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Abstract 

In this thesis work, the vibration control strategy of intermediate 
isolation system (IIS) is investigated. Such system has special dynamic 
characteristics: the structure above the isolation system (US) can function 
as a huge mass damper for the structure below the isolation system (LS). 
Due to this type of dynamic behaviour, IIS has become very widespread 
and popular in Japan, where specific guidance for the design of buildings 
with IIS can be found in the national standards. On the other hand, in 
Europe, IIS is almost completely unknown, although it is an ideal solution 
when intervening on existing buildings located within major urban centres 
in medium or high seismic risk zones. In fact, IIS can be achieved by 
placing an isolated structure on the roof of existing buildings, thus 
simultaneously increasing the volume of the building, and reducing, or at 
most not increasing, the seismic demand in the existing building. 
Therefore, to facilitate the deployment and application of the IIS for the 
extension and seismic retrofitting of existing buildings, a detailed design 
procedure divided into 5-block is defined in this thesis. The key tool of the 
whole design procedure is the IIS design spectrum, derived by means of 
parametric response spectrum analysis (RSA), allows to predict the 
maximum seismic response of the lower structure (LS) as the isolation 
period varies. Thus, it allows to identify the design solution that maximises 
the mass-damping effect on the LS. The design procedure is first applied 
to a real case study for evaluating the effectiveness of IIS working as a 
nonconventional Tuned Mass Damper (TMD) for the existing construction 
and then applied to several case studies to verify the accuracy of the 
response prediction offered by the IIS design spectra. In the latter case, 
it is shown that the IIS design spectra can also be used when the existing 
building exhibits inelastic behaviour. However, in this case, a stepwise 
procedure should be followed, which leads to the definition of a so-called 
inelastic behaviour zone for IIS, bounded by two IIS design spectra. 
Finally, a closed-form relationship based on the application of the pole 
allocation method is proposed as an alternative to the parametric RSA for 
deriving the IIS design spectra. 



Keywords: Intermediate Isolation System, mass damping, seismic 
retrofit, vertical extension, existing buildings, nonlinear behaviour. 
  



 

 
 
 
 
 
 
 
 

Sintesi in lingua italiana 

In questo lavoro di tesi viene studiata la strategia di controllo 
dell’isolamento a livello intermedio (IIS). Tale sistema presenta peculiari 
caratteristiche dinamiche, in quanto la struttura al di sopra del sistema di 
isolamento (US) può funzionare come un enorme smorzatore di massa 
per la struttura posta al di sotto del sistema di isolamento (LS). Grazie a 
questo tipo di comportamento dinamico l’IIS è diventato molto diffuso e 
popolare in Giappone, dove in ambito normativo è possibile trovare 
specifiche indicazioni per la progettazione di edifici con IIS. Di contro, in 
Europa l’IIS è quasi del tutto sconosciuto, pur essendo una soluzione 
ideale quando bisogna intervenire su edifici esistenti collocati all’interno 
di grandi centri urbani in aeree a medio o alto rischio sismico. Infatti, l’IIS 
può essere ottenuto collocando una struttura isolata sul tetto di un edificio 
esistente, riuscendo contemporaneamente ad incrementare il volume 
dell’edificio e ridurre, o al limite non aumentare, la domanda sismica sulla 
struttura esistente. Pertanto, al fine di facilitare la diffusione e 
l’applicazione dell’IIS per l’ampliamento e adeguamento sismico degli 
edifici esistenti, in questa tesi viene definita una dettagliata procedura di 
progetto articolata in cinque Blocchi. Strumento chiave dell’intera 
procedura di progetto è lo spettro di progetto per IIS che, ricavato 
attraverso analisi parametriche con spettro di risposta (RSA), consente di 
prevedere la risposta sismica massima della struttura inferiore (LS) al 
variare del periodo di isolamento, e quindi, di individuare la soluzione 
progettuale che massimizza l’effetto di smorzamento di massa sulla LS. 
L’intera procedura di progetto viene prima applicata ad un caso studio 
reale per valutare l’efficacia dell’IIS come smorzatore di massa accordato 
(TMD) non convenzionale per la costruzione esistente; successivamente 
viene applicata a diversi casi studio per testare l’affidabilità della 
previsione della risposta offerta dagli spettri di progetto per IIS. In 
particolare, in quest’ultimo caso si dimostra che gli spettri di progetto per 
IIS possono essere impiegati anche quando l’edificio esistente mostra un 
comportamento inelastico. In tal caso occorre seguire una procedura a 
cinque passi che porta alla definizione di una zona di comportamento 
inelastico per IIS, compresa tra due spettri di progetto per IIS. Infine, 
viene proposta una relazione in forma chiusa basata sull’applicazione del 



metodo di allocazione dei poli come alternativa alla RSA parametrica per 
derivare lo spettro di progetto per IIS. 

Parole chiave: Sistema con isolamento intermedio, smorzamento di 
massa, adeguamento sismico, sopraelevazione, edifici esistenti, 
comportamento non lineare. 



 

 
iii 

 
 
 
 
 
 
 

1 Contents 
Abstract ....................................................................................... i 

Sintesi in lingua italiana ............................................................ iii 

Acknowledgements .................................................................. ix 

List of Acronyms ......................................................................... xi 

List of Figures ............................................................................ xv 

List of Tables ........................................................................... xxix 

List of Symbols ........................................................................ xxxi 

1. Introduction ......................................................................... 1 

1.1 Motivation of the research activity ..................................... 2 
1.1.1 Japanese standard framework ................................. 6 

1.2 IIS literature review ............................................................ 7 
1.3 Thesis overview ............................................................... 11 
2 Dynamic behaviour of IIS ................................................. 17 

2.1 Simplified models ............................................................ 17 
2.1.1 Design Parameters ................................................ 21 

2.2 Influence of design parameters on 2DOF IIS model 
response 25 

2.2.1 Support excitation .................................................. 25 
2.2.2 LS mass excitation ................................................. 31 

3 5-Block design procedure for IIS in existing building ... 35 

3.1 5-Block design procedure ................................................ 35 
3.1.1 Block 1: seismic assessment of existing building ... 36 
3.1.2 Block 2: selection of the IIS design configuration ... 39 



3.1.3 Block 3: design of ISO system and US .................. 42 
3.1.4 Block 4: seismic assessment of IIS ........................ 44 
3.1.5 Block 5: Evaluation of the IIS effectiveness............ 45 

3.2 Application of 5-Block design procedure to a real case study
 48 

3.2.1 Brief description of the real case study .................. 48 
3.2.2 Application of Block 1: seismic assessment of the AS-

IS configuration ......................................................................... 50 
3.2.3 Application of Block 2: design of IIS ....................... 57 
3.2.4 Application of Block 3: design of the isolation system 

and vertical extension................................................................ 61 
3.2.5 Application of Block 4: seismic assessment of IIS .. 62 
3.2.6 Application of Block 5: evaluation of IIS Effectiveness 

and comparisons AS-IS vs. LS+US vs. IIS ................................ 63 
4 Influence of LS and ISO nonlinear behaviour on IIS 

response ......................................................................................... 71 

4.1 Selection of several IIS design solution ........................... 72 
4.2 Time history analyses on 3D models and comparison to IIS 

design spectrum ............................................................................... 73 
4.2.1 Modelling approaches and analysis types .............. 73 
4.2.2 LTHA ...................................................................... 78 
4.2.3 NTHA: Nonlinearity in the lower structure .............. 78 
4.2.4 NTHA: Nonlinearity in the isolation system ............ 79 
4.2.5 NTHA: Nonlinearity in the lower structure and 

isolation system ......................................................................... 79 
4.2.6 Linear and Nonlinear THA: the base shear ratio .... 81 

4.3 Accuracy of reduced-order lumped mass models ............ 82 
5 A diagram-based design procedure for IIS in existing 

buildings with inelastic behaviour ................................................ 85 

5.1 Parametric RSA for construction of IIS design spectra .... 86 



 

 
v 

 
 
 
 
 
 
 

5.1.1 IIS design spectrum ............................................... 88 
5.2 Stepwise procedure to predict the nonlinear response of LS

 92 
5.2.1 Step 1: definition of SDOF P’0 and SDOF P’∞ ........ 94 
5.2.2 Step 2: NTHAs on SDOF P’0 and SDOF P’∞ .......... 94 
5.2.3 Step 3: identification of the periods TP’0 and TP’∞ ... 95 
5.2.4 Step 4: identification of the RSA design curves ..... 95 
5.2.5 Step 5: definition of i-IIS behaviour zone and 

prediction of nonlinear response ............................................... 96 
5.3 Validation of the stepwise design procedure through NTHAs

 96 
5.3.1 Case studies: SDOF and 2DOF IIS models ........... 96 
5.3.2 NTHAs of the case studies .................................... 98 
5.3.3 Application of the design procedure to the case 

studies 100 
5.3.4 Comparison between IIS design spectra and NTHAs

 106 
5.4 Application of stepwise procedure on real case study ... 107 

5.4.1 Step 1: definition of SDOF P’0 and SDOF P’∞ ...... 108 
5.4.2 Step 2: NTHAs on SDOF P’0 and SDOF P’∞ ........ 109 
5.4.3 Step 3: identification of the periods TP’0 and TP’∞ . 109 
5.4.4 Step 4: identification of the RSA design curves ... 110 
5.4.5 Step 5: definition of i-IIS behaviour zone and 

prediction of nonlinear response ............................................. 110 
6 Generalization of the 5-Block design procedure for IIS

 113 

6.1 ISO design spectrum ..................................................... 116 
6.2 Design charts ................................................................. 116 

6.2.1 IIS design spectra and limit points curves ............ 118 
6.2.2 ISO design spectra .............................................. 122 

6.3 Validation of the chart-based design procedure ............ 125 



6.3.1 Linear lower structure ........................................... 127 
6.3.2 Nonlinear lower structure ..................................... 129 

6.4 Commentary on the design process for the vertical 
extension of existing buildings through IIS ..................................... 132 

7 IIS and ISO design spectrum: close-form relationship 
through Pole Allocation Method (PAM) ...................................... 137 

7.1 PAM for IISs ................................................................... 138 
7.2 Closed-form of IIS design spectrum ............................... 144 
7.3 Closed-form of ISO design spectrum ............................. 146 
7.4 Comparison of predicted response with design spectra and 

results of LTHA ............................................................................... 147 
7.5 Comparison of RSA curves with classical CQC and modified 

CQC 151 
8 IIS for existing irregular buildings ................................. 157 

8.1 Case study ..................................................................... 158 
8.2 IIS – parametric analysis ................................................ 159 
8.3 Design configurations for US and ISO ........................... 162 
8.4 Time History analyses .................................................... 167 
9 Conclusions ..................................................................... 169 

9.1 General remarks ............................................................ 169 
9.2 Main outcomes ............................................................... 174 
Bibliography ........................................................................... 183 

Author’s publications ............................................................ 199 

Appendix A: Examples of IIS ................................................ 203 

A.1 Personnel Training Center of Taisei Corporation ........... 206 
A.2 Iidabashi 1st Building ...................................................... 210 
A.3 Kudan, Post Office and Housing .................................... 213 
A.4 Shinjuku station (West Exit) ........................................... 215 



 

 
vii 

 
 
 
 
 
 
 

A.5 Umeda DT Tower .......................................................... 217 
A.6 Shiodome Sumitomo building ........................................ 219 
A.7 China Basin 185 Berry Street Building .......................... 223 
A.8 Musashino City Disaster Prevention and Safety Center 226 
A.9 Fukuoka Financial Group Headquater ........................... 228 
A.10 NBF Osaki building ..................................................... 230 
A.11 Mita Bellju building ..................................................... 232 
A.12 Nakanoshima Festival Tower ..................................... 234 
A.13 Ochanomizu Sola City ................................................ 239 
A.14 Nihonbashi dia building .............................................. 243 
A.15 Wakabadai No.1 Apartment Building .......................... 245 
A.16 Tekko Building - Main Building ................................... 248 
A.17 Tekko Building - South Building ................................. 251 
A.18 Kyobashi Edogrand .................................................... 253 
A.19 Roppongi Grand Tower .............................................. 256 
A.20 DaiyaGate Ikebukuro .................................................. 260 
A.21 Overview tables .......................................................... 265 
Appendix B. The non-proportional damped system........... 273 

Appendix C. The Pole Allocation Method (PAM) ................ 277 

C.1 Open-loop vs. closed-loop system ................................. 277 
C.2 PAM for closed-loop systems ........................................ 280 
Appendix D: Suggested value of ISO damping ratio .......... 283 

D.1 Influence of design parameters on IIS structural response
 283 

D.2 Optimal design parameters: conventional TMD vs 
nonconventional TMD .................................................................... 290 

 

 

 



 

 

 

 

 

 

 
  



 

 
ix 

 
 
 
 
 
 
 

Acknowledgements 

I would like to express my gratitude to my tutor, Professor Elena 
Mele, for her support and encouragement throughout my PhD career. 
Her deep scientific knowledge and passion for research have been a 
valuable source of inspiration for my work. 

I would also like to thank my co-tutor, Research Fellow Diana 
Faiella, for her constant help throughout these years of study and 
research; her support has been fundamental in deepening various 
aspects of the research topic. 

I would also like to express my sincere gratitude to Professor 
Yoshiki Ikeda for hosting me at the Disaster Prevention Research 
Institute (DPRI) of Kyoto University and sharing with me his vast 
knowledge on structural design and vibration system control; the long 
discussions and days spent in his company have been a source of 
strong inspiration and motivation to continue and expand my scientific 
research. 

I would further like to thank all the members of the Ikeda & Kurata 
laboratory who brightened my working days during my stay in Japan. 
I would like to make special mention of Professor Masahiro Kurata, 
who made me feel at home and shared insights for the future 
development of my research activities, and PhD candidate Kun-Sian 
Lin, who supported me in all laboratory activities and showing me 
fantastic places. 

I would like to thank the “Programma di scambi internazionali tra 
l’Università degli Studi di Napoli Federico II ed Istituti di ricerca stranieri 
per la mobilità di breve durata di docenti, studiosi e ricercatori - 
DR/2020/2375 del 16/07/2020” for partially supporting my study period 
in Japan. 

I am very grateful to Professor Iunio Iervolino, coordinator of the 
PhD course I attended, for his excellent organisation. 

Furthermore, I want to thank the Department of Structures for 
Engineering and Architecture (DIST) of the Federico II University and 
all the people working here that I have met during these years. In 
particular, I want to thank the Professor, Giuseppe Brandonisio, 
Beatrice Faggiano and colleagues, Mario Argenziano, Dante 



Marranzini, Giacomo Iovane, Giovanna Laura Guidi for their kind 
support. 

I would like to thank my family for their encouragement and 
support. 

Last but not least, I would like to sincerely thank my girlfriend, 
Marika, for her great patience in standing by me and always making 
me feel her support and approval. She has been an irrepressible 
source of motivation to complete this PhD course, giving me all her 
energy and determination to achieve my professional goals. 

 



 

xi 
 
 
 
 
 
 
 

List of Acronyms 
The following acronyms are used throughout the thesis. 

3D IIS FEM  Three Dimensional Finite Element Model 
for Intermediate Isolation System 

3D   Three Dimensional 

3DOF IIS  Three Degree Of Freedom Intermediate 
Isolation System 

AS-IS   Existing building in as is configuration 

CBF   Concentric Braced Frame 

CFT   Concrete Filled Tube 

CQC   Complete Quadratic Combination 

DCR   Demand to Capacity Ratio 

DMFug, 2DOF BIS  Dynamic Magnification Factor for 2DOF 
BIS model under harmonic support excitation 

DMFug, 2DOF IIS  Dynamic Magnification Factor for 2DOF IIS 
model under harmonic support excitation 

DMFug, SDOF LS  Dynamic Magnification Factor for SDOF LS 
model under harmonic support excitation 

DMFFE, 2DOF IIS  Dynamic Magnification Factor for 2DOF IIS 
model under first mass force excitation 

DMFFE, SDOF LS  Dynamic Magnification Factor for SDOF LS 
model under first mass force excitation 

DOF   Degree Of Freedom 

ESB   Elastomeric Slider Bearings 

FE   Finite Element 

FEM   Finite Element Model 

ff-3DOF IIS  free-free 3DOF IIS model 



GF   Ground Floor 

HDRB   Hight Damping Rubber Bearing 

IDA   Incremental Dynamic Analyses 

i-IIS   Inelastic Intermediate Isolation System 

IIS   Intermediate Isolation System 

ISO   Isolation 

IT    Intervention Type 

LD   Lead Dampers 

L-DOF LS  fixed-base L-DOF lower structure 

LS   Lower Structure 

LTHA   Linear Time History Analysis 

MD   Mass Damped structure 

MDOF   Multi-Degree Of Freedom 

MRF   Moment Resisting Frame 

NDOF   N-Degree Of Freedom 

NTHA   Non-linear Time History Analysis 

PAM   Pole Allocation Method 

PGA   Peak Ground Acceleration 

RC   Reinforced Concrete 

RSA   Response Spectrum Analysis 

SD   Steel Damper 

SDOF LS  Single Degree Of Freedom Lower 
Structure 

SRC   Steel Reinforced Concrete 

SW   Shear Wall 

THA   Time History Analysis 



 

xiii 
 
 
 
 
 
 
 

TMD   Tuned Mass Damper 

TOD   Transit Oriented Development 

URM   UnReinforced Masonry 

US   Upper Structure 

US+ISO   Isolated vertical extension 

U-SD   U-shaped Steel Dampers 

VDW   Viscous Damping Wall 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

xv 
 
 
 
 
 
 
 

List of Figures 
Figure 1.1. Intervention types with IIS: (a) existing building with vertical 

extension; (b) existing building with regular building shape; (c) 
existing building with irregular building shape; (d) new building.5 

Figure 2.1. Concentrated mass models: (a) 3DOF IIS; (b) 2DOF BIS; 
(c) 2DOF MD. .......................................................................... 19 

Figure 2.2. reduced order IIS model: (a) 3DOF IIS; (b) 2DOF IIS. ... 21 

Figure 2.3. DMFug-λ plots for λ = [0 - 3], ξLS = 0.05, ξISO = 0.15, f = 1, μ 
= [0.05, 0.10, 0.50, 1.00].......................................................... 29 

Figure 2.4. DMFug-λ plots for λ = [0 - 3], ξLS = 0.05, ξISO = 0.15, f = 0.5, 
μ = [0.05, 0.10, 0.50, 1.00]. ...................................................... 30 

Figure 2.5. DMFug-λ plots of BIS for λ = [0 - 3], ξUS = 0.05, ξISO = 0.15, 
I = 3, κ = 0.6. ........................................................................... 31 

Figure 2.6. DMFFE-λ plots for λ = [0 - 3], ξISO = 0.15, f = 1, μ = [0.05, 
0.10, 0.50, 1.00]....................................................................... 33 

Figure 2.7. DMFFE-λ plots for λ = [0 - 3], ξISO = 0.15, f = 0.5, μ = [0.05, 
0.10, 0.50, 1.00]....................................................................... 34 

Figure 3.1. 5-Block IIS design procedure. ........................................ 36 

Figure 3.2. Block 1 - IIS design procedure: seismic assessment of 
existing building. ...................................................................... 38 

Figure 3.3. Plastic hinge model of masonry walls: (a) moment-plastic 
chord rotation response, (b) shear force-displacement response.
 ................................................................................................ 39 

Figure 3.4. Pivot-type model: (a) general model, (b) model adopted for 
the plastic hinges of masonry walls. ........................................ 39 

Figure 3.5. Block 2 - IIS design procedure: selection of the IIS design 
configuration. ........................................................................... 42 

Figure 3.6. Block 3 - IIS design procedure: design of ISO system and 
US. .......................................................................................... 43 

Figure 3.7. Block 4 - IIS design procedure: seismic assessment of IIS 
design configuration. ............................................................... 45 



Figure 3.8. Block 5 - IIS design procedure: evaluation of the IIS 
effectiveness and comparisons. .............................................. 47 

Figure 3.9. Case study building: (a) AS-IS configuration (the red 
portion is the demolished volume, to rebuild), (b) floor plans, (c) 
IIS configuration. ..................................................................... 49 

Figure 3.10. (a) Schematic floor structure of the “filling” MRF, (b) 3D 
LS model, masonry structure plus “filling” MRF. ..................... 51 

Figure 3.11. Capacity curves: (a) X direction, (b) Y direction. ......... 54 

Figure 3.12. 3D LS model: plastic hinges in the walls (Y direction). 54 

Figure 3.13. Set of seven pairs of averagely spectrum-compatible 
acceleration response spectra. ............................................... 55 

Figure 3.14. LS: push over curves and global hysteretic loops under 
selected time histories: (a) X direction, (b) Y direction. ........... 56 

Figure 3.15. DCR in terms of chord rotation for the piers at the base 
floor of the 3D LS model. ........................................................ 57 

Figure 3.16. (a) DBE Elastic Acceleration Response Spectrum - site 
Pozzuoli (Italy), damping 5%; (b) graph of displacement ratio u = 
uLS/uAS-IS as a function of the period ratio TISO/TLS, considered as 
IIS design spectrum. ............................................................... 59 

Figure 3.17. (a) floor system of US and isolation system; (b) 3D FEM 
of the IIS; (c) exploded axonometric view of IIS. ..................... 63 

Figure 3.18. average values from nonlinear analyses of: (a) peak story 
displacements; (b) inter-story drift. .......................................... 64 

Figure 3.19. Cumulated hysteretic energy normalised to input energy 
- LS, LS+US, IIS 1, IIS 2 models. ............................................ 66 

Figure 3.20. Time history of masonry structure top drift (uLS,2) - 335ya-
input: (a) LS vs. LS+US, (b) LS vs. IIS1, (c) LS vs. IIS2. ........ 67 

Figure 3.21. Nonlinear analyses - hysteresis loops for 335ya-input 
wave: (a) LS vs. LS+US, (b) LS vs. IIS1, (c) LS vs. IIS2. ........ 67 

Figure 3.22. Inelastic flexural response of single wall - LS, LS+US, 
IIS1, IIS2 models -335ya-input wave. ..................................... 68 



 

xvii 
 
 
 
 
 
 
 

Figure 3.23. Demand to capacity ratios in terms of chord rotation of the 
piers at the base floor in the 3D models: (a) LS+US; (b) IIS1; (c) 
IIS2. ......................................................................................... 69 

Figure 4.1. graph of displacement ratio u = uLS/uAS-IS as a function of 
the isolation period TISO, considered as IIS design spectrum. . 72 

Figure 4.2. Bilinear model of HDRB isolator. ................................... 75 

Figure 4.3. RSA on lumped mass models vs. THA on 3D FE models 
with (a) linear and (b) nonlinear LS behaviour. ........................ 78 

Figure 4.4. RSA on lumped mass models vs. THA on 3D FE models 
with (a) nonlinear ISO behaviour and (b) nonlinear behaviour of 
both LS and ISO. ..................................................................... 79 

Figure 4.5. RSA on lumped mass models vs. THA on 3D FEMs with ηi 
= 5% vs. THA on 3D FEMs with ηi = 2%. ................................ 81 

Figure 4.6. RSA on lumped mass models vs. THA on 3D FEMs with 
(a) linear behaviour of both LS and ISO and (b) nonlinear ISO 
behaviour. ................................................................................ 82 

Figure 4.7. 2DOF IIS for NTHA. ....................................................... 82 

Figure 4.8. Comparison of displacement results for 3D IIS FEM vs. 
2DOF IIS. ................................................................................ 83 

Figure 5.1. Typical IIS design spectrum. .......................................... 89 

Figure 5.2. Surface plots of the IIS design spectra: (a) mass ratio µ = 
0.25; (b) period TLS = 0.39 s. ................................................... 91 

Figure 5.3. Surface plots of the IIS design spectra for periods TLS = 
0.39 s and TISO = 0.01 – 50 s. .................................................. 91 

Figure 5.4. Surface plots of the IIS design spectra for the limit points: 
(a) point P0; (b) point P∞. ......................................................... 92 

Figure 5.5. IIS design spectra and i-IIS behaviour zone to predict the 
nonlinear response of the existing building. ............................. 93 

Figure 5.6. Design procedure........................................................... 95 

Figure 5.7. Case studies: (a) characterization of the inelastic behaviour 
of the existing buildings, (b) dynamic properties of the isolated 
vertical extension. .................................................................... 97 



Figure 5.8. Set of spectrum-compatible acceleration records: 
acceleration response spectra. ............................................... 99 

Figure 5.9. Average value of peak displacements as a function of the 
period TISO. ............................................................................ 100 

Figure 5.10. Step 1 of the design procedure: definition of SDOF P’0 
and SDOF P’∞ models........................................................... 101 

Figure 5.11. Step 2 of the design procedure: NTHAs on SDOF P’0 and 
SDOF P’∞. ............................................................................. 103 

Figure 5.12. Step 3 of the design procedure - identification of the 
periods TP’0 and TP’∞: (a) TLS = 0.39 s, (b) TLS = 0.63 s, (c) TLS = 
0.83 s. ................................................................................... 104 

Figure 5.13. Step 4 of the design procedure - identification of the 
design curves: (a) TLS = 0.39 s, (b) TLS = 0.63 s, (c) TLS = 0.83 s.
 .............................................................................................. 105 

Figure 5.14. Step 5 - prediction of nonlinear response: (a) TLS = 0.39 
s, (b) TLS = 0.63 s, (c) TLS = 0.83 s. ....................................... 106 

Figure 5.15. IIS design spectra vs. nonlinear THA: (a) TLS = 0.39 s; (b) 
TLS = 0.63 s; (c) TLS = 0.83 s. ................................................ 107 

Figure 5.16. (a) SDOF P’0 model; (b) SDOF P’∞ model; (c) global push-
over curve vs. multi-linear bond. ........................................... 109 

Figure 5.17. displacements response of: (a) SDOF P’0; (b) SDOF P’∞.
 .............................................................................................. 109 

Figure 5.18. (a) graph of limit point P’0; (b) graph of limit point P’∞. Teq 
= {0.39, 0,48, 0.55, 0.62, 0.68, 0.73, 0.78, 0.83, 0.87, 0.92, 0.96, 
1.00, 1.03, 1.07, 1.10, 1.14, 1.17, 1.20, 1.23} s. ................... 110 

Figure 5.19. (a) RSA curves for Teq = {0.39, 0,48, 0.55, 0.62, 0.68, 
0.73, 0.78, 0.83, 0.87, 0.92, 0.96, 1.00, 1.03, 1.07, 1.10, 1.14, 
1.17, 1.20, 1.23} s; (b) graph with i-IIS zone. ........................ 110 

Figure 6.1. Flowchart of the generalised 5-Block design procedure.
 .............................................................................................. 114 

Figure 6.2. Flowchart of the Block 2 proposed design procedure.. 115 

Figure 6.3. (a) 2DOF IIS model; (b) Typical ISO design spectrum. 116 



 

xix 
 
 
 
 
 
 
 

Figure 6.4. Type 1 elastic response spectra of Eurocode 8 for soil 
types A to E. .......................................................................... 118 

Figure 6.5. IIS design spectra for soil types A to E and mass ratios µ 
equal to 0.25, 0.5. Ordinate: uLS [cm], abscissa: TISO [s]. Legend: 
Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} s.
 .............................................................................................. 120 

Figure 6.6. IIS design spectra for soil types A to E and mass ratios µ 
equal to 1, 2. Ordinate: uLS [cm], abscissa: TISO [s]. Legend: Teq 
= {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} s.
 .............................................................................................. 121 

Figure 6.7. Limit points curves for soil types A to E: (a) point P0; (b) 
Point P∞. Ordinate: uLS [cm], abscissa: μ [-]. Legend: Teq = {0.39, 
0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} s. ........... 122 

Figure 6.8. ISO design spectra for soil types A to E and mass ratios µ 
equal to 0.25, 0.5. Ordinate: δISO [cm], abscissa: TISO [s]. Legend: 
Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} s.
 .............................................................................................. 124 

Figure 6.9. ISO design spectra for soil types A to E and mass ratios µ 
equal to 1, 2. Ordinate: δISO [cm], abscissa: TISO [s]. Legend: Teq 
= {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} s.
 .............................................................................................. 125 

Figure 6.10. 2DOF IIS model for LTHA and NTHA. ....................... 126 

Figure 6.11. a) IIS design spectra for μ = 0.5 and Soil type C; b) Limit 
Points P0; c) Limit Points P∞. ................................................. 128 

Figure 6.12. IIS design spectra vs LTHAs. ..................................... 129 

Figure 6.13. ISO displacement spectra vs LTHA. .......................... 129 

Figure 6.14. Step 3 of i-IIS stepwise design procedure: a) Limit point 
P’0, a) Limit point P’∞. ............................................................. 131 

Figure 6.15. a) Step 4 of the i-IIS stepwise design procedure, b) step 
5 of the i-IIS stepwise design procedure vs. NTHAs. ............. 131 

Figure 6.16. ISO displacement spectra vs. NTHAs. ....................... 132 

Figure 7.1. Poles in s-plane: (a) of IIS; (b) for PAM; (c) after PAM 141 

Figure 7.2. Set of seven response spectra in terms of: (a) acceleration; 
(b) displacement. ................................................................... 148 



Figure 7.3. IIS Design spectra vs LTHA. ....................................... 150 

Figure 7.4. Isolator displacement spectra vs LTHA. ...................... 150 

Figure 7.5. RSA curves obtained through complex analysis vs closed-
form relationships for ξISO = [0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 
0.45, 0.50]. ............................................................................ 153 

Figure 7.6. percentage change (Δ) between minimum values of 
complex RSA vs. closed-form relationship. ........................... 154 

Figure 7.7. RSA curves and modal propriety of 2DOF IIS (μ = 0.38, ξLS 
= 0.05, TLS = 0.39s, ξISO = 0.38). ........................................... 155 

Figure 8.1. Case study building: (a) front view; (b) plan of the ground 
floor. ...................................................................................... 159 

Figure 8.2. First six modes of vibration of the 3D AS-IS model. .... 159 

Figure 8.3. (a) 3DOF IIS model, (b) acceleration spectrum (10% 
probability of exceedance in 50 years). ................................. 160 

Figure 8.4. IIS design spectrum: IIS 1 (TISO = 0.84 s); IIS 2 (TISO = 1.77 
s); IIS 3 (TISO = 4.70 s). ......................................................... 161 

Figure 8.5. Vibration modes of 3DOF models: (a) IIS 1 (TISO = 0.84 s); 
(b) IIS 2 (TISO = 1.77 s); (c) IIS 3 (TISO = 4.70 s). ................... 162 

Figure 8.6. Mass and stiffness centroids of the three solutions ① - ③; 
left: design configurations with G ≡ KISO; right: design 
configurations with G ≢ KISO.                             Key: KLS,ave = 
average of stiffness centroids for LS floors. .......................... 163 

Figure 8.7. Vibration modes of 3D FE models: LS, US+ISO, IIS. 
Configurations with G ≡ KISO. ................................................ 165 

Figure 8.8. Vibration modes of 3D FE models: LS, US ISO, IIS. 
Configurations with G ≢ KISO. ................................................ 166 

Figure 8.9. LS participating masses, 1st and 4th modes of IIS models 
① - ③: (a) G ≡ KISO, (b) G ≢ KISO.......................................... 167 

Figure 8.10. Peak values of: (a) accelerations, (b) displacements. IIS 
1, 2, 3 – G ≢ KISO. ................................................................. 168 

Figure 8.11. Base shear ratio: comparison between the results of the 
3DOF and 3D IIS models. ..................................................... 168 

Figure 9.1. flowchart of the proposed design procedure. .............. 173 



 

xxi 
 
 
 
 
 
 
 

. 
Figure A.1. (a) Akasaka Trust Tower [license: Copyright © 2022 NTT 

Urban Development All Rights Reserved.]; (b) Building T&T III 
[license: © Shinjuku Convention & Visitors Bureau], (c) White 
Canvas [license: © 2021 Yasuda Real Estate Co., Ltd.]; (d) 
Sumitomo Fudosan Tamachi [license: Copyright(C)2014 
Sumitomo Realty & Development Co.,Ltd All Rights Reserved.]; 
(e) Yokohama City Hall [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (f) Tsutenkaku 
[license: https://creativecommons.org/licenses/by-sa/4.0/]; (g) 
JA Kyosai Building Hirakawacho Residence [license: Copyright 
© NIHON SEKKEI, INC.]; (h) Shin-Tokyo Takeda Building 
[license: https://creativecommons.org/publicdomain/zero/1.0/]; 
(i) Otemachi Financial City Grande Cube [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (l) Konan 
Building [license: Copyright © HATO BUS CO.,LTD.]; (m) 
Yokohama Grand Gate [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (n) Gamagori 
Shinkin Bank head office [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (o) Kochi 
Autonomy Hall [license: © Nishikawa Photograph co.,Ltd.]. .. 204 

Figure A.2. (a) New government building of the new city of Shinden 
[license: https://creativecommons.org/licenses/by-sa/4.0/]; (b) 
Ishinomaki Municipal Hospital [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (c) Okaya Fire 
Department Building [license: 
https://creativecommons.org/licenses/by-sa/3.0/]; (d) New 
Shibuya Ward Office building [license: 
https://creativecommons.org/publicdomain/zero/1.0/]; (e) 
Terrace Shibuya Mitake Shibuya [license: © 2024 PLAZA 
HOMES, LTD.], (f) Ocean Gate Minato Mirai [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (g) Kochi 
Castle History Museum [license: 
https://creativecommons.org/licenses/by/3.0/. Attribution: z 
tanuki]; (h) Kochi New Library and other complex [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (i) Kyoto 
Station building (license: Image © 2024 Google, Data SIO, 
NOAA, U.S. Navy, NGA, GEBCO. Image Landsat/Copernicus. 
Data Japan Hydrographic Association). ................................ 205 



Figure A.3. (a) Personnel Training Center of Taisei Corporation [146]; 
(b) building layout [redrawn from [33]]. .................................. 207 

Figure A.4. (a) section of building part B and C; (b) layout of isolators 
for building part C. [redrawn from [33]]. ................................. 208 

Figure A.5. Personnel Training Center of Taisei Corporation - 
Maximum shear force vs. story [redrawn from [33]]. ............. 209 

Figure A.6. Process for the realisation of the IIS. [redrawn from [33]].
 .............................................................................................. 209 

Figure A.7. external view of the Iidabashi 1st Building. .................. 210 

Figure A.8. Elevation View of the Iidabashi 1st Building. [redrawn from 
[29]]. ...................................................................................... 211 

Figure A.9. concentrated mass model of the Iidabashi 1st Building 
[redrawn from [132]]. ............................................................. 212 

Figure A.10. ISO displacement vs. damper volume [redrawn from [29]].
 .............................................................................................. 212 

Figure A.11. External view of Kudan, Post Office and Housing 
[License: Image © 2024 Google, Landsat / Copernicus]. ...... 214 

Figure A.12. (a) elevation view; (b) floor plan before intervention; (c) 
floor plan after intervention; (d) detail of the intervention type. 
[redrawn from [37]]. ............................................................... 215 

