. 



MULTI-HAZARD STOCHASTIC RESPONSE CONTROL OF 

STRUCTURES USING SMART BASE ISOLATION SYSTEMS 

by 

DANIEL HABTAMU ZELLEKE 

DEPARTMENT OF CIVIL ENGINEERING 

 

 

 

submitted 

in fulfilment of the requirements for the award of the degree of 

DOCTOR OF PHILOSOPHY 

to the 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

AUGUST 2024



 

 i 

DEDICATION 

Dedicated to my beloved parents and all teachers who have devoted their lives to sharing 

knowledge. 

 

 



 

 ii 

 

 



 

 iii 

CERTIFICATE 

This is to certify that the PhD Thesis titled “MULTI-HAZARD STOCHASTIC 

RESPONSE CONTROL OF STRUCTURES USING SMART BASE ISOLATION 

SYSTEMS” being submitted by DANIEL HABTAMU ZELLEKE to the Indian 

Institute of Technology (IIT) Delhi for the award of the degree of DOCTOR OF 

PHILOSOPHY is a record of the bonafide research work carried out by him. He worked 

under my supervision for the submission of this PhD Thesis, which to my knowledge has 

reached the requisite standard as demonstrated by excellent publications in international 

journals and conferences. 

Further, the contents of his research work, in full or in parts, have not been submitted to 

any other institute or university for the award of any degree or diploma to the best of my 

knowledge and belief. 

 

 

 

New Delhi, 

India. 

 

Prof. Dr Vasant A. MATSAGAR 

Professor, Dogra Chair, and Head, 

Department of Civil Engineering, 

Indian Institute of Technology (IIT) Delhi, 

Hauz Khas, New Delhi - 110 016, India. 

 

 



 

 iv 

 

 



 

 v 

ACKNOWLEDGEMENTS 

My profound gratitude goes to my supervisor, Prof. Vasant Matsagar, who has provided 

me with all-rounded advice and support throughout my stay at the Indian Institute of 

Technology (IIT) Delhi. I am indebted to him for his invaluable guidance on my doctoral 

research and beyond. Additionally, I am thankful for the numerous opportunities he 

afforded me to participate in diverse professional engagements. The knowledge and 

experience I amassed under his guidance will remain with me for many years to come. 

I would also like to thank the members of my doctoral student research committee, Prof. 

Dipti Ranjan Sahoo, Prof. Subodh Modak, and Prof. Mukesh Khare, for their valuable 

inputs that have helped enhance the quality of my doctoral research. It has also been a 

pleasure to work with Prof. Sandip Saha, who generously hosted me as a visiting PhD 

Scholar in his research group at IIT Mandi. His constructive comments have been 

valuable during our collaboration. I also thank all research collaborators, Prof. Roland 

Wüchner (Technical University of Braunschweig, Germany), Prof. Kai-Uwe Bletzinger 

(Technical University of Munich, Germany), Dr. Anoop Kodakkal (Technical University 

of Munich, Germany), Rishith E. Meethal (Technical University of Munich, Germany), 

Kumar Rajnish (IIT Delhi, India), and Setegn A. Kore (IIT Delhi, India), for their 

valuable contributions in developing scholarly publications. In addition, the support from 

all faculty members and staff of the Department of Civil Engineering, IIT Delhi, is 

acknowledged. 

The contribution of fellow scholars at the Multi-Hazard Protective Structures (MHPS) 

Laboratory is greatly acknowledged. I thank all my colleagues for their input and 

friendship, which made my stay at IIT Delhi conducive. I also thank all the laboratory 

staff at the MHPS Laboratory for the assistance I received throughout my stay at IIT 

Delhi. Additionally, I thank all at the Postgraduate (PG) section, Alumni Affairs and 

International Programs (AAIP), Foundation for Innovation and Technology Transfer 

(FITT), Industrial Research and Development (IRD) unit, Planning unit, Shivalik hostel, 

and many other units of IIT Delhi for the various supports I received during my stay at 

IIT Delhi. 

Moreover, I acknowledge the scholarship received from the Ministry of Education, 

Ethiopia, and the awards (travel grants) received from IIT Delhi (i.e., the Research 



ACKNOWLEDGMENTS 

 vi 

Excellence Travel Award and Prof. Amiya Basu Research Award in Civil Engineering). 

The financial support received from all has made it possible to execute the research work, 

and to travel across the world and present my research at international conferences. 

Special gratitude goes to all my family, whose unwavering support, encouragement, and 

love always put a positive light on all that I do. 

 

 

 

 

New Delhi, India. Daniel Habtamu Zelleke 

 

 

 

01/08/2024



 

 vii 

ABSTRACT 

Ensuring safety and post-hazard functionality of structures under dynamic loads, such as 

earthquakes, wind, and blasts, are some of the significant challenges in the current rapidly 

growing urban environment. Various structural response control techniques have been 

used for response control of structures under different hazards. Base isolation is a popular 

response control strategy that has been implemented for effective earthquake protection 

of structures. Although base-isolated structures are also likely to be subjected to non-

seismic hazards, limited attention is given to the application of base isolation for response 

mitigation under multi-hazard scenarios. Particularly, more research is needed on the 

application of smart base isolation (SBI) strategies for response control under various 

hazards. Therefore, this doctoral research aims to investigate the application of SBI 

systems for response mitigation of structures under independent multi-hazard scenarios. 

First, the dynamic response of structures equipped with passive base isolation systems is 

numerically studied under earthquake ground motions (EQGMs), wind load (WL), and 

blast-induced ground motions (BIGMs). Here, deterministic and stochastic numerical 

investigations are performed to study the effects of various parameters of isolation 

systems and superstructure properties on the behavior of base-isolated buildings under the 

three types of hazards. Also, the polynomial regression-based Monte Carlo simulation 

(PRBMCS) method is newly proposed for the fragility assessment of the base-isolated 

buildings. The results of the deterministic and stochastic assessments highlight the need 

for careful consideration of all expected hazards in designing base isolators. 

Subsequently, a novel semi-active control algorithm, i.e., the energy-based predictive 

(EBP) algorithm, is developed and numerically evaluated for the suppression of 

undesirable structural vibrations under dynamic loads. In this algorithm, the mechanical 

energy of the vibrating structure is considered the primary variable influencing the control 

action. The proposed strategy is implemented for response control of structures using 

semi-active tuned mass dampers (SATMDs), and its efficacy is numerically studied under 

sinusoidal excitation, EQGM, and WL. Moreover, the influence of the SATMD 

parameters on control performance is assessed, based on which empirical relations are 

proposed to identify SATMD parameters suitable for optimum control performance. 
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The application of a semi-active hybrid base isolation strategy, consisting of an EBP 

algorithm-controlled SATMD, is investigated numerically for mitigation of structural 

response under EQGM, WL, and BIGM. Three configurations of the SBI strategy are 

presented, and modifications to the EBP algorithm are proposed for application to base-

isolated structures equipped with the SATMDs. Also, deterministic and stochastic studies 

are performed to assess the suitability of the SBI strategies for vibration control of 

structures under EQGM, WL, and BIGM. Importantly, the merits and limitations of the 

SBI strategy in response mitigation under the three types of hazards are highlighted. 

A magnetorheological (MR) damper-based SBI strategy controlled with the EBP 

algorithm is proposed. Here, the EBP algorithm is adapted for application to MR damper-

fitted base-isolated structures and is used to modulate the suitable control signal, i.e., the 

voltage supply to the MR damper. An experimental investigation is conducted to evaluate 

the practicability of implementing the EBP algorithm-controlled MR damper for response 

control of base-isolated structures under seismic action. Accordingly, shake table testing 

is performed on a single-story base-isolated structure equipped with an MR damper. The 

results show good agreement between the experimentally measured and numerically 

quantified response quantities for the passive and semi-active cases, hence validating the 

practicability of the strategy. Moreover, further experimental and numerical studies are 

performed to study the implementation of the MR damper-based SBI strategy for 

response mitigation under BIGM. The applicability of the strategy for response mitigation 

under BIGM is verified through testing conducted on a two-story base-isolated structure. 

Also, the performance and limitations of the EBP algorithm in the response mitigation of 

MR damper-fitted base-isolated structures under EQGM and BIGM are presented. 

Finally, a reliability-based multi-hazard design optimization framework is newly 

proposed for base-isolated buildings. A modified weighted composite desirability 

function is presented to account for the contradictory design objectives under different 

hazards. Also, a method of calculating the weights of the individual desirability functions 

is introduced. The application of the proposed framework for reliability-based 

optimization of multi-story buildings equipped with elastomeric rubber bearings is 

studied under multi-hazard scenarios involving EQGM, WL, and BIGM. The findings 

demonstrate the suitability of the proposed framework for the reliability-based multi-

hazard design optimization of base-isolated buildings. 
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सार 

वर्तमान में रे्जी से बढ़रे् शहरी वार्ावरण में भूकंप, हवा और ववस्फोट जैसे गतिशील बल के र्हर् संरचनाओ ं

की सुरक्षा और खर्रे के बाद की कार्तक्षमर्ा सुवनविर् करना, कुछ महत्वपूणत चुनौवर्र्ां हैं। अलग अलग 

खर्रो ंके र्हर् संरचनाओ ंके प्रवर्विर्ा वनरं्त्रण के विए वववभन्न संरचनात्मक प्रवर्विर्ा वनरं्त्रण र्कनीको ं