Figure A.13. External view of Shinjuku station. [License: Image © 2024 
Google, Landsat / Copernicus Data SIO, NOAA, U.S. Navy, 
NGA, GEBCO Data Japan Hydrographic Association]. ........ 216 

Figure A.14. Elevation View of Shinjuku station. [redrawn from [147]].
 .............................................................................................. 217 

Figure A.15. External view of Umeda DT Tower [Autor: Oilstreet, 
license: GFDL+creative commons2.5]. ................................. 218 

Figure A.16. Umeda DT Tower: (a) Elevation View [redrawn from 
[133]]; (b) floor plan [redrawn from [133]]; (c) Lock-Up Devices 
[License: ©Copyright 1995-2023, Takenaka Corporation, source: 
[134]]. .................................................................................... 219 

Figure A.17. Shiodome Sumitomo building: (a) External view; (b) 
façade system; (c) atrium. ..................................................... 220 



 

xxiii 
 
 
 
 
 
 
 

Figure A.18. Shiodome Sumitomo building: (a) elevation view [redrawn 
from [38]]; (b) upper structure floor plan [redrawn from [38]]; (c) 
isolation floor plan [redrawn from [132]]; (b) lower structure floor 
plan [redrawn from [38]]. ........................................................ 221 

Figure A.19. concentrated mass model of the Iidabashi 1st Building 
[redrawn from [38]]. ............................................................... 222 

Figure A.20 External view of China Basin ...................................... 223 

Figure A.21. Floor plan of the China Basin Building. [source: [18]] 224 

Figure A.22. China Basin: (a) Isolated upper structure under 
construction; (b) elevation view; (c) Detail of ISO system 
connection. [redrawn from [19]] ............................................. 225 

Figure A.23. External view of Musashino City Disaster Prevention and 
Safety Center: (a) before vertical extension; (b) after vertical 
extension. [redrawn from [13]]. .............................................. 227 

Figure A.24. Elevation view of Musashino City Disaster Prevention and 
Safety Center. [redrawn from [13]]......................................... 228 

Figure A.25. External view of Fukuoka Financial Group Headquater 
[source: Wikimedia; license: 
https://creativecommons.org/licenses/by-sa/4.0/] .................. 229 

Figure A.26. External view of NBF Osaki Building [source: Wikimedia; 
license: https://creativecommons.org/licenses/by-sa/4.0/] ..... 230 

Figure A.27. Elevation view of NBF Osaki Building. [license: Copyright 
(C) 1995–2024 KAJIMA CORPORATION All Rights Reserved].
 .............................................................................................. 231 

Figure A.28. Mita Bellju building: (a) external view [Autor: Nikkei 
Architecture; source: [150]; license: Copyright © Nikkei Business 
Publications, Inc. All Rights Reserved]; (b) structural layout 
[Autor: Nikkei Takenaka Corporation; source: [150]; license: 
Copyright © Nikkei Business Publications, Inc. All Rights 
Reserved]. ............................................................................. 233 

Figure A.29. Mita Bellju building: (a) isolator device [source: [150, 151]; 
license: ©Copyright 1995-2024, Takenaka Corporation]; (b) oil 
damper [source: [150, 151]; license: ©Copyright 1995-2024, 
Takenaka Corporation]; (c) detail of the connection of the 



elevator in the IIS [source: [150]; license: Copyright © Nikkei 
Business Publications, Inc. All Rights Reserved]. ................. 234 

Figure A.30. Nakanoshima Festival Tower: (a) external view; (b) 
Festival Hall entrance; (c) Sky Lobby. ................................... 235 

Figure A.31. Cross section of Nakanoshima Festival Tower [redrawn 
from [135]]. ............................................................................ 237 

Figure A.32. Nakanoshima Festival Tower: (a) Cross-section of the 
frame [redrawn from [135]]; (b) 3D model of mega-trusses and 
belt trusses [redrawn from [30]]; (c) isolation floor plan [redrawn 
from [30]]; .............................................................................. 238 

Figure A.33. External view of Ochanomizu Sola City 
[https://creativecommons.org/publicdomain/zero/1.0/] .......... 240 

Figure A.34. Destination of use for the Ochanomizu Sola City [Source: 
[153]; license: Copyright © 2013 TAISEI Corporation. All rights 
reserved]. .............................................................................. 241 

Figure A.35. Elevation view of Ochanomizu Sola City [Source: [154]; 
license: Copyright © 2012 TAISEI Corporation. All rights 
reserved]. .............................................................................. 241 

Figure A.36. Ochanomizu Sola City: (a) isolation floor plan; (b) typical 
floor plan of office [Source: [153]; license: Copyright © 2013 
TAISEI Corporation. All rights reserved]. .............................. 242 

Figure A.37. External view of Nihonbashi Dia Building: (a) under 
construction [redrawn from: [156]; license: © 2024 Japan 
Federation of Construction Contractors]; (b) as built [source: 
wikipedia; license: https://creativecommons.org/licenses/by-
sa/4.0/]. ................................................................................. 243 

Figure A.38. Nihonbashi Dia Building: (a) elevation view [redrawn 
from: [156]; license: © 2024 Japan Federation of Construction 
Contractors]; (b) office floor plan [source: [157]; License: 
Copyright © Mitsubishi Logistics Corporation All Rights 
Reserved.] ............................................................................ 244 

Figure A.39. 3D model of Nihonbashi Dia Building [redrawn from [158]; 
License: Copyright © The Japan Society of Seismic Isolation. All 
Rights Reserved.] ................................................................. 245 



 

xxv 
 
 
 
 
 
 
 

Figure A.40. Wakabadai No.1 Apartment Building, 3-7: (a) bird’s-eye 
view [License: Image © 2024 Google, Data SIO, NOAA, U.S. 
Navy, NGA, GEBCO, Landsat/Copernicus, Data LDEO-
Columbia, NSF, NOAA]; (b) elevation view [redrawn from: [160], 
license: © 2024 Japan Federation of Construction Contractors].
 .............................................................................................. 246 

Figure A.41. Wakabadai No.1 Apartment Building: (a) Isolation system 
layout; (b) photo of the isolation layer; (c) photo of oil damper. 
[redrawn from: [160], license: © 2024 Japan Federation of 
Construction Contractors]. ..................................................... 247 

Figure A.42. Wakabadai Apartment Building: (a) bird’s-eye view 
[License: Image © 2024 Google, Data SIO, NOAA, U.S. Navy, 
NGA, GEBCO]. ...................................................................... 247 

Figure A.43. Tekko Building: (a) External view [License: Image © 2024 
Google, Data SIO, NQAA, U.S. Navy, NGA, GЕВОС, image 
Landsat/Copernicus, Data Japan Hydrographic Association]; (b) 
elevation view [redrawn from [162]]; (c) floor plan [redrawn from 
[162]]. .................................................................................... 248 

Figure A.44. Tekko Building – Main building: (a) cross section [redrawn 
from [162]]; (b) Isolation system layout [redrawn from [162]]. 250 

Figure A.45. Tekko Building – South building: (a) cross section 
[redrawn from [162]]; (b) Isolation system layout [redrawn from 
[162]]. .................................................................................... 252 

Figure A.46. Kyobashi Edogrand: (a) external view; (b) bird’s-eye view 
[License: Image © 2024 Google, NASA]. .............................. 254 

Figure A.47. Kyobashi Edogrand: (a) elevation view [redrawn from 
[163]]; (b) floor plan layout [redrawn from [163]]. ................... 255 

Figure A.48. Kyobashi Edogrand: (a) 3D model [redrawn from [163]]; 
(b) Isolation system layout [redrawn from [164]]. ................... 256 

Figure A.49. Roppongi Grand Tower: (a) elevation view [source: 
Wikimedia; license: https://creativecommons.org/licenses/by-
sa/4.0/]]; (b) elevation view [redrawn from [166]]. .................. 257 

Figure A.50. Structural system of the Roppongi Grand Tower [redrawn 
from [166]]. ............................................................................ 258 



Figure A.51. Isolation system of Roppongi Grand Tower: (a) layout; (b) 
detail; (c) photo [redrawn from [166]]. ................................... 260 

Figure A.52. DaiyaGate Ikebukuro: (a) external view; (b) open deck; 
(c) bird’s-eye view [License: Image © 2024 Google, Data SIO, 
NOAA, U.S. Navy, NGA, GEBCO]. ....................................... 261 

Figure A.53. Cross section of DaiyaGate Ikebukuro [redrawn from 
[24]]. ...................................................................................... 262 

Figure A.54. Typical floor plan above ISO layer of DaiyaGate 
Ikebukuro [redrawn from [24]]. .............................................. 263 

Figure A.55. Isolation system of DaiyaGate Ikebukuro [redrawn from 
[24]]. ...................................................................................... 264 

. 
Figure C.1 Plants. .......................................................................... 277 

Figure C.2 block diagram of the open-loop control processes....... 278 

Figure C.3. block diagrams of the closed-loop control processes. 278 

Figure C.4. block diagrams for open-loop control processes with 
transfer function. ................................................................... 279 

Figure C.5. Laplace plane for a system with viscous damping. ..... 279 

Figure C.6. Block diagram for pole allocation method. .................. 282 
 

Figure D.1. Main mass displacement amplitude vs. forced frequency 
ratio for f = 1 and μT = [0.05, 0.20, 1, 2]. ............................... 285 

Figure D.2. DMF-λ-ξISO surface plots for λ = [0 - 3], ξISO = [0 – 0.5], f = 
[0.5, 1], μ = [0.01, 0.1]. .......................................................... 286 

Figure D.3. DMF-f- ξISO surface plots for λ = [0.5, 1, 1.5] and μ = [0.01, 
0.1] ........................................................................................ 288 

Figure D.4. DMF-f- ξISO surface plots for λ = [0.5, 1, 1.5] and μ = [0.5, 
1]. .......................................................................................... 289 

Figure D.5. (a) ξISO,sug – μ for λ = [0.5 - 1.5] and suggested value in 
design practice ISO,sugξ ; (b) comparison between several ξISO,opt 
and ISO,sugξ  values for μ = 0.01 - 0.1; (c) comparison between 
several ξISO,opt and ISO,sugξ  values for μ = 0.1 – 2. .................... 293 



 

xxvii 
 
 
 
 
 
 
 

Figure D.6. DMF – λ graphs for three case studies: (a) Case study 1; 
(a) Case study 2; (c) Case study 3. ....................................... 295 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

xxix 
 
 
 
 
 
 
 

List of Tables 
Table 2.1. Main design parameter of IIS lumped mass model. ........ 25 

Table 3.1. Periods and participating masses of the first three vibration 
modes of the AS-IS and LS models. ........................................ 52 

Table 3.2. Major data of seven pairs of spectrum-compatible 
acceleration records. ............................................................... 56 

Table 3.3. Dynamic properties of the upper structure and isolation 
system in the 3DOF IIS. .......................................................... 58 

Table 3.4. Characteristics of isolation system and design parameters 
of the isolated vertical addition for IIS configurations. .............. 62 

Table 4.1. Data of the bilinear constitutive model of the isolators 
utilized in the IIS design solutions............................................ 75 

Table 5.1. Major data of the set of spectrum-compatible acceleration 
records. ................................................................................. 100 

Table 7.1. Major data of seven spectrum-compatible acceleration 
records. ................................................................................. 149 

 . 
Table A.1. Data of: Personnel Training Center of Taisei Corporation, 

Iidabashi 1st Building, Kudan, Post Office and Housing. ....... 266 

Table A.2. Data of: Shinjuku station (West Exit), Umeda DT Tower, 
Shiodome Sumitomo building. ............................................... 267 

Table A.3. Data of: China Basin 185 Berry Street Building, Musashino 
City Disaster Prevention, Fukuoka Financial Group Headquater.
 .............................................................................................. 268 

Table A.4. Data of: NBF Osaki Building, Mita Bellju Bldg., 
Nakanoshima Festival Tower. ............................................... 269 

Table A.5. Data of: Ochanomizu Sola City, Nihonbashi dia building, 
Wakabadai No.1 Apartment Building ..................................... 270 

Table A.6. Data of: Tekko Building – Main and South Building, 
Kyobashi Edogrand. .............................................................. 271 

Table A.7. Data of: Roppongi Grand Tower, DaiyaGate Ikebukuro.
 .............................................................................................. 272 



 

 

 

 

 

 

 

  



 

xxxi 
 
 
 
 
 
 
 

List of Symbols 
The following symbols are used within the thesis 

0    zero-array matrix 

A   state matrix 

Af   floor area 

Afloors  floor area 

ag   peak ground acceleration 

ag,0  reference peak ground acceleration 

as   absolute acceleration 

b   input vector 

b   shape factor for shear resistance of masonry wall 

Bi, Bj  real-valued participation factors in complex modal 
analysis 

𝑐̃𝑐𝐿𝐿𝐿𝐿  damping constant of equivalent SDOF LS 

CC  soil category coefficient 

ceij  correlation effect of the phase difference between 
the mode i and j. 

cLS, cISO, cUS damping coefficient of LS, ISO and US 

cP0, cP∞  damping coefficient of P0 and P∞ model 

d1 x d2  maximum floor plan dimensions 

Eh   cumulated hysteretic energy 

Ei   seismic input energy 

eX, eY   eccentricity along X and Y direction between 
mass and stiffness centroids 

F   shear force in the isolation device 



F0   dynamic spectral amplification 

fd   compressive strength 

FE   external force 

fi   i-th frequency 

ftd   diagonal cracking tensile strength 

fyd   design yield stress 

fyk   characteristic yield stress 

G   mass centroid 

G   shear modulus of the elastomer 

G2DOF BIS  frequency response of 2DOF BIS model 

G2DOF IIS  frequency response of 2DOF IIS model 

H   building height 

HISO  height above ground level of the ISO system 

I   identical matrix 

I   isolation period ratio 

LX, LY  external plan length along X and Y direction 

𝑘𝑘�𝐼𝐼𝐼𝐼𝐼𝐼  equivalent stiffness of the isolation system in 
reduced single degree of freedom model 

𝑘𝑘�𝐿𝐿𝐿𝐿  equivalent stiffness of the lower structure in 
reduced single degree of freedom model for a real case study 

𝑘𝑘�𝑈𝑈𝑈𝑈  equivalent stiffness of the upper structure in 
reduced single degree of freedom model 

K   stiffness ratio 

k1   initial stiffness in bilinear model of ISO 

k2   post-yield stiffness in bilinear model of ISO 

keff  effective secant stiffness in bilinear model of ISO 



 

xxxiii 
 
 
 
 
 
 
 

KISO, KUS  stiffness centroid of ISO and US 

kISO  global secant stiffness of ISO system 

kLS, kISO, kUS stiffness of LS, ISO and US 

kx, ky, kz  shear stiffness values in x, y and z direction for 
two-joint linear links 

l   length of masonry wall 

𝑀𝑀�𝐼𝐼𝐼𝐼𝐼𝐼  equivalent mass of isolated vertical extension in 
reduced single degree of freedom model for a real case study 

𝑚𝑚�𝐼𝐼𝐼𝐼𝐼𝐼  equivalent mass of the isolation system in 
reduced single degree of freedom model 

𝑚𝑚�𝐿𝐿𝐿𝐿  equivalent mass of the lower structure in reduced 
single degree of freedom model for a real case study 

𝑚𝑚�𝑈𝑈𝑈𝑈  equivalent mass of the upper structure in reduced 
single degree of freedom model 

M   bending moment 

MISO  mass of isolated vertical extension  

M, K, C  mass, stiffness and damping matrices 

m1, m2, m3 mass at first, second and third level 

mLS, mISO, mUS mass of LS, ISO and US 

mP0, mP∞  mass of P0 and P∞ model 

nef   number of extension floors 

nfloors  number of floors 

nISO  number of isolator 

P’0  limit point of TISO → 0 for damaged LS 

P’∞  limit point of TISO → 0 for damaged LS 

P0   limit point of TISO → 0 

P∞   limit point of TISO → ∞ 



Q   characteristic strength in bilinear model of ISO  

R   maximum system response in complex modal 
analysis 

Ri, Rj  spectral displacements in complex modal analysis 

Rm  total mass ratio 

S   soil coefficient 

Sa   code spectral acceleration 

ScF  scaling factor 

Sd   spectral design displacement 

T   period 

t   thickness of masonry wall 

T1   fundamental period 

TB   period at the start of constant spectral velocity 
range 

TC   period at the start of constant spectral velocity 
range 

TC*  period at the end of constant spectral velocity 
range for Soil Type A 

Teq  equivalent reduced period of LS 

Teq,0  equivalent period of damaged LS at P’0 limit point 

Teq,∞  equivalent period of damaged LS at P’∞ limit point 

TLS, TISO, TUS period of LS, ISO and US 

Tr   Higher mode coupling periods ratio 

u�3D  displacement ratio for 3D FEM 

𝑢𝑢�   displacement ratio 

u   state vector 

uAB  displacement of Absorber in SDOF+TMD model 



 

xxxv 
 
 
 
 
 
 
 

uAS-IS  displacement of AS-IS in SDOF AS-IS model 

uAS-IS1, uAS-IS2 displacement at first and second floor of 3D AS-IS 
FEM 

ug   ground displacement 

uISO  displacement of ISO system in lumped mass IIS 
model 

uLS  displacement of LS in lumped mass IIS model 

uLS1, uLS2  displacement at first and second floor of LS in 3D 
IIS FEM 

uMS  displacement of Main System in SDOF+TMD 
model 

ust   static displacement of the main mass in 
2DOF+TMD model 

utop  top building displacement 

utop,y  top building displacement at yielding 

uUS  displacement of US in 3DOF IIS model 

Ux, Uy, Rz participating mass in X, Y and rotational direction 

ULS, UISO, UUS Laplace transformed displacement of LS, ISO and 
US 

v�   base shear ratio 

V   shear in masonry walls 

Vb   base shear 

Vy   base shear strength 

w   unit structural weight 

W   seismic weight 

yAS-IS, yIIS  seismic response of AS-IS and IIS building 

α1, α2, β1, β2, ηPivot Pivot model parameters 



αs, α’s  volume of the damper 

βh   higher mode coupling parameter 

βij    ratio between the frequencies at modes i and j 

Γ   participation mass ratio of reduced-order model 

Δ   percentage change 

δ� ISO  average of peak displacements value of ISO 
system 

δISO  peak displacements value of ISO 

δISO,u  ISO displacement demand 

δISO,y  yield displacement in bilinear model of ISO 

ηi   modal damping ratios at i-th mode 

κ   BIS mass ratio 

λ   forced frequency ratio for LS 

λU   forced frequency ratio for US 

λi   i-th complex eigenvalue 

λi*   i-th conjugate complex eigenvalue 

λP, λP  forced frequency ratio at fixed point P and Q. 

μ   mass ratio 

ξ   spectral damping 

ξ1, ξ2  first and second modal damping ratio 

ξAB  absorber damping ratio 

ξLS, ξISO, ξUS damping ratio of LS, ISO and US 

ξLS, ξISO, ξUS, damping ratio of LS, ISO and US 

ρE   hysteretic adsorption ratio 

ρij,mod  real-valued modal correlation coefficients 

σ0   compression stress of masonry wall 
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Φi   i-th complex eigenvector 

ωAB  natural circular frequency of absorber in 
SDOF+TMD model. 
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degree of freedom for LS, ISO and US. 

ωMS  natural circular frequency of Main System in 
SDOF+TMD model. 

ωn-DOF BIS,h h-th higher frequency of the n-DOF BIS model 
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1. Introduction 
If architects can be compared to 
novelists, who tell a sweeping 
story, then engineers surely are 
poets, finding beauty in economy. 
__________________________ 

Ahmad Rahimian, WSP, NYC, 
designer of One World Trade Center 

The Intermediate (or Inter-story or Mid-story) Isolation System 
(IIS) derives from the Base Isolation System (BIS) by shifting the 
position of the isolation layer upward. Therefore, the building can be 
ideally subdivided in two sub-structures, the lower and upper, 
respectively placed below and above the isolation (ISO) interface. Due 
to the flexibility of the lower structure (LS), the IIS dynamic behaviour 
is more complex and less intuitive than the BIS. The IIS, indeed, is 
characterized by a twofold dynamic behaviour that combines two 
strategies of passive control: the isolation of the upper structure (US) 
and the mass damping on the lower structure. In particular, the isolated 
upper structure (ISO+US) behaves as a base isolated structure on the 
roof of the lower structure and, at the same time, as a mass damper 
for the lower structure [1 – 8]. Mass Damping is a well-known passive 
strategy for mitigating structural vibrations in buildings and improving 
serviceability and occupant comfort [9]. In fact, Tuned Mass Dampers 
(TMDs) with relatively small mass are widely applied for reducing wind-
induced response, particularly in tall buildings; the same devices, 
however, are not equally effective under seismic input [9 – 11]. In the 
IIS, unlike conventional tuned mass dampers (TMD), in which the 
mass of the absorber is an added mass of only few per cent of the 
structural mass, a part of the building is converted into a huge mass 
damper, with a mass that can be comparable to, or even larger than, 
the mass of the LS. For this reason, the IIS is also termed as non-
conventional mass damper, building mass damper, or inhabited mass 
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damper [1, 5, 12], where the LS and the isolated US represent the 
main system and the dynamic vibration absorber, respectively. By 
increasing the mass of the TMD, the robustness of the system 
increases; consequently, the seismic response is less sensitive to 
variations of the design parameters, and to the frequency content and 
impulsive character of the seismic input [12]. By exploiting this 
robustness, some actual IIS buildings have been designed in Japan 
as “untuned” mass dampers [7, 13, 14]. 

It is worth observing that, though some analogies can be found 
between isolation and mass damping, the rationale behind them is 
profoundly different, if not opposite. The seismic isolation aims at the 
dynamic decoupling, as perfect and total as possible, of the building 
motion from the vibration source, that is the ground (by separating the 
prevailing frequencies of building and ground motion); in other words, 
isolation means making dynamic interaction minimal, if not null. The 
mass damping, instead, aims at the dynamic coupling, as perfect and 
total as possible, of the structure mass and an added mass. When the 
natural frequency of the added mass is tuned to the prevailing 
frequency of the main structure, it vibrates out of phase of the main 
mode of the structure, attenuating its amplitude; in other words, tuned 
mass damping means making dynamic interaction maximum, 
complete. 

However, in IIS, the seismic isolation and mass damping are 
related because the ISO system is utilised for activating and controlling 
the relative motion between the two substructures, thus giving rise to 
the mass damping effect. 

1.1 Motivation of the research activity 

The world population within urbanised areas is growing rapidly and 
is estimated to reach 7 billion people by 2050 [15]; therefore, the need 
arises to create new living spaces within the current extremely high 
complexity and high-density urban environment. The vertical 
extension of existing buildings could be a good strategy because, in 
addition to preserving the existing building heritage, it saves the 
carbon footprint required for the demolition and subsequent 
reconstruction of existing buildings [16, 17]. This strategy is being 
adopted in several major European cities as a means of sustainable 
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recovery and growth with almost no land take [2, 13, 14, 18 – 23]. 
Vertical extensions are also very useful in responding to the demand, 
born after the COVID-19 pandemic, for new living and working spaces 
that allow safe social distancing. In England, new laws have been 
issued in 2020 to encourage the construction of new living space by 
adding up to 2 storeys to existing buildings without any application [17]. 
Upper extensions are arising in Geneva, Milan, Rotterdam, Vienna, 
London, New York City; this strategy is worth of spreading, because, 
based on the concept of circular economy, it is more sustainable than 
the common approach of demolition/reconstruction of existing 
buildings, which consumes more energy and materials [16]. 
Furthermore, within the current urban planning trend of Transit 
Oriented Development (TOD), the realization of over-track buildings 
for exploiting the space above rail infrastructure is becoming quite 
popular in Japan. A very interesting example is the Daiya Gate 
Ikebukuro, in Tokyo, an over-track tall building with mid-story isolation, 
constructed over the Ikebukuro railway station [24], or the Kintetsu 
Hotel built over the tracks of Kyoto Station [25 – 27]. 

Given the above advantages, a non-conventional technique for 
vertical extension in urban context characterized by high seismic 
hazard can be proposed, i.e., connecting the existing structure with the 
new vertical extension through an isolation layer (Figure 1.1a). Indeed, 
as briefly mentioned in the previous section, IIS can prevent any 
increase of seismic effects, despite the mass increase due to the 
vertical extension. Further, even a non-negligible reduction of the 
seismic response can be obtained, if proper design procedures are 
followed for the new extension and the isolation system, based on the 
properties of the existing one. 

However, this is not the only way to use IIS for existing buildings; 
in fact, several buildings in Japan are retrofitted using the IIS strategy, 
by subdividing the existing building into two parts, and interconnected 
through an ISO system. In particular, two different cases can be 
distinguished. The first one, shown in Figure 1.1b, where the existing 
building has a regular shape along the height and the ISO system is 
generally placed at the lower floors, avoiding the need for realisation 
of the clearance around the building, as in the case of BIS. The second 
one, shown in Figure 1.1c, where the existing building is characterised 
by an abrupt change in geometry along the height, which is the ideal 
location for the ISO system. It is evident that the dynamic behaviour of 



4                                      CHAPTER 1. Introduction 

retrofitting solutions represented by the scheme of Figure 1.1b is very 
close to the BIS but since the ISO system is not at the base it is still 
identified as IIS. 

The application of IIS strategy in Japan is not limited to existing 
buildings: it is widely used also for new tall buildings (Figure 1.1d). 
Indeed, as reported in [7]: “In the case of intermediate isolation, the 
building is ideally subdivided in two main structural portions, i.e. an 
upper structure (US) and a lower structure (LS), respectively above 
and below the isolation system (ISO). This subdivision strongly 
enhances the feasibility of the isolation strategy in several situations, 
like in the case of densely populated areas [28], when the planning 
and urban restraints at the base of a building do not allow for the 
introduction of the seismic gap, as required in the case of classical 
base isolation systems. Furthermore, the IIS is an advantageous 
solution for mixed-use buildings: different occupancies along elevation 
give rise to different architectural plans and structural systems, also 
with grid layouts staggered one from the other, thus identifying a level 
of structural discontinuity that can be ideally utilized for placing the 
isolation system [13, 29, 30]. Finally, tall buildings can become good 
candidates for seismic isolation thanks to the introduction of an 
optimally placed IIS [31], that can remarkably improve the response of 
both structural parts above and below the isolation system.” 
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Figure 1.1. Intervention types with IIS: (a) existing building with vertical extension; (b) 
existing building with regular building shape; (c) existing building with irregular building 

shape; (d) new building. 

In Japan, more than 60 buildings with IIS had been realized as of 
2009 [32]. The first applications date back to the 90s and concern the 
seismic retrofitting of existing buildings, such as the Personnel 
Training Center of Taisei Corporation (1996) in Shizuoka prefecture 
[33 – 35] (see Appendix A.1), and the Kudan, Post Office and Housing 
(1998) in Tokyo [36, 37] (see Appendix A.3). Afterwards, IIS has been 
mainly used for new (often tall) buildings, such as: Iidiabashi 1st 
Building, Shiodome Sumitomo Building, Nakanoshima Festival Tower, 
Tekko Building, Fukuoka Financial Group Head Office, Roppongi 
Ground Tower, Kyobashi Edogrand and Ikebukuro DaiyaGate [13, 14, 
29, 30, 38 – 45]. However, cases of IIS for the vertical extension of 
existing buildings there are only two cases: one in Japan, the 
Musashino City Disaster Prevention and Safety Centre in Tokyo [13, 
14], and the other one in USA, at 185 Berry Street, in the China Basin 
area of San Francisco [18, 19] (Details on twenty examples of real 
buildings with IIS are reported in Tables A.1 – A.7 of Appendix A). 
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The growth of IIS buildings in Japan, in addition to being supported 
by extensive research of the scientific community, is the result of a 
clear regulatory framework [46, 47] that explicitly considers the 
possibility of placing the ISO system along the height of the building 
(i.e. IIS). 

1.1.1 Japanese standard framework 

In Japan, the Design Recommendations for Seismically Isolated 
Buildings [46] explicitly allow the adoption of isolation systems at the 
intermediate level, even stating that: “… intermediate-level seismic 
isolation is one of the most favorable methods for improving the current 
extremely high-complexity and high-density urban environment”. 

In particular, subsection 4.6.3 of [46] contains: (i) description of the 
IIS strategy and its differences compared to the BIS strategy; (ii) 
summary of the advantages of IIS; (iii) scenarios in which it may be 
desirable to choose IIS; (iv) description of the design problems that 
typically affect IIS, i.e. “the mode coupling effect, which produces 
amplification of the superstructure response due to the coupling effect 
between the vibration modes of the superstructure and the lower 
structure” [46]; (v) indications about the method to be used for the IIS 
design. On this last aspect, the standard states that: “To determine 
these vibration and seismic response characteristics, a simple 
response prediction method that does not require time history 
response analysis is effective [48, 49]. It is considered that a more 
rational design method is to simply evaluate the response reduction 
effect of the dampers of the seismic isolation level and the response 
amplification due to the mode coupling action, set parameters that are 
effective for response control, predict the response, and based on this, 
perform a detailed analysis using the time history response analysis”. 
Therefore, it is suggested to follow in a first design phase the 
recommendations given in [48, 49], where it is provided a method for 
assessing the reduction of the IIS response obtained for a certain 
value of damping in the ISO system and the response amplification 
due to the mode coupling effect; then non-linear time-history analyses 
(NTHAs) should be executed to assess more accurately the IIS 
response. Finally, in order to preserve the structural integrity after an 
earthquake, the following measures are deemed necessary: isolation 
devices must be protected with fireproof coating, fire prevention 
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compartmentalization of ISO level, and ad hoc design of elevator 
shafts and stairs that cross ISO level. 

Regarding the later aspects, more information are given in “the 
construction procedure standard for seismic isolation structure” of the 
Japan Society of Seismic Isolation [47]: here practical details are given 
for several IIS construction aspects, such as: installation of the 
isolation device on the upper part of the column; connection between 
two parts of external walls at the ISO level to provide water and fire 
protection; structural design criteria for the stairs and elevator passing 
through the ISO level; fire protection system to be applied around the 
isolation devices. Similar indications are also given in [34]. 

In contrast, the European seismic design code, in the part 8 
devoted to seismic isolation [50], does not provide any guidance on 
the design of IIS, although it does not explicitly prohibit it. The absence 
of specific design guidelines for IIS limits the deployment of this 
vibration control strategy in Europe, where the IIS could be widely 
applied for vertical extension and seismic retrofit of existing buildings. 

Therefore, the research activity on IIS reported in this thesis work 
is aimed at identifying a specific IIS design procedure that could be 
useful to fill this gap. 

1.2 IIS literature review 

In the last decade, several researchers have studied IIS in order 
to understand its dynamic behaviour, identify the governing 
mechanical parameters, and derive design indications that ensure 
good seismic performance.  

Important contributions, of course, come from Japan; in particular, 
some researchers [13, 14, 29, 38] deal with the IIS as a “concentrated 
energy dissipation” design problem, considering that most of the 
seismic energy input is absorbed by isolator and damper devices 
installed in the isolation layer. Other Japanese researchers [49, 51, 52] 
adopt two-degree-of-freedom (2DOF) models and have proposed a 
seismic response prediction method in which the natural mode 
functions are incorporated into the energy-balance method, firstly 
suggested by Akiyama [53], to derive the seismic response of the 
system. 
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Other contributions are basically related to two major conceptual 
approaches, namely the isolation and mass damping. Researchers 
generally study the IIS dynamics by focusing on either the isolation or 
mass damping approach [6, 7, 54].  

The research contributions regarding the isolation approach 
mainly investigate the dynamic interaction between the lower and 
upper structure in IIS and the effect of the potential coupling of the 
higher modes on the structural response. In some papers [55 – 57], 
the impact of the dynamic interaction between upper and lower 
structures and the effect of the possible coupling of the higher modes 
are examined by adopting simplified three-degree-of-freedom (3DOF) 
models; the results of the analyses are also compared to the outcomes 
of experimental campaigns [28, 58]. In other papers [6, 23, 57], 
instead, multi-degree-of-freedom (MDOF) models are adopted to 
better describe the interaction of the structural portions. Ryan and Earl 
[23] have studied the IIS effectiveness by varying the location of the 
isolation layer along the height of the building; Faiella and Mele [6] 
have examined the IIS vibration characteristics by varying both the 
location of the isolation layer and the mass and stiffness distributions 
of upper and lower structures.  

Research contributions related to the mass-damping approach 
consider the beneficial effect of dynamic interaction between the LS 
and the isolated US, with the latter working as a giant mass damper 
for the former. The main research contributions related to this 
approach are described as follows. In [59], the effect of absorber 
damping on the IIS seismic response is analysed through a 2DOF 
model, showing that the optimum IIS performance is obtained when 
damping values are equal for the first two complex modes of vibration. 
The validity of this control procedure has been extended in [60], by 
searching the TMD design parameters for which the two complex 
modes of vibration show equal damping ratios and equal frequencies. 
The methodology proposed in [60] has gained great interest in the 
scientific community; in fact, this procedure has been applied by many 
researchers [2, 61] or utilized for comparative purposes [1, 5, 12]. 
Chey et al. [2] have evaluated the IIS effectiveness as a seismic retrofit 
strategy for existing buildings with reinforced concrete frames. De 
Angelis et al [12] and Reggio and De Angelis [5] have investigated the 
dynamic behaviour of nonconventional TMD by adopting both multi 
and two-degree of freedom models and by modelling the seismic input 
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as a stationary Gaussian stochastic process with zero mean; the 
control criterion suggested in [12] is the minimization of the root-mean-
square displacement response of the damped main structure; in [5], 
instead, such criterion is the maximization of an energy performance 
index, defined as the ratio between the energy dissipated in the 
isolation system and the input energy globally transferred to the model. 
An experimental campaign on multi-story frame structure equipped 
with nonconventional TMD has also been reported in [62], with white 
noise, sine sweep, and natural earthquakes as input motion 
conditions.  

Other researchers [31, 63] utilized a combined approach, and 
cover the design range of both design approaches, i.e. isolation and 
mass damping. Zhou et al. [31] and Tan et al. [63] developed an 
optimisation procedure based on minimising the variance of the base 
shear through the adoption of a 2DOF model. Based on the outcome 
provided in [60], an optimization procedure has been also proposed in 
[3, 64], by adopting 3DOF models to enhance the seismic performance 
of both upper and lower structure. Donà et al. [65, 66] have considered 
IIS made by fluid viscous dampers and have derived the optimal 
parameters for minimizing the isolation drift and simultaneously 
controlling the superstructure performance. These optimal parameters 
have been then used in [67, 68] to derive IIS design solutions, by 
selecting as case studies an existing masonry building and a 
reinforced concrete school building. Bernardi et al. [69] have proposed 
a multi-objective optimization approach applied to a 2DOF model, 
representing an IIS working as a TMD. The objective functions are the 
minimization of the variance of the substructure drift and the variance 
of the isolation drift (or of the superstructure acceleration), with the 
seismic input modelled as a stationary Gaussian stochastic process 
with zero mean. Ikeda [70] has recently suggested the pole allocation 
method applied to 3DOF models for analysing the dynamic 
characteristics of intermediate isolation systems and elaborating a 
mathematical solution in closed form. In a subsequent paper [71], the 
method has been generalized for including any passive control 
strategy (base isolation, inter-story isolation, tuned mass dampers, 
viscous dampers).  

Further research contributions, devoted to classical TMD systems 
(i.e. TMDs characterised by small mass ratio - few units percent), can 
be mentioned below as they cover some design features that are also 
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common to non-conventional TMD systems (i.e. TMDs characterised 
by large mass ratios) for retrofit applications. In fact, when 
earthquakes occur, the inelastic behaviour of the lower structure (i.e., 
the existing building) in IIS cannot be excluded and should be 
accounted for in the analyses. This problem has been already faced 
by several scholars for classical TMDs and some noteworthy 
contributions can be found within the scientific literature. 

The problem has been firstly investigated by Soto-Brito and Ruiz 
[11]; by examining the influence of the ground motion intensity on the 
seismic effectiveness of TMDs, the authors have accounted for the 
inelastic behaviour and consequent damage in the main system. In 
particular, the lumped mass model of a 22-story nonlinear frame, 
considered as the main system, has been analysed. The results have 
revealed that the TMD effectiveness in limiting the peak response of 
the structure is greatly reduced for systems exhibiting highly nonlinear 
behaviour caused by high-intensity ground motions. 

However, it is well-known that the peak response is not an 
exhaustive measure of the cyclic nonlinear behaviour of structures 
under seismic events. As firstly suggested by Lukkunaprasit and 
Wanitkorkul [72], the effects of accumulated damage, i.e. the 
hysteretic energy absorption, is another important performance index 
to be considered in the assessment of TMD performance. Therefore, 
in the last two decades, the nonlinear behaviour of the TMD-controlled 
structure has been investigated by considering both peak response 
parameters and accumulated damage indexes. Pinkaew et al. [73] 
have analysed a single-degree-of-freedom (SDOF) system, equivalent 
to an inelastic concrete building, equipped with a TMD, and have found 
that, though the TMD’s effectiveness in reducing the maximum 
response gradually decreases as the structure experiences inelastic 
deformations, a significant reduction of structural damage occurs. In 
fact, several studies have demonstrated that the use of TMD on 
inelastic structures decreases the plastic energy dissipation [74 – 78]. 
Among them, Wong and Johnson [77] have examined the ability of 
single or multiple TMDs to improve the seismic response of inelastic 
structures. So-called “tuned mass spectra” have been proposed to 
determine the best tuning period of the TMD under a specific ground 
motion, while the exact location of the absorber has been individuated 
as the one corresponding to the minimum plastic energy dissipation. 
Sgobba and Marano [78] have proposed a TMD optimization for 
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reducing the nonlinear response of a SDOF system through a 
stochastic linearization. Both the hysteretic dissipated energy and the 
displacement of the main structure are minimized, revealing that TMD 
effectiveness increases in structures with medium to long periods. An 
equivalent linearization has been also adopted by Zhang and Balendra 
[79] to reduce the nonlinear response of a SDOF-TMD system under 
narrow-band seismic excitation; the study also accounted for the effect 
of the stroke length, showing that its increase reduces structural 
damage, and that a limited stroke length can be compensated by 
increasing the TMD mass ratio. 

All the studies on the topic find more or less explicitly that the 
optimal values of the TMD design parameters are very sensitive to the 
characteristics of the earthquake ground motion. Moreover, several 
scholars (e.g. [72, 73, 80]) establish that TMDs are effective in 
reducing the seismic response of inelastic structures only in the case 
of far-field ground motions, characterised by narrow-band frequency 
and long duration. Notwithstanding, Quaranta et al. [81] have studied 
the case of TMD installed on inelastic structures under pulse-like 
ground motions. In particular, by adopting optimum design procedures 
based on the elastic properties of the protected structure, the authors 
have found that TMDs are not effective for the displacement control of 
buildings undergoing significant inelastic deformations, while they are 
marginally useful for acceleration mitigation. Also Domizio et al. [82] 
have investigated different TMD configurations for controlling the 
seismic response of nonlinear SDOF structures under both far-field 
records and near-fault pulse-like ground motions. For this aim, the 
authors have developed optimization procedures for both single and 
multiple TMDs; two objective functions have been considered, namely 
the minimization of the frequency response magnitude of the 
undamaged structure and the maximization of the robustness of the 
TMD against stiffness degradation scenarios. A lower TMD 
effectiveness has been observed under near-fault records, especially 
for short-period structures. 

1.3 Thesis overview 

The thesis has been organised into the following chapters and 
appendices: 



12                                      CHAPTER 1. Introduction 

Chapter 2: “Dynamic behaviour of IIS”. In this chapter, the dynamic 
behaviour of IIS buildings is explored, starting with the definition of the 
reduced-order model that can reproduce the effective behaviour of the 
IIS building, i.e. the 3DOF model. From the equations of motion written 
for such a system, it can be clearly seen that the two vibration control 
strategies, seismic isolation at the base and mass damping, are 
interconnected in IIS. Then, it is shown that, under appropriate 
assumptions, the representative model of IIS can be reduced to a 
2DOF model. Finally, the main design parameters for IIS are identified 
and their influence on the IIS dynamic response is assessed by 
considering two different types of excitations, namely harmonic motion 
of the support with constant acceleration amplitude, and harmonic 
force applied to the mass of the LS. 

Chapter 3: “General 5-Block design procedure for IIS in existing 
building retrofit”. The IIS strategy is proposed for the vertical extension 
of an aggregate of masonry buildings located in the town of Pozzuoli, 
Italy, and a general design procedure is defined for this purpose. The 
effectiveness of IIS working as nonconventional TMD for the existing 
construction is assessed in terms of reduction of seismic demand and 
damage in the masonry structure undergoing inelastic deformation. 
First, the characterization of dynamic behaviour and seismic capacity 
of the building aggregate is addressed through modal and push over 
analyses, respectively. Elastic parametric analyses are then carried 
out on lumped mass models to derive the so-called nonconventional 
TMD design spectrum and to define the design configurations of the 
isolated vertical addition that minimize the global seismic response of 
the overall structure. Finally, the effectiveness of the retrofit solutions 
is evaluated through nonlinear time history analyses and its 
performance is compared to the one of the as-is building structure (i.e. 
the existing structure in its uncontrolled configuration); structural 
performance indexes accounting for both peak response and 
accumulated damage are defined and utilised for this purpose. 

Chapter 4: “Influence of LS and ISO nonlinear behaviour on IIS 
response”. The key point of the design procedure defined and 
illustrated in the chapter 3 is the parametric response spectrum 
analyses performed on lumped mass models by varying the 
mechanical properties of the building extension. As a result, so-called 
IIS design spectra are derived and used for selecting design solutions 
of the vertical extension that do not alter or reduce the response of the 
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existing lower structure. In this chapter, with reference to the real case 
study already presented in chapter 3, the IIS design procedure is 
improved by considering the nonlinear behaviour of the masonry 
structure of the existing building and of the isolation system, made of 
High Damping Rubber Bearings. Therefore, the effect of nonlinearities 
in structural complex with IIS is here assessed; basically, the idea is 
to check the accuracy and reliability of IIS design spectra as a tool for 
the preliminary design of the isolated vertical extension. For this 
purpose, several IIS configurations are analysed, and the results are 
discussed and compared in terms of peak response. In the light of the 
obtained analysis results, the effectiveness and robustness of IIS 
applications for vertical extensions and the response prediction offered 
by IIS design spectra are discussed. Finally, the results of Nonlinear 
Time History Analyses (NTHAs) obtained for the three-dimensional 
finite element model (3D FEM) of the IIS building are compared to the 
corresponding results obtained on the reduced order model (i.e. 2DOF 
model), demonstrating the representativeness and validity of non-
linear 2DOF model to replicate the non-linear response of the IIS 
building. 

Chapter 5: “A diagram-based design procedure for IIS in existing 
buildings with inelastic behaviour”. The IIS design spectrum allows for 
a complete evaluation of all design configurations that can be obtained 
varying the value of isolation period. It provides indications on the 
optimum value, the one that gives rise to the maximum reduction of 
the response of the existing structure; however, when such solution is 
not applicable for any reason, possible sub-optimum alternatives can 
be individuated in the spectrum. The IIS spectrum is constructed from 
parametric Response Spectrum Analysis (RSA) with the code 
spectrum specified for the site of interest and does not account for the 
inelastic behaviour that possibly arises in existing buildings. However, 
when earthquakes occur, the inelastic behaviour of existing (masonry 
or concrete) structures cannot be excluded and should be considered 
in the analyses. For this purpose, a design procedure is here proposed 
to supply the IIS design spectrum for existing buildings that exhibit 
nonlinear behaviour, without executing several nonlinear time history 
analyses for different models by varying the isolation period, but only 
examining in the inelastic field two limit behaviours of the extended 
building. Essential for this procedure are a series of diagrams derived 
from parametric RSA; as a result, two curves are identified as IIS 
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design spectra and the region bounded by them, appointed as inelastic 
IIS behaviour zone (i-IIS zone), represents the nonlinear response 
prediction of the existing structure varying the isolation period of the 
vertical extension. The outlined design procedure is applied to some 
case studies and validated through the comparison with the results of 
nonlinear time history analyses. This stepwise procedure is employed 
to generalise the 5-block design procedure developed in the chapter 
3. In fact, it allows to consider the inelastic behaviour, possibly 
occurring in the existing structure, from the first phases of the design 
process of vertical extension of existing buildings trough IIS. 

Chapter 6: “Generalization of the 5-Block design procedure for 
IIS”. In this chapter, the design procedure presented in chapter 5 to 
derive the response of the isolated vertical addition has been extended 
and generalised to consider both the cases of elastic and inelastic 
behaviour of the existing building. Once selected the value of the 
isolation period corresponding to the required/desired (e.g., minimum) 
displacement of the existing building (elastic or inelastic) through IIS 
design spectra, ISO displacement spectra are defined and utilised to 
identify the displacement for the design of the isolation system. 
Furthermore, to avoid the complex RSA on simplified lumped mass 
model of IIS, design charts are also provided, varying the shape of 
code design spectra and the seismic hazard through a scaling factor. 
Making use of these design charts, the procedure is validated by 
developing some case studies and by comparing the RSA predictions 
to the numerical results of nonlinear time history analyses. 

Chapter 7: “IIS and ISO design spectrum: close-form relationship 
through Pole Allocation Method (PAM)”. The IIS design spectrum 
utilised in the previous chapters is derived through complex response 
spectrum analysis (RSA) of non-classically damped IIS lumped mass 
model. In this chapter, an alternative, analytical approach is suggested 
for deriving the IIS design spectrum. For this aim, the Pole Allocation 
Method (PAM) is applied to a 2DOF IIS model; a useful closed-form 
relationship is derived, which links the modal damping ratios of the 
system to the values of natural circular frequency and damping ratio 
of the single degrees of freedom of the 2DOF system. Then, known 
the values of the damping ratio for the two vibration modes, closed 
form relationships for the IIS design spectrum and the ISO design 
spectrum (or, isolator displacement spectrum) are derived. For a case 
study, both design spectra are traced according to the closed form 
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relationships and compared to the spectra obtained through complex 
RSA. In addition, time-history analyses are carried out and the results 
in terms of response of the lower structure and isolation system are 
compared, respectively to the predictions obtained by means of the 
relevant design spectra. 

Chapter 8: “IIS for existing irregular buildings”. In this chapter, the 
possibility of regularizing, as well as reducing, the dynamic response 
of the existing structure through an appropriate design of the isolation 
system is examined. For this purpose, an existing masonry building, 
with eccentricity between the stiffness and mass centroids, is selected 
and analysed as a case study. A parametric study is developed to 
better clarify the regularizing potentials of IIS deriving from the 
dynamic interaction between the two structural portions. Some IIS 
design configurations, with different isolation systems, are designed 
and analysed. Analyses results and preliminary design implications 
are discussed. 

Appendix A: “Examples of IIS”. In this appendix, a description of 
20 new or existing IIS buildings is provided. 

Appendix B: “The non-proportional damped system”. In this 
appendix, the method proposed by Sinha and Igusa [83] to deal with 
system characterised by non-proportional damping is illustrated. A 
system with intermediate isolation, indeed, exhibits very different 
damping values at different storeys and therefore its dynamic 
response must be evaluated considering damped frequency values 
and modal shapes. Hence, the IIS must be considered as a non-
classically damped system, i.e. it is not possible to consider the 
hypothesis of damping proportional to masses and/or stiffnesses. 

Appendix C: “The Pole Allocation Method (PAM)”. In this 
appendix, after introducing the open-loop and closed-loop controlled 
system, the Pole Allocation Method (PAM) is briefly described. The 
PAM has been used in chapter 7 for the IIS lumped mass model (i.e. 
an open-loop system) to obtain the closed-form relationships for the 
IIS and ISO design spectrum. A classical application of this method to 
closed-loop systems is shown for comparison. 

Appendix D: “Suggested value of ISO damping ratio”. In the IIS 
applications developed in this thesis, the damping value of the ISO 
system has been assumed to be fixed, in accordance with the isolator 
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type; however, this design parameter has a strong influence on the 
structural response. Therefore, in this appendix, the influence of the 
ISO damping ratio (ξISO) on the dynamic response of a 2DOF IIS model 
is analysed; then a value of ξISO for which the dynamic response of the 
system becomes approximately insensitive to the dominant frequency 
of the harmonic input is identified. Finally, the ISO damping value 
above individuated is compared to the optimal damping values 
identified by other authors for classical TMD [84 – 86]. 
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2 Dynamic behaviour of IIS 
2.1 Simplified models 

The intermediate isolation system (IIS) derives from the better-
known base isolation system (BIS). In the IIS, the isolation (ISO) layer, 
which is located at an intermediate level along the height of the 
building, subdivided the whole system into two separate parts, i.e. the 
Lower Structure (LS) and the Upper Structure (US), each one with its 
mechanical properties. The IIS combines the strategies of isolation 
and mass damping: on one hand, the ISO filters the inertial forces 
transmitted from the LS to the US, on the other hand, the LS response 
is reduced thanks to the mass damping effect exerted by the isolated 
US. As reported in chapter 1, while the design practice for BIS and 
systems with tuned mass dampers (TMDs) is well consolidated and 
accepted, numerous approaches can be found in the literature for IIS, 
both with reference to the formulation of the problem and the definition 
of the design objectives and parameters. As reported in [6, 7, 54] and 
in chapter 1, two approaches can be clearly identified: the isolation 
and mass damping. The research works related to the first approach 
analyse the effect of the dynamic interaction between LS and US on 
the IIS response. In particular, either three Degrees Of Freedom 
(3DOF) models are used to grasp the global behaviour of IIS, or Multi 
Degrees Of Freedom (MDOF) models to evaluate the influence of the 
mass and stiffness distribution and of the location of the ISO level 
along elevation on the IIS response [6, 23, 57]. The research works 
related to the second approach consider the mass damping effect that 
the isolated US exerts on the LS and the models used are two Degrees 
Of Freedom (2DOF) models [5, 31, 59, 60, 87 – 90]. However, it is 
worth pointing out that 2DOF models can be adopted only if the 
response amplification effect due to the dynamic interaction between 
LS and US is avoided and if the US is much stiffer than the ISO system; 
in this case, the US contributes only in terms of mass. As a result, the 
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main features of the IIS dynamic behaviour can be investigated by 
referring to a 3DOF IIS model [6, 28, 55 – 58], in which at the first, 
second and third degree of freedom are respectively assigned the 
mass (m), stiffness (k) and damping (c) properties of the Single Degree 
Of Freedom (SDOF) model equivalent to lower structure (mLS, kLS and 
cLS), ISO system (mISO, kISO and cISO) and upper structure (mUS, kUS 
and cUS) (Figure 2.1a). The relative displacements of the three masses 
with respect to the base are denoted by uLS, uISO, and uUS for mLS, mISO, 
and mUS, respectively; the absolute displacement of the support is 
indicated by ug; the single over-dot and the double over-dot denote the 
terms of velocities and accelerations, respectively. An external force, 
applied to the first degree of freedom, is denoted by FE.  

The equations of motion for the 3DOF IIS are: 

( ) ( )US US US US ISO US US I O gS USm u c u u k u u m u+ − + − = −     (2.1) 
 

( ) ( )
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To grasp the dynamic behaviour of the IIS, it is interesting to 
compare the equations of motion of 3DOF IIS (Eqs. (2.1) – (2.3)) to 
the equations of motion of a base isolated system (BIS) and a mass 
damped (MD) structure. From several research contributions [84 – 86, 
91 – 93], base isolated and mass damped structures can be analysed 
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through 2DOF models, respectively shown in, respectively shown in 
Figure 2.1b and Figure 2.1c. 

 
Figure 2.1. Concentrated mass models: (a) 3DOF IIS; (b) 2DOF BIS; (c) 2DOF MD. 

In the 2DOF BIS model shown in Figure 2.1b, the first degree of 
freedom represents the isolation system (ISO) and the second degree 
the structure (also appointed as US). The equations of motion are: 

( ) ( )+ − + − = −   US US US US ISO ISOUS US US gm u c u u k u u m u  (2.5) 
 

( ) ( )
+ + = −

+ +

  

 

ISO ISO ISO ISO ISO ISO ISO g

US US ISO US US ISO

m u c u k u m u
c u - u k u - u

 (2.6) 
 

In the 2DOF MD shown in Figure 2.1c, the first degree of freedom 
represents the Main System (MS) with mass, stiffness, and damping 
constants equal to mMS, kMS, and cMS, and the second degree 
represents the vibration absorber with dynamic properties equal to 
mAB, kAB, and cAB. In particular, in classical applications with TMD, the 
vibration absorber is characterised by an added mass considerably 
smaller than the mass of the main system. The equations of motion 
are: 

( ) ( )AB AB AB AB MS AB AB MS AB gm u c u u k u u m u+ − + − = −     (2.7) 
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( )
( )

+ + = − + +

+

    MS MS MS MS MS MS MS g AB AB MS

AB AB MS

Em u c u k u m u F c u - u

k u - u
  (2.8) 

 

From Eqs. (2.1) – (2.3), it can be observed that, if the stiffness of 
LS is assumed significantly larger than the stiffness of ISO, the relative 
displacement of LS tends to zero, i.e. kLS≫kISO ⇒ uLS≈0. 
Consequently, the equations of motion of the 3DOF IIS (Eqs. (2.1) – 
(2.3)) correspond to Eqs. (2.5) and (2.6) of the 2DOF BIS [91, 93] 
(Figure 2.1b). 

However, from Eqs. (2.1) – (2.3) it can also be seen that, if the US 
is much stiffer than the ISO system, the relative displacement between 
US and ISO tends to zero (i.e. kUS≫kISO ⇒ uUS≈uISO). Hence, the 
system of three equations of motion can be reduced to a system of two 
equations: 

( ) ( )ISO ISO ISO ISO LS ISO ISO LS ISO gM u c u u k u u M u+ − + − = −     (2.9) 
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which in matrix form become: 
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Eqs. (2.9) and (2.10) (or similarly Eq. (2.11)) represent the 
equations of motion of the 2DOF IIS (Figure 2.2b) in which the first 
degree of freedom still represents the LS and the second degree 
represent the whole isolated upper structure with mass MISO – i.e. the 
summation of the masses of ISO and US, MISO = mUS + mISO – and 
stiffness and damping constants of the ISO, kISO and cISO. These 
equations correspond to the counterparts of the 2DOF MD (Eqs. (2.7) 
and (2.8)), by considering the upper structure as the vibration 
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absorber, the lower structure as the main system and the mass of the 
adsorber equal to the total isolated mass. 

The simplified analytical formulation of the IIS system through 
lumped mass models highlights that the isolation layer represents an 
isolation system for the upper structure, and, in turn, the isolated upper 
structure can work as a mass damper for the lower structure. However, 
a most specific physical phenomenon can be observed only in 
intermediate isolation, as suggested by Ikeda in [70]: “the seismic 
response of the upper substructure may be amplified by the modal 
coupling behaviour between the lower and upper substructures, and 
the seismic response of the lower substructure may be suppressed by 
the TMD effect of the upper substructures”. 

 
Figure 2.2. reduced order IIS model: (a) 3DOF IIS; (b) 2DOF IIS. 

2.1.1 Design Parameters 

To grasp the IIS dynamic behaviour, different design parameters 
governing the problem are adopted, as reported in the following. 

Three parameters are defined by considering the 3DOF IIS, 
namely I, βh, and TR (Figure 2.1a). 

The parameter I represents the ratio between the natural period of 
the ISO system, TISO, and the natural period of the US considered as 
fixed-base, TUS, i.e.: 
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= ISO USI T T   (2.12) 
 

This parameter gives information about the flexibility of the US with 
respect to the isolation system. It is defined in analogy with the case 
of BIS [91, 93]. Many standards [50, 94] suggest to adopt for BIS 
values of I greater than 3 in order to consider the structure above the 
isolation level as a rigid block, i.e., the structure moves together with 
the ISO system without relative displacements [91, 93, 95, 96]. 

The mode coupling parameter βh deals with the higher mode 
coupling effect, which gives information about the dynamic interaction 
between LS and US [6, 28, 57]. In 3DOF IIS, the first mode mainly 
involves deformations in the isolation system while the two higher 
modes involve deformations either in LS or in US. However, when the 
higher mode coupling occurs, the higher modes involve deformations 
in both LS and US. This detrimental effect can lead to an amplification 
of the response of the US, as suggested by [6, 20, 28, 54, 57, 70]. 
Since the mode coupling is independent on the isolation period [6, 28, 
57], the parameter βh can be calculated by adopting a free-free 3DOF 
IIS model, characterised by an infinitely flexible isolation layer (kISO = 
0 in Figure 2.1a) [6, 20, 28, 54, 57]. Hence, by assuming kISO = 0, the 
US and LS become perfectly separated from each other and two sub-
systems can be identified and analysed separately. The first sub-
system is the free-free base isolated upper structure (kISO = 0) and the 
second one is the fixed-base lower structure. Therefore, the dynamic 
behaviour of the IIS solution can be evaluated by analysing the 
dynamic behaviour of the two independent sub-systems. 

The solution of the eigenvalue problem for the two separate parts 
of ff-3DOF IIS model leads to the definition of the parameter βh: 

= +1h US US ISO LSm mβ ω ω  (2.13) 
 

In the Eq. (2.13) the parameters ωLS and ωUS are the circular 
frequency of SDOF model of LS and US, respectively. 

=LS LS LSkω / m   (2.14) 
 

=US US USkω / m   (2.15) 
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As reported in the literature [6, 7, 57], the higher mode coupling 
effect arises when the mode coupling parameter is close to one, i.e., 
βh = 1±0.15. Consequently, from Eq. (2.13) it is possible to assert that 
the mode coupling effect is avoided if the frequency of the free-free 
base isolated upper structure model (i.e., ωUS·(1+mUS/mISO)0.5) is far 
from the frequency of the fixed-base lower structure model (i.e., ωLS). 
By carefully designing US and LS, the mode coupling effect can be 
avoided. Since in real applications the mass ratio is generally set, the 
mode coupling can be prevented by modifying only the stiffness of US 
and LS. 

As mentioned in sub-section 1.1.1, the Japanese standard [47] 
recommends a careful control of higher modes coupling effect in the 
IIS design. 

However, it is interesting to note that Eq. (2.13) can be rewritten in 
terms of the periods of lower and upper structure (i.e. TLS, TUS): 

1h LS US US ISOβ mT mT +=  (2.16) 
 

= 2LS LST π ω   (2.17) 
 

= 2US UST π ω   (2.18) 
 

Therefore, it is possible to introduce a further design parameter, 
the ratio Tr, equal to: 

=r LS USTT T   (2.19) 
 

An extensive parametric analysis carried out in [20] shows that if 
Tr is greater than 0.5, βh is always greater than 1.15 and therefore the 
effect of the amplification response due to the higher mode coupling 
does not occur. 

As reported above, the 3DOF IIS model is able to describe the 
main features of the IIS dynamic behaviour. However, as suggested 
by several authors [6, 20, 28, 57, 97], if the coupling effects of the 
higher modes can be neglected and the US can be considered as a 
rigid block standing on the ISO system, a 2DOF model can be 
adopted. These aims can be achieved by considering a value of the 
modal coupling parameter βh different from 1±0.15, or similarly Tr > 
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0.5 and a value of the isolation ratio I > 3. Hence, the 3DOF IIS model 
in Figure 2.1a can be further reduced in the 2DOF IIS model (Figure 
2.2b) considering only the mass contribution from the US. 

Additional six parameters can be defined, by considering both the 
3DOF and 2DOF models, i.e.: natural circular frequency of LS (i.e., 
ωLS) and of ISO system (i.e., ωISO,); damping ratios of the LS (i.e., ξLS) 
and of ISO system (i.e., ξISO); mass ratio (μ) between the masses of 
the isolated upper structure and lower structure; ratio f between the 
circular natural frequencies of the isolated upper structure and lower 
structure, usually appointed in literature [84 – 86] as tuning ratio 
between the absorber (i.e. the isolated vertical addition, ISO+US) and 
the main system (i.e. the lower structure, LS). The value of ωLS is 
provided by Eq. (2.14), while the remaining design parameters are 
provided by the following relationships: 

=ISO ISO ISOkω M  (2.20) 
 

2
LS

LS
LS LS

ξ
m ω

c
=  (2.21) 
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c
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+
= =ISO US ISO

LS LS
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m
M
m
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ISO LS

LS ISO

ω Tf
ω T

= =  (2.24) 
 

The damping ratio ξLS is usually fixed, once defined the structural 
material of the lower structure; the damping ratio ξISO varies as a 
function of the devices - dampers and/or isolators - utilised in the 
isolation layer (see Appendix D for major details); the period TLS is set 
by adopting an existing building as lower structure; the period TISO 
generally varies in a wide range for exploring possible design solutions 
in the light of the mass damping and isolation approaches; the mass 
ratio μ, which implicitly defines the position of the ISO layer along the 
height of the building, is generally set; the tuning ratio f generally varies 
as a function of TISO, by assuming TLS has a fixed value. 
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All design parameters here defined are necessary to explore the 
IIS dynamics by means of parametric analyses. The main goal of this 
research is to control the dynamic response of the lower structure (i.e. 
the existing building) in order to limit, or even counteract, its 
engagement in the inelastic field (see chapters 3). Set μ and ξISO, the 
parameter that controls the dynamic response of the lower structure 
(e.g. its maximum displacement) is the isolation period, TISO. 

Once the design value of TISO has been chosen, it is possible to 
design the ISO system, i.e. to calculate the displacement demand for 
the isolation system. Unlike BIS, in IIS this displacement is strongly 
affected by the dynamics of the lower structure. Therefore, a specific 
design tool, the so-called ISO design spectrum introduced in chapter 
6, is defined and utilised for predicting the value of the isolation 
displacement demand in the preliminary design phase. 

For the sake of clarity, the design parameters identified for the 
3DOF IIS and 2DOF IIS model are shown in Table 2.1. 

Table 2.1. Main design parameter of IIS lumped mass model. 

Model Design parameters 

3DOF IIS ξLS ξISO TLS (ωLS) TISO (ωISO) μ f TUS (ωUS) Tr (βh) I 
2DOF IIS ξLS ξISO TLS (ωLS) TISO (ωISO) μ f - - - 

 

2.2 Influence of design parameters on 2DOF IIS 
model response 

The influence of the design parameters on the IIS response is here 
evaluated considering only the 2DOF IIS model. For this purpose, a 
frequency response analysis is developed by adopting harmonic 
excitations. 

2.2.1 Support excitation 

To study the steady-state response of the 2DOF IIS model under 
a harmonic excitation of the support with a fixed value of the 
acceleration amplitude and independent of frequency, Eqs. (2.14), 
(2.20) – (2.24) are substituted into Eqs. (2.9) and (2.10) setting FE = 0: 



26 CHAPTER 2. Dynamic behaviour of IIS 
 

( ) ( )+ + +

+

=

+

+ −  



22

2 22 2 1

2

LS LS LS LS ISO LS LS g

ISO ISO LS ISO LS

ω ξ μξ u ω μf

μξ ω μ

u u f u

u ωu f f
 (2.25) 

 

( )+ −+

+ +

=  



2 2

2 2

2

2
ISO ISO LS ISO ISO LS g

LS ISO LSLS LS

ω ξ u ω

ξ ω

u u f f

f f ω

u

u u
 (2.26) 

 

For analytical convenience we use the Laplace transformation on 
Eqs. (2.25) and (2.26) in order to leave the time domain in favour of a 
complex domain, or often referred to as the Laplace domain [98]. 
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In Eqs. (2.27) and (2.28) all initial conditions have been omitted as 
they are assumed equal to zero, and with s has been indicated in 
general a complex quantity defined as a subsidiary variable [99]. In 
addition, it can be seen that, through the Laplace transformation a 
system of differential equations in the time domain (Eqs. (2.25) and 
(2.26)) has been transformed into a system of algebraic expressions 
in the Laplace domain (or s-plane); because a differentiation in the 
time domain is equivalent to multiplying by s in the Laplace domain. 

However, writing the equations of motion in the Laplace domain, it 
is particularly interesting to study the relationship between the 
transformed response and the transformed input ( ( )g sU ). In 
particular, considering the displacement of the lower structure in the 
2DOF IIS model (Figure 2.2c) as the transformed response parameter 
(ULS(s)), we have: 

( )
( ) ( )2

LS
ug , DOF IIS

g

U s
G s

U s
=



 (2.29) 
 

G(s) is known as the system transfer function, and is equal to: 
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As reported in [98], it can be demonstrated that the transfer 
function, Gug,2DOF IIS (s), is simply the frequency response, Gug,2DOF IIS 
(iω), with iω substituted to s; where i is the imaginary part and ω is the 
circular natural frequency of a harmonic input. For this reason, to 
derive a briefer form for Gug,2DOF IIS (iω), it is useful to introduce the 
following parameters to be replaced in Eq. (2.30): 

s iω=  (2.31) 
 

LS

ωλ
ω

=  (2.32) 
 

In Eq. (2.32), the parameter λ is the forced frequency ratio and has 
been defined as the ratio between the circular natural frequency of a 
harmonic input (i.e. ω) and the circular natural frequency of the lower 
structure (i.e. ωLS). Thus, this parameter is indicative of the resonance 
effect that leads to an increase in the response of lower structure. 

Substituting Eqs. (2.24), (2.31) and (2.32) into Eq. (2.30), yields: 
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as stated in [100, 101], if the ground motion is reported as a 
harmonic excitation, it is possible to identify a Dynamic Magnification 
Factor (DMF) equal to the modulus of the frequency response function 
(or admittance function), i.e. G (iω), which for the 2DOF IIS model with 
harmonic support excitation is equal to: 
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where: 

( ) 2e 2R ISO ISOλ ξ λf μξ λf= +  (2.35) 
 

( ) ( )2 2Im 1λ λ f μ= − +  (2.36) 
 

( ) ( )2 3 32 2 2 2 1Re LS LS ISO ISOλ ξ λf ξ λ ξ λf ξ λ f μ= − − + ++  (2.37) 
 

( ) ( )2 4 2 2 2 2Im 1 4 LS ISOλ λ λ f λ f μ ξ ξ λ f= − + + − + −  (2.38) 
 

In addition, to compare the response of the model with IIS versus 
the response of the model without IIS, the DMFug, SDOF LS for the Single 
Degree Of Freedom model of LS (SDOF LS) is also evaluated: 

2 2

1 1
1 2

ug ,SDOF LS
LS LS

DMF
iω ξ λ

=
+ −

⋅  (2.39) 
 

Figure 2.3 shows four DMFug vs. λ graphs associated with four 
different values of the mass ratio μ, i.e. 0.05, 0.1, 0.5 and 1. In each 
graph, two curves are shown, a black curve for the 2DOF IIS model 
and a dashed grey curve for the SDOF LS model. The results are 
obtained for fixed values of ξLS, ξISO and f, respectively equal to 0.05, 
0.15 and 1. A comparison between the curves for the 2DOF IIS model 
and the curves for the SDOF LS model shows that the operating range 
- or controlled bandwidth [6, 54] - i.e. the range of λ values in which 
the curves intercept, increases as μ increases. Consequently, as μ 
increases, the efficiency of the model with IIS and its robustness to 
variations of the input frequency (ω) increase. 
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Figure 2.3. DMFug-λ plots for λ = [0 - 3], ξLS = 0.05, ξISO = 0.15, f = 1, μ = [0.05, 0.10, 0.50, 

1.00]. 

However, if on the one hand the increase of μ expands the 
operative range, on the other hand it also tends to increase the DMFug 
value at the first peak of the black curve which corresponds to the 
frequency of the isolated US (the second peak is relative to the 
frequency of the LS). Therefore, to reduce this peak value of the 
DMFug, the tuning ratio f can be varied. In fact, in Figure 2.4, the same 
graphs as in Figure 2.3 have been replicated by varying only f from 1 
to 0.5, and it can be seen that for high values of mass, the DMFug peak 
value goes down while for low values of mass, it goes up. This type of 
relationship between f and μ, i.e. as μ increases optimal f increases, 
can be observed in several optimal relationships provided in the 
literature [84 – 86]. 
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Figure 2.4. DMFug-λ plots for λ = [0 - 3], ξLS = 0.05, ξISO = 0.15, f = 0.5, μ = [0.05, 0.10, 0.50, 

1.00]. 

In addition, it is interesting to note that by rewriting the equations 
of motion for the 2DOF BIS model (Eq. (2.5) and (2.6)) in terms of 
relative displacements of US with respect to LS (δUS), i.e. by 
substituting the displacement uUS with the term uUS = (δUS + uISO), it is 
possible to evaluate the frequency response,Gug,2DOF BIS (iω), for the 
2DOF BIS model in terms of δUS: 
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 (2.40) 

 

where λU is the forced frequency ratio and has been defined as the 
ratio between the circular natural frequency of a harmonic input (i.e. 
ω) and the circular natural frequency of the upper structure (i.e. ωUS), 
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κ is the ratio between mUS and (mUS + mISO). The modulus of the 
frequency response function is the Dynamic Magnification Factor 
(DMFug, 2DOF BIS): 
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Figure 2.5 shows a comparison between a fixed-base and a base-
isolated system in which the isolation ratio I is assumed to be 3, the 
damping ratios of ISO and US are respectively assumed to be 0.15 
and 0.05, and the ratio κ = mUS / (mUS + mISO) is assumed to be 0.6. 
Therefore, it can be seen that the operative range of the isolation is 
very wide, and the controlled system significantly reduces the 
displacement response of the US. 

Comparing Figure 2.3, Figure 2.4 and Figure 2.5, it can be 
observed that, when the mass ratio is less than 1 the isolated US 
works as a TMD for the LS, while when μ becomes greater than 1 the 
model with IIS tends to behave like the BIS model [54]. 

 

 
Figure 2.5. DMFug-λ plots of BIS for λ = [0 - 3], ξUS = 0.05, ξISO = 0.15, I = 3, κ = 0.6. 