का उपर्ोग वकर्ा गर्ा है। स्थि-ववभक्त प्रणािी एक िोकवप्रर् प्रवर्विर्ा वनरं्त्रण कार्यनीति है वजसे 

संरचनाओ ंकी प्रभावी भूकंप सुरक्षा के विए िागू वकर्ा गर्ा है। हािााँवक स्थि-ववभक्त संरचनाओ ंके भी गैर-

भूकंपीर् खर्रो के अधीन होने की संभावना है, लेतकन बहु-खर्रे पररदृश्ो ंके र्हर् संरचनाओ ंके प्रवर्विर्ा 

शमन के विए स्थि-ववभक्त के अनुप्रर्ोग पर सीवमर् ध्यान वदर्ा जार्ा है। ववशेष रूप से, वववभन्न खर्रो ंके 

र्हर् प्रवर्विर्ा वनरं्त्रण के विए प्रज्ञ स्थल-तिभक्त (प्रस्थति) प्रणाली कार्तनीवर्र्ो ंके अनुप्रर्ोग पर अवधक 

शोध की आवश्कर्ा है। इसविए, इस िाचस्पति अनुसंधान का उदे्दश् स्वरं्त्र बहु-खर्रे पररदृश्ो ंके र्हर् 

संरचनाओ ंकी प्रवर्विर्ा शमन के विए प्रस्थवव प्रणाली के अनुप्रर्ोग की जांच करना है। 

सियप्रथम वनष्क्रिर् स्थि-ववभक्त प्रणाविर्ो ं से र्ोतिि संरचनाओ ं की गवर्शीि प्रवर्विर्ा का भूकंपतकर् 

ज़मीनी गति (भूिग), पवन बि (पब), और ववस्फोट-ितनि ज़मीनी गति (ववििग) के र्हर् अवभकिनात्मक 

रूप से अध्यर्न वकर्ा जार्ा है। र्हां र्ीन प्रकार के खर्रो ंके र्हर् स्थि-ववभक्त इमारर्ो ंके व्यवहार पर 

ववभक्त प्रणाविर्ो ं और अवधरचना तिशेषिाओ के वववभन्न मापदंडो ं के प्रभावो ं का अध्यर्न करने के विए 

वनर्र्ात्मक और संभाव्य अवभकिनात्मक जांच की गई है। इसके अिावा स्थि-ववभक्त इमारर्ो ंकी क्षतर्िा 

के आकिन के विए बहुपद प्रवर्गमन-आधाररर् मोटें कािो अनुकरण (बप्रमोकंाअ) वववध नई प्रस्ताववर् है। 

तनश्चर्ात्मक और संभाव्य आकलन के पररणामो द्वारा स्थल-तिभक्तर की रचना में सभी अपेवक्षर् खर्रो पर 

सावधानीपूवतक ववचार करने की आवश्कर्ा पर प्रकाश डाला गर्ा हैं। 

इसके बाद, एक नर्ा अधत-सविर् वनरं्त्रण कलन तिति, र्ानी, ऊजात-आधाररर् अनुमानकिाय (ऊआअ) कलन 

तिति ववकवसर् की गई है और गवर्शीि बि के र्हर् अवांवछर् संरचनात्मक कंपन के दमन के विए 

अवभकिनात्मक रूप से आकलन वकर्ा गर्ा है। इस कलन तिति में, कंतिि संरचना की र्ांवत्रक ऊजात को 

संरचना की वनरं्त्रण विर्ा को प्रभाववर् करने वािा प्राथवमक चर माना जार्ा है। प्रस्ताववर् कार्तनीवर् अधत-

सविर् अनुरूतिि द्रव्यमान अिशोषक (अद्रअ) का उपर्ोग करके संरचनाओ ंके प्रवर्विर्ा वनरं्त्रण के विए 

कार्ातष्क्रिर् तकर्ा गर्ा है, और इसकी प्रभावकाररर्ा का साइनसॉइडि उते्तजना, भूज़ग और पब के र्हर् 

अवभकिनात्मक रूप से अध्यर्न तकर्ा गर्ा है। इसके अिावा, वनरं्त्रण प्रदशतन पर अद्रअ मापदंडो ं के 

प्रभाव का आकिन तकर्ा गर्ा है, वजसके स्थि पर सिोत्तम वनरं्त्रण प्रदशतन के विए उपरु्क्त अद्रअ 

मापदंडो ंकी पहचान करने के विए प्रर्ोगतसद्ध संबंधो ंका प्रस्ताव तकर्ा गर्ा है। 
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भूजग, पब और ववजजग के र्हर् संरचनात्मक प्रवर्विर्ा को कम करने के विए ऊआअ कार्तप्रणािी-

वनरं्वत्रर् अद्रअ से रु्क्त अधत-सविर् संकर स्थि-ववभक्तप्रणािी कार्तनीवर् के अनुप्रर्ोग की अवभकिनात्मक 

रूप से जांच की गई है। प्रस्थति कार्यनीति के र्ीन ववन्यास प्रसु्तर् वकए गए हैं, और अद्रअ से र्ोवजर् स्थि-

ववभक्त संरचनाओ ंके अनुप्रर्ोग के विए ऊआअ कार्तप्रणािी में संशोधन प्रस्ताववर् तकर्ा गर्ा हैं। इसके 

अिावा, भूजग, पब और ववजजग के र्हर् संरचनाओ ं के कंपन वनरं्त्रण के विए प्रस्थवव कार्तनीवर्र्ो ंकी 

उपरु्क्तर्ा का आकिन करने के विए तनश्चर्ात्मक और संभाव्य अध्यर्न वकए जारे् हैं। महत्वपूणत रूप से, 

र्ीन प्रकार के खर्रो के र्हर् प्रवर्विर्ा शमन में प्रस्थवव कार्तनीवर् की खूवबर्ो ंऔर सीमाओ ंपर प्रकाश 

डािा गर्ा है। 

ऊआअ किन वववध से वनरं्वत्रर् एक चंुबकत्वप्रिातिकी (चंुप्र) अवशोषक-आधाररर् प्रस्थति कार्तनीवर् 

प्रस्ताववर् की गई है। र्हां ऊआअ कार्तप्रणािी को चंुप्र अवशोषक-रु्क्त स्थि-ववभक्त संरचनाओ ं के 

अनुप्रर्ोग के विए अनुकूविर् वकर्ा गर्ा है और इसका उपर्ोग उपरु्क्त तनरं्त्रक संकेि, र्ानी चंुप्र 

अवशोषक को वोले्टज आपूवर्त को तनरं्त्रण करने के विए तकर्ा गर्ा है। भूकंपीर् कारतवाई के र्हर् स्थि-

ववभक्त संरचनाओ ं के प्रवर्विर्ा वनरं्त्रण के विए ऊआअ कार्तप्रणािी-वनरं्वत्रर् चंुप्र अवशोषक को िागू 

करने की व्यावहाररकर्ा का आकलन करने के विए एक प्रर्ोगात्मक जांच की जार्ी है। र्दनुसार, कंिन 

मेज़ चंुप्र अवशोषक से र्ोतिि एकि-मंवजिा स्थि-ववभक्त संरचना पर परीक्षण वकर्ा गर्ा िै। पररणाम 

वनष्क्रिर् और अधत-सविर् मामिो ं के विए प्रर्ोगात्मक रूप से और अवभकिनात्मक रूप से अनुमातनि 

प्रवर्विओ ंके बीच अच्छा तमलान वदखारे् हैं, इसविए कार्यनीति की व्यावहाररकर्ा को सातबि कररे् हैं। इसके 

अिावा, ववजजग के र्हर् प्रवर्विर्ा शमन के विए चंुप्र अवशोषक-आधाररर् प्रस्थवव कार्तनीवर् के 

कार्ातिर्न का अध्यर्न करने के विए आगे प्रर्ोगात्मक और अवभकिनात्मक अध्यर्न तकर्ा गर्ा हैं। 

ववजजग के र्हर् प्रवर्विर्ा शमन के विए कार्तनीवर् की प्रर्ोज्यर्ा को दो मंवजिा स्थि-ववभक्त संरचना पर 

वकए गए परीक्षण के माध्यम से सत्यावपर् तकर्ा गर्ा है। इसके अिावा, भूजग और ववजजग के र्हर् चंुप्र 

अवशोषक-रु्क्त स्थि-ववभक्त संरचनाओ ं की प्रवर्विर्ा शमन में ऊआअ कार्तप्रणािी का प्रदशतन और 

सीमाएं प्रसु्तर् की गई हैं। 

अंर् में, स्थि-ववभक्त इमारर्ो ं के विए एक ववश्वसनीर्र्ा-आधाररर् बहु-खर्रा रचना अनुकूिन रूिरेखा 

प्रस्ताववर् वकर्ा गर्ा है। वववभन्न खर्रो के र्हर् ववरोधाभासी रचना उदे्दश्ो ं को ध्यान में रखरे् हुए एक 

संशोवधर् भाररर् समग्र वांछनीर्र्ा फलन प्रसु्तर् वकर्ा गर्ा है। साथ ही, तितशष्ट वांछनीर्र्ा फलन के भार 

की गणना करने की एक वववध भी पेश की गई है। प्रत्यास्थतलक रबर वबर्ररंग्स से र्ोतिि बहुमंवजिा इमारर्ो ं