2.2.2 LS mass excitation 

Now let us analyse the response of the 2DOF IIS model assuming 
a harmonic force applied to the mass of the LS rather than a support 
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motion. Hence, in Eqs. (2.9) and (2.10) let us consider üg = 0 and, for 
the sake of brevity, let us also consider ξLS = 0. The external force, FE, 
applied on the main system mass, is of the kind P0 sin(ωt), where P0 
is the constant amplitude of the force and is independent of the input 
circular frequency, i.e., ω. 

The corresponding equations of motion are given below: 

( ) ( ) ( )0LS LS LS ISO ISO LS ISO ISOL LSSm u k u k u u c u u P sin ωt+ − − − − =      (2.42) 
 

( ) ( ) 0MSAB AB AB AB AB AB MSm u k u u c u u+ − + − =     (2.43) 
 

From Eqs. (2.42) and (2.43), only the forced vibration response is 
addressed, so the values of LS LS LSu ,u ,u   and ISO ISO ISOu ,u ,u   can be 
represented in the so-called phasor plane [102], where these vectors 
rotate with constant angular velocity equal to ω and keep the angles 
between them unchanged. Then, it is possible to solve these 
equations by writing the vectors as complex numbers (note that the 
same result can also be achieved by performing the Laplace 
transformation as done in the previous subsection). 

( ) ( )2
0MS AB ABMS MS AB A AB Bm k k i c u k i cω Pω uω− + + + − + =   (2.44) 

 

( ) ( )2 0AB AB ABMS AB ABABk i c u m kω ω i uωc− + + − + + =   (2.45) 
 

From these equations, after some analytical manipulation, it is 
possible to derive the amplitude of the motion of the LS mass, i.e., the 
Dynamic Magnification Factor (DMFFE, 2DOF IIS) for a 2DOF IIS model 
excited with a harmonic force at the LS mass [84]. 
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where ust is the static displacement of the main system equal to P0/kLS. 
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Again, to compare the response of the model with IIS versus the 
response of the model without IIS, the DMFFE, SDOF LS for the undamped 
SDOF LS is also evaluated: 

2
1

1EF ,SDOF LS
λ

DMF =
−

 (2.47) 
 

The Eq. (2.46) is a function of four design parameters, ξISO, λ, f, 
and μ. In order to evaluate the influence of these design parameters 
on the structural response of the 2DOF IIS model, similar graphs to 
those in Figure 2.3 and Figure 2.4 are shown in Figure 2.6 and Figure 
2.7, respectively. Figure 2.6 shows four DMFFE vs. λ graphs 
associated with four different values of the mass ratio μ = [0.05, 0.1, 
0.5, 1] and for a fixed value of ξISO and f equal to 0.15 and 1, 
respectively. As already observed from Figure 2.3 and Figure 2.4, it 
can also be seen from Figure 2.6 and Figure 2.7 that the operative 
range increases as the mass ratio increases and the maximum peak 
value of the black curve for the 2DOF IIS model decreases as f 
decreases for large values of the mass ratio. 

 
Figure 2.6. DMFFE-λ plots for λ = [0 - 3], ξISO = 0.15, f = 1, μ = [0.05, 0.10, 0.50, 1.00]. 
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Figure 2.7. DMFFE-λ plots for λ = [0 - 3], ξISO = 0.15, f = 0.5, μ = [0.05, 0.10, 0.50, 1.00]. 
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3 5-Block design procedure for 
IIS in existing building 
In this chapter, the strategy of Intermediate Isolation System (IIS) 

is proposed for the vertical extension of an aggregate of masonry 
buildings located in Pozzuoli, south Italy. The effectiveness of IIS 
working as a nonconventional Tuned Mass Damper (TMD) for the 
existing construction is assessed in terms of reduction of seismic 
demand and damage in the masonry structure undergoing inelastic 
deformation under seismic input. For this aim, a so-called 5-Block 
design procedure is first defined and then applied to the case study 
building. 

First, the characterization of dynamic behaviour and seismic 
capacity of the building aggregate is addressed through modal and 
push over analyses, respectively. Elastic parametric analyses are then 
carried out on lumped mass models to derive the so-called 
nonconventional TMD design spectrum (or IIS design spectrum) and 
to define the design configurations of the isolated vertical addition that 
minimize the global seismic response of the overall structure. Finally, 
the effectiveness of the retrofit solutions is evaluated through nonlinear 
time history analyses (NLTHAs) and its performance is compared to 
the one of the AS-IS building structure (i.e. the existing structure in its 
uncontrolled configuration); structural performance indexes 
accounting for both peak response and accumulated damage are 
defined and utilised for this purpose. 

3.1 5-Block design procedure 

A procedure is here proposed for designing IIS and assessing its 
effectiveness in realizing isolated extension of existing masonry 
building that can work as nonconventional TMD for the original 
structure. The proposed method is described step-by-step in the 
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following sub-sections; special focus is on the inelastic response of the 
existing structure, thus extending and generalizing the results 
presented in references [20, 21], where a linear behaviour was 
considered for the LS. The flowchart of the proposed procedure is 
schematised in Figure 3.1 and is divided into five blocks, which are 
thoroughly discussed in the following sub-sections. 

 
Figure 3.1. 5-Block IIS design procedure. 

3.1.1 Block 1: seismic assessment of existing building 

The block 1 of the proposed design procedure is the dynamic 
characterisation and seismic assessment of the existing building in the 
as-is configuration (in the following this model will be denoted as “AS-
IS”) (Figure 3.2); the masonry building model is also appointed as LS 
(Lower Structure) when it is part of the design configuration with upper 
extension. A 3D FE (finite element) model of the masonry structure is 
created utilising the equivalent frame model approach, and both linear 
and nonlinear analyses are performed. 

For the nonlinear static (or pushover) analysis, a lumped plasticity 
model is adopted for the bending and shear behaviour of the masonry 
piers; in particular, flexural plastic hinges are assigned at both top and 
bottom of each pier, while one shear hinge is assigned at pier mid-
height. The plastic hinge properties are defined by using the capacity 
models suggested by the Italian seismic code [94, 103] for yielding and 
ultimate limit states (Figure 3.3). Two loading patterns, with forces 
proportional respectively to the fundamental mode shape (triangular 
pattern) and to the masses (uniform pattern), are adopted in each 
direction. According to [94], the collapse of the structure is 
conventionally assumed when the capacity curve exhibits a peak 
strength reduction of 20%. 

Through the well-known N2 method [104], the equivalent reduced 
order single-degree-of-freedom model of the existing building is 
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derived. Hence, the equivalent mass, equivalent stiffness, and 
equivalent damping constant - mAS-IS, kAS-IS, and cAS-IS - are obtained. 

The 3D FEM used for the nonlinear time history analyses is the 
same as the one used for the pushover analyses, enriched by the 
additional description of the hysteretic response of the flexural and 
shear hinges, here represented by a Pivot-type model [105] (Figure 
3.4). The shape of the hysteresis loop and the stiffness and strength 
degradation of the model are controlled by the parameters α1, α2, β1, 
β2, and η. In particular, α1 and α2 locate the primary pivot points P1, P2 
and P3, P4 for unloading to zero from positive and negative force, 
respectively; β1 and β2 locate the pinching pivot points PP1 and PP2 
for reverse loading from zero toward positive and negative force, 
respectively; the parameter η, finally, determines the amount of 
degradation of the elastic slopes after plastic deformation. According 
to [106 – 108], appropriate values to be assigned to the parameters 
for modelling the cyclic behaviour of masonry walls are 0.45 for α1, α2, 
β1, β2, while η can be set equal to zero. 

For existing buildings that experience inelastic deformations under 
a certain intensity level of ground motion, a parameter that accounts 
for the damage accumulation in the structure can be calculated. 

Since the seismic damage is strictly related to the hysteretic 
energy absorbed by the system during the cyclic loading [72 – 78], a 
hysteretic energy absorption ratio, ρE, AS IS, is introduced for the AS-IS 
configuration, i.e.: 

−
−

−
= h,AS IS

E ,AS IS
ISi ,AS

E
E

ρ   (3.1) 
 

where Eh, AS IS is the cumulated hysteretic energy dissipated during the 
inelastic cycling and Ei, AS IS is the seismic input energy. 
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Figure 3.2. Block 1 - IIS design procedure: seismic assessment of existing building. 
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Figure 3.3. Plastic hinge model of masonry walls: (a) moment-plastic chord rotation 

response, (b) shear force-displacement response. 

 
Figure 3.4. Pivot-type model: (a) general model, (b) model adopted for the plastic hinges of 

masonry walls. 

3.1.2 Block 2: selection of the IIS design configuration 

The Block 2 of the proposed design procedure consists in the 
selection of the design configuration of the intermediate isolation 
system (IIS) (Figure 3.5). 

For this aim, two reduced-order models, respectively 
characterised by a single degree of freedom (SDOF) and by three 
degrees of freedom (3DOF), are utilised. The SDOF model represents 
the existing structure, AS-IS, with equivalent properties derived from 
push over curve through the N2 method (block 1). The 3DOF model 
describes the structural complex with intermediate isolation system, 
IIS, i.e. the masonry building (LS) extended by means of a vertical 
addition in structural steelwork (US), equipped with seismic isolation 
system at its base (ISO). It is worth underlining that, the dynamic 
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properties of the LS correspond to the dynamic properties of the AS-
IS, i.e.: mAS-IS = mLS, kAS-IS = kLS, cAS-IS = cLS. 

For the definition of the design parameters of the building 
extension (US and ISO), a parametric analysis is carried out on the 
3DOF IIS model by means of linear response spectrum analyses 
(RSA); the same analyses are also performed on the SDOF LS model 
for comparative purpose. In the parametric analysis, the mass, 
stiffness, and damping constants of the ISO and US degrees of 
freedom are varied. 

The parameters introduced for this aim are: 

MISO = mUS + mISO total isolated mass, sum of upper structure 
mass, mUS, and isolation system mass, mISO; 

μ = MISO / mLS  ratio between the isolated (or added) and 
existing mass values, MISO and mLS; 

K = kUS / kLS ratio between the stiffness values of upper and 
lower structure, kUS and kLS; 

I = TISO / TUS ratio between nominal periods of isolation system 
and upper structure, TISO and TUS. 

The natural frequencies of the three portions are defined as 
follows: 

= = =LS ISO US
LS ISO US

LS ISO US

k k kω ; ω ; ω
m M m

 

In [20, 21] it has been found that the stiffness ratio K does not 
significantly affect the dynamic response when is larger than 1, 
therefore here it is set at 1.25; also the mass ratio α, which was varied 
in a wide range in [20, 21], in this example is set at the value of 0.25. 
Therefore, the major design parameter examined in the present study 
is the isolation ratio I; to give maximum generality to this study, the 
values of I are varied in the range [0.1 - 50]. It is worth recalling that 
the parameter I is also defined for base isolated buildings, and several 
design codes (e.g. [94]) recommend a minimum value for I equal to 3. 

The damping constants for the three degrees of freedom, cLS, cISO, 
cUS, are obtained from the values of the equivalent viscous damping 
ratios usually adopted for the corresponding structure types, i.e.: ξLS = 
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0.05 for the LS made of tuff masonry piers; ξISO = 0.15 for the isolation 
system made of high damping rubber bearings; ξUS = 0.02 for the 
upper structure made of steel concentric braced frames. Adopting 
different values of damping ratios within the same structure leads to a 
system characterized by non-proportional damping that does not 
satisfy the Caughey and O’ Kelly identity: CM-1K=KM-1C (with M, K 
and C the mass, stiffness and damping matrices) and shows complex-
valued natural modes [83, 109, 110] (see Appendix B). 

For a better understanding of the analysis results obtained for the 
3DOF IIS, a dimensionless response parameter, u�, is introduced and 
plotted as a function of the isolation period TISO. It is defined as the 
ratio between the displacement of the first DOF in the 3DOF IIS model, 
i.e. uLS, and the SDOF AS-IS model counterpart, i.e. uAS-IS. When u� is 
less than one, the displacement in the masonry structure in the IIS 
configuration is smaller than in the AS-IS configuration; in these cases 
(u� < 1), the isolated vertical extension works as a nonconventional 
TMD, thus reducing the seismic demand on the existing structure 
despite the increase of the seismic mass due the vertical extension. 
By plotting such results as a function of the isolation period TISO, a 
design spectrum is obtained, i.e. a nonconventional TMD design 
spectrum in terms of displacement. 

One or more design configurations, such that the displacement 
ratio u� is smaller than, or almost equal to one (u� < 1), can be chosen 
for the isolated upper structure from the so-called nonconventional 
TMD design spectrum. 

It is worth observing that some additional aspects may affect the 
final choice of the design configurations above identified, namely: 1) 
urban planning restraints on number of stories, floor area, total height; 
2) construction feasibility of the new addition in terms of additional 
gravity load transferred to the existing masonry structure; 3) 
construction feasibility of the new addition in terms of structural 
system; 4) technical feasibility of the isolation system for the target 
design period. The above issues are dealt with in the block 3. 
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Figure 3.5. Block 2 - IIS design procedure: selection of the IIS design configuration. 

3.1.3 Block 3: design of ISO system and US 

The Block 3 of the proposed design procedure consists in the 
design of the ISO and US system (Figure 3.6). 
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For the isolation system, the isolators, e.g. high damping rubber 
bearings (HDRBs), should be placed at the intersections of 
perpendicular walls in the LS. For design purpose, the behaviour of 
HDRBs can be assumed linear elastic with equivalent damping ratio 
ξISO equal to, say, 0.15. In the design process of the isolators, the 
global stiffness required for the isolation system kISO is derived from 
TISO and MISO, while the displacement demand δISO is evaluated from 
the displacement response spectrum defined for the specific site at the 
corresponding isolation period TISO. 

 
Figure 3.6. Block 3 - IIS design procedure: design of ISO system and US. 

Steel structures are adopted for the US, since they are 
characterized by rigidity and lightness and allow for easy assembly 
and erection, with almost no disruptions for the activities hosted in the 
existing structure. Furthermore, by selecting a structural steelwork for 
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the extension, the floors to rebuild are lighter than masonry or concrete 
floors. Finally, braced frame solutions are particularly suitable due to 
the possibility of tuning the lateral stiffness kUS as a function almost 
uniquely of the diagonal cross sections [111, 112]. The design solution 
of the US should be such to satisfy the selected value of K = kUS / kLS 
and I = TISO / TUS. 
3.1.4 Block 4: seismic assessment of IIS 

The Block 4 of the design procedure consists in the seismic 
assessment of the IIS design configurations (Figure 3.7). For this aim, 
3D finite element models of the IIS design configurations (3D FEMs 
IIS) are developed and used for FE analyses through the software 
SAP2000 [113]. Spectrum compliant ground motion records are 
utilised for defining seismic inputs in nonlinear time history analyses. 
In the 3D IIS models, only masonry nonlinearities are considered, 
according to the same modelling approach utilised in the block 1. 

As already done for the AS-IS configuration (block 1), it is possible 
to calculate the hysteretic energy absorption ratio, ρE, IIS, for the IIS 
configuration, i.e.: 

= h,I IS
E ,I IS

I ISi ,
ρ E

E
  (3.2) 

where Eh, IIS is the cumulated hysteretic energy dissipated during the 
inelastic cycling and Ei, IIS is the seismic input energy. 
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Figure 3.7. Block 4 - IIS design procedure: seismic assessment of IIS design configuration. 

3.1.5 Block 5: Evaluation of the IIS effectiveness 

The effectiveness of IIS is evaluated through the comparison 
between the seismic response of the existing building in the AS-IS 
configuration (Block 1) and the counterpart in the IIS configurations 
(Block 4) (see Figure 3.8). The seismic response of the same existing 
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building with a conventional vertical extension, i.e. with the US fully 
connected to the LS without the intermediate isolation system 
(appointed as LS+US configuration), can also be considered for 
highlighting the effectiveness of IIS in terms of seismic response. The 
performance parameters derived from the non-linear analyses and 
adopted for the assessment are: the story and inter-story drifts, in 
particular the drift at the top level of the existing structure; the 
cumulated hysteretic energy; the inelastic deformation demand in the 
plastic hinges of masonry walls. Instead, in the case of linear analyses, 
the performance parameters adopted for the assessment are: the 
story and inter-story drifts and the base shear demand. Both time 
histories and peak values, as well as average of peak values, of the 
performance parameters are considered. 
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Figure 3.8. Block 5 - IIS design procedure: evaluation of the IIS effectiveness and 

comparisons. 
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3.2 Application of 5-Block design procedure to a real 
case study 

In this section, the general 5-block design procedure for the IIS is 
applied by selecting as case study an aggregate of masonry buildings 
located in the city of Pozzuoli (Italy). This aggregate is listed in the 
study [21], where a large-scale application of the IIS strategy is 
proposed for the vertical extension of several masonry buildings in the 
historical centre of Pozzuoli. In particular, the effectiveness of IIS 
working as nonconventional TMD for the existing construction 
assessing the reduction of seismic demand and damage in the 
masonry structure undergoing inelastic deformation. First, the 
characterization of dynamic behaviour and seismic capacity of the 
building aggregate is addressed through modal and push over 
analyses, respectively. Elastic parametric analyses are then carried 
out on lumped mass models to derive the so-called nonconventional 
TMD design spectrum and to define the design configurations of the 
isolated vertical addition that minimize the global seismic response of 
the overall structure. Finally, the effectiveness of the retrofit solutions 
is evaluated through nonlinear time history analyses and its 
performance is compared to the one of the AS-IS building structure 
(i.e. the existing structure in its uncontrolled configuration); structural 
performance indexes accounting for both peak response and 
accumulated damage are defined and utilised for this purpose. 

3.2.1 Brief description of the real case study 

The case study considered in this chapter is an aggregate of four 
unreinforced masonry (URM) buildings  (Figure 3.9a) located in 
Pozzuoli (Naples, Italy), where a recently issued Urban 
Implementation Plan [114] provides the reconstruction of rooftop 
volumes, demolished during the 1980s, of several buildings in the 
historic centre. 
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Figure 3.9. Case study building: (a) AS-IS configuration (the red portion is the demolished 

volume, to rebuild), (b) floor plans, (c) IIS configuration. 

In Figure 3.9a the original size of the case of study, a three stories 
construction of the 16th century, is provided; at present, however, the 
aggregate is constituted by one or two-story, lacking the red portion 
depicted in Figure 3.9a. It has a discontinuous profile of elevations, 
with the first building on the left formed by a single story, with a total 
height of 4.4 m, and the other buildings of two-story, with a total height 
of 10.5 m. Therefore, the floor plan is 51.25 m x 18.30 m (floor area 
820 m2) at ground level, and 35.25 m x 18.30 m (floor area 610 m2) at 
the upper floor. 

Tuff masonry walls in the transversal direction, 75 cm thick, are 
spaced at quite regular intervals, of 5-6 m (Figure 3.9b), except for the 
last span, of 8.40 m. The masonry structure is well preserved and does 
not display any evident damage due to past earthquakes, such as 
cracks in the walls and detachments between walls and floors. The 
mechanical properties assumed for the tuff masonry material are: 
average weight 16 kN/m3, Young modulus 1080 MPa, shear modulus 
360 MPa, compression strength 3.0 MPa [103].  

A preliminary evaluation of the compression stress state at the 
base of the walls has been carried out, to assess the reserve of 
bearing capacity and, in turn, the feasibility of the building vertical 
extension. As expected, considering the original construction size, the 
average compressive stress due to gravity loads (at Ultimate Limit 
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State loading condition) is equal to or less than 8% of the compression 
strength capacity for all masonry piers. 

The idea for this case study is to rebuild the demolished portion 
(Figure 3.9c) as a base isolated extension, with the seismic isolation 
system located on the roof of the masonry aggregate and at the base 
of the new structure, realizing the extended structural complex with an 
intermediate isolation system. As displayed in Figure 3.9c, the 
isolation layer subdivides the extended building into three parts, i.e.: 
the LS, the ISO and the US. For realizing the one-story isolated 
addition (Figure 3.9c), a unique and continuous level for the isolation 
interface is required. Therefore, to compensate the altitude difference 
of 6.30 m (Figure 3.9a) between the roofs of the buildings in the 
aggregate, a “filling” frame structure is designed to be erected on the 
roof of the shorter building. 
3.2.2 Application of Block 1: seismic assessment of the AS-IS 

configuration 

The structural system of the unreinforced masonry (URM) building 
is made of vertical walls connected by horizontal spandrels and a rigid 
floor. As reported in Section 3.1.1, the 3D FEM of the AS-IS 
configuration (appointed as 3D AS-IS) is the equivalent frame model 
(EFM) with weak spandrels [115], which is a simplified approach very 
common in engineering practice [115 – 117]. Neglecting the flexural 
contribution of the spandrels, the model is composed of vertical 
cantilevers beams (the piers) connected at floor levels through rigid 
diaphragm. The masonry piers contribute to the global response along 
each principal direction only with their in-plane behaviour; therefore, 
the out-of-plane contribution of each single pier is assumed negligible. 
The total mass of the building is 3932 kNs2/m, concentrated at floor 
levels (m1= 2033 kNs2/m and m2=1899 kNs2/m). 

As observed in Figure 3.9a, the masonry buildings in aggregate 
shows vertical setbacks that are removed to provide the same rooftop 
level, corresponding to the isolation layer. For this aim, a “filling” steel 
structure has been added on the roof of the first building on the left 
side; furthermore, the masonry walls of the second and third buildings 
have been extended with the same masonry material for reaching all 
the same height (Figure 3.9c and Figure 3.10b). 
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The “filling” structure is a two-story steel Moment Resisting Frame 
(MRF, Figure 3.10a) that has been designed to not alter the dynamics 
of the existing masonry aggregate. It has inter-story height of 3.15 m, 
beams IPE 240 and IPE 360, columns CHS 219.1x16; the steel grade 
is S275 (fyk = 275 MPa, fyd = 262 MPa). The total MRF mass is 269.2 
kNs2/m, concentrated at floor levels (m1 = 134.6 kNs2/m and m2 = 
134.6 kNs2/m). The masonry aggregate (AS-IS model) plus the “filling” 
MRF represents the LS in the IIS structural complex; the relevant FE 
model is appointed as the 3D LS model and is depicted in Figure 
3.10b. 

 

 
Figure 3.10. (a) Schematic floor structure of the “filling” MRF, (b) 3D LS model, masonry 

structure plus “filling” MRF. 

The nonlinear modelling adopted for the aggregate of masonry 
buildings has been already described in Section 3.1.1. A concentrated 
plasticity model is used for describing the flexural and shear nonlinear 
behaviour of masonry piers [106, 107, 115, 118]. Two flexural hinges 
are assigned at both ends of each pier, while one shear hinge is 
assigned at the centre of each pier (Figure 3.3). Only the diagonal 
cracking (Eq (3.3)) has been considered as possible shear failure 
mechanism [108] since it is the most likely failure mode for URM with 
irregular blocks, as also suggested by the Italian code [103]. The 
sliding shear failure, which is related to the un-cracked section, thus, 
in turn, to the flexural behaviour, has not been considered in the model. 
For this reason, the shear-flexure interaction in the plastic hinges is 
neglected. The diagonal shear and flexural resistances are calculated 
using the formulas reported in the Italian code [94, 103] and recalled 
below: 
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where: l, t and σ0 are respectively the length, the thickness and the 
stress compression due to gravity load of the masonry piers; b is a 
factor that takes into account the shear stress distribution in the cross 
section and is related to aspect ratio of the wall [119]. 

The plastic hinge properties at yielding and ultimate limit states are 
given in Figure 3.3, while the general and adopted Pivot-type 
hysteretic model for the AS-IS are reported in Figure 3.4. 

3.2.2.1 Linear dynamic analysis of LS 
For evaluating the dynamic behaviour of the case study, modal 

analyses are carried out on the 3D AS-IS and 3D LS models using the 
computer code SAP2000 [113]. Periods (T) and participating mass 
ratios of the first three vibration modes are given in Table 3.1, where 
Ux, Uy and Rz are the values of translational participating mass in x, y 
and rotational direction respectively. For both models, it can be 
observed that the first mode is purely translational in the direction Y, 
while the other two modes couple translation in the direction X and 
rotation around the vertical Z axis. 

 
Table 3.1. Periods and participating masses of the first three vibration modes 

of the AS-IS and LS models. 

 AS-IS model LS model 
Mode T [s] Ux [%] Uy [%] Rz [%] T [s] Ux [%] Uy [%] Rz [%] 

1 0.39 0.35 72.37 0.83 0.39 0.34 72.54 0.80 
2 0.28 46.26 1.38 20.15 0.28 47.57 1.29 19.45 
3 0.24 32.92 0.22 49.86 0.24 31.72 0.22 50.93 

 
The results in Table 3.1 confirm that the “filling” MRF does not 

modify the building dynamics; indeed, the periods of the LS and AS-IS 
models are identical, and the participating mass ratios differ less than 
7%. Therefore, the two 3D models, 3D AS-IS and 3D LS, which only 
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differ for the “filling” MRF, can be considered equivalent from the 
dynamic point of view. In the following, the model LS is utilised 
indifferently for representing both the lower structure of the extended 
construction and the original AS-IS configuration of the building 
aggregate. 

3.2.2.2 Pushover analysis of 3D LS and definition of reduced-
order SDOF model 

The masonry building capacity is assessed by means of push over 
analyses on the 3D LS model subjected to both triangular and uniform 
horizontal loading patterns. 

The exam of the push over curves obtained under the two loading 
patterns suggests that the triangular distribution gives rise to the 
smallest strength, for both the principal directions. Therefore, these 
curves are selected for deriving the dynamic properties of the reduced-
order SDOF models equivalent to the masonry structure, according to 
the N2 method [104] (Figure 3.11). In particular, the equivalent mass, 
stiffness, and period in each principal direction are: 

m� LS,X = 1077.20 kNs2/m  m� LS,Y = 2472 kNs2/m 

k�LS,X = 1.37x106 kN/m   k�LS,Y = 639883 kN/m 
TLS,X = 0.176 s    TLS,Y = 0.39 s 
These dynamic properties are assigned to the degree of freedom 

representing the LS in the 3DOF model utilized for the parametric 
analysis, as reported in subsection 3.2.3. In fact, the ~ symbol refers 
to the reduced order model derived from the 3D FEM LS  

The damping constant in X and Y direction, c�LS,X and c�LS,Y, are 
equal to: 

c�LS,X=2ξLSωLS,Xm� LS,X = 3846 kNs/m 

c�LS,Y=2ξLSωLS,Ym� LS,Y = 3983 kNs/m 

in which the equivalent viscous damping ratio is ξLS = 0.05 and 
fundamental circular frequencies are ωLS,X = 2π/TLS = 35.70 rad/s and 
ωLS,Y = 2π/TLS = 16.11 rad/s for X and Y direction, respectively. 

Furthermore, the results of pushover analyses for Y direction is 
showed in Figure 3.12, where the failure of piers aligned along Y 
direction is due to the attainment of the ultimate bending capacity (see 
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Figure 3.3). while the piers along X direction (not depicted in figure for 
the sake of brevity) fail for the attainment of both ultimate bending and 
shear capacities. 

 
Figure 3.11. Capacity curves: (a) X direction, (b) Y direction. 

 
Figure 3.12. 3D LS model: plastic hinges in the walls (Y direction). 

3.2.2.3 Nonlinear time history of LS 
For a thorough assessment of masonry LS, nonlinear time history 

analyses are also performed on the relevant 3D model, by adopting 
seven pairs of acceleration records of real ground motions [94]. The 
software REXEL v 3.5 [120] is used to select records such that their 
average response spectrum is close to the target response spectrum, 
with upper and lower tolerance of 30% and 10%, respectively. In 
particular, the target spectrum is the elastic acceleration response 
spectrum defined by the Italian seismic design code [94] for the site of 
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Pozzuoli at the Design Basis Earthquake (DBE) level, characterised 
by 10% probability of exceedance in 50 years (return period of 475 
years). The ground motion records are selected from the SIMBAD 
database (Selected Input Motions for displacement-Based 
Assessment and Design) [121], considering a peak ground 
acceleration (PGA) between 0.1 g and 0.3 g in the period range of 0.15 
- 2 s. The major data of the ground motion records are provided in 
Table 3.2, while the Figure 3.13 shows the response spectra of the 
selected acceleration records and compares the average spectrum to 
the target spectrum of Pozzuoli.  

 
Figure 3.13. Set of seven pairs of averagely spectrum-compatible acceleration response 

spectra. 

In Figure 3.14 the push over curves obtained for each direction 
with the two types of loading pattern (triangular and uniform), are 
compared to the global hysteretic response of the existing building 
(Figure 3.14a and Figure 3.14b). In particular, the base shear vs. top 
displacement of the LS model resulting from two-time history analyses 
are provided. The selected time histories correspond to the minimum 
and maximum displacement demand, i.e. the records 449 and 341 for 
X direction, and the records 389 and 449 for Y direction. From the plots 
it can be observed that the push over curves represent the backbones 
of the cyclic responses; furthermore, the wider hysteresis loops in the 
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Y direction testify that the response of the structure in this direction 
becomes significantly nonlinear, due to the much lower strength 
capacity with respect to the X direction. 

 
Figure 3.14. LS: push over curves and global hysteretic loops under selected time histories: 

(a) X direction, (b) Y direction. 

Table 3.2. Major data of seven pairs of spectrum-compatible acceleration records. 

Earthquake 
name EN1 EN2 EN3 EN3 EN4 EN5 EN6 

Date 29/05/ 
2012 

03/09/ 
2010 

21/02/ 
2011 

13/06/ 
2011 

16/01/ 
1995 

24/11/ 
1987 

17/01/ 
1994 

W. ID 317 335 341 389 411 449 459 
E. ID 133 137 142 149 34 93 99 

S. ID MOG0 TPLC RHSC RHSC TKS WSM ST_243
89 

F. M. reverse strike-
slip reverse reverse strike-

slip 
strike-

slip reverse 

Epi. Dist 
[km] 16.43 23.58 13.73 14.76 17.45 19.5 20.19 

PGAx [g] 0.24 0.28 0.29 0.19 0.19 0.17 0.26 
PGAy [g] 0.17 0.19 0.25 0.19 0.18 0.21 0.22 
EC8 S. C. C* C* C* C* C* C C 
vs,30 [m/s] n.a. n.a. n.a. n.a. n.a. 194 278 

Note: site class with * is based on geological information alone. 
Key: EN1 = Emilia Pianura Padana; EN2 = Darfield; EN3 = Christchurch; EN4 = Hyogo - 
Ken Nanbu; EN5 = Superstition Hills; EN6 = Northridge; W. ID = Waveform ID; E. ID = 
Earthquake ID; S. ID = Station ID; F. M = Fault Mechanism; Epi. Dist = Epicentral Distance; 
S.C. = Site Class; n.a. = not available. 
 

In addition, the average values of the maximum plastic rotation 
demand to capacity ratios (DCR), calculated for the seven acceleration 
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records in the walls at the base floor of the 3D LS model, are depicted 
in Figure 3.15. Analogously to what observed in Figure 3.12, in which 
the piers collapse for the attainment of the ultimate bending capacity 
in Y direction, the most stressed piers show values of plastic rotation 
DCR in the range of 0.15 – 0.20. 

 
Figure 3.15. DCR in terms of chord rotation for the piers at the base floor of the 3D LS 

model. 

3.2.3 Application of Block 2: design of IIS 

3.2.3.1 Parametric analysis on reduced-order models 
The dynamic properties of the reduced-order model of the existing 

building are derived from the push over analyses carried out in the 
previous sub-section; referring to the weakest (Y) direction of the LS 
configuration, they are: mass m� LS,Y = 2472 kNs2/m, stiffness k�LS,Y = 
639883 kN/m, period TLS,Y = 0.39 s. By adopting average values of the 
seismic weight (dead plus reduced live loads) equal to 20 kN/m2 and 
7 kN/m2, respectively for the masonry and steel structures, and by 
considering the constraints of the urban reconstruction plan [114] in 
terms of floor areas and number of stories to rebuild, as reported in 
[21, 122], the value of the mass ratio μ = MISO/(m1,LS+m2,LS) for the 
case study is assumed approximately equal to 0.25. In the same way, 
for the reduced-order lumped mass model, the mass ratio 𝜇𝜇�=M� ISO/m� LS 
is approximately equal to 0.38. While the total isolated mass MISO 
(≈M� ISO) is derived from the mass ratio μ, the masses mUS and mISO can 
be separately evaluated by using the ratio γ = mUS/MISO, defined within 
the linear theory of base isolation [92, 93]. By assuming γ = 0.6, the 
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ratio mUS/mISO is equal to 1.5. The stiffness ratio K=kUS/kLS is 
assumed equal to 1.25. The period of the isolated extension 
TISO=2π�M� ISO/k�ISO�

0.5
 varies in the range of values [0.05 - 5] s. 

By selecting a steel braced frame structure for the addition, an 
equivalent viscous damping ratio ξUS = 0.02 is adopted for the US, 
while for the isolation system made of High Damping Rubber Bearings 
(HDRB), equivalent viscous damping ratio ξISO = 0.15 is considered. 

With these assumptions, the values of mass, stiffness and 
damping constants of the isolated vertical addition are provided in 
Table 3.3; the values of the fundamental period and circular frequency 
of the standalone (not-isolated) upper structure, TUS and ωUS, and of 
the isolation system, TISO and ωISO, are provided as well. 

 
Table 3.3. Dynamic properties of the upper structure and isolation system in the 3DOF 

IIS. 

UPPER STRUCTURE ISOLATION SYSTEM 
m�US=0.6∙M� ISO =371 kNs2/m 
k�US=K∙k�LS = 799854 kN/m 
c�US=2ξUSωUSm�US = 689 kNs/m 
TUS=2π∙�m�US/k�US�

0.5
= 0.135 s 

ωUS=�k�US/m�US�
0.5

 = 46.43 rad/s 

m� ISO=M� ISO-m�US = 247 kNs2/m 
k�ISO=4π2M� ISO/TISO

2 = [976, 9759065] kN/m 
c�ISO=2ξISOωISOM� ISO = [233, 23298] kNs/m 

TISO=2π�M� ISO/k�ISO�
0.5

= [0.05, 5] s 
ωISO=�k� ISO/M� ISO�

0.5
 = [1.26, 126] rad/s 

 

3.2.3.2 Response spectrum analyses (RSA) on reduced order 
models 

Linear dynamic analyses are carried out on the 3DOF IIS and 
SDOF LS models considering the elastic acceleration response 
spectrum for the Design Basis Earthquake (DBE) level, defined within 
the Italian seismic code [94] for the site of Pozzuoli, and characterized 
by 10% probability of exceedance in 50 years (return period of 475 
years). The spectrum is depicted in Figure 3.16a, for ag = 0.162 g, site 
ground acceleration, F0 = 2.347, maximum value of the amplification 
factor for horizontal acceleration, TC* = 0.333 s, reference value to 
calculate the period corresponding to the starting point of the constant 
velocity branch, S = 1.472, factor depending on the soil and 
topographic categories, CC = 1.509, factor depending on the soil 
category, ξ = 0.05, viscous damping ratio. As already stated, the 
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parametric response spectrum analysis (RSA) is aimed to assess the 
feasibility of retrofitting masonry buildings with intermediate isolation 
system and to define the optimal configurations for the isolated vertical 
extension. 