के ववश्वसनीर्र्ा-आधाररर् अनुकूिन के विए प्रस्ताववर् रूिरेखा के अनुप्रर्ोग का अध्यर्न भूजग, पब और 

ववजजग से जुडे बहु-खर्रे पररदृश्ो ंके र्हर् तकर्ा गर्ा है। वनष्कषत स्थि-ववभक्त इमारर्ो ंकी ववश्वसनीर्र्ा-

आधाररर् बहु-खर्रा रचना अनुकूिन के विए प्रस्ताववर् रूिरेखा की उपरु्क्तर्ा को प्रदवशतर् कररे् हैं। 
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EQGM Earthquake ground motion 

FB Fixed-base 

FBR Fixed-base response 

FC Fuzzy controller 

FF Far-fault 
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FFT Fast Fourier transform 

FPS Friction pendulum system 

FRF Frequency response function 

GLS Global least squares 

GUI Graphical user interface 

HDRB High damping rubber bearing 

IIT Indian institute of technology 

LCRB Lead-core rubber bearing 

LQG Linear quadratic Gaussian 

LQG-α Linear quadratic Gaussian-alpha 

LQR Linear quadratic regulator 

LRB Laminated rubber bearing 

MaTB Maximum-the-best 

MCE Maximum considered earthquake 

MCS Monte Carlo simulation 

MDOF Multi-degree of freedom 

MHPS Multi-hazard protective structures 

MiTB Minimum-the-best 

ML Machine learning 

MLS Moving least squares 

MLS-RSM Moving least squares-based response surface methodology 

MPC Model predictive control 

M-PTMDs Multiple passive tuned mass dampers 

MR Magnetorheological 

MR-STMD Tuned mass damper with magnetorheological damper 

M-SATMDs Multiple semi-active tuned mass dampers 

MSMC Modified sliding mode control 

MTMD Multiple tuned mass damper 

NF Near-fault 

NR Northridge 

PDF Probability density function 

PEER Pacific Earthquake Engineering Research Centre 

PF system Pure friction system 

PGA Peak ground acceleration 
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PID Proportional-integral-differential 

P-PB Peak-to-peak based 

PRBMCS Polynomial regression-based Monte Carlo simulation 

PSDF Power spectral density function 

PTMD Passive tuned mass damper 

RC Reinforced concrete 

R-FBI Resilient-friction base isolator 

RMS Root mean square 

RSM Response surface methodology 

SAIVS-TMD Semi-active variable stiffness tuned mass damper 

SATMD Semi-active tuned mass damper 

SBI Smart base isolation 

SDOF Single-degree of freedom 

SMFC Sliding mode fuzzy control 

S-PTMD Single passive tuned mass damper 

SRS Sinusoidal reference strategy 

S-SATMD Single semi-active tuned mass damper 

SSI Soil-structure interaction 

TCFP Triple concave friction pendulum 

TFP Triple friction pendulum 

TMD Tuned mass damper 

TNT Trinitrotoluene 

TTB Target-the-best 

UHS Uniform hazard spectrum 

VBI Vehicle-bridge interaction 

VD-STMD Variable damping semi-active tuned mass damper 

WDF Weighted desirability function 

WL Wind load 

WRF Weighted random forest 
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 xlvii

MATHEMATICAL NOTATIONS 

0  Null vector 

0
�

 Null matrix 

a  Radius of lead-core 

Â  System matrix 

LA  Total lead-core area of all isolators 

L,isoA  Area of the lead-core of a single isolator 

R,isoA  Area of the rubber in an isolator 

tA  Tributary area of building 

B̂  Input matrix 

sB  Width of building 

C  Damping matrix of structure with control device 

Ĉ  Output matrix 

0c  Damping constant of MR damper at larger velocities 

1c  Damping constant representing nonlinear roll-off at low velocities 

1c  Damping coefficient of the first story 

1xc  Damping coefficient of the first story of structure in the X direction 

1yc  Damping coefficient of the first story of structure in the Y direction 

bc  Damping coefficient of isolation system 

dc  Damping coefficient of TMD 

dC  Drag coefficient under wind 

d1c , d2c  Damping coefficients of the first and second semi-active damper 

d,maxc , d,minc  Maximum and minimum values of damping coefficient of TMD 

Lc  Specific heat of lead 

COV  Coefficient of variation 

pC  Velocity of wave propagation through soil medium 

sc  Damping coefficient of structure 

sC  Damping matrix of structure/superstructure 
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sxC , syC  Damping matrix of primary structure in the X and Y directions, 

respectively 

d  Number of the values of a random variable 

D  Radius of influence beyond which the influence of interpolation points 

vanishes 

D̂  Feed forward matrix 

i ( χ )Rd  Individual desirability function of the estimated ith response quantity 

bdx  Change in isolator displacement 

ddx  Change in TMD displacement 

Ndx  Change in top floor displacement 

sdX  Vector of change in floor displacements 

( )aχ ,χd  Distance between the point where approximate response is required to 

the ath design point 

(χ )D  Composite desirability function 

*
(χ )D  Modified composite desirability function 

E  Young’s modulus of the soil medium 

cE  Modulus of elasticity of steel 

h,bE  Energy dissipated through the hysteretic behavior of base isolation 

system 

h,TMDE  Energy dissipated through the hysteretic behavior of TMD 

iE  Total input energy 

kE  Kinetic energy 

k,BIE  Kinetic energy in base-isolated structure (excluding the TMD) 

k,BI,pE  Predicted kinetic energy in base-isolated structure 

k,TMDE  Kinetic energy in TMD 

mE  Mechanical energy 

m,p1E  - m,p4E  Predicted mechanical energies 

sE  Elastic strain energy 



MATHEMATICAL NOTATIONS 

 xlix

s,BIE  Elastic strain energy in base-isolated building (excluding the TMD) 

s,BI,pE  Predicted elastic strain energy in base-isolated building 

sdE  Cumulative dissipated energy by structural damping 

s,TMDE  Elastic strain energy in TMD 

TMDE  Energy dissipated by TMD 

0F  Normalized yield strength of isolator 

X
0F , Y

0F  Normalized yield strength of isolator in the X and Y directions, 

respectively 

f  Tuning frequency ratio 

f  Vector of the restoring forces in base isolators 

AF  Amplitude of excitation 

bf  Force in the base isolators 

bxf , byf  Force in the base isolators in X and Y directions, respectively 

dF  Column vector of forces in dampers 

d1f , d2f  Forces in the first and second dampers 

excF  Excitation vector for structure with control device 

Lf  Excitation frequency ratio 

MRf  Force in MR damper 

sF  Excitation 

sF  Excitation vector for the primary structure 

s1f  Force in sliding system 

wf  Wind force 

wF  Column vector of wind forces applied at floor levels 

wbf  Wind forces acting at the base slab 

wjf  Wind force acting at the thj  floor 

yF  Yield strength of isolation system 

ysF  Yield force of the sliding system 



MATHEMATICAL NOTATIONS 

 l 

Ly,TF  Effective yield strength of the lead-core 

RG  Shear modulus of rubber 

( )H i  Heaviside step function 

ch  Free height of steel column 

Lh  Height of the lead-core 

pi ( Δ )H k f
⌢

 Lower triangular matrix that is obtained by Cholesky decomposition of 

the power spectral density function 

sH  Story height 

xh , yh  Nondimensional hysteretic displacement components in the X and Y 

directions, respectively 

I  Identity matrix 

cI  Moment of inertia of cross-section 

KEI  Relative importance factor for kinetic energy 

ratioI  Importance factor ratio 

SEI  Relative importance factor for elastic strain energy 

HZI  The intensity measure of the hazard under which the reliability is being 

evaluated 

1J  - 12J  Performance criteria 

avJ  Average performance criteria 

k  Total number of input variables in a response surface model 

K  Stiffness matrix of structure with control device 

0k  Stiffness of MR damper at larger velocities 

1k  Stiffness of the first story 

1xk , 1yk  Stiffness of the first story in the X and Y directions, respectively 

ak  Stiffness of the accumulator 

bk  Stiffness of isolation system 

bsk  Post-yield stiffness of sliding system 

dk  Stiffness of TMD 

ik  Initial stiffness of isolation system 
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I,isok  Initial lateral stiffness of each isolator 

isok  Lateral stiffness of an isolator 

jk  Stiffness of the thj  story of structure 

sk  Stiffness of primary structure 

sK  Stiffness matrix of the structure/superstructure 

sk̂  Thermal conductivity of steel 

sxK , syK  Stiffness matrix of parent structure in the X and Y directions, 

respectively 

iLS  The limit state imposed on the ith response quantity 

jiLS  The limit state imposed on the ith response quantity under the jth hazard 

iRLV  Lower value of reliability below which the case is considered to be 

unacceptable 

M  Mass matrix of structure with control device 

jMax( )σ∆  Resultant maximum inter-story drift ratio 

x
jMax( )∆  Maximum inter-story drift ratio in the X direction 

y
jMax( )∆  Maximum inter-story drift ratio in the X direction 

bm  Mass of the base slab 

dm  Mass of the TMD 

jm  Mass of the thj  floor 

sm  Mass of the primary structure 

sM  Mass matrix of primary structure/superstructure 

tM  Total mass of the base-isolated structure 

N  Number of stories / number of degrees of freedom 

n , A, β , τ  Dimensionless parameters that characterize the Bouc-Wen model 

n , γ , β , A  Dimensional parameters that characterize the modified Bouc-Wen 

model used for MR damper 

n̂  Number of response quantities to be optimized 

N  Number of data points in the discrete time series 
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altN  Number of design alternatives 