As mentioned in the subsection 3.1.2, the eigenvalue complex 
problem is solved in the state space for deriving the modal damping 
factors, by accounting for the effect of the non-proportional damping, 
and RSA is carried out by considering complex modal superposition 
methods [83] (see Appendix B). The results of this analysis can be 
plotted in terms of different global response parameters (absolute 
acceleration, as; base shear, Vb; drift of the first DOF, uLS), as a 
function of TISO/TLS (i.e. the inverse of the tuning ratio, 1/f), which is the 
major design parameter, once the size (and the mass) of the vertical 
extension has been set. The typical trend of the RSA results has been 
shown in Figure 3.16b which refers to the IIS made by the LS here 
chosen as an example and the steel vertical extension plus the HDRB 
isolation system. The graph represents the so called “nonconventional 
TMD design spectrum” or “IIS design spectrum”, in terms of 
displacement ratio u� = uLS/uAS-IS, i.e. drift of LS, in the 3DOF IIS model 
(design configuration) divided by the counterpart in the SDOF AS-IS 
(as-is configuration). 

 
Figure 3.16. (a) DBE Elastic Acceleration Response Spectrum - site Pozzuoli (Italy), 

damping 5%; (b) graph of displacement ratio u� = uLS/uAS-IS as a function of the period ratio 
TISO/TLS, considered as IIS design spectrum. 

From the IIS design spectrum in Figure 3.16b it is possible to 
identify three plus one regions, i.e.: zone 1, characterised by 
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displacement ratio values u� larger than 1; zone 2, characterised by 
displacement ratio values u� smaller than 1; zone 3, characterised by 
displacement ratio values u� almost equal to 1; transition zone, 
between zones 2 and 3, characterised by displacement ratio values u� 
gradually approaching to 1. 

The zone 1, where TISO/TLS < 1 and u� > 1, exemplifies the case of 
existing buildings expanded with vertical additions rigidly connected to 
the substructure (conventional vertical extension zone). The solutions 
that fall into the zone 3, where TISO/TLS > 5 and u� is close to 1(i.e. u� > 
≈0.95), correspond to a nearly perfect disconnection between vertical 
extensions and substructure (perfect isolation effect zone). In this 
case, the isolated upper structure works as a structure isolated at its 
base (BIS), with values of TISO enough long to exclude any dynamic 
interaction with the substructure. 

For period ratios TISO/TLS approximately in the range 1 – 3, the 
ratio u� < 1 and an advantageous dynamic interaction arises between 
the two structural parts. The isolated upper structure, in fact, acts as a 
TMD for the lower structure, thus reducing the displacement response 
of the system (mass damping effect zone). It is worth observing that 
the range of period ratios TISO/TLS =1 – 3 identifies the zone 2, 
conventionally defined for u� ≤ 0.9; then, in the range TISO/TLS = 3 – 5, 
the displacement ratio u� goes from 0.9 to ≈0.95. 

Hence, in brief, the results provided in Figure 3.16b lead to the 
following remarks: 

• the seismic demand on the LS of the IIS building can be 
almost the same of the existing construction if the isolation 
system (ISO) is designed to disconnect upper and lower 
structure; or, even better, the seismic demand can be 
reduced if the isolation system is designed to connect 
appropriately the two portions, thus converting the isolated 
extension into a mass damper with large mass ratio. 

• For ratios TISO/TLS not much larger than 1 (zone 2), the 
mass damping effect arises, and the isolated upper 
structure (US+ISO) works as a nonconventional (tuned or 
un-tuned) mass damper (TMD) for the lower structure (LS), 
leading to a reduced top displacement in the masonry lower 
structure as compared to the original building. 
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• For ratios TISO/TLS much larger than 1 (zone 3), the isolation 
effect is emphasized, with almost no variation of the top 
displacement of the existing lower structure with respect to 
value registered in the AS-IS configuration. 

Based on the above discussion, the value of 0.5 s for TISO, which 
corresponds to the minimum displacement ratio, 0.692, is selected as 
the optimal period, and the relevant design configuration is appointed 
as IIS 1. A further design solution, characterised by a very long period, 
is also considered: TISO = 5.0 s, u� = 0.983, appointed as IIS 2. The two 
design solutions IIS 1 and IIS2, falling in the mass damping effect zone 
and perfect isolation zone of the plot in Figure 3.16b, represent 
configurations of the isolated vertical addition that maximize the mass 
damping effect and the isolation effect, respectively 

3.2.4 Application of Block 3: design of the isolation system and 
vertical extension 

For all design configurations (IIS 1-2, LS+US), the upper structure 
is a single-story steel CBF structure, with two and four braced bays 
along X and Y direction, respectively (Figure 3.17a). Circular hollow 
section CHS 219.1x16 mm is adopted for the columns and IPE cross 
sections (240, 360) are adopted for the beams. The diagonal cross 
sections are HEB 120B and HEB 160B, respectively for the braced 
frames x1-y1 and x2 - y2. A foundation grillage is realized on the roof 
of the existing building, composed by beams with rectangular hollow 
sections and wide flange sections (900 x 450 x 40 mm, HE 900B and 
700B, IPE 400 and 550). The global mass of the isolation grillage and 
upper structure is equal to 940 kNs2/m. For all structural members, 
steel grade S275 (fyk = 275 MPa, fyd = 261 MPa) is utilized. 

The average compressive stress in the walls due to gravity loads, 
evaluated at the ultimate limit state [94] in the AS-IS configuration, is 
equal to 10% of the compression strength. An average increase of 
compression equal to 3% is obtained in the IIS configuration with 
respect to the AS-IS counterpart. 

In both the IIS configurations, the isolation system is composed of 
10 high damping rubber bearings (HDRBs), placed at the intersections 
of perpendicular walls of the lower structure, as depicted in Figure 
3.17a, and characterised by equivalent viscous damping ratio ξISO 
equal to 0.15. The properties of the isolation system and the design 
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parameters of the isolated vertical addition are reported in Table 3.4 
for IIS1 and IIS2 configurations. In detail, the table reports: the isolation 
period TISO, the isolators’ design displacement δISO,u = Sd at the 
isolation period in the base displacement response spectrum for 
Pozzuoli, the isolators’ secant stiffness keff, the stiffness and isolation 
ratios, K and I, and the fundamental period of the standalone upper 
structure, TUS, for each direction.  

The HDRBs have been modelled in SAP 2000 [113] through two-
joint linear links with infinite vertical (axial) stiffness (kz), and horizontal 
(shear) stiffness values in both direction (kx = ky) depending on the 
target vibration period (TISO). In the case of TISO = 0.5 s, a horizontal 
stiffness of 14844 N/mm has been assigned to each linear link, which 
corresponds to the secant shear stiffness of circular seismic isolators 
characterized by hard rubber (G = 1.4MPa), 900 mm diameter and 60 
mm total rubber thickness [123]. Instead, to reach of TISO = 5.0 s, the 
stiffness assigned in SAP 2000 to the linear links is kx = ky = 148 N/mm 
and corresponds to circular seismic isolators with soft rubber (G = 0.4 
MPa), 200 mm diameter and 85 mm total rubber thickness. 

 
Table 3.4. Characteristics of isolation system and design parameters of the isolated 

vertical addition for IIS configurations. 

Config. 
Characteristics of Isolation 

system 
Design parameters of the isolated vertical 

addition 
X dir. Y dir 

TISO 
[s] 

Sd 
[mm] 

keff 
[N/mm] 

ξISO 
[-] 

TUS 
[s] 

K 
[-] 

I 
[-] 

TUS 
[s] 

K 
[-] 

I 
[-] 

3D IIS 1 0.5 36 14844 0.15 0.24 0.34 2.1 0.14 1.28 3.6 
3D IIS 2 5.0 160 148 21.2 36.2 

 

3.2.5 Application of Block 4: seismic assessment of IIS 

For assessing the dynamic behaviour of the design solutions and 
for evaluating the accuracy of the preliminary parametric analyses 
carried out on 3DOF IIS models, 3D models have been developed and 
used for FE analyses through the software SAP2000 [113]. In 
particular, three different 3D models are considered, i.e. the IIS 
structure in the two design configurations (3D IIS 1 and 3D IIS 2, 
Figure 3.17b and Figure 3.17c), and the LS plus the conventional 
extension (3D LS+US). 
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Moreover, in the 3D models of the IIS design solutions, the values 
of the ultimate bending moment for the flexural plastic hinges at the 
ends of masonry piers are updated to consider the compression due 
to the gravity load of the vertical extension. This additional 
compression has a general stabilizing effect for the LS, which reflects 
in a reduction of the tensile stress arising in the walls for lateral load. 

 
Figure 3.17. (a) floor system of US and isolation system; (b) 3D FEM of the IIS; (c) exploded 

axonometric view of IIS. 

Nonlinear time history analyses are performed on the 3D models, 
by adopting the same seven pairs earthquake records used for the LS 
(see Figure 3.13 and Table 3.2). As already discussed in section 3.1.2, 
the three parts of the IIS complex show very different damping ratios, 
leading to a system characterized by non-proportional damping. For 
this reason, direct-integration time history analyses are developed by 
means of SAP2000 [113], with the IIS models accounting for the full 
damping matrix. Direct-integration time history analyses are also 
performed for the LS and LS+US models. 

3.2.6 Application of Block 5: evaluation of IIS Effectiveness and 
comparisons AS-IS vs. LS+US vs. IIS 

In the following, the main results of the nonlinear time history 
analyses obtained for the existing and the design configurations are 
only discussed for the weakest Y direction. The seismic response of 
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the different models is compared and the effectiveness of the isolated 
vertical addition in reducing the seismic demand on the existing 
structure is evaluated (Figures 3.18 – 3.23). 

The Figure 3.18 provides the plots of story (Figure 3.18a) and 
inter-story (Figure 3.18b) drifts obtained considering the average of the 
peak values for the seven input waves. The AS-IS masonry building 
(3D LS model), the conventional vertical extension (LS+US model), 
and the two solutions realized with intermediate isolation systems (IIS 
1 and IIS 2 models), are directly compared. In the case of IIS 1 and IIS 
2 models, the drifts at the top story of LS, as well as the LS1-LS2 inter-
story drifts, are reduced with respect to the model of the lower structure 
as standalone. As expected, a greater reduction of drifts can be 
observed for the solution IIS 1 than the IIS 2 one. For the isolated 
upper structure, the displacements are mainly concentrated into the 
isolation system, thus confirming that this structural portion behaves 
as a base isolated structure. 

 
Figure 3.18. average values from nonlinear analyses of: (a) peak story displacements; (b) 

inter-story drift. 

Recognizing that reduction of the peak response is not sufficient 
for estimating the effectiveness of the isolated vertical extension as 
TMD, a parameter is here defined which accounts for the damage 
accumulation in the existing building. Since the seismic damage is 
strictly related to the hysteretic energy absorbed by the system during 
the cyclic loading [72 – 78], a hysteretic energy absorption ratio, ρE, 
has been introduced in section 3.1.1 for AS-IS, or equivalently for LS 
(ρE,LS), and in section 3.1.4 for IIS (ρE,IIS), calculated by Eq. (3.1) and 
(3.2), respectively. 
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The ratio ρE is calculated for the different configurations (LS, 
LS+US, IIS 1, IIS 2) under each ground motion. The choice of 
examining this parameter in non-dimensional form is related to the fact 
that varying the dynamic characteristics of the four building 
configurations, the input energy is different in each of them, therefore 
the comparison only in terms of hysteretic energy would not be fair. In 
other words, for evaluating the ability of the isolated vertical extension 
in reducing the damage in the existing building by working as a TMD, 
the percentage of energy that is dissipated via hysteretic cycling with 
respect to input energy is a better measure than the hysteretic energy 
in absolute terms. 

The hysteretic energy absorption ratio ρE calculated for the four 
configurations under the seven acceleration records is depicted in 
Figure 3.19. The average values of the ratios, ρE,ave, are also provided 
in the figure. The energy dissipated in the masonry elements is almost 
equal for the LS and LS+US models while it decreases by considering 
the isolated models. In particular, the minimum values are obtained for 
the IIS 1 model, characterised by an average value of the ratio ρE equal 
to 0.16; quite larger, as expected, the average ratio for the IIS 2 model, 
equal to 0.41. 

Additional results, which confirm the differences of performance 
between the four cases, are provided in terms of: time histories of the 
top displacement of the existing structure (uLS2) (Figure 3.20), cyclic 
response in terms of base shear (V) vs. displacement at the top of the 
existing structure (uLS2) (Figure 3.21), hysteresis loops moment-plastic 
rotation in the masonry walls (Figure 3.22); these results are here 
reported only for one seismic input, i.e. the Darfield record (Table 3.2, 
335 ya - input). 

From Figure 3.20 it can be noted that the LS+US model shows 
displacements at the top of the existing building greater than the LS 
counterparts; the peak displacement ratio u�, indeed, is equal to 1.21. 
Instead, the IIS models show reduction of top displacement, with peak 
displacement ratios u� respectively equal to 0.56 and to 0.89 for the 
IIS1 and IIS2 configurations. 

The global cyclic response, base shear (V) vs. top displacement 
of masonry structure (uLS2), under the same ground motion is shown 
in Figure 3.21. Each plot compares one of the three extension 
solutions (red lines) to the AS-IS configuration (gray line). It can be 
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observed that in the case of conventional extension (LS+US model) 
the loops are nearly overlapped to the ones of the LS model. On the 
contrary, in the case of the solution IIS 1 the cycles appear less wide 
than in the LS case, though some peak values of displacement are 
comparable to the LS counterparts. An intermediate behaviour is 
observed for the solution IIS2. 

 
Figure 3.19. Cumulated hysteretic energy normalised to input energy - LS, LS+US, IIS 1, IIS 

2 models. 

Similar considerations can be made in terms of parameters 
describing the local behaviour of the masonry walls. For instance, a 
focus is provided on the structural wall indicated by the blue arrow in 
Figure 3.22. Being relatively slender, the failure mode of the wall is 
governed by the flexural response, thus the four plots depicted in 
Figure 3.22 represent the moment rotation cyclic response. It can be 
observed that the wall working conditions significantly worsen, with 
respect to the AS-IS configuration, in the model with the conventional 
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vertical extension, while the inelastic engagement seems almost 
cancelled in the case IIS1. 

 
Figure 3.20. Time history of masonry structure top drift (uLS,2) - 335ya-input: (a) LS vs. 

LS+US, (b) LS vs. IIS1, (c) LS vs. IIS2. 

 
Figure 3.21. Nonlinear analyses - hysteresis loops for 335ya-input wave: (a) LS vs. LS+US, 

(b) LS vs. IIS1, (c) LS vs. IIS2. 
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In addition, for comparing the plastic rotation in the different 
configurations, the Figure 3.23 depicts the ratio between DCRs 
(demand to capacity ratios); in particular, DCR calculated for the 
masonry walls in the LS+US and IIS models are normalized to the 
DCRs in the reference LS model (Figure 3.15). The figure highlights 
that the minimum engagement of the masonry structure is obtained by 
adopting the IIS1 design solution (Figure 3.23b); instead, the plastic 
rotation demand to capacity ratios in the LS+US model are larger than 
in the LS model (Figure 3.23a), while in the IIS2 model, the DCRs are 
almost equal to the counterparts in the LS model (Figure 3.23c). 

 
Figure 3.22. Inelastic flexural response of single wall - LS, LS+US, IIS1, IIS2 models -

335ya-input wave. 
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Figure 3.23. Demand to capacity ratios in terms of chord rotation of the piers at the base 

floor in the 3D models: (a) LS+US; (b) IIS1; (c) IIS2. 
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4 Influence of LS and ISO 
nonlinear behaviour on IIS 
response 
In previous chapters, the dynamic problem of IIS application for 

building extensions has been deeply examined, with the aim of 
promoting the diffusion of this strategy, both sustainable and effective 
in earthquake prone zones. In chapter 3 a three-storey masonry 
building is selected as case study and extended by means of different 
two-storey steel structures, isolated at the base and erected on the top 
of the existing building and finally, a design procedure has been 
defined and illustrated. Key point of this procedure is the parametric 
response spectrum analyses performed on lumped mass models by 
varying the mechanical properties of the building extension. As a 
result, so called IIS design spectra are derived and used for selecting 
design solutions of the vertical extension that do not alter or reduce 
the response of the existing lower structure. 

In this chapter, the procedure described in chapter 3 is improved 
by considering the nonlinear behaviour of the masonry structure of the 
existing building and of the isolation system, made of High Damping 
Rubber Bearings. Hence, the assessment of the effect of nonlinearities 
in structural complexes with IIS is investigated with the aim to check 
the accuracy and reliability of IIS design spectra as a tool for the 
preliminary design of an isolated vertical extension. For this purpose, 
nonlinear time history analyses (NTHA) are performed on the 3D FE 
models of the same real case study selected in chapter 3 and of 
several IIS design solutions, characterized by the same upper 
structure and by different isolation systems. The results of NTHA are 
then compared to the previsions of the IIS design spectra. 
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4.1 Selection of several IIS design solution 

As shown in Figure 3.16b of chapter 3, two different IIS design 
solutions have been selected, one falling in the mass damping effect 
zone (IIS 1, TISO = 0.5 s) and one falling in the perfect isolation zone 
(IIS 2, TISO = 5 s). This choice has been justified by the intent to 
investigate two different structural behaviours of the IIS with the aim to 
prove the effectiveness of the isolated vertical extension in working as 
an unconventional TMD. Since the aim of this chapter is to assess the 
accuracy of the IIS design spectrum in predicting the IIS response, two 
further IIS design solutions are considered by varying the isolation 
period, i.e. TISO = 1 s and TISO = 1.5 s. The response of the LS+US 
configuration is also considered for comparison. 

Therefore, four different IIS design solutions designated with B, C, 
D, E in Figure 4.1 are chosen and explored. The solution B (IIS 1 
solution in chapter 3) corresponds to the minimum response, thus it 
can be considered as one of the optimal solution, according to the 
modelling approach and analysis methods adopted herein (3DOF 
model, linear RSA). The solution C also falls in the zone 2, where a 
non-negligible response reduction is expected, while the solution D is 
on the edge between zone 2 and transition zone; finally, the solution 
E (IIS 2 solution in chapter 3) corresponds to almost perfect isolation, 
with values of the response parameters very close to the one of the 
existing building in the AS-IS configuration. A conventional vertical 
extension, consisting of US without isolation system, designated as 
solution A in Figure 4.1, is also considered for comparison. 

 
Figure 4.1. graph of displacement ratio u� = uLS/uAS-IS as a function of the isolation period 

TISO, considered as IIS design spectrum. 
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Both the ISO system and the upper structure of each structural 
solutions have been designed. The upper structure, a steel structure 
with braced frames, described in the section 3.2.4, remains the same 
in all solutions A, B, C, D, E. Characterized in weakest direction (i.e. 
y-direction) by K = 1.28 and TUS = 0.14 s with TUS < TISO / 3 and βh = 
2.79, it has been designed to avoid higher mode coupling with the 
lower structure and to be sufficiently stiffer than the isolation system. 
The isolation system, which governs the dynamic behaviour of the 
extended building, is made by High Damping Rubber Bearings 
(HDRBs), with equivalent viscous damping ratio ξISO = 0.15. It has 
been designed to provide a global secant stiffness kISO such that the 
selected values of TISO (TISO = 0.5 s; 1.0 s; 1.5 s; 5.0 s) are obtained 
as: TISO = 2π(MISO/kISO)0.5, with MISO = 940 kNs2/m the total isolated 
mass of the steel superstructure plus the isolation system.  

The schematic representation of the isolation system, composed 
by 10 HDRBs placed at the intersection of orthogonal masonry walls, 
is provided in Figure 3.17 from section 3.2.5. 

4.2 Time history analyses on 3D models and 
comparison to IIS design spectrum 

4.2.1 Modelling approaches and analysis types 

The results on IIS behaviour discussed above have been derived 
from linear response spectrum analyses. As next step, some simplified 
assumptions and limitations are removed in order to assess the 
effectiveness of IIS through more accurate models and methods. 
Hence, the three-dimension (3D) FE models of the selected solutions 
(Figure 4.1) are built in the SAP2000 computer code [113] and 
analysed through linear and nonlinear Time History Analyses (THA). 
The cases of standalone lower structure and of conventional vertical 
extension, consisting of US attached to the existing building without 
any isolation system (designated as A in Figure 4.1), have also been 
considered. 

In the nonlinear THA, the 3D FE model of the LS already utilized 
for the NTHA analyses in the previous chapter (see section 3.1.1 and 
section 3.2.2) is retained. In addition, as reported in section 3.2.5, in 
the 3D IIS FEM the values of the ultimate bending moment for the 
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flexural plastic hinges at the ends of masonry piers are updated to 
consider the compression due to the gravity load of the vertical 
extension. The Pivot-type hysteretic model [105] is adopted for 
describing the cyclic response of both hinges in bending and shear 
(Figure 3.4b), with the values of the parameters α1, α2, β1, β2, and ηPivot 
defined to control the shape of the hysteresis loops and the stiffness 
and strength degradation. According to [106 – 108], the model 
parameters α1, α2, β1, β2, are here set equal to 0.45, while the 
parameter ηPivot is set equal to zero. 

Concerning the isolation system (Figure 3.17c), the hysteretic 
behaviour of HDRBs can be reasonably described by the bilinear 
constitutive model calibrated as follows [93] (Figure 4.2). Known the 
values of: global secant stiffness kISO, design displacement δISO,u = Sd 
(from the base displacement design spectrum at TISO), equivalent 
viscous damping ratio ξISO, number of isolators nISO; then, the values 
of: secant stiffness keff, initial stiffness k1, post-yield stiffness k2, 
intersection between the prolongation of post-yield branch and the y-
axis Q, yield displacement δISO,y, are derived according the following 
formulae: 
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Figure 4.2. Bilinear model of HDRB isolator. 

The secant stiffness keff (Eq.(4.1) is obtained by dividing the global 
secant stiffness kISO for the number of isolators (nISO = 10). Specified 
the value of equivalent viscous damping ratio (Eq. (4.2), ξISO = 0.15) 
and neglecting δISO,y, we can calculate a first estimate for Q(1), k2(1) and 
k1(1) from Eq. (4.3). From these values, we can derive the value of Dy 
through Eq. (4.4) and recalculate Q, k2, and k1 (Eq. (4.5)). 

Data of the bilinear constitutive model of the isolators utilized in 
the design solutions B, C, D, E are reported in Table 4.1. 

 
Table 4.1. Data of the bilinear constitutive model of the isolators utilized in the IIS design 

solutions. 

 TISO 

[s] 
keff 

[N/mm] 
k1 

[N/mm] 
k2 

[N/mm] 
Q 
[N] 

Sd 

[mm] 
B 0.5 14844 112223 11222 128343 36 
C 1 3711 28056 2806 64506 71 
D 1.5 1649 12469 1247 43004 107 
E 5 148 1122 112 5800 160 

 

For the sake of simplicity, the spectral displacements obtained 
from the code design spectrum at the base for T = TISO are here 
assumed as design displacements of the different ISO systems. More 
accurate values of the design displacement of the ISO system can be 
calculated through floor spectra, i.e. the roof spectra accounting for the 
mass damping effect of the upper structure (the so-called ISO Design 
Spectrum, presented in detail in chapter 6). 
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The seismic isolators can be preliminarily sized from data sheets 
of producers [e.g. [123]], as done in the section 3.2.4. However, in the 
case of IIS design solutions with a long isolation period, such as the 
configuration E (TISO = 5 s), a solution with quite small isolators (200 
mm diameter, 75 mm total rubber thickness) is derived even 
considering a soft rubber (G = 0.4 MPa); so, a mixed solution (isolators 
plus sliders) could be a better choice. 

Because the design solutions are non-classically damped systems 
(see section 3.1.2 and section 3.2.3), the fully populated damping 
matrix, which lead to coupled equation of motions, is accounted for 
through direct-integration THA [113]. Direct-integration THA are also 
developed for the 3D FE model of the AS-IS configuration. The method 
of superposition of modal damping matrices [113, 124] has been used 
for constructing the viscous damping matrix, as recommended by 
[125]. In both model types, representing the AS-IS configuration and 
the design configurations (A-E), energy dissipation sources other than 
that associated with the yielding of structural elements have been 
accounted for through viscous damping. For the existing masonry 
building in the AS-IS configuration, a single value of the modal 
damping ratio is specified, equal to 5%. For the IIS configurations, 
different values of modal damping ratios have been attributed to the 
modes based on the structural portion (LS, ISO, US) that contributes 
more significantly to structural response. Therefore, a modal damping 
ratio equal to 0 is attributed to the first three modes, which manly 
involves the isolated upper structure, since the energy dissipating 
mechanisms usually accounted through viscous damping do not arise 
either at the isolated level or in the US (which follows the isolation 
system almost rigidly). For the modes from the fourth to the twelfth, 
mainly involving the LS, the values of the modal damping ratios are 
5%. Higher modes involving the US are not present, due to its high 
stiffness. 

Seven earthquake records are selected by means of the software 
REXEL v 3.5 [120] from the SIMBAD database [121] (same records 
adopted in subsection 3.2.2.3); the record set is selected to derive an 
average spectrum close to the response spectrum of the site (Figure 
3.16a), with upper and lower tolerance of 30% and 10% in the range 
of periods 0.15 - 2 s (Figure 3.13). The major data of the ground motion 
records are provided in Table 3.2. 
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The horizontal component of the ground motion has been applied 
only in the weakest direction (i.e. Y-direction) and only the nonlinear 
behaviour of in-plane masonry piers, in Y-Direction, has been 
considered. Moreover, the possible couplings between the two 
horizontal components and between the horizontal and vertical 
components of the ground motion have been neglected. Soil-structure 
interaction, as well, has been neglected. 

The results of LTHA and NTHA are compared to the RSA results. 

The object of comparison is threefold, and concerns: 

• modelling of the AS-IS and retrofitted building 
configurations: lumped mass (3DOF IIS and SDOF AS-IS) 
vs. three-dimensional (3D FE IIS and 3D FE AS-IS) models; 

• assumption on the mechanical behaviour of the existing 
structure and of the ISO system: equivalent linear vs. 
nonlinear behaviour; 

• seismic input and analysis type: code elastic spectrum and 
Response Spectrum Analysis (RSA) vs. ground motion 
acceleration records averagely matching the elastic 
spectrum and Time History Analyses (linear and nonlinear 
THA). 

All in all, the final aim is the evaluation of Block 2 design 
procedure, i.e. parametric RSA on lumped mass model and resulting 
IIS design spectrum, as a reliable prediction of the actual response of 
IIS. That is, though some slight scatters between the values of 
response parameters could be allowable, the behaviour trend should 
be confirmed. 

In the following, LTHA on 3D FE building models are first carried 
out, in order to establish the effects of modelling (lumped mass vs. 
three-dimensional models) and seismic input (Figures 4.3 – 4.6). 
Nonlinear analyses only consider the hysteresis of either the 
substructure or the ISO system are then performed. Fully nonlinear 
analyses accounting for both mechanical nonlinearities (in the LS and 
ISO) are finally executed. 

The results in Figures 4.3 – 4.6 are shown as a function of the 
fundamental period of the IIS (masonry structure plus isolated 



78                     CHAPTER 4. 
Influence of LS and ISO nonlinear behaviour on IIS response 

addition), T1, while the results of the RSA on lumped mass models, in 
Figure 4.1, had been plotted as a function of the ratio TISO/TLS. 

4.2.2 LTHA 

A preliminary comparison is given in Figure 4.3a, where the IIS 
design spectrum (displacement ratio vs. fundamental period of the IIS) 
is contrasted to the blue markers, representing the results of LTHAs 
carried out on the 3D FE models of the six design solutions (A - E). 
The markers are obtained as the ratio of average values of the peak 
displacements (u ) exhibited under the seven seismic inputs from LS 
and AS-IS (i.e., 3 2 2D LS AS ISu u / u −= ) and are plotted as a function of 
the fundamental period T1 of the structural complex after addition. The 
markers are almost coincident with the curve derived from RSA on 
lumped mass models. Therefore, it seems that, when the LS of the IIS 
complex remains in the elastic field, the IIS design spectrum provides 
a very good estimate of the expected behaviour in terms of 
displacement demand. 

 
Figure 4.3. RSA on lumped mass models vs. THA on 3D FE models with (a) linear and (b) 

nonlinear LS behaviour. 

4.2.3 NTHA: Nonlinearity in the lower structure 

A comparison analogous to the one in in Figure 4.3a is given in 
Figure 4.3b, where the markers provide the result of NTHA on 3D FE 
models of IIS, with the LS described through the Pivot-type model, as 
reported in section 3.1.1. For both the US and the isolation system, 
linear modelling is adopted. The results seem in agreement with RSA 
curve for cases B (TISO = 0.5 s, T1 = 0.63 s) and C (TISO = 1 s, T1 = 
1.06 s); some scatters are observed for the cases D (TISO = 1.5 s, T1 
= 1.54 s) and E (TISO = 5 s, T1 = 5.01 s). However, it is worth observing 
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that these displacement ratios are smaller than the RSA counterparts. 
Therefore, even when the lower structure has nonlinear behaviour, the 
IIS spectrum can be used for the preliminary design of IIS, since it 
provides an estimate on the safe side of the expected behaviour. 

4.2.4 NTHA: Nonlinearity in the isolation system 

Further analyses on 3D FEMs have also been performed by 
accounting for the nonlinear response of the isolation system, made of 
HDRBs, as discussed in section 4.2.1. Linear behaviour for the lower 
structure is considered in these analyses, while subsequently 
nonlinear behaviour of both isolation system and lower structure is 
considered. 

In Figure 4.4a, the RSA curve is contrasted to the results of NTHA 
on the 3D FEMs only accounting for the nonlinearity in the isolation 
system. A substantial correspondence of nonlinear analysis results 
with RSA is found for the cases B and E, while the values of 
displacement ratio derived from nonlinear THA for the design solutions 
C and D are slightly lower than the RSA counterparts. Therefore, also 
accounting for the hysteretic behaviour of the isolation devices, the 
RSA provides an estimate of the expected behaviour on the safe side. 

 
Figure 4.4. RSA on lumped mass models vs. THA on 3D FE models with (a) nonlinear ISO 

behaviour and (b) nonlinear behaviour of both LS and ISO. 

4.2.5 NTHA: Nonlinearity in the lower structure and isolation 
system 

Finally, both the lower structure and the isolators are modelled 
accounting for their hysteretic response, as reported in the previous 
section 4.2.1. 
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In Figure 4.4b, the relevant results of the NTHA on the 3D FEMs 
are compared to the IIS design spectrum. The case C and the RSA 
curve show similar values of displacement ratio; instead, a 
displacement demand larger than one, thus much larger than the value 
predicted from RSA, is obtained for the design solution B. The value 
of the displacement ratio larger than one implies an increase, rather 
than a reduction, of displacement compared to the reference LS 
model, which, in turn, implies that IIS spectrum derived by means of 
RSA seems nor accurate neither safe as design tool for solution 
maximizing the mass damping effect. 

Therefore, when the nonlinear behaviour of both the isolation 
devices and the lower structure are considered, the RSA provides an 
estimate of the expected behaviour on the safe side for isolation 
periods falling in the transition zone or longer. Indeed, for the cases D 
and E, significant differences can be observed between the RSA curve 
and the NTHA results; however, the latter ones are smaller than the 
former. Hence, the RSA-based predictions of seismic demand remain 
on the safe side, though not accurate. 

Comparing the IIS solutions to the conventional extension (point 
A, T1 = 0.43 s), in most cases the IIS counterparts exhibit lower 
displacement demand. However fully nonlinear analyses, accounting 
for the hysteretic behaviour of both masonry structure and isolation 
system, have highlighted that design solutions that maximize the mass 
damping effect (design zone 2, case B in Figure 4.4b), can exhibit an 
amplification, rather than a reduction of the seismic response.  

Since the solution B is the only one that does not follow, more or 
less closely, the trend predicted through linear RSA and confirmed by 
linear THA, it must be analysed in detail. Considering that NTHA 
response is particularly sensitive to the modelling assumptions, 
additional analyses are developed, modifying the values of the modal 
damping ratios (ηi) attributed to the masonry structure modes (i.e., to 
all modes, for the LS in the AS-IS configuration; from the fourth to the 
twelfth modes, for the IIS configurations). In addition to the value of 
5%, already adopted in previous analyses, also the value 2% has been 
specified for ηi. The results obtained from analyses with ηi = 2% are 
compared to the ones with ηi = 5% in terms of displacement ratio in 
Figure 4.5. Here it can be observed that the results for the design 
solutions A (conventional extension) and E (perfect isolation) are very 
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close varying ηi. For the solutions B, C, D, instead, larger scatters can 
be observed, particularly for the solution B. These preliminary 
analyses results highlight that the modal damping value strongly 
influences the structural response in NTHA. 

 
Figure 4.5. RSA on lumped mass models vs. THA on 3D FEMs with ηi = 5% vs. THA on 3D 

FEMs with ηi = 2%. 

4.2.6 Linear and Nonlinear THA: the base shear ratio 

In Figure 4.6, the IIS design spectrum is compared to markers, 
representing the average peak results of the seven THA on the design 
solutions in the case of masonry structure and isolation system both 
assumed elastic (Figure 4.6a), or masonry structure elastic and 
isolation system inelastic (Figure 4.6b). In particular, the markers are 
depicted both in terms of displacement ratio and base shear ratio, and 
the RSA curves for u� and v� are overlapped since they represent results 
in normalized form. As can be seen in Figure 4.6, the THA values of 
the base shear ratio are slightly larger than the displacement ratio 
counterparts, both neglecting and considering the nonlinear behaviour 
of the isolation system. 

This comparison is only reported for the analyses where the LS is 
linear, since the base shear ratio is not indicative of the IIS response 
when the hysteretic behaviour of the masonry structure is considered. 
As shown in [22], by comparing the push over curves and the global 
hysteretic loops under selected seismic inputs, it clearly appears that 
the former are the backbones of latter. Exceeding the elastic limit of 
the masonry structure, the top displacement increases under an 
almost constant value of base shear. For this reason, when the 
existing structure undergoes inelastic deformations, in the AS-IS 
configuration and/or in the design solution, the base shear ratio is not 
representative of the seismic response of the IIS. 
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Figure 4.6. RSA on lumped mass models vs. THA on 3D FEMs with (a) linear behaviour of 

both LS and ISO and (b) nonlinear ISO behaviour. 

4.3 Accuracy of reduced-order lumped mass models 

In the previous sections of this chapter, it has been shown that 
previsions with the parametric RSA on lumped mass models can 
simulate with a good approximation the results of THAs on 3D IIS 
FEM, except for the case in which both the ISO and the LS exhibit a 
strong nonlinear behaviour. In this subsection, to investigate the 
accuracy of the simplified one-dimensional 2DOF IIS model in the first 
stage of the design process, a comparison between the simplified and 
more refined models is here proposed in terms of LS displacements 
by carrying out NTHAs on the 2DOF IIS model (Figure 4.7) with the 
same record set utilized for the 3D analyses of the A-E configurations 
(section 3.1.4). To describe the nonlinear behaviour of the 2DOF 
models, the modelling approach described in section 3.1.1 is adopted 
for the LS, while the bilinear isolator model described in section 4.2.1 
is used for the ISO by assuming kISO = keff. 