expN  Total number of experimental design points 

isoN  Number of isolators 

R,layersN  Number of rubber layers in an isolator 

p  Total number of unknown coefficients in the response surface model 

f,AccP  Probability of exceedance of peak acceleration limit state 

f,DriftP  Probability of exceedance of peak inter-story drift limit state 

f,IsoDisP  Probability of exceedance of peak isolator displacement limit state 

f,ShearP  Probability of exceedance of peak normalized base shear limit state 

isoP  Vertical load acting on each base isolator 

q  Yield displacement of isolation system 

Q  Equivalent trinitrotoluene (TNT) charge weight 

q  The number of hazards to be considered in the optimization 

R
⌢

 Distance from the charge center 

hz,jr , R,ir  Relative importance ratio values assigned for hazards and response 

quantities 

i,maxR  Upper value of reliability above which the case is considered to be best 

i(χ )R  Reliability of the structure considering the ith response quantity 

rupR  Closest distance to rupture plane 

FS  Scaling factor 

rr ˆ( , )S z ω  PSDF of longitudinal fluctuating wind speed 

t  Total elapsed time since the beginning of the excitation 

bT  Isolation time period 

dt  Arrival time of shock wave due to blast 

LT  Temperature of the lead-core 

R,tott  Total rubber thickness in an elastomeric isolator 

R,layert  Thickness of individual rubber layer in an isolator 

st  Total thickness shim plates in an isolator 
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shimt  Thickness of an individual shim plate in an isolator 

sT  Fundamental time period of structure 

u  Input 

u  Input vector 

*u  Shear friction velocity 

fu  Fluctuating wind speed 

guɺ  Peak particle velocity 

g
ɺɺU  Vector of ground accelerations 

g ( )U tɺɺ  Ground acceleration induced due to underground blast 

meanU  Mean wind speed 

mean ˆ( )U z  Mean wind speed at height ẑ  

pu  Peak control force 

V  Volume of the charge chamber 

V  Diagonal matrix of the relative weights 

bv  Basic wind speed 

dv  Voltage supplied to the current driver of the MR damper 

d,maxv  Maximum voltage level supplied to MR damper 

d,minv  Minimum voltage level supplied to MR damper 

f ( )v t  Fluctuating wind speed (longitudinal) at time t 

LS
PV  Limit state of peak normalized base shear 

n
xV , n

yV  Normalized base shear in the X and Y directions, respectively 

nVσ  Resultant normalized base shear 

BIW  The total weight of the base-isolated building 

iŵ  Weight assigned for the ith response quantity 

tW  Total weight of the base-isolated building 

( )aχ ,χw  Weight function in the moving least squares-based response surface 

methodology 
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( )χW  Diagonal matrix of weight functions at the point where response is to 

be estimated 

0x  Initial displacement associated with the accumulator spring stiffness 

under nominal force 

X  Column vector of displacements for the structure with control device in 

the X direction 

ɺ
X  Column vector of velocities for the structure with control device in the 

X direction 

ɺɺ
X  Column vector of accelerations for the structure with control device in 

the X direction 

bx  Displacement of the base slab relative to the ground in the X direction 

bxɺ  Velocity of the base slab relative to the ground in the X direction 

bxɺɺ  Acceleration of the base slab relative to the ground in the X direction 

b,px  Predicted value of the displacement of the base slab relative to the 

ground 

b,pxɺ  Predicted value of the velocity of the base slab relative to the ground 

LS
b-Px  Limit state of peak isolator displacement 

dx  Displacement of the TMD 

dxɺ  Velocity of the TMD 

dxɺɺ  Acceleration of the TMD 

gxɺɺ  Ground acceleration in the X direction 

g0xɺɺ  Amplitude of the ground acceleration 

g(i)xɺɺ  Input ground acceleration at time (i)t  

g(i+1),estimatedxɺɺ  Estimated value of ground acceleration at time (i+1)t  

jx  Displacement of the thj  floor 

jxɺ  Velocity of the thj  floor 

jxɺɺ  Acceleration of the thj  floor 

N,PTMDx  Peak top floor displacement of the structure with PTMD 
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N,PTMDxɺɺ  Peak top floor acceleration of the structure with PTMD 

N,SATMDx  Peak top floor displacement of the structure with SATMD 

N,SATMDxɺɺ  Peak top floor acceleration of the structure with SATMD 

Nx , Ny  Top floor displacements in the X and Y directions, respectively 

pmx  Peak actuator stroke 

LS
P-Maxxɺɺ  Limit states of the maximum of peak floor accelerations 

redx  Percentage reduction in peak value of displacement response 

redxɺɺ  Percentage reduction in peak value of acceleration response 

LS
RMS-Maxxɺɺ  Maximum of root mean square floor accelerations 

sX  Column vector of floor displacements in the X direction 

s
ɺX  Column vector of floor velocities in the X direction 

s
ɺɺX  Column vector of floor accelerations in the X direction 

s,minX , s,maxX  Vectors of predicted displacements of primary structure 

s,min
ɺX , s,max

ɺX  Vectors of predicted accelerations of primary structure 

s,px  Predicted floor displacement relative to base slab 

s,px
⌢ɺ  Predicted floor velocity relative to the ground 

s,pX  Column vector of predicted floor displacements relative to base slab 

s,p

⌢ɺ
X  Column vector of predicted floor velocities relative to base slab 

s,PTMDx  Peak displacement response of the structure equipped with the PTMD 

s,PTMDxɺɺ  Peak acceleration response of the structure equipped with the PTMD 

s,SATMDx  Peak displacement response of the structure equipped with the 

SATMD 

s,SATMDxɺɺ  Peak acceleration response of the structure equipped with the SATMD 

y  Output vector 

by  Displacement of the base slab relative to the ground in the Y direction 

byɺ  Velocity of the base slab relative to the ground in the Y direction 

byɺɺ  Acceleration of the base slab relative to the ground in the Y direction 
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gyɺɺ  Ground accelerations in the Y direction 

p ( Δ )Y k f
⌢

 Complex random numbers 

sY  Column vector of floor displacements in the Y direction 

s
ɺY  Column vector of floor velocities in the Y direction 

s
ɺɺY  Column vector of floor accelerations in the Y direction 

Ζ  Model matrix of the coded input variables 

ẑ  Height at which the wind speed is to be evaluated 

z  State vector 

ɺz  First derivative of state vector with respect to time 

dΖ  The model matrix of the coded input variables at the design points 

iz  State vector at the ith time instant 

i+1z  State vector at the (i + 1)th time instant 

tz  The state vector, z , at time t 

( )χΖ  The model vector of size 1 × p for a point of interest 

α  Post-yield to pre-yield stiffness ratio of isolator 

α , b  Terrain variables 

sα  Thermal diffusivity of steel 

β  A column vector of the unknown coefficients 

0β , jβ , jjβ , ijβ  Unknown coefficients to be evaluated in response surface model 

( )χβ  A vector of the unknown coefficients for a specific point at which 

response shall be obtained 

C∆  Uncertainty in stiffness 

K∆  Uncertainty in stiffness 

LS
P-Max∆  Limit state of the maximum of peak inter-story drift ratio 

t∆  Small time interval 

x
total∆ , y

total∆  Total superstructure drift ratio 

total
σ∆  Resultant total superstructure drift ratio 

ψ∆  Percentage difference in response quantity when obtained without and 

with bidirectional interaction 
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ε  Error 

ikε  Complex Gaussian random number with zero mean 

λ  Output or response quantity 

λ  Column vector of the outputs obtained at each design point 

dλ  Vector of the values of a response quantity at the design points 

bµ  Friction coefficient of isolation system 

dµ  TMD mass ratio 

PGAµ  Mean value of the peak ground acceleration 

Qµ  Mean value of equivalent TNT charge weight 

vµ  Mean value of basic wind speed 

bξ  Isolation damping ratio 

dξ  TMD damping ratio 

sξ  Damping ratio of primary structure/superstructure 

ρ  Air density 

Lρ  Density of lead 

sρ  Average density of the soil medium 

bσ  Resultant isolator displacement 

Nσ  Resultant top floor displacement 

Nσɺɺ  Resultant top floor acceleration 

PGAσ  Standard deviation of earthquake PGA 

Qσ  Standard deviation of equivalent TNT charge weight 

uσ  RMS control force 

vσ  Standard deviation of basic wind speed 

xmσ  RMS actuator stroke 

y,0σ  Effective yield stress of lead at reference temperature 

Ly,Tσ  Yield stress of lead after a rise in lead-core temperature by LT  

τ  Dimensionless time 

L,isoφ  Diameter of lead-core of an isolator 
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χ  Vector form of a set of input variables (a column vector of the coded 

variables) 

iχ , jχ  Coded (independent) input variables 

Intψ  Peak value of resultant response quantity when bidirectional 

interaction is considered 

NoIntψ  Peak value of resultant response quantity when bidirectional 

interaction is not considered 

rψ  Resultant value of response quantity 

ω  Angular frequency of wind 

bω  Angular frequency of the isolation system 

dω  Angular frequency of the TMD 

Lω  Angular frequency of excitation 

sω  Angular frequency of structure 

s1ω  Fundamental angular frequency of structure 

 

 