 
Figure 4.7. 2DOF IIS for NTHA. 
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Figure 4.8 shows the average values of the peak displacements 
obtained from the NTHA for 3D IIS FEM ( 2LSu ) and 2DOF IIS ( LSu ). 
Values of 2LSu  and LSu  are quite close, and the percentage variation 
(Δ) of LSu  with respect to 2LSu  does not exceed 20% in any of the 
cases analysed. Therefore, the 2DOF IIS model - if correctly defined - 
can simulate the behaviour of the corresponding 3D IIS FEM, with 
considerably reduced computational effort. 

 
Figure 4.8. Comparison of displacement results for 3D IIS FEM vs. 2DOF IIS. 
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5 A diagram-based design 
procedure for IIS in existing 
buildings with inelastic 
behaviour 
In chapter 3 and chapter 4, the IIS spectrum has been utilised for 

a complete evaluation of all design configurations that can be obtained 
varying the value of isolation period. It provides indications on the 
optimum value, the one that gives rise to the maximum reduction of 
the response of the existing structure; however, when such solution is 
not applicable for any reason, possible sub-optimum alternatives can 
be individuated in the IIS spectrum. The IIS spectrum is constructed 
from parametric response spectrum analysis (RSA) with the code 
spectrum specified for the site of interest and does not account for the 
inelastic behaviour that possibly arises in existing buildings. 

However, when earthquakes occur, the inelastic behaviour of 
existing (masonry or concrete) structures cannot be excluded and 
should be considered in the analyses. For this purpose, a stepwise 
procedure is here proposed to supply the IIS design spectrum for 
existing buildings that exhibit nonlinear behaviour, without executing 
several nonlinear time history analyses for different models by varying 
the isolation period, but only examining in the inelastic field two limit 
behaviours of the extended building. Essential for this procedure are 
a series of diagrams derived from parametric RSA; as a result, two 
curves are identified as IIS design spectra and the region bounded by 
them, appointed as inelastic IIS behaviour zone, represents the 
nonlinear response prediction of the existing structure varying the 
isolation period of the vertical extension. The outlined design 
procedure is applied to some case studies and validated through the 
comparison with the results of nonlinear time history analyses. 



86                     CHAPTER 5. 
A diagram-based design procedure for IIS in existing buildings with 
inelastic behaviour 

This procedure can be also employed to generalise the design 
framework developed in chapter 3. In fact, in chapter 3, the design 
configuration of the isolated vertical addition is selected on the base of 
the trend of the IIS design spectrum. In this chapter, instead, the 
inelastic behaviour, possibly occurring in the existing structure, is 
considered from the first phases of the design process. 

5.1 Parametric RSA for construction of IIS design 
spectra 

In Block 2 of the 5-Block design procedure (chapter 3), a key 
design tool has been introduced: the IIS design spectrum. To derive 
the IIS design spectrum, it is possible to refer either to the 3DOF IIS 
model or to the 2DOF IIS model. In the following, the procedure for 
calculating the IIS design spectra is provided considering the 2DOF 
IIS model depicted in Figure 2.2b, which well grasps the IIS dynamic 
behaviour, as demonstrated in section 2.1 and suggested by several 
authors [6, 20, 28, 57, 97]. 

The 2DOF IIS model describes the structural complex made of the 
existing building, the vertical extension, and the intermediate isolation 
system (IIS). The first degree of freedom represents the structure of 
the existing building (lower structure, LS), while the second one 
represents the isolated vertical extension (ISO+US) (Figure 2.1c). 
Recalling that, mass, stiffness, and damping constant of the first 
degree of freedom are appointed as: mLS, kLS, cLS. While, for the 
second degree of freedom the mass, appointed as MISO, is the whole 
isolated mass and is given by the summation of the masses of the 
upper structure mUS and isolation system mISO, i.e. MISO = mUS + mISO. 
The stiffness and damping are the ones of the isolation system and 
are appointed as kISO and cISO. It is worth reminding that the 2DOF 
model can be adopted for describing the main dynamic characteristics 
of IIS provided that the upper structure is very rigid with respect to the 
isolation system and higher modes of the lower and upper structures 
are not coupled [6, 28, 57]. 

Being uLS and uISO the displacements of the two oscillators relative 
to the ground, and ug the displacement of the ground, the equations of 
motion of the 2DOF IIS model are given in chapter 2 by the Eqs. (2.9) 
and (2.10). Which for simplicity are rewritten here: 
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The design parameters of the model can be derived from the 
dynamic properties of the two oscillators (i.e. LS and ISO+US) as 
follows: 

- period of the standalone lower structure TLS, being TLS = 
2π(mLS/kLS)0.5; 

- period of the isolated vertical addition TISO, being TISO = 
2π(MISO/kISO)0.5; 

- mass ratio µ, being µ = MISO/mLS = 0.05 – 2; 
- damping ratio of the lower structure ξLS, being ξLS = 

cLS/[2(kLSmLS)0.5]; 
- damping ratio of the isolation system ξISO, being ξISO = 

cISO/[2(kISOMISO)0.5]. 

The values assumed for the above parameters in the parametric 
study here reported are: 

- TLS = 0.39 – 1.23 s; 
- TISO = 0.1 – 5 s; 
- µ = 0.05 – 2; 

The damping ratios are not been varied and are assumed as: ξLS 
= 0.05 and ξISO = 0.15. The value of ξLS is the one usually adopted for 
concrete or masonry structures, while the value of ξISO is typical of high 
damping rubber bearings. As discussed in the previous chapters and 
with more accuracy in Appendix B, such difference between damping 
ratios leads to a non-proportionally (or non-classically) damped 
system, for which a fully populated damping matrix should be 
considered to provide an accurate response prediction [90]. The full 
damping matrix gives rise to coupled equations of motion in the system 
composed of Eqs. (2.9) and (2.10), thus involving complex modal 
coordinates and complex eigenvalues and eigenvectors [109, 110]. 
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5.1.1 IIS design spectrum 

The dynamic characteristics of the isolated vertical addition that 
minimize the seismic demand on the overall structure are derived 
through a parametric response spectrum analysis (RSA) on the 2DOF 
IIS model (Figure 2.2b) (see Appendix B). 

A schematic representation of a typical curve reporting the results 
of RSA is shown in Figure 5.1, where, set the values of the parameters 
TLS and µ, the displacement of the lower structure varies as a function 
of the period TISO. The displacement of the SDOF model of the existing 
building in the AS-IS configuration, uAS-IS, is taken as a term of 
comparison and is also provided in the figure as a horizontal dashed 
line. 

The chart in Figure 5.1 exemplifies the so called nonconventional 
TMD design spectrum or IIS design spectrum [22, 126] in which, as 
reported in subsection 3.2.3.2, four zones can be identified: the red 
zone, the conventional vertical extension zone; (characterised TISO/TLS 
<< 1 and uLS > uAS-IS); The blue zone is the so-called mass damping 
zone: it is characterized by TISO/TLS ≈ 1 (or larger, depending on the 
mass ratio) and uLS < uAS-IS, i.e. displacement in the design 
configuration lower than the original configuration counterpart. This 
behaviour emerges thanks to the beneficial dynamic interaction 
between the two structural parts, with isolated vertical additions acting 
as a TMD for the existing building. Finally, the green zone individuates 
the perfect isolation behaviour, characterized by TISO/TLS >> 1 and uLS 
≈ uAS-IS, and by isolated vertical additions almost perfectly 
disconnected from the existing building, thanks to the very flexible 
isolation system that allows the upper structure moving independently 
from the lower one. A fourth zone, the transition zone between the 
mass damping and perfect isolation zones, can also be defined, where 
uLS gradually tends to uAS-IS. 
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Figure 5.1. Typical IIS design spectrum. 

On this chart, two limit points can be defined: the point P0, 
corresponding to TISO that tends to zero, and the point P∞, 
corresponding to TISO that tends to infinity. The point P0 represents the 
first point of the RSA curve: when TISO tends to zero, the spring 
stiffness of the isolation system tends to infinite; therefore, the 
corresponding 2DOF IIS model is, in fact, a SDOF model having mass 
equal to the total mass of the system, i.e.: mP0 = mLS + MISO, and 
stiffness is equal to the existing building counterparts, i.e.: kLS, while 
the damping constants is equal to cP0= ξLS {2[kLS(mLS + MISO)]0.5};. The 
point P∞ represents the end point of the RSA curve: when TISO tends 
to infinity, the spring stiffness of the isolation system tends to zero, and 
the building extension is fully decoupled from the existing structure; 
therefore, the 2DOF IIS model coincides with the SDOF model of the 
existing building, having mass, stiffness, and damping constants equal 
to mLS, kLS, and cLS. 

In order to show some numerical results of the parametric RSA 
and the influence of the aforementioned IIS design parameters, in this 
section, the RSA is developed with the horizontal elastic response 
spectrum in acceleration of Type 1, prescribed by the Eurocode 8 [50]; 
for the ground type A, with spectral shape defined by the following 
parameters: ag = 0.1 g, S = 1, TB = 0.15 s, TC = 0.4 s, TD = 2 s. 
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Surface plots provided in Figure 5.2a and Figure 5.2b show the 
influence of the design parameters TLS and µ on the IIS design 
spectrum. In particular, IIS design spectra are plotted either by varying 
TLS for a fixed value of the mass ratio (µ = 0.25, Figure 5.2a), or by 
varying µ for a fixed value of the period of the LS (TLS = 0.39 s, Figure 
5.2b). From Figure 5.2a it can be observed that, by increasing TLS, the 
displacements of the lower structure increase in the whole range of 
TISO, the mass damping zone becomes wider, and the minimum values 
of displacement are reached at longer values of TISO. The plot in Figure 
5.2b shows the effect of the mass ratio µ: by increasing µ, the 
displacement of the lower structure at the minimum value of TISO (TISO 
= 0.1 s) increases linearly, while, at the maximum value of TISO (TISO = 
5.0 s), it decreases very slightly; further, the mass damping zone 
becomes wider by increasing µ, and the minimum displacement values 
are reached for longer values of TISO. Therefore, the larger the values 
of both parameters TLS and µ, the wider the mass damping zone, i.e., 
the IIS effectiveness.  

In Figure 5.3 the same RSA curves as the ones of Figure 5.2b are 
provided, here obtained with the minimum and the maximum values of 
TISO respectively equal to 0.01 s and 50 s. The range of TISO has been 
widened to define the limit points, P0 (representative of conventional 
vertical extension) and P∞ (representative of the existing structure as 
standalone), as the initial and end points of each RSA curve. By 
connecting all initial points of the curves, an almost straight line is 
obtained for the displacement of P0 as a function the mass ratio, as 
already observed from Figure 5.2b. Analogously, by connecting the 
end points, an almost constant value for the displacement of P∞ is 
obtained varying the mass ratio, as expected, due to the almost 
complete disconnection between the two masses. Finally, surface 
plots depicting the displacement of the limit points P0 and P∞ by varying 
TISO and µ are provided in Figure 5.4. 
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Figure 5.2. Surface plots of the IIS design spectra: (a) mass ratio µ = 0.25; (b) period TLS = 

0.39 s. 

All these charts are obtained from parametric analyses and are 
used to appreciate the behaviour of IIS in a very wide range of isolation 
period, varying the main design parameters TLS and µ; however, the 
charts can also be employed as simplified tools within a design 
procedure for vertical extension of existing buildings through 
intermediate isolation system, as proposed in the following section. 
For this purpose, the 2D versions of the charts in Figure 5.2a, Figure 
5.4a, and Figure 5.4b are traced and utilized in the next sections 
(Figures 6.5 – 6.7). 

 

Figure 5.3. Surface plots of the IIS design spectra for periods TLS = 0.39 s and TISO = 0.01 – 
50 s. 
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Figure 5.4. Surface plots of the IIS design spectra for the limit points: (a) point P0; (b) point 
P∞. 

5.2 Stepwise procedure to predict the nonlinear 
response of LS 

The IIS design displacement spectrum, that is the curve reporting 
the displacement of the lower structure obtained from RSA on the 
2DOF IIS, having set the lower structure period TLS and the mass ratio 
µ, and varying the isolation period TISO, is a very useful design tool for 
selecting the isolation period that allows the maximum reduction of the 
lower structure response. This design approach, based on IIS 
spectrum, assumes linear behaviour both in the lower structure and in 
the isolated upper structure. Since the lower structure is an existing 
structure, loss of linearity due to some damage under seismic actions 
cannot be excluded; in this case, the IIS spectrum-based approach 
can no longer provide accurate estimates of the building response. For 
this purpose, a design procedure is here defined that allows to use IIS 
spectrum also with nonlinear lower structure; the procedure, which 
also utilizes the charts depicted in the previous section, only requires 
nonlinear time history analyses (NTHAs) on the two SDOF models 
corresponding to the points P0 and P∞. 

The design procedure is based on the empirical observation that 
when an existing structure experiences inelastic phenomena and 
structural damage, it exhibits a response softening, quantified by 
reduction of the global stiffness and elongation of the fundamental 
period. Basically, another RSA curve, characterised by a shift of the 
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two points P0 and P∞ to P’0 and P’∞ (Figure 5.5), should be selected, 
thus defining the equivalent period Teq > TLS. However, the two points 
do not necessarily shift of the same quantity, since the nonlinearities 
arising in the lower structures are different in the two design 
configurations corresponding to the limit points. Therefore, not a single 
RSA curve should be defined, but two different curves, respectively 
passing through the points P’0 and P’∞, and corresponding to two 
equivalent periods Teq,0 = TP’0 and Teq,∞ = TP’∞. Since the points P’0 and 
P’∞ identify two limit behaviours that a given building with vertical 
extension exhibits in the inelastic field, the region bounded by the two 
RSA curves represents the prediction of the nonlinear response of the 
existing structure varying the isolation period of the vertical extension. 
For this reason, such zone in Figure 5.5 is called inelastic IIS 
behaviour zone (i-IIS behaviour zone). 

 

Figure 5.5. IIS design spectra and i-IIS behaviour zone to predict the nonlinear response of 
the existing building. 

Key point of the procedure is to find the values of TP’0 and TP’∞, 
and, in turn the two RSA curves corresponding to them. As will be 
shown in the following, some NTHAs should be carried out on two 
SDOF models P’0 and P’∞, respectively representing the existing 
building with a conventional vertical extension, and the existing 
building as a standalone structure. More in detail, the procedure is 
made of the five steps: 
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- step 1: definition of models SDOF P’0 and SDOF P’∞; 
- step 2: NTHAs on SDOF P’0 and SDOF P’∞; 
- step 3: identification of the periods TP’0 and TP’∞; 
- step 4: identification of the two RSA curves; 
- step 5: definition of i-IIS behaviour zone and prediction of 

inelastic response. 

A graphical representation of the proposed design procedure is 
provided in Figure 5.6, while the five steps are discussed in the 
following subsections. Some charts are used for facilitating the 
development of the procedure, namely: in the step 3, the 2D version 
of the plots of Figure 5.4a and Figure 5.4b, given in Figure 6.7; in the 
step 4, the 2D version of the chart in Figure 5.2a, given in Figure 6.5 
and Figure 6.6. 

5.2.1 Step 1: definition of SDOF P’0 and SDOF P’∞ 

Step 1 is devoted to the definition of the SDOF models 
corresponding to P’0 and P’∞, accounting for the inelastic behaviour of 
the existing structure in the two design configurations. 

The mass of the SDOF model P’0 is equal to the sum of the 
equivalent mass of the existing building, mLS, and the added mass, 
mP0 = mLS + MISO, while the mass of the SDOF model P’∞ is equal to 
mP∞ = mLS. A bilinear relationship between the base shear and the top 
displacement is adopted for the nonlinear characterization of the 
SDOF models P’0 and P’∞, obtained, for example, according to the N2 
method [104]. The hysteresis law selected to describe the inelastic 
dynamic response of the two models depends on the structural 
material of the existing building. 

5.2.2 Step 2: NTHAs on SDOF P’0 and SDOF P’∞ 

Step 2 is devoted to the evaluation of the nonlinear response of 
the SDOF models P’0 and P’∞ through NTHAs, by adopting a set of 
original (un-scaled) accelerograms matching the target spectrum. The 
nonlinear response of the SDOF models P’0 and P’∞ is expressed in 
terms of average value of the peak displacements exhibited under the 
seismic records, namely 0P'u  and P'u ∞ . 
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Figure 5.6. Design procedure. 

5.2.3 Step 3: identification of the periods TP’0 and TP’∞ 

Step 3 is devoted to the identification of the periods TP’0 and TP’∞ 
i.e. the equivalent linear periods obtained from the peak inelastic 
response of NLTHAs. From the results of NTHAs on the SDOF 
models, and known the mass ratio µ, two couples of values (µ, 0P'u ) 
and (µ, P'u ∞ ) are used as coordinates in the plots of Figure 5.4a and 
Figure 5.4b, respectively, thus defining two points. The values TP’0 and 
TP’∞ are given as the periods identifying the curve closest to the points 
(µ, 0P'u ) and (µ, P'u ∞ ), respectively. 

5.2.4 Step 4: identification of the RSA design curves 

Step 4 is devoted to the selection of the RSA design curves for the 
construction of the i-IIS behaviour zone. From the RSA curves of 
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Figure 5.2a, the ones corresponding to the values of TP’0 and TP’∞ 
derived in the step 3, are selected. 

5.2.5 Step 5: definition of i-IIS behaviour zone and prediction of 
nonlinear response 

Step 5 is devoted to the definition of the i-IIS behaviour zone and 
the prediction of nonlinear response of the existing structure in the 
extended configuration. The region bounded by the curves defines the 
so called the i-IIS behaviour zone. 

It is expected that the points describing the inelastic response of 
the 2DOF IIS model, varying the isolation period, fall within this zone. 
Since the 2DOF IIS model represents the existing structure in all 
possible design configurations of isolated vertical extension (set the 
mass ratio µ and varying the isolation period), the chart with the i-IIS 
behaviour zone can be used for choosing the optimal design 
configuration in a preliminary phase. 

5.3 Validation of the stepwise design procedure 
through NTHAs 

For validating the procedure, some 2DOF IIS models 
characterized by different configurations of both the existing building 
and the isolated vertical extension are considered. Nonlinear time 
history analyses are firstly carried out on the SDOF model for deriving 
the inelastic response of the existing building in the AS-IS 
configuration, i.e., without the vertical extension. The nonlinear 
response of the lower structure in the design configurations is then 
obtained according to the proposed design procedure. Nonlinear time 
history analyses are then carried out on the 2DOF models, and the 
results are compared to the predictions. 

5.3.1 Case studies: SDOF and 2DOF IIS models 

Three existing structures are considered as case studies and 
described by SDOF models. The structures are all characterized by 
the same normalized base shear strength Vy/W, equal to 0.13 (with W 
seismic weight), and by different values of the normalized top 
displacement at yielding utop,y/H, respectively equal to 0.078%, 0.2%, 
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and 0.35%, (with H building height). The corresponding bilinear curves 
are depicted in Figure 5.7a by normalizing the base shear to the 
seismic weight, Vb/W, and the top displacement to the total height of 
the building, utop/H. For each existing structure, twenty-one 
configurations are adopted for the isolated vertical extension (Figure 
5.7b); for all of them, the mass ratio µ has been assumed equal to 
0.38, while the period of the isolated vertical extension TISO has been 
varied between 0.1 s and 5 s, with a step equal to 0.1 s in the range of 
values 0.4 – 2 s, and equal to 1 s for values larger than 2 s. 

 
Figure 5.7. Case studies: (a) characterization of the inelastic behaviour of the existing 

buildings, (b) dynamic properties of the isolated vertical extension. 

The lower structure of the 2DOF IIS model (e.g., the existing 
building) is characterized by the following dynamic properties: mass 
mLS, and elastic stiffness kLS = 4π2mLS/TLS2, where TLS is the period of 
the undamaged structure that varies as a function of the ratio utop,y/H, 
i.e.: TLS = 0.39 s, for utop,y/H = 0.078%; TLS = 0.63 s, for utop,y/H = 0.2%; 
TLS = 0.83 s, for utop,y/H = 0.35%. A multilinear plastic link is defined in 
SAP2000 [113] to describe the cyclic response of the existing building 
through a pivot-type model (Figure 3.4a). In such model, the shape of 
the hysteresis loops and the stiffness and strength degradation are 
controlled by the parameters α1, α2, β1, β2, and ηPivot [105]. By 
considering, for example, existing buildings in unreinforced (URM) 
masonry structure, the parameters α1, α2, β1, β2 are assumed equal to 
0.45 and the parameter ηPivot equal to zero [22, 106 – 108, 126]. For 
the sake of simplicity, the three existing buildings are distinguished in 
the following according to the period TLS. 
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The isolated vertical extension in the 2DOF IIS model is 
characterized by the following dynamic properties: mass MISO = µ∙mLS, 
and global secant stiffness kISO = 4π2MISO/TISO2, which value varies as 
a function of the period TISO. By choosing an isolation system made of 
high damping rubber bearings, its hysteretic behaviour can be 
described by the bilinear constitutive model, depicted in Figure 4.2 and 
calibrated by means of the following parameters [93]: global secant 
stiffness keff = kISO; design displacement δISO,u = Sd(T), with Sd(T) the 
design spectral displacement at T = TISO; equivalent viscous damping 
ratio ξeq = 2∙Q(δISO,u - δISO,y)/π∙keff∙ δISO,u2 = ξISO = 0.15; with Q the 
intersection between the prolongation of post-yield branch and the y-
axis; the stiffness ratio between the post-yield and initial stiffnesses, 
i.e., k2/k1 = 0.1; displacement ratio between the yield and design 
displacements, i.e., δISO,y/δISO,u = 0.034. 

It is worth observing that, the model here described is shown in 
Figure 4.7, with the only difference of replacing m� LS by mLS and M� ISO 
by MISO, since the case studies here analysed are considered general 
and not directly related to real case studies. 

5.3.2 NTHAs of the case studies 

Nonlinear time history analyses are carried out on the 2DOF IIS 
models by means of a set of acceleration records matching to the 
target spectrum, that is Type 1 spectrum of Eurocode 8 defined at the 
Life Safety level, by 10% probability of exceedance in 50 years, and 
characterized by ag = 0.15 g for ground type C. 

Seven natural accelerograms are selected through the software 
REXEL v 3.5 [120] to match the target spectrum with a lower tolerance 
of 10%, for PGA values between 0.17 g and 0.25 g in the range of 
period between 0.01 and 5 s. The acceleration response spectra of the 
record set and the target spectrum are depicted in Figure 5.8, while 
the major data of the ground motions are provided in Table 5.1. 

As discussed in subsection 5.1.1, the IIS is a non-classically 
damped system. For this reason, nonlinear direct-integration THA are 
performed by means of the software SAP2000 [113], in which the fully 
populated damping matrix is considered. The viscous damping matrix 
is constructed through the method of superposition of modal damping 
matrices each providing a fixed damping value in i-th vibration mode 
[113, 124]. In particular, a constant value of the modal damping ratio 
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is assumed equal to 0.02 to include damping mechanisms that were 
not considered in the model, such as, for example, thermal effects from 
repeated elastic straining of structural materials, repeated straining of 
nonstructural elements, friction between the structure and 
nonstructural elements, and so on [125]. 

The inelastic response of the lower structure in the design 
configurations, varying the period TISO, is provided in Figure 5.9 for 
each existing building. The response parameter is the average values 
of the peak displacements obtained under the seven records ( LSu ). It 
can be observed that the markers in Figure 5.9 display a trend similar 
to the IIS design spectra (Figure 5.1), reaching a minimum value in the 
zone of low-medium periods TISO, i.e., the mass damping zone. 

 
Figure 5.8. Set of spectrum-compatible acceleration records: acceleration response spectra. 
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Table 5.1. Major data of the set of spectrum-compatible acceleration records. 

Earthquake 
name EN1 EN2 EN3 EN3 EN4 EN5 EN6 

Date 29/05/ 
2012 

03/09/ 
2010 

21/02/ 
2011 

13/06/ 
2011 

16/01/ 
1995 

3/09/ 
2010 

17/01/ 
1994 

W. ID 317 335 341 389 411 330 459 
E. ID 133 137 142 149 34 137 99 

S. ID MOG0 TPLC RHSC RHSC TKS DSLC ST_243
89 

F. M. reverse strike-
slip reverse reverse strike-

slip 
strike-

slip reverse 

Epi. Dist. 
[km] 16.43 23.58 13.73 14.76 17.45 13.31 20.19 

PGA [g] 0.17 0.19 0.25 0.19 0.18 0.24 0.22 
EC8 S.C. C* C* C* C* C* C* C 
vs,30 [m/s] n.a. n.a. n.a. n.a. n.a. n.a. 278 

Note: site class with * is based on geological information alone. 
Key: EN1 = Emilia Pianura Padana; EN2 = EN5 Darfield; EN3 = Christchurch; EN4 = Hyogo 
- Ken Nanbu; EN6 = Northridge; W. ID = Waveform ID; E. ID = Earthquake ID; S. ID = 
Station ID; F. M = Fault Mechanism; Epi. Dist = Epicentral Distance; S.C. = Site Class; n.a. 
= not available. 

 

 
Figure 5.9. Average value of peak displacements as a function of the period TISO. 

5.3.3 Application of the design procedure to the case studies 

The nonlinear response of the lower structure in the 2DOF IIS 
models (Figure 5.9) is here compared to the design predictions 
obtained through IIS design spectra, according to the design 
procedure described in section 5.2. 
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Step 1: SDOF models P’0 and P’∞ (Figure 5.10). Mass of SDOF 
P’0 is equal to (1 + µ)∙mLS, with µ = 0.38, and mass of SDOF P’∞ is 
equal to mLS. The same multilinear plastic link defined in SAP2000 
[113] to describe the cyclic response of the lower structure in the 2DOF 
IIS models (Figure 3.4a) is here utilized, i.e., the pivot-type model with 
α1 = α2 = β1 = β2 = 0.45 and ηPivot = 0. 

 
Figure 5.10. Step 1 of the design procedure: definition of SDOF P’0 and SDOF P’∞ models. 

Step 2: NTHA of SDOF P’0 and SDOF P’∞. The record set in Figure 
5.8 is used. The results are provided in Figure 5.11 in terms of peak 
displacements exhibited under each seismic input (uP’0 and uP’∞); the 
average of the peaks, namely 0P'u  and P'u ∞ , is also provided in the 
figure. It can be observed that, by increasing the period TLS of the lower 
structure, the average response increases. For the two smallest 
values of TLS, the average displacement 0P'u  is larger than P'u ∞ ; 
instead, for TLS = 0.83 s, the average response of the limit points is 
almost equal. 

Step 3: identification of TP’0 and TP’∞. The charts of Figure 5.12 are 
used; these are the 2D version of the plots of Figure 5.4a and Figure 
5.4b: mass ratio µ vs. displacement of the lower structure, with the 
different curves accounting for the different period of the lower 
structure Teq. The points (µ, 0P'u ) and (µ, P'u ∞ ) are also provided in the 
figure. By selecting the curves closest to the points (µ, 0P'u ) and (µ, 

P'u ∞ ), from the figure, it can be derived that: TP’0 = 0.68 s and TP’∞ = 
0.55 s, for TLS = 0.39 s; TP’0 = TP’∞ = 0.78 s, for TLS = 0.63 s; TP’0 = 0.87 
s and T’P∞ = 1.03 s, for TLS = 0.83 s. The configuration identified by TLS 
= 0.63 s is a special case since the same curve is individuated for P’0 
and P’∞. 
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Step 4: identification of RSA curves. The curves are selected 
among the ones built for µ = 0.38 (Figure 5.13). As shown in the figure, 
for TP’0 and TP’∞, two consecutive curves are selected for TLS = 0.39 s, 
one curve for TLS = 0.63 s, and two non-consecutive curves for TLS = 
0.83 s. 

Step 5: definition of i-IIS behaviour zone and prediction of 
nonlinear response. The RSA curves (Figure 5.14) are considered as 
lower and upper bounds of the IIS response, for each value of TISO. 
The i-IIS behaviour zones are defined for TLS = 0.39 s and TLS = 0.83 
s, while for TLS = 0.63 s the behaviour zone collapses in one single 
design curve (i-IIS curve). 
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Figure 5.11. Step 2 of the design procedure: NTHAs on SDOF P’0 and SDOF P’∞. 
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Figure 5.12. Step 3 of the design procedure - identification of the periods TP’0 and TP’∞: (a) 

TLS = 0.39 s, (b) TLS = 0.63 s, (c) TLS = 0.83 s. 
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Figure 5.13. Step 4 of the design procedure - identification of the design curves: (a) TLS = 

0.39 s, (b) TLS = 0.63 s, (c) TLS = 0.83 s. 
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Figure 5.14. Step 5 - prediction of nonlinear response: (a) TLS = 0.39 s, (b) TLS = 0.63 s, (c) 
TLS = 0.83 s. 

5.3.4 Comparison between IIS design spectra and NTHAs 

The Figure 5.15 compares the displacement response predicted 
according to the proposed procedure (Figure 5.14) to the displacement 
response of the first degree of freedom in the 2DOF IIS models 
obtained from NTHAs (Figure 5.9). For the sake of completeness, the 
results of the RSA obtained with the accelerograms’ average spectrum 
(Figure 5.8) are also reported in the figure. From Figure 5.15, it can be 
observed that for TLS equal to 0.39 s and 0.83 s the markers fall within 
or below the behaviour zone, for TLS = 0.63 s the markers are almost 
equal to, or lower than, the values of the curve. This comparison 
testifies that the design procedure can be adopted in a preliminary 
design phase to estimate, in the entire range of periods, the inelastic 
response of structures to be vertically extended with IIS, and to select 
the isolation period that minimizes the building response and is 
compatible with the design requirements. The result curves obtained 
with the average spectrum are very close to the ones obtained with the 
target spectrum. 
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Figure 5.15. IIS design spectra vs. nonlinear THA: (a) TLS = 0.39 s; (b) TLS = 0.63 s; (c) TLS 

= 0.83 s. 

5.4 Application of stepwise procedure on real case 
study 

In the previous sections of this chapter, the accuracy of the 
stepwise procedure has been demonstrated when LS exhibits 
nonlinear behaviour, by considering twenty-one IIS solutions for three 
different case studies. For comparative purposes, it is also interesting 
to apply the stepwise procedure to the real case study adopted in 
chapter 3 (an aggregate of masonry building located in Pozzuoli, Italy) 
and to the relevant IIS design configurations selected in chapter 4 (µ 
= 0.25 and TISO = {0.5, 1, 1.5, 5} s – A to E configurations). In fact, from 
Figure 4.5 it can be observed that the results of NTHAs on 3D IIS 
FEMs, independently of the modelling options adopted, show the 
typical trend of the IIS design spectrum. Hence, it is possible to identify 
the same four behaviour zones defined in section 5.1.1, by performing 
parametric RSA on 2DOF IIS models.  
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In particular, the IIS design spectra are here derived as described 
in section 5.4; the only differences refer to the adoption of the 
horizontal acceleration response spectrum defined in the Italian 
standard [94] and a value of ag = 0.162 g, i.e. the one used in the RSA 
(see section 3.2.3.2). 

Previsions through the IIS design spectra are then compared to 
the results of NTHAs performed on the 3D FEM of the IIS design 
configurations, obtained by adopting the same set of spectrum-
compatible seismic records used in section 3.2.2.3. 

5.4.1 Step 1: definition of SDOF P’0 and SDOF P’∞ 

In step 1, the SDOF models of the points P’0 and P’∞ are defined, 
by accounting for the nonlinear hysteretic behaviour of LS. 

As reported in section 5.2.1, the mass of the SDOF model P’0 
(Figure 5.16a) is equal to mLS + MISO = 2472 + 940 = 3412 kNs2/m; 
while the mass of the SDOF model P’∞ (Figure 5.16b) is equal to mLS 
= 2472 kNs2/m. The nonlinear characterization of the SDOF models 
P’0 and P’∞ is obtained by adopting a bilinear relationship between the 
base shear and the top displacement. The corresponding bilinear 
curve is obtained from the Push-over analysis, by approximating the 
global push-over curve of the structure (for the multi-degree-of-
freedom model) with a multi-linear bond (Figure 5.16c), as suggested 
in [127]. The hysteresis law selected to describe the inelastic dynamic 
response of the two models is the Pivot-type model already utilised to 
develop NTHAs on the 3D FEM of the AS-IS configuration (Figure 
3.4b). 
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Figure 5.16. (a) SDOF P’0 model; (b) SDOF P’∞ model; (c) global push-over curve vs. multi-

linear bond. 

5.4.2 Step 2: NTHAs on SDOF P’0 and SDOF P’∞ 

In step 2, NTHAs are performed on the SDOF P’0 and SDOF P’∞ 
models. The response of the SDOF P’0 and SDOF P’∞ models is 
plotted in terms of average value of the peak displacements exhibited 
under the seismic records in Figure 5.17a and Figure 5.17b, 
respectively. 

 
Figure 5.17. displacements response of: (a) SDOF P’0; (b) SDOF P’∞. 

5.4.3 Step 3: identification of the periods TP’0 and TP’∞ 

In step 3, TP’0 and TP’∞ periods are identified as shown in Figure 
5.18. In particular, the couples of values (µ, 0P'u ) and (µ, P'u ∞ ) are used 
as coordinates in the graph in Figure 5.18a and Figure 5.18b to 
respectively derive TP’0 and TP’∞, i.e.: TP’0 = 0.48 s and TP’∞ = 0.62 s. 
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Figure 5.18. (a) graph of limit point P’0; (b) graph of limit point P’∞. Teq = {0.39, 0,48, 0.55, 

0.62, 0.68, 0.73, 0.78, 0.83, 0.87, 0.92, 0.96, 1.00, 1.03, 1.07, 1.10, 1.14, 1.17, 1.20, 1.23} s. 

5.4.4 Step 4: identification of the RSA design curves 

In step 4, the RSA design curves identifying the boundaries of the 
i-IIS behaviour zone are selected. Therefore, from the RSA curves in 
Figure 5.19a, those corresponding to the periods TP’0 = 0.48 s and TP’∞ 
= 0.62 s are selected. 

 
Figure 5.19. (a) RSA curves for Teq = {0.39, 0,48, 0.55, 0.62, 0.68, 0.73, 0.78, 0.83, 0.87, 

0.92, 0.96, 1.00, 1.03, 1.07, 1.10, 1.14, 1.17, 1.20, 1.23} s; (b) graph with i-IIS zone. 

5.4.5 Step 5: definition of i-IIS behaviour zone and prediction of 
nonlinear response 

In step 5, the i-IIS behaviour zone is identified, which provides the 
prediction of the LS nonlinear response.  

Figure 5.19b also provides the average of peak displacements 
obtained with the NTHAs (red stars markers) carried out on the A – E 
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configurations. Since the markers fall within or on the edge of the i-IIS 
behaviour zone in the whole range of isolation periods, IIS design 
spectra can be adopted in a preliminary design phase to select the 
isolation period corresponding to the required/desired response of the 
existing building that experiences inelastic behaviour. Therefore, the 
effectiveness and efficiency of the proposed design procedure also 
considering 3D FEM is here demonstrated. 

From Figure 5.19b it can be further observed that the range of 
isolation periods corresponding to the minimum displacement ratios 
(in the mass-damping zone) are almost the same for all the periods 
TLS, TP’0, and TP’∞. Hence, the IIS design spectrum built for a period 
equal TLS (undamaged structure) could be preliminary used to define 
the range of TISO that minimises the displacement ratio. However, as 
noted in subsection 5.1.1, this simplification is not recommended for 
small mass ratios for which the mass damping zone covers a small 
range of TISO values. In fact, in the case of IIS solution with a short 
isolation period, an amplification of the LS response could be achieved 
compared to the AS-IS configuration, i.e. the IIS configuration could 
belong to the zone of conventional vertical extensions. 
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6 Generalization of the 5-Block 
design procedure for IIS 
In this chapter, the 5-Block design procedure defined in chapter 3 

has been extended and generalised to assess the effectiveness of IIS 
working as a nonconventional TMD by accounting for the possible 
inelastic behaviour of the existing structure from the first phases of the 
design process [128]. For this aim, the stepwise procedure developed 
in chapter 5 to predict the inelastic response of the existing building 
through IIS design spectra has been included in the block 2 of the 
generalised proposed procedure. So-called ISO displacement spectra 
are also developed and included in the block 2 to identify the 
displacement of the isolation system by varying the isolation period. 

The flowchart of the generalised 5-block design procedure is 
depicted in Figure 6.1. More specifically: in block 1 the seismic 
behaviour of the LS is evaluated; in block 2 design solutions with IIS 
are explored by utilising simplified lumped mass models; in block 3, 
once selected the design configuration (one or more), the isolation 
system and the upper structure are designed; in block 4 the seismic 
behaviour of the IIS building is evaluated by adopting more refined 3D 
FE models; in block-5 the IIS effectiveness is evaluated by comparing 
the seismic response of the IIS configuration (one or more) to the 
counterpart of the reference AS-IS configuration.  

Since the generalization of the procedure mainly deal with the 
block 2, the relevant flowchart is provided in Figure 6.2 and is 
subdivided in three main parts: (1) prediction of the elastic or inelastic 
displacement of the existing building through the IIS design spectrum; 
(2) selection of the IIS design configuration (one or more); (3) 
derivation of the displacement of isolators through the ISO 
displacement spectrum. 
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Figure 6.1. Flowchart of the generalised 5-Block design procedure. 
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Figure 6.2. Flowchart of the Block 2 proposed design procedure. 

In the following sections, after the definition of the ISO 
displacement spectrum, design charts are also provided, varying the 
shape of code design spectra and the seismic hazard through a 
scaling factor. Making use of these design charts, the procedure is 
validated by developing some case studies and by comparing the RSA 
previsions to the numerical results of nonlinear time history analyses. 
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6.1 ISO design spectrum 

From the parametric RSA introduced in section 3.1.2, it is possible 
to obtain another useful design tool in chart form: the ISO design 
spectrum. 

The ISO displacement spectrum depicts the displacement of the 
isolation device (δISO), i.e., the difference between the relative 
displacement of the ISO mass (uISO) and the LS mass (uLS) in the 
2DOF IIS model (Figure 6.3a) by varying the isolation period. A typical 
curve, similar to the code displacement response spectrum, is plotted 
in Figure 6.3b. 

 
Figure 6.3. (a) 2DOF IIS model; (b) Typical ISO design spectrum. 

6.2 Design charts 

The IIS and ISO spectrum represented in plots of Figure 5.2, 
Figure 5.4, and Figure 6.3 can be used both to appreciate the 
behaviour of IIS in a wide range of isolation period, also varying the 
other design parameters TLS and µ, and as simplified tools within the 
design procedure here proposed for IIS buildings with inelastic lower 
structure. 

These plots have been obtained as results of a parametric RSA, 
carried out on the 2DOF IIS model, by assuming ξLS = 0.05 and ξISO = 
0.15, and by varying the major design parameters; in particular the 
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lower structure period, TLS, the isolation period, TISO, and the mass 
ratio, µ, have been varied within the following ranges: TLS = 0.39 – 1.23 
s; TISO = 0.1 – 5 s; µ = 0.05 – 2.  

The range of values for TLS is such to cover the periods of low-to 
medium rise existing buildings, with masonry or reinforced concrete 
structures, very common in European city; the value range chosen for 
TISO encompasses typical design values, while the values of µ account 
for the feasibility of vertical extensions of typical low-to-medium rise 
buildings.  

As reported in section 5.1.1, the code design spectrum adopted 
for the RSA used for constructing the charts in Figure 5.2 and Figure 
5.4 is the Type 1 spectrum of Eurocode 8 [50] at Life Safety level, 
characterized by 10% probability of exceedance in 50 years, and ag = 
0.1 g for soil type A. The CQC mode combination rule described by 
Sinha and Igusa in [83] is utilised to account for the nonproportional 
damping that characterises IIS configurations [22, 129] (see Appendix 
B).  

Since the procedure is based on RSA curves, which, in turn, 
strongly depend on the shape of the code design spectrum, an 
extension of the parametric analyses is here provided, for including the 
effect of the spectral shape, i.e. the soil factor, therefore for a wider 
generalization. The elastic response spectrum Sa(T) of Type 1, for 
which the surface-wave magnitude is larger than 5.5, varies as a 
function of: the seismic hazard, through the parameter ag, (PGA on 
rock soil); the soil type, through the parameter S; and the damping 
ratio of the structure, through the parameter η. The spectral shapes for 
the five soil types defined in Eurocode 8 are shown in Figure 6.4, for 
ag = 0.1 g and damping ratio equal to 0.05; the values of the soil factors 
for each type are also provided in the figure. 

Recalling that all the spectral curves start from Sa(T = 0) = ag x S, 
the spectral shape can be scaled as a function of the seismic hazard 
through a scaling factor ScF equal to ag/ag,0, with the subscript 0 
denoting a reference value of ag, e.g. 0.1 g. Then, exploiting the 
linearity of the dynamic problem, the same scaling factor can be 
utilized to scale the response values obtained for ag = 0.1 g. 

Design charts to construct IIS and ISO design spectra, and the limit 
points curves are provided in the following two subsections. 
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Figure 6.4. Type 1 elastic response spectra of Eurocode 8 for soil types A to E. 

6.2.1 IIS design spectra and limit points curves 

Regarding the IIS design spectra, design charts analogous to the 
ones of Figure 5.2a and Figure 5.4, are provided in Figure 6.5, Figure 
6.6 and Figure 6.7, for the five soil types of Eurocode 8, by varying the 
period of the existing building, here appointed as Teq, from 0.39 s to 
1.23 s. In Figure 6.5 and Figure 6.6, the IIS design spectra (or RSA 
curves) are shown for the five soil types, A to E, and for mass ratio µ 
equal to 0.25, 0.5, 1, and 2. Limit points curves are depicted in Figure 
6.7, for the same ranges of values of the design parameters. The 
surface plot previously reported in Figure 5.2a corresponds to the 
charts for Soil A and μ = 0.25 in Figure 6.5, while the surface plots 
previously reported in Figure 5.4 corresponds to the charts for Soil A 
in Figure 6.7. 

When the existing building works in the elastic field, the period Teq is 
equal to the period of the undamaged existing building, i.e., Teq = TLS, 
and the limit points are identified by the points P0 and P∞. When the 
existing building works in the inelastic field, the period Teq is equal to 
the period of the damaged existing building, and the limit points are 
identified by the points P’0 and P’∞. The procedure can be applied to 
existing buildings that, once extended, are expected to work either in 
the elastic or in the inelastic field, as briefly described in the following. 

Elastic building: For each couple of values Teq - µ and soil type of 
the reference site, the design charts are utilized to derive the 
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displacement of the lower structure both in the design configuration 
and as standalone. From the IIS design spectrum in Figure 6.5 and 
Figure 6.6, the designer can select the period TISO to derive the 
corresponding displacement of the lower structure. From the limit point 
curve P∞ in Figure 6.7, the user can derive the displacement of the 
existing building as standalone structure. The comparison of these 
displacements gives information about the effectiveness of IIS to 
protect the lower structure from seismic actions. 

Inelastic existing building: As discussed in the previous sections 
5.2, the nonlinear response of the existing building in the extended 
configuration can be predicted through IIS design spectra according to 
the proposed design procedure. Set the mass ratio µ and the soil type, 
the periods TP’0 and TP’∞ can be identified from Figure 6.7, by selecting 
the curves closest to the points (µ, 0P'u ) and (µ, P'u ∞ ) that, in turn, are 
derived from the results of nonlinear THA on the SDOF P’0 and SDOF 
P’∞ models. Then, the design curves can be identified from the IIS 
design spectra of Figure 6.5 and Figure 6.6, by selecting the RSA 
curves corresponding to Teq = TP’0 and Teq = TP’∞. 
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Figure 6.5. IIS design spectra for soil types A to E and mass ratios µ equal to 0.25, 0.5. 

Ordinate: uLS [cm], abscissa: TISO [s]. Legend: Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 
1.10, 1.17, 1.23} s. 
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Figure 6.6. IIS design spectra for soil types A to E and mass ratios µ equal to 1, 2. Ordinate: 

uLS [cm], abscissa: TISO [s]. Legend: Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 
1.17, 1.23} s. 
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Figure 6.7. Limit points curves for soil types A to E: (a) point P0; (b) Point P∞. Ordinate: uLS 

[cm], abscissa: μ [-]. Legend: Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 1.10, 1.17, 1.23} 
s. 

6.2.2 ISO design spectra 

As reported in section 6.1, from the parametric RSA results carried 
out to derive the IIS design spectra in Figure 6.5 and Figure 6.6, it is 
possible to derive the corresponding ISO design spectra (Figure 6.8 
and Figure 6.9).  
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Also in this case, from the ISO displacement spectra (or ISO 
design spectra) traced in Figure 6.8 and Figure 6.9 (rows: soil types, 
columns: mass ratios), the influence of the design parameters TLS and 
μ on the structural response can be noted. For example, still selecting 
the soil type A for µ = 0.25, the displacement δISO increases as TLS (i.e. 
Teq) increases in the range of TISO belonging to the mass damping 
zone; conversely, it decreases for longest values of TISO (i.e., in the 
perfect isolation zone). For the largest values of both TLS and μ, this 
reduction is mitigated, and the curve shape follows the shape of the 
code displacement response spectrum, as previously observed 
(Figure 6.3b). 

Once selected the design value of the isolation period TISO from 
the design charts of Figure 6.5 and Figure 6.6, the response δISO is 
obtained and it can be derived from the design charts of Figure 6.8 
and Figure 6.9. 
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Figure 6.8. ISO design spectra for soil types A to E and mass ratios µ equal to 0.25, 0.5. 

Ordinate: δISO [cm], abscissa: TISO [s]. Legend: Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 
1.10, 1.17, 1.23} s. 
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Figure 6.9. ISO design spectra for soil types A to E and mass ratios µ equal to 1, 2. 

Ordinate: δISO [cm], abscissa: TISO [s]. Legend: Teq = {0.39, 0.55, 0.68, 0.78, 0.87, 0.96, 1.03, 
1.10, 1.17, 1.23} s. 

6.3 Validation of the chart-based design procedure 

Case studies are here adopted to validate the generalization of the 
proposed design procedure (Figure 6.2). Twenty-one 2DOF IIS 
models (Figure 6.10) characterised by the same lower structure 
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(existing building with elastic or inelastic behaviour) and different 
configurations of the isolated vertical addition (µ = 0.5, TISO ∈ {0.05 - 
5} s) are developed. 

 
Figure 6.10. 2DOF IIS model for LTHA and NTHA. 

The RSA previsions derived from to proposed procedure are then 
compared to the results of linear or nonlinear THAs, depending on the 
behaviour of both degrees of freedom. The same spectrum adopted in 
the previous subsection is here chosen as target spectrum, i.e., Type 
1 spectrum of EC8 at Life Safety level, characterised by 10% 
probability of exceedance in 50 years, and ag = 0.15 g for soil type C. 
The set of seven spectrum-compatible ground motions defined in 
section 6.2 is here adopted for THAs. 

Due to the nonproportional damping that characterises the IIS 
configuration, the full populated damping matrix is adopted. For this 
reason, direct-integration time history analyses (both linear and 
nonlinear) are developed in SAP2000 [113]. For the linear 2DOF IIS 
model, both degrees of freedom are modelled with a linear spring and 
a dashpot in parallel (Figure 6.10). For the nonlinear 2DOF IIS model, 
in which the nonlinearities are assumed only in the lower structure, the 
latter is modelled with a multilinear plastic link (Figure 6.10); in 
addition, the NTHAs are performed by assuming a constant modal 
damping ratio equal to 0.02 as described in subsection 5.3.2.  

Dynamic properties of the 2DOF IIS model with elastic or inelastic 
lower structure, as well as the relevant analyses results, are provided 
in the following subsections 6.3.1 and 6.3.2.  
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6.3.1 Linear lower structure 

By assuming a linear LS, the 2DOF IIS model is the model shown 
in Figure 6.10. The dynamic properties of the lower structure are mass 
mLS, elastic stiffness kLS = 4π2mLS/TLS2, period TLS = 0.39 s, and 
damping ratio ξLS = 0.05. The counterparts of the isolated vertical 
extension are mass MISO = μ∙mLS, secant stiffness kISO = 4π2MISO/TISO2, 
period TISO, and damping ratio ξISO = 0.15. 

The IIS design spectra shown in Figure 6.11a are obtained from 
the design charts in Figure 6.5, by extracting the graph corresponding 
to the third row (soil type C) and the second column (μ = 0.5). Since 
the equivalent period of the existing building is Teq = TLS = 0.39 s, the 
IIS behaviour curve is the black curve (i.e., RSA curve for Teq = 0.39s). 
The twenty-one solutions are identified in Figure 6.11a with diamond 
markers, also showing the corresponding values of the displacement 
uLS that are obtained for the reference value ag,0 = 0.1 g. For ag = 0.15 
g, these values should be scaled through the scaling factor introduced 
in the section 6.2, i.e.: ScF = 0.15/0.1 = 1.5. As an example, for TISO = 
1 s, uLS = 0.86·1.5 = 1.29 cm. Similar operations are made in Figure 
6.11b and Figure 6.11c to select the values of uP0 and uP∞ 
corresponding to µ = 0.5., i.e.: uP0 = 1.72·1.5 = 2.58 cm (limit point P0) 
and uP∞ = 1.09·1.5 = 1.64 cm (limit point P∞). Let’s consider again TISO 
= 1 s, the ratio uLS/uP0 = 0.50 and the ratio uLS/uP∞ = 0.79; therefore, 
the vertical extension with IIS allows to reduce the displacement of the 
lower structure of the 50% than a conventional vertical extension and 
of the 21% than the AS-IS building. 

The Figure 6.12 shows the comparison between the predicted 
displacements of the lower structure (black curve with diamond 
markers), derived from Figure 6.11a, and the average values of the 
peak displacements ( LSu ) obtained from LTHAs with the seven 
records (blue circular markers). The lower tolerance and the RSA 
predictions obtained by assuming as response spectrum the average 
spectrum (average of the seven spectra of the seismic records, blue 
curve in Figure 5.8) are also considered. From Figure 6.12, the 
diamond markers are generally lower than the circular markers. 
Scatters between these markers depend upon the difference between 
the target spectrum and the average spectrum, and thus by the 
selection of the spectrum-compatible seismic records. In fact, the RSA 
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previsions obtained with the average spectrum almost perfectly match 
the LTHAs results. 

 
Figure 6.11. a) IIS design spectra for μ = 0.5 and Soil type C; b) Limit Points P0; c) Limit 

Points P∞. 

As done for the graphs in Figure 6.11, the ISO displacement 
spectrum can be derived from Figure 6.8 by extracting the chart 
corresponding to the third row (soil type C) and the second column (μ 
= 0.5), and by scaling the ordinates of the first curve (Teq = TLS = 0.39 
s) through the scaling factor ScF = 1.5. The resulting curve is depicted 
in black in Figure 6.13 and it is compared to the average values of the 
peak ISO displacements ( ISOδ ) obtained from LTHAs with the seven 
records (blue circular markers). The lower tolerance and the RSA 
predictions obtained by assuming as response spectrum the average 
spectrum are also considered. Similar observations as drawn from 
Figure 6.12 can be achieved. 
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Figure 6.12. IIS design spectra vs LTHAs. 

 
Figure 6.13. ISO displacement spectra vs LTHA. 

6.3.2 Nonlinear lower structure 

By accounting for the nonlinearity in the existing building, the first 
degree of freedom of the 2DOF IIS model is characterised by a bilinear 
behaviour, with normalized base shear strength Vy/W equal to 0.13 
(with W seismic weight), and normalized top displacement at yielding 
dy/H equal to 0.078% (with H building height). The isolated vertical 
addition is characterised by the same dynamic properties adopted in 
the previous subsection (Figure 6.10). 

The cyclic response of the existing building under seismic action 
is described by a pivot-type model [105] (for an unreinforced masonry 
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structure, the control parameters are α1 = α2 = β1 = β2 = 0.45 and ηPivot 
= 0 [106, 107]). 

The nonlinear response of the existing building is predicted 
according to the stepwise procedure (section 5.2): 

• Step 1: SDOF models P’0 and P’∞. Mass of models: for P’0, 
mP’0 = (1+µ) mLS, for P’∞, mP’∞ = mLS. 

• Step 2: NTHAs of SDOF models P’0 and P’∞. Results in 
terms of average of the peak displacements,

0
'Pu  = 5.46 cm 

and 'Pu
∞

 = 3.61 cm. 
• Step 3: identification of TP’0 and TP’∞. Using charts μ - uLS 

(third row in Figure 6.7), for different equivalent periods Teq, 
the curves closest to the points (μ, 

0
'Pu ScF ) ≡ (0.5, 3.64) 

and (μ, 'Pu ScF
∞

) ≡ (0.5, 2.41) correspond to Teq = TP’0= 
0.68 s and Teq,∞ = TP’∞ = 0.55 s (Figure 6.14). 

• Step 4: selection of RSA curves. Using charts TISO - uLS 
(third row and second column in Figure 4), for different 
equivalent periods Teq, the two curves corresponding to 
TP’0= 0.68 s and TP’∞ = 0.55 s are selected (depicted in black 
in Figure 6.15a). 

• Step 5: definition of i-IIS behaviour zone and prediction of 
nonlinear response. The i-IIS behaviour zone is obtained as 
the region bounded by the two RSA curves identified by 
equivalent periods TP’0= 0.68 s and TP’∞ = 0.55 s; these 
curves are obtained by scaling the black curves in Figure 
6.15a through the scaling factor ScF = 1.5 (Figure 6.15b). 

The Figure 6.15b also shows the average of peak displacements 
obtained with the NTHAs (red circular markers). Since the markers fall 
within the i-IIS behaviour zone in the whole range of isolation periods, 
IIS design spectra can be adopted in a preliminary design phase to 
select the isolation period corresponding to the required/desired 
response of the existing building. 

Charts TISO - δISO (third row and second column in Figure 6.8) are 
used to select the ISO displacement spectrum built for TLS = 0.39 s 
(Figure 6.16), which ordinates are scaled by ScF = 1.5. Other IIS 
design spectra, constructed with the average spectrum and different 
periods (TLS = 0.39 s, TP∞ = 0.55 s, TP0 = 0.68 s) are also provided in 
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the figure for comparative purposes. The ISO displacement spectrum 
with average spectrum built for TLS = 0.39 s provides results that, 
though with some scatters, follows the trend outlined by markers. 
Furthermore, minor scatters are detected between the target spectrum 
and this average spectrum (e.g., for TLS = 0.39 s) in the mass damping 
zone where the minimisation of the response of the existing building 
can be obtained. In general, these results prove that the ISO 
displacement spectra allow a good response prediction in a 
preliminary design phase. 

 
Figure 6.14. Step 3 of i-IIS stepwise design procedure: a) Limit point P’0, a) Limit point P’∞. 

 
Figure 6.15. a) Step 4 of the i-IIS stepwise design procedure, b) step 5 of the i-IIS stepwise 

design procedure vs. NTHAs. 
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Figure 6.16. ISO displacement spectra vs. NTHAs. 

6.4 Commentary on the design process for the 
vertical extension of existing buildings through 
IIS 

The design process for vertically extending existing buildings 
through intermediate isolation is subject to the satisfaction of some 
requirements that are here discussed. 

An essential requirement for the vertical extension of existing 
buildings is the check on an adequate overstrength of the structure for 
bearing the increase of gravity load due to extra-floors. Consequently, 
masonry structures are particularly suitable for this purpose for two 
main reasons: (i) relatively large compression capacity; (ii) stabilizing 
effect of the extra gravity under lateral actions. In well-designed 
masonry buildings, the compression strength demand to capacity ratio 
is usually quite low, between one fifth and one tenth [130, 131]; hence, 
this structural type is more than likely able to accommodate the 
additional compression forces due to the vertical extension. In prone-
earthquake zones, masonry structures, which have poor tension 
resistance, can benefit from extra gravity loads; in fact, the local 
demand in terms of tensile stresses arising in the walls for bending 
and shear effects can be reduced or even counteracted. By erecting 
the new addition through intermediate isolation, a further improvement 
of the masonry behaviour can be obtained by exploiting the mass 
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damping effect, for which the global seismic response on the existing 
structure can be also reduced. For these reasons, in the previous 
chapter is adopted an Italian masonry buildings as case studies to be 
extended through IIS, i.e.: an aggregate of three masonry buildings of 
two stories built in the 16th century. 

The number of stories and the structural type of the new addition 
are generally known, therefore also the mass of the upper structure 
and, consequently, the mass ratio µ (initially neglecting the mass of 
the isolation system) are known. Hence, the period of the upper 
structure as standalone, TUS, only varies as a function of the stiffness 
of the structure. The stiffness can be derived to satisfy two design 
requirements: (i) upper structure rigid with respect to the isolation 
system; (ii) higher modes of lower and upper structures not coupled. 
As reported in section 2.1, these requirements, assumed a priori by 
adopting a 2DOF IIS model, can be satisfied by introducing some 
period ratios as design parameters. The first parameter is the ratio 
TISO/TUS that should be larger than 3 to satisfy the first requirement [92, 
93]. The second parameter is βh = (TLS/TUS) (1 + mUS/mISO)0.5 that is a 
function of the period ratio TLS/TUS [28, 57]. To satisfy the second 
requirement, the ratio βh should differ from values between 0.85 and 
1.15, or the ratio Tr = (TLS/TUS) should be larger than 0.5 [20]. Once 
defined the isolation period, the only design variable in both ratios is 
the period TUS that can be modified by acting on the stiffness of the 
upper structure. For example, by considering TLS between 0.3 and 0.5 
s (typical range for 2-4 story masonry buildings) and TISO = 1 s, for TUS 
= 0.30 s the ratio TISO/TUS is equal to 3.33 (greater than 3) and the ratio 
TLS/TUS varies between 1.00 and 1.67 (in both cases greater than 0.5). 
When the upper structure is not enough rigid with respect to the 
isolation system, say TUS = 0.5 s and TISO/TUS = 2, with a steel braced 
frame solution for the upper structure, the lateral stiffness can be easily 
increased by adjusting properly the diagonals’ cross sections. The 
total mass of the isolated upper structure, MISO = mUS + mISO, can be 
approximately estimated as follows. The mass of the upper structure, 
mUS, can be calculated as a function of the unit structural weight (w), 
the number of extended storeys (nef), and the floor area (Af), i.e. mUS 
= w x nsf x Af (e.g. for a steel US, w = 7 kN/m2). Considering the values 
derived both from some actual isolated buildings [7] and from the 
relevant literature [91 – 93], the mass of the isolation system, mISO, 
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can be assumed equal to two-thirds of the single floor mass of the 
fixed-base US, i.e. mISO = 2/3 mUS,n. 

Chosen an isolation system made of high damping rubber 
bearings, the damping ratio ξISO is almost set (it usually varies between 
0.1 and 0.15); therefore, the properties of isolators vary only as a 
function of the isolation period TISO. In IIS applications for retrofit 
interventions, some aspects should be considered: tensile stresses in 
isolators and values of the isolation period quite small for maximizing 
the mass damping effect. The number of storeys to raise generally 
varies between 1 and 3, therefore the compression stress on each 
isolator could be not enough to counteract tensile stresses due to 
lateral actions. Short isolation periods (i.e. around 1 s) lead to quite 
rigid isolators. To overcome these issues, a smaller number of 
isolators could be adopted. For this aim, a transfer structure could be 
realized to collect the gravity load of different columns in few isolators. 
This is the trend usually followed in tall buildings with intermediate 
isolation [13, 30, 39, 132 – 135] as well as in base isolated buildings 
of new generation [95, 96]. At the same time, the adoption of few, 
highly loaded, isolators overcomes a further aspect not explicitly 
addressed in this thesis: since in IIS applications for retrofit the number 
of floors to be added is limited, the mass of the upper structure is 
relatively small, and it could lead to an increase in the sensitivity of the 
system's response to the vertical component of the earthquake. 

Generally, the isolation system is composed by different types of 
devices, i.e. isolators and dampers (see Appendix A). Hence, the 
damping ratio cannot be set a priori. The optimal value of ξISO could be 
chosen by considering several optimization procedures adopted in 
literature (e.g. [60]), or by adopting the simplified procedure suggested 
in Appendix D. The design displacement of the isolation system can 
be accurately predicted from the ISO design spectrum. However, this 
displacement can be also calculated – with a certain approximation – 
by adopting the Standard Design Spectrum at the base, as done in 
base isolated structures, or by a Standard floor Design Spectrum. In 
fact, in the common design practice for BISs, the design displacement 
of the ISO system (δISO,u) is initially assumed equal to the value 
obtained from the Standard Design Spectrum at the base (Sd) and is 
subsequently updated through more refined analyses on the 3D FEM 
of the whole BIS building (δ� ISO). However, several standards [50, 94] 
suggest to adopt an iterative procedure until the difference between Sd 
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and δ� ISO does not exceed 5% of Sd. Hence, the more accurate the 
value of δISO in the initial design phase, the smaller the number of 
iterations. To limit the number of iterations in the case of IIS 
configurations, it is suggested to use the ISO design spectrum, which 
is able to simultaneously grasp both the effects of mass damping and 
deformability of the lower structure. Hence, known the design value of 
the isolation period, the displacement of the isolation system can be 
estimated – on the safe side – as the maximum value among the 
displacement values obtained from the ISO design spectra built for 
equivalent periods equal to TLS, TP’0, and TP’∞. 
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7 IIS and ISO design spectrum: 
close-form relationship 
through Pole Allocation 
Method (PAM) 
In the previous chapters, a design procedure for IIS buildings was 

described based on the adoption of two key design tools, which are 
able to predict the IIS response through linear RSAs: the IIS and ISO 
design spectra. 

However, due to the particularity of the IIS building, i.e. it is a non-
classically damped system (see section 3.2), the RSA is performed in 
the complex field with the modified CQC modal superposition method 
[83, 109]. 

Consequently, these two design tools are not easily derived and 
their implementation in the current standard framework is very difficult. 

Therefore, in this chapter in order to facilitate the dissemination of 
the IIS and ISO design spectra, i.e., of the proposed design procedure, 
closed-form relationships have been derived for them. These 
relationships are here derived through the application of the Pole 
Allocation Method (PAM) on a 2DOF IIS model in a similar way as 
done by Ikeda in [70, 71] on a 3DOF model. Through the PAM, the 
damping ratio values for the first two vibration modes are first obtained 
in closed-form and then through the RSA with the classical CQC modal 
superposition method the closed-form relationships for IIS and ISO 
design spectrum are obtained. 

Consequently, the simplification of developing RSAs with the 
classical CQC instead of the modified CQC leads to a limitation in the 
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use of the closed-form relationships. in fact, they can be used for ISO 
damping ratio values not too large. 

7.1 PAM for IISs 

Recently, as previously mentioned, Ikeda [70, 71] has also 
proposed the application of PAM to passive vibration control systems 
(i.e., open-loop systems) in order to derive useful closed-form 
relationships between modal and design parameters of the system. In 
fact, to allocate the poles of a system means to assign specific natural 
frequencies and damping ratios to each degree of freedom of 
controlled system, varying its modal characteristics consequently. 
Therefore, through this operation, Ikeda has derived the useful closed-
form relationships between the dynamic parameters of the controlled 
system and the modal parameters. 

In particular, since the system is open-loop in this case, feedback 
gains are absent. Consequently, target parameters for the whole 
structure (i.e., natural circular frequencies and damping ratios at each 
vibration mode of the system) must be defined that can be achieved 
by changing the structural design parameters (i.e., natural circular 
frequencies and damping ratios of each degree of freedom of the 
system). 

In order to apply PAM to a system with passive vibration control, 
we consider the 2DOF IIS model in Figure 2.1c, the motion equations 
have already been written in the chapter 2 (Eq. (2.11)). However, for 
analytical convenience they are rewritten here in the state space: 
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Next, we can substitute Eqs. (2.14), (2.20) – (2.23) in Eq. (7.1) 
yielding: 
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To perform the PAM, it is convenient to rewrite the system of Eq. 
(7.2) applying the Laplace transformation (Eq. (2.31)), and setting the 
values of the initial conditions equal to zero as done in section 2.2: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )g g gt t u t s s U s - s s U s= − → = − → =A b A b A I bu u sU u U 

   (7.3) 
 

The characteristic equation of IIS can be calculated from Eq. (7.3), 
as also reported in [99]: 
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Eq. (7.4) is the characteristic equation of system matrix A and its 
roots are the poles of the transfer functions Gug, 2DOF IIS (s) (see section 
2.2 and [99]). Considering the determinant in polynomial form, the Eq. 
(7.4) can be rewritten as follows: 

( )
{ }
( )

+ + +

+ + + +

+ + + =

4 3

2 2 2 2

2 2 2 2

2
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2 0

ISO ISO ISO ISO LS LS

ISO ISO LS ISO LS ISO LS

ISO ISO LS LS LS ISO ISO LS

s ξ ω μξ ω ξ ω s

ω μω ω ξ ξ ω ω s

ξ ω ω ξ ω ω s ω ω

 (7.5) 

 

Eq. (7.5) is called the characteristic equation of IIS system and 
gives two sets of conjugate poles. In simplified and symbolic form, they 
can be rewritten as: 

( ) ( )2 2
1 2 0,D ,Ds λ s λ−⋅− =   (7.6) 

 

where λi,D denotes i-th eigenvalue of A matrix. 

Thus, through the PAM we can move the poles relative to 
eigenvalues λ1,D and λ2,D independently, i.e. we can define a system 
having two new eigenvalues, λ1,M and λ2,M (Figure 7.1). 
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Figure 7.1. Poles in s-plane: (a) of IIS; (b) for PAM; (c) after PAM 

The target equation will have the same form as Eq. (7.6) but the 
eigenvalues λ1,D and λ2,D are replaced by the eigenvalues λ1,M and λ2,M 
respectively: 

( ) ( )2 2
1 2 0,M ,Ms sλ λ− ⋅ − =   (7.7) 

Notably, in the first parenthesis of Eq (7.7) there is the eigenvalue 
associated with the first vibration mode of system, so the whole 
parenthesis can be considered as the characteristic equation of an 
SDOF system representative of the first vibration mode only. 
Therefore, the characteristic equation of this system, as reported in 
[99], is equal to the following expression: 

=+ +2 2
1 1 12 0ξ ω ωs s  (7.8) 

 

In Eq. (7.8), ξ1 and ω1 denote the first-mode damping ratio and the 
first-mode circular natural frequency, respectively. The same 
consideration just made for the first vibration mode can be made for 
the second vibration mode, hence, Eq. (7.7) becomes: 

( ) ( )⋅+ + + +2 2 2 2
1 1 1 2 2 22 2s s s ξ ωsξ ω ω ω  (7.9) 

 

where ξ 2 and ω2 are the second-mode damping ratio and the second-
mode natural circular frequency, respectively.  

Therefore, the two eigenvalues, λ1,D and λ2,D, are a function of the 
IIS design parameters (i.e., ωLS, ωISO, ξLS, ξISO and μ), whereas the two 
eigenvalues, λ1,M and λ2,M, are a function of the IIS modal properties 
(i.e., ω1, ω2, ξ1 and ξ2). 
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Eq. (7.9) is called the target characteristic equation (or 
characteristic equation for Pole Allocation), and in order to facilitate its 
comparison with the characteristic equation of IIS (Eq. (7.5)) it is 
rewritten below in extended form: 

( ) ( )
( )
+ + + + +

+ + + =

4 3 2 2 2
1 1 2 2 1 1 2 1 2 2

2 2 2 2
2 1 2 1 1 2 1 2

2 4

2 0

s ξ ω ξ ω s ω ξ ξ ω ω ω s

ξ ω ω ξ ω ω s ω ω
 (7.10) 

 

In order to apply the pole allocation method, we consider the poles 
of Eq. (7.5) in the complex eigenvalues plane should coincide with the 
poles of Eq. (7.10) (Figure 7.1c); under practical circumstances, this 
result is obtained by matching Eq. (7.5) and Eq. (7.10), which yields 
the following parameter relationships: 

+ + = +1 1 2 2ISO ISO ISO ISO LS LSξ ω μξ ω ξ ω ω ξ ω ξ   (7.11) 
 

+ + + = + +2 2 2 2 2
1 1 2 1 2 24 4ISO ISO LS ISO LS ISO LSω μω ω ξ ξ ω ω ω ξ ξ ω ω ω   (7.12) 

. 

+ = +2 2 2 2
2 1 2 1 1 2ISO ISO LS LS LS ISOξ ω ω ξ ω ω ξ ω ω ξ ω ω   (7.13) 

 

=2 2 2 2
1 2ISO LSω ω ω ω   (7.14) 

 

Dividing Eq. (7.13) by Eq. (7.14) yields the following trade-off 
relationship: 

1 2

1 2

ISO LS

ISO LS

ξ ξ ξ ξ 
ω ω ω ω

+ = +  (7.15) 
 

The same important trade-off relationship has been derived in [70] 
for a 3DOF IIS and with greater generality in [71] for a multi-lumped-
mass stick-shape shear system. 

From Eq. (7.15), it is possible to derive the value of ξ2: 

 + − =
 

1
2 2

1

ISO LS

ISO LS

ξ ξ ξξ   ω
ω ω ω

  (7.16) 
 

Substituting Eq. (7.16) into Eq. (7.11), the value of ξ1 is derived: 

+ + = + + − 12 2 2
1 1 2 2 2
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  (7.17) 
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From Eq. (7.18), it is possible to observe the dependence of ξ1 
upon seven parameters: ωISO, ωLS, ξISO, ξLS, ω1, ω2 and μ. However, 
considering that the values of natural circular frequencies for the two 
vibration modes are, even for large damping values, close to the 
natural circular frequencies of the undamped system, ω1,und and ω2,und 
for the first and second mode, respectively, it is possible to assume 

1 1,undω ω≈  and 2 2,undω ω≈ . 

The values of the circular natural frequencies for the undamped 
2DOF system are derived by solving the well-known eigenvalue 
problem given below: 

( )2 0undω =− ⋅K M ψ  (7.19) 
 

The matrices M and K shown in Eq. (7.19) are the mass and 
stiffness matrices of the undamped 2DOF system, respectively; and 
are equal to the corresponding mass and stiffness matrices for the 
damped 2DOF system reported in Eq. (2.11). 

Then, from Eq. (7.19) it is possible to derive the characteristic 
equation for the undamped 2DOF system: 

2
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ISO ISO ISO und

k k m ω k
k k M ω

+ − −
=

− −
 (7.20) 

 

Considering Eqs. (7.4), (7.8) and (7.11) it is possible to write Eq. 
(7.20) as follows: 

2 2 2 2

2 2 2 0LS ISO und ISO

ISO ISO und

ω μω ω μω
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+ −
− −

=
−  (7.21) 

 

Finally, it is possible to express Eq. (7.21) in polynomial form: 

( ) ( )− + + + =
22 2 2 2 2 2 2 0und ISO LS ISO und LS ISOω μ ω ω ω ω ω ω  (7.22) 
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From Eq. (7.22), the closed-form relationships for ω1,und and ω2,und 
are easily derived for an undamped 2DOF system and are shown 
below: 

=
− −2 2 2
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+ += 2 2 2
1 ISO LS ISOd μω ω ω  (7.25) 

 

Therefore, ξ1 can be estimated as a function of five parameters, 
ωISO, ωLS, ξISO, ξLS and μ; but considering that the parameters of the 
lower structure and the mass ratio, ωLS, ξLS and μ, are generally known 
in practical design, it is possible to reduce the number of design 
parameters to two, ωISO and ξISO. 

In the same way as the value of ξ1, the value of ξ2 can be derived: 
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7.2 Closed-form of IIS design spectrum 

A design procedure for the vertical extension of existing buildings 
through intermediate isolation system is defined and applied in the 
previous chapter and in several papers [22, 126, 136 – 138]. The key 
tool of the procedure is the so-called “IIS design spectrum” (Figure 
5.1). 

In Figure 5.1 is shown the typical trend of the IIS design spectrum. 
The plot provides the results of Response Spectrum Analysis (RSA) in 
terms of displacement at the top of the lower structure (uLS) in the IIS 
configuration varying the period of the isolation system (TISO = 
2π/ωISO). In addition, in Figure 6.3 is depicted the typical trend of ISO 
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design spectra, where the RSA results are plotted in terms of ISO 
displacement (δISO) as the isolation period varies. 

In particular, the IIS and ISO design spectrum can be derived by 
means of a linear response spectrum analysis (RSA) on the 3DOF 
model in Figure 2.1a or on the 3DOF model in Figure 2.1c, considering 
as a modal superposition method the classical CQC suggested by 
several standards [50, 94], or by adopting a modified CQC [83] as 
reported in the previous chapter and papers [22, 126, 136 – 138]. 

In this chapter, in order to derive the closed-form solution of the 
IIS design spectra, an RSA has been conducted on the 2DOF IIS 
model (Figure 2.1c). In the analysis, the modal amplitude at first DOF 
(ψi,LS) and participant mass factor (γi) values at i-th mode of the 
undamped system have been taken into account, as they are 
approximately equal to the corresponding values of the damped 
system. 

The values of ψi,LS and γi for the undamped 2DOF system, 
evaluated considering the modal amplitude at the second mass (ψISO) 
equal to 1, are given as follows: 
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= −
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In order to calculate the displacement of the first mass (uLS) 
through CQC modal superposition method, it is necessary to introduce 
the spectral acceleration, Sa,i (ωi, ξi), and the corresponding spectral 
displacement, Sd,i (ωi, ξi). These two terms are a function of the natural 
circular frequency and the damping ratio of the i-th vibration mode. 

( ) ( )
= 2

a,i i i
d ,i ,LS i i i i ,LS

i

S ω ξ
ξ ψ

,
γ,S ω

ω
 (7.29) 

 

= =

= ∑∑
2 2

1 1
LS ij d ,i ,LS d , j ,LS

j i

u   ρ S S  (7.30) 
 

where: 
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From Eq. (7.30), it is possible to derive the IIS design spectra in 
terms of displacement, since ωLS, ξLS and μ values are usually known 
in design applications. Moreover, if the isolation devices to be adopted 
are chosen, the value of the damping ratio for the isolation system is 
also fixed, and Eq. (7.30) becomes a function of ωISO only. Indeed, 
from Eq. (7.18) and Eq (7.26) it is possible to identify the damping 
value to be assigned to the isolation system in order to derive a target 
value for ξ1 and ξ2, respectively. 

7.3 Closed-form of ISO design spectrum 

As introduced in the previous subsection, similarly to the IIS design 
spectrum, it is possible to derive the isolator displacement spectrum 
(or ISO design spectrum) (Figure 6.3a), which provides the relative 
displacement between the masses of the 2DOF IIS (δISO) (Figure 
6.3a), representative of the isolator displacement demand. Indeed, 
considering that ψISO = 1, it can be derived: 
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= −ISO LSISO uδ u  (7.35) 
 

It is possible to note that the ISO design spectra, derived from Eq. 
(7.35), takes into account both the mass damping effect and the 
deformability of the lower structure. 
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7.4 Comparison of predicted response with design 
spectra and results of LTHA 

The design spectra identified in the previous section provide a 
response prediction of both the lower structure and the isolation 
system in IIS. Therefore, they are useful support for the designer, 
particularly in the initial design phase, when it is necessary to select 
the optimum design parameters for the IIS. 

In order to verify the accuracy of the 2DOF IIS model predicted 
response obtained through the close-form relationship for design 
spectra a case study is selected. For this case study, the following 
have been compared: the design spectrum by proposed closed-form 
(referred to as closed-form RSA) vs. the design spectrum by the 
complex RSA and modified CQC [83], i.e., as derived in the previous 
chapters (referred to as complex RSA) vs. the design spectrum by 
classical CQC for undamped system and fixed value of spectral 
damping, i.e., ξ = 0.05 (referred to as classical RSA) vs. the results of 
LTHAs. 

For the selected case study, the values of the design parameters 
are as follows: 

TLS = 0.39 s 

ξLS = 0.05 

ξISO = 0.15 

μ = 0.38 

In particular, the LTHAs have been carried out on a 2DOF IIS 
model, with natural circular frequency equal to ωISO and damping ratio 
(ξISO) equal to 15% adopted for the isolation system. 

For the analyses, seven ground motion records have been 
selected from SIMBAD database [121] by means of the software 
REXEL v 3.5 [120] (Figure 7.2a, Table 7.1), the records are such that 
their average acceleration spectrum matches the target spectrum with 
tolerance +30% and -10% in the periods range 0.15 - 2 s. The target 
spectrum is the elastic acceleration response spectrum defined by the 
Italian seismic design code [94] for the site with peak ground 
acceleration equal to 1.62 m/s2 and C soil class at the Design Basis 
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Earthquake (DBE) level, characterised by 10% probability of 
exceedance in 50 years (return period of 475 years) and 5% of 
damping ratio value. The Italian seismic design code [94] It states that: 
“Spectra defined in this way can be used for structures with a 
fundamental period less than or equal to 4.0 s. For structures with 
higher fundamental periods, the spectrum must be defined by 
appropriate analyses or the seismic action must be described by 
means of time histories of ground motion.”; therefore, it provides 
indications for the construction of acceleration spectra up to T = 4 s. 
As a consequence, the same relationship between Sa and T valid for 
periods T > TD was chosen in the previous chapters, implying a 
constant spectral displacement value for T > TD up to 5s. 

However, in this chapter, a constant value of the spectral 
acceleration has been assumed in the period range, 4 - 5 s, equal to 
the spectral acceleration at T = 4 s. This decision derives from the 
observation made on the ISO design spectrum in the previous chapter. 
In fact, if the spectral displacement value is constant for T > TD, a high 
difference with the average spectrum is obtained; whereas, as can be 
seen in Figure 7.2b, by adopting this type of target spectrum, the 
distance between the average spectrum and the target spectrum is 
reduced.

 
Figure 7.2. Set of seven response spectra in terms of: (a) acceleration; (b) displacement. 
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Table 7.1. Major data of seven spectrum-compatible acceleration records. 

Earthquake 
name EN1 EN2 EN3 EN4 EN5 EN2 EN6 

Date 25/07/ 
2003 

29/05/ 
2012 

13/06/ 
2011 

15/10/ 
1979 

03/09/ 
2010 

20/05/ 
2012 

17/01/ 
1994 

W. ID 34 313 389 442 330 311 458 
E. ID 15 133 149 89 137 132 99 

S. ID MYG01
0 SAN0 RHSC AEP DSLC MRN ST_240

87 

F. M. reverse reverse reverse strike-
slip 

strike-
slip reverse reverse 

Epi. Dist. 
[km] 9.93 4.73 14.76 2.31 13.31 13.36 11.02 

PGA [g] 0.20 0.22 0.19 0.26 0.24 0.26 0.34 
EC8 S.C. C C* C* C C* C C 
vs,30 [m/s] 279 n.a. n.a. 274.5 n.a. 208 298 

Note: site class with * is based on geological information alone. 
Key: EN1 = N Miyagi Prefecture; EN2 = EMILIA_Pianura_Padana; EN3 = Christchurch; EN4 
= Imperial Valley; EN5 = Darfield; EN6 = Northridge; W. ID = Waveform ID; E. ID = 
Earthquake ID; S. ID = Station ID; F. M = Fault Mechanism; Epi. Dist = Epicentral Distance; 
S.C. = Site Class; n.a. = not available. 
 

Figure 7.3 shows the comparison among: results of RSAs with 
classical CQC modal superposition method, obtained by Eq. (7.30) 
(dashed grey line); results of RSAs with modified CQC modal 
superposition method, obtained considering as input both the target 
spectrum (black line) and the average spectrum (blue line); results of 
classical RSAs for undamped system with 5% of spectral damping 
(brown line); and results of the LTHAs (orange circular marker). From 
the comparison, it can be seen that the IIS design spectra obtained 
with the closed-form relationship and the modified CQC modal 
superposition rules are identical, since with the application of the pole 
allocation method considers the full damping matrix and the isolation 
damping isn’t very high. 

Furthermore, considering the lower and upper bounds for the 
compatibility of the average spectrum with the target spectrum 
(dashed and dotdash black lines, respectively) or the same average 
spectrum (blue line) as input of the RSAs, the response prediction 
provided by the IIS design spectrum is quite good. In addition, the 
response spectrum analysis indicated with classical RSA shows a high 
difference with the remaining RSA curves in the short-to-medium 
period zone, whereas it matches the complex RSA curve by target 
spectrum for long period values. 
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Figure 7.3. IIS Design spectra vs LTHA. 

Figure 7.4 shows the comparison among the different isolation 
displacement spectra and the LTHAs results. Also in this case, the 
spectrum obtained with closed-form coincides with the spectrum 
obtained with complex CQC by target spectrum. The LTHAs results 
are close to the upper limit (target spectrum increased by 30%) for all 
structural configurations except for the case of TISO = 4 s, where a 
larger scatter is observed between the LTHA result and the upper limit. 
The RSA analysis with the average spectrum still provides a good 
estimate of the IIS structural response. The classical RSA is in 
agreement with the complex RSA by target spectrum for medium-long 
isolation periods. 

 
Figure 7.4. Isolator displacement spectra vs LTHA. 
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7.5 Comparison of RSA curves with classical CQC 
and modified CQC 

The aim of the proposed procedure is to provide a simple tool for 
users to explore IIS design solution with small computational burden 
and time effort for deriving IIS and ISO design spectrum. Hence, 
although the IIS is characterised by non-proportional damping (see 
Appendix B), the classical CQC modal superposition method is utilised 
to derive the response uLS and δISO rather than the complex analysis, 
as done in the previous chapters. Nevertheless, for sake of 
completeness, the comparison between the IIS design spectrum 
obtained with the proposed closed-form relationship and with the 
complex analysis is provided in Figure 7.5 by adopting the following 
values of the design parameters: μ = 0.38, ξLS = 0.05, TLS = 0.39, ξISO 
= [0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50]s. 

As the value of ISO system damping ratio increases, from the 
Figure 7.5 it can be seen that the distance between the two RSA 
curves becomes greater in the mass-damping zone. The latter result 
was predictable since in the mass damping zone the period value at 
the first and second modes are close to each other and as reported in 
[83, 139] the modal coupling effect (see Eq. (B.2) in Appendix B) is 
maximum and consequently the analysis to be performed must take 
into account the whole damping matrix and the interaction effect 
between modes through the modified modal superposition rule.  

In particular, if we compare the correlation coefficients proposed 
by the classical CQC (Eq. (7.31)) and the modified CQC provided by 
Eq. (B.8) in Appendix B and which is given below for brevity: 
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The only difference is the term ceij that takes into account the 
phase difference between the modal response coefficients and thus 
considers the correlation effect of the phase. 
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Therefore, in the closed-form relationship, the ceij term was 
assumed null, neglecting the correlation effect of the modes on the 
structural response. This approximation, as observed in Figure 7.5, 
leads to a prediction error in the IIS response that can be significant 
for high ξISO values. However, in order to identify the error committed 
with classical CQC when the ISO damping ratio and mass ratio vary, 
i.e. what is the domain of the proposed closed-form relationship, 
Figure 7.6 shows the percentage change between the minimum points 
of the RSA curves with classical and modified CQC when the ISO 
damping ratio varies. 

In addition, four different mass ratios have been considered, i.e. μ 
= [0.1, 0.38, 1, 2], where it can be observed that with the exception of 
the smallest mass ratio, μ = 0.1, the percentage change is 
approximately the same for the other mass ratios, i.e. μ = [0.38, 1, 2], 
when ξISO is less than 0.35. Moreover, in the latter case, the 
percentage change is less than 12/13%. Therefore, we can conclude 
that the proposed closed-form relationship can be used up to values 
of ξISO = 0.35, where the error in the prediction of the structural 
response is still small. 
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Figure 7.5. RSA curves obtained through complex analysis vs closed-form relationships for 

ξISO = [0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50]. 

From Figure 7.6 it can be seen that, the two RSA curves are 
almost overlapped for values of ξISO smaller then 0.4; instead for 
greater values of ξISO the gap between these curves increase and it is 
focused only in the mass damping zone. In this case the results 
provided with the proposed closed-form relationship are not on the 
safe side. However, the IIS application proposed in this thesis are 
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characterized by ISO system composed of HDBR isolators, for which 
the damping ratio ξISO is much smaller than 0.4 (say, 0.1 - 0.15). 

 
Figure 7.6. percentage change (Δ) between minimum values of complex RSA vs. closed-

form relationship. 

it is possible to observe that this result is also in agreement with 
the results reported in [83], where with reference to an eleven-storey 
base isolated building it is suggested to evaluate the system response 
with the modified CQC when the first-mode damping ratio exceeds 
25%. In fact, considering the 2DOF IIS model with ξISO = 0.38, Figure 
7.7 shows its IIS design spectrum and the corresponding trend of 
modal damping ratios and modal periods. In this Figure, it can be seen 
that the greatest differences between the RSA curve obtained with 
classical CQC and the modified CQC occur when the values of the 
periods (or frequencies) of the two modes are close to each other, i.e. 
for TISO = 0.5 - 1s, and the damping ratio at the first mode is around 
25%. Furthermore, it is also noticeable that the modal damping and 
period values evaluated with the closed formulae introduced in the 
previous sections, Eqs. (7.18), (7.26) and Eqs. (7.23), (7.24) 
respectively, are equal to the corresponding values evaluated through 
the complex analysis suggested by [83, 109]. Consequently, the 
difference between the RSA curves shown in the figures is a function 
of the different modal superposition method utilised. 
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Figure 7.7. RSA curves and modal propriety of 2DOF IIS (μ = 0.38, ξLS = 0.05, TLS = 0.39s, 

ξISO = 0.38). 
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8 IIS for existing irregular 
buildings 
The retrofit of existing structures through Base Isolation System 

(BIS) has been suggested since the beginning of BIS history. It has 
been widely proposed for old reinforced concrete structures with poor 
seismic capacity [140], but also for monuments, historical churches 
and building cultural heritage [141, 142]. A noteworthy advantage of 
BIS is that, in addition to reducing the seismic demand on the existing 
structure up to levels comparable with poor capacities, a more regular 
behaviour can be obtained for structures characterised by stiffness 
distribution eccentric with respect to the masses [143]. Once 
introduced at the base of the building, indeed, the isolation system 
completely governs the dynamics of the isolated structure. Therefore, 
if the centre of the shear stiffnesses of the isolators matches the 
centroid of the floor masses of the building structure, then the 
behaviour of the system is regularized, being characterised by 
uncoupled modes, simple translation along each of the two orthogonal 
directions and rotation around the vertical axis. In the retrofit of existing 
structures through IIS, a vertical extension equipped with seismic 
isolation at its base is realised on the roof of the existing structure, thus 
working as a mass damper for the existing structure [13, 18]. IIS, 
therefore, appears as a promising strategy in cities’ historic centres to 
expand and regenerate buildings for adaptive reuse. The approach 
has been widely discussed in general terms and considering some 
case studies [20, 21]; it has been observed that, in the case of existing 
buildings with stiffness eccentricity, a careful design of the isolated 
vertical addition can regularize the IIS response.  

In this framework, a parametric study is here developed to better 
clarify the regularizing potentials of IIS deriving from the dynamic 
interaction between the two structural portions. Selected a case study 
building with eccentricity between mass and stiffness distributions, 
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some IIS design configurations, with different isolation systems, are 
designed and analysed [144]. Analyses results and preliminary design 
implications are discussed. 

8.1 Case study 

The case study here considered is an Italian three-story masonry 
building of the 17th century (Figure 8.1a), still in use nowadays with 
office occupancy. The plan has a trapezoidal shape, with maximum 
dimensions along the two orthogonal directions X and Y of 26.4 m and 
19.7 m. The inter-story height is 4.50 m. The wall thickness is between 
80 and 65 cm. The building material is a mixed stones and bricks 
masonry with lime mortar; average weight is 20 kN/m3, Young modulus 
is 2600 MPa, compression strength is 2.0 MPa; details can be found 
in [20]. The total mass of the building is 2900 t, concentrated at floor 
levels (m1=1186 kNs2/m, m2=1030 kNs2/m, m3=684 kNs2/m). The 
arrangement of masonry walls along X and Y, with different thickness 
and openings patterns, yields eccentricity between mass and stiffness 
centroids (Figure 8.1b), with non-dimensional eccentricities 
eX/LX=24%, eY/LY=16%. 

The first six natural vibration modes obtained for the three-
dimensional FEM building model (i.e. 3D FEM AS-IS), along with 
periods and mass participating ratios (namely Ux, Uy and Rz), are given 
in Figure 8.2. It can be clearly observed that, due to the eccentricity 
firstly detected, the first two modes couple translational motions in the 
two principal directions, resulting in a diagonal motion; the third mode 
is prevalently rotational, while the higher modes are purely 
translational or rotational modes. Globally, these natural modes 
provide a total participating mass equal to or greater than 85% along 
the directions X and Y and around the vertical axis Z. 
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Figure 8.1. Case study building: (a) front view; (b) plan of the ground floor. 

 
Figure 8.2. First six modes of vibration of the 3D AS-IS model. 

8.2 IIS – parametric analysis 

Vertical extension of the case study building is considered, with 
three added storeys realized in structural steelwork and equipped with 
seismic isolation system at the base, placed on the roof of the existing 
building. This IIS design configuration is made of a lower structure 
(LS), i.e the existing building, an upper structure (US), steel braced 
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frame, and an isolation system (ISO) interposed between the two 
structures. To select the design value(s) of the dynamic properties of 
the extension, a preliminary parametric response spectrum analysis 
(RSA) is carried out varying the isolation period TISO (namely the IIS 
design spectra). Having set the number of new floors (i.e., three) and 
the structural solution for floor structure (composite), the value of mass 
ratio μ (see Eq. (2.23)) is set. Also, the lateral stiffness of the US is not 
varied. 

The RSA is carried out on lumped mass model, 3DOF, 
representing the LS, ISO, US (Figure 8.3a), with acceleration 
response spectrum prescribed by Italian seismic design code [94] for 
the case study site assumed to be the same as the site of the case 
study introduced in chapter 3 (ag = 0.162 g, F0 = 2.347, TC* = 0.333 s, 
S = 1.47, ξ = 0.05, Figure 8.3b). SDOF model of the LS is also 
considered for comparison. 

 
Figure 8.3. (a) 3DOF IIS model, (b) acceleration spectrum (10% probability of exceedance 

in 50 years). 

The base shear in the 3DOF IIS model (i.e., Vb,3DOF IIS) is evaluated 
and normalized to the existing structure counterpart (i.e., Vb,SDOF LS); 
this base shear ratio, v� = Vb,3DOF IIS /Vb,SDOF LS, is plotted in Figure 8.4 
varying TISO for a preliminary test of the effectiveness of the isolated 
vertical extension working as mass damper for the LS. In the chart, 
three points are identified and appointed as 1, 2, 3. The solution 1 
corresponds to TISO = 0.84 s and the minimum v� value, equal to 0.69, 
which means a base shear reduction of 29% thanks to the mass 
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damping effect. The solution 3, instead, is characterized by quite long 
period, 4.7 s, and base shear ratio value that, clearly tending to 1 at 
increasing TISO, is here equal to 0.95; this behaviour is related to an 
almost perfect isolation, i.e., dynamic decoupling of the LS and US, 
testified by base shear of the structural complex tending to the LS 
value. The solution 2 is intermediate, with a certain mass damping 
effect. 

The above observations are confirmed by the vibration 
characteristics of the three solutions (Figure 8.5). For IIS 1, the modal 
interaction typical of mass damping mechanisms can be observed: the 
first mode involves the isolated US but also the LS, as demonstrated 
by participation mass ratio Γ equal to 62%, larger than the ratio 
between the isolated mass and the total mass, Rm = μ / (1+μ), that for 
μ = 0.5 gives Rm = 33%. For IIS 3, instead, almost no dynamic 
interaction can be observed between the US and LS: the first mode 
only involves the isolated upper structure, with no appreciable 
deformation in the LS and Γ very close to Rm. The behaviour of IIS 2, 
as already noticed, is intermediate between the two. In all solutions, 
IIS 1, IIS 2, IIS 3, the second mode involves the LS, while the third 
mode, corresponding to the second mode of the isolated US, always 
has null participation mass ratio. 

 
Figure 8.4. IIS design spectrum: IIS 1 (TISO = 0.84 s); IIS 2 (TISO = 1.77 s); IIS 3 (TISO = 4.70 

s). 
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Figure 8.5. Vibration modes of 3DOF models: (a) IIS 1 (TISO = 0.84 s); (b) IIS 2 (TISO = 1.77 

s); (c) IIS 3 (TISO = 4.70 s). 

8.3 Design configurations for US and ISO 

Two design configurations for each solutions IIS 1, IIS2 and IIS3 
are defined, which, for the same stiffness of isolation system (i.e., 
same isolation period), only differ for the single isolators’ stiffnesses 
and the relevant centre position. In Figure 8.6, the schematic isolation 
plans of all design configurations are depicted. The left column 
corresponds to configurations with centre of isolator stiffnesses, KISO, 
coincident with the mass centres of both LS and US, G, i.e. G ≡ KISO; 
this approach matches the BIS design strategy for regularizing the 
response of an irregular structure through isolators arrangement. 
Configurations with G ≢ KISO, depicted in the right column, have also 
been considered. For both configuration types, 3D FEM models are 
created, and modal analyses are executed. The results are 
synthetically shown in Figure 8.7 and Figure 8.8 for the cases G ≡ KISO 
and G ≢ KISO, respectively. The figures provide four rows: the second, 
third and fourth show the vibration characteristics of three triplets of 
modes, in terms of direction of translation modes (either diagonal, i.e. 
coupled modes; or orthogonal, i.e. uncoupled) and values of periods 
and participating masses. In each row, the first mode triplet 
corresponds to the US isolated at its base, appointed as US+ISO; the 
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second and third triplets corresponds to the first and second triplets of 
modes of IIS. The first row gives vibration data of LS. 

 
Figure 8.6. Mass and stiffness centroids of the three solutions ① - ③; left: design 

configurations with G ≡ KISO; right: design configurations with G ≢ KISO.                             
Key: KLS,ave = average of stiffness centroids for LS floors. 

It can be observed that, to have a whatever effect on the response 
of the LS, the isolation period should not be very long; in such case, 
indeed, the LS and US are completely decoupled from the dynamic 
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point of view. Solutions IIS 3 for the second modes’ triplet show the 
same values of periods and mass participating in the two cases of G 
≡ KISO and G ≢ KISO; this mode triplet is the LS one and is identical to 
the LS one considered as standalone structure. The first triplet is the 
isolated US one, and in fact periods and masses are very close to the 
US+ISO counterparts. 

The regularizing effect of the isolation system is maximum for the 
period corresponding to the maximum interaction, i.e., for solutions IIS 
1, for which: in the case G ≡ KISO, though the fundamental mode triplet 
shows diagonal modes, the modes of the second triplet, that affects 
the LS, are simple translations in the two orthogonal directions; for G 
≢ KISO, the modes of the first and second triplets, both involving the 
LS mass, are decoupled; in this case the midpoint of the line joining 
KISO e KUS, i.e. average position of US and ISO stiffness centres, 
matches the position of G. 

In Figure 8.9 the percentage of LS mass participating to 1st and 4th 
modes ( 3

1st
D FEM IIS
mode,LSU , 3

4th
D FEM IIS

mode,LSU ) is given for 1, 2, 3, both cases G ≡ KISO 

and G ≢ KISO; the sum of percentage values, and the 1st mass of the 
LS as standalone (3D LS model), 3

1st
D FEM LS
mode,LSU , are also given. The max 

3
1st

D FEM IIS
mode,LSU , and the min 3

4th
D FEM IIS

mode,LSU , are obtained for IIS 1, in both 

configurations. On the contrary, min 3
1st

D FEM IIS
mode,LSU , and max 3

4th
D FEM IIS

mode,LSU , are 

obtained for IIS 3. 
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Figure 8.7. Vibration modes of 3D FE models: LS, US+ISO, IIS. Configurations with G ≡ 

KISO. 
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Figure 8.8. Vibration modes of 3D FE models: LS, US ISO, IIS. Configurations with G ≢ 

KISO. 
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Figure 8.9. LS participating masses, 1st and 4th modes of IIS models ① - ③: (a) G ≡ KISO, 

(b) G ≢ KISO. 

8.4 Time History analyses 

Time History Analyses (THA) are carried out on the 3D FEM 
models of the various solutions, in the two design configurations, with 
a set of seven acceleration records, already selected in subsection 
3.2.2.3, which match averagely the code design spectrum. In Figure 
8.10 the peak story values of acceleration and displacement are 
provided. For the accelerations, the reduction in the LS is maximum 
for IIS1 and minimum for IIS3, while the opposite occurs for the US. 
The LS experience almost the same displacement in the three cases, 
while clearly emerges the difference in the isolation drifts. Interestingly, 
though obtained with different models, the THA results match the RSA 
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predictions in terms of base shear ratio, with some slight scatters on 
the safe side, as shown in Figure 8.11. 

 
Figure 8.10. Peak values of: (a) accelerations, (b) displacements. IIS 1, 2, 3 – G ≢ KISO. 

 
Figure 8.11. Base shear ratio: comparison between the results of the 3DOF and 3D IIS 

models. 
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9 Conclusions 
9.1 General remarks 

This thesis is focused on investigating the interesting vibration 
control strategy based on the use of intermediate isolation system 
(IIS). This system is realised by means of an isolation (ISO) layer 
placed along the height of the building, dividing it into two distinct 
structural parts, i.e. a lower structure (LS) and an upper structure (US) 
located below and above the isolation layer, respectively. 

The deformable layer placed between the two parts of the building 
(i.e. the ISO system) gives rise to a relative displacement between the 
LS and the US during the seismic shaking. This movement, if 
adequately controlled through the choice of mechanical properties of 
the ISO system, can lead the US to become a very large mass damper 
for the LS. Therefore, the IIS can be seen as an evolution of the well-
known base isolation strategy (BIS), although it shows considerable 
differences with the BIS. In fact, in the case of the BIS the aim is the 
dynamic decoupling, as perfect and total as possible the motion of the 
building from the ground motion; on the contrary, in the case of IIS, the 
dynamic coupling between the motion of the isolated upper structure 
(ISO+US) and the LS ensures the arising of mass damping effect. It is 
worth observing that the IIS has the feature of exhibiting different 
dynamic behaviours according to the deformability of the ISO system 
(i.e. changing of TISO). Indeed, it is possible to identify two limit 
behaviours of the system: the first, for TISO → 0, is representative of 
the conventional vertical extension behaviour and the second, for TISO 
→ ꚙ, is representative of the perfect (or ideal) isolation, with the motion 
of the ISO+US perfectly decoupled from the motion of the LS. 

Due to these dynamic characteristics, IIS is widely known and 
employed in Japan for both the construction of new buildings and the 
seismic retrofitting of existing buildings. In the first case, the strategy 



170  CHAPTER 9. Conclusions 

of IIS is generally used for the construction of buildings above existing 
railway stations or lines, or for tall buildings with a strong variation in 
geometry along the height; whereas, in the second case, IIS is realised 
by first cutting the building into two parts at a certain level and then 
reconnecting the two parts through a ISO layer. Less popular is the 
practice of using IIS for vertical extension and retrofitting of existing 
buildings. In the latter case, however, IIS could be an attractive 
solution for several aspects, such as sustainability and easy execution, 
as the existing building is preserved and, by working outside the 
building, it is possible to avoid disruption to internal activities. 

Obviously, the high interest for IIS buildings in Japan is supported 
by wide scientific research and by standards and design guidelines 
that facilitate designers in the realisation of this type of intervention. 
The general indication provided by the Japanese standards suggests 
to first define the values of the main IIS design parameters through a 
simple response prediction method and then develop nonlinear time 
history analyses (NTHAs). On the other hand, in European (and 
Italian) regulations, the IIS strategy is never mentioned, thus providing 
no indication regarding the design method for such systems. The 
absence of specific standard references as well as clear guidelines 
has led to a low use of IIS in Europe. 

In this context, the aim of the thesis is to provide a clear and 
detailed framework for the design of IIS buildings, with focus on the 
use of IIS for the vertical extension and retrofitting of existing buildings. 
In order to achieve this goal, the dynamic behaviour of the IIS has been 
initially analysed by identifying the main design parameters of the 
system and their influence on the structural response. Next, a design 
procedure for the vertical extension and retrofitting of existing buildings 
by means of IIS divided into 5-Block has been proposed. The entire 
procedure is centred around an important preliminary design tool 
called the IIS design spectrum, which provides the prediction of the IIS 
response by means of linear response spectrum analyses, i.e. without 
using time-consuming and laborious time-history analyses in the 
preliminary design phase. The proposed procedure has the advantage 
of using the IIS design spectra to predict the IIS response also when 
the LS shows non-linear behaviour. This latter feature of the proposed 
design procedure is very important, because when intervening on 
existing buildings, their inelastic behaviour cannot be excluded a priori. 
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In order to demonstrate the feasibility and effectiveness of IIS for 
the retrofitting and vertical extension of an existing building, the 
proposed procedure has been applied to a real case study. The 
existing building chosen is a two-storey unreinforced tuff masonry 
building, a structural typology widely used in southern Italy. The 
system with intermediate ISO layer is completed by adding an isolated 
one-storey steel braced structure on the roof of the existing building. 
Analyses conducted on 3D FE models of the case study demonstrate 
both the effectiveness of the whole design procedure and the 
reduction, or at least a non-increase, of the seismic response of the 
existing building. Furthermore, it is shown how the main design 
parameters for this intervention type are the mass ratio and the 
isolation period, which can determine a greater or lesser reduction of 
the LS seismic response. 

Subsequently, the influence of the non-linear behaviour of ISO and 
LS on the IIS structural response has been evaluated and the accuracy 
of the response prediction offered by the IIS design spectra has been 
tested by considering additional case studies. Specifically, the design 
procedure proposed in Block 2 includes a stepwise sub-procedure to 
identify the IIS design spectra when the LS has non-linear behaviour. 
This stepwise procedure is based on the possibility of identifying two 
IIS limit behaviours (i.e. for TISO → 0, conventional vertical extension; 
and for TISO → ꚙ, perfect isolation between LS and US) and on the 
empirical consideration that when an existing structure experiences 
inelastic phenomena and structural damage, it exhibits a response 
softening, quantified by reduction of the global stiffness and elongation 
of the fundamental period. At the end of the stepwise procedure, at 
most two RSA curves corresponding to the two elongated periods of 
the two IIS limit behaviours are identified. Consequently, the 
comparison between the RSA curve results and the non-linear TH 
analysis showed that the behaviour of the IIS system with non-linear 
LS is within the two RSA curves corresponding to the two IIS limit 
behaviours. 

Finally, a closed-form relationship obtained through the application 
of the pole allocation method has been provided, which allows the 
consideration of IIS and ISO design spectra without performing 
complex analyses, as required for the RSAs of IIS, a non-classically 
damped system. In more general terms, through the application of the 
pole allocation method, useful closed-form relationships are derived 
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between the modal parameters and the design parameters of IIS, 
referred to as target and controller respectively. 

Figure 9.1 shows the flowchart summarising the whole proposed 
design procedure. The starting point are the useful closed-form 
relationships obtained through the PAM which allow, once known the 
mechanical characteristics of the existing building (TAS-IS, ξAS-IS), mass 
ratio (μ) and consequently its seismic response (yAS-IS), to identify the 
IIS design spectrum in the case of linear LS response or the IIS 
inelastic behaviour zone in the case of non-linear LS. It is noted that 
at the end of the procedure the AS-IS seismic response (yAS-IS) is 
compared with the IIS seismic response (yIIS) and only if the reduction 
of the LS seismic response is considered acceptable the design 
process ends, otherwise it is possible to return to the closed-form 
relationships and modify the target parameters by varying the IIS 
design parameters. 

The main results obtained in each chapter of this thesis are 
reported in the following section. 
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Figure 9.1. flowchart of the proposed design procedure. 
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9.2 Main outcomes 

Chapter 2: “Dynamic behaviour of IIS”. In this chapter, the IIS 
dynamic behaviour is analysed with reference to a reduced-order 
model, first at 3DOF and then at 2DOF. The main observations that 
emerged are listed below. 

• It is possible to study the dynamic behaviour and thus predict 
the response of the IIS by means of a 2DOF model if the 
isolated upper structure (ISO+US) can be considered as a rigid 
block on the isolation system and the amplification effect of the 
US response due to the higher mode coupling is avoided. 

• The main design parameters for a building with IIS are the 
mass ratio (a function of the number of floors and structural 
type of US) and the isolation period (TISO). 

Chapter 3: “General 5-Block design procedure for IIS in existing 
building retrofit”. In chapter 3 is examined the fascinating perspective 
of utilizing IIS to meet simultaneously the requirement of seismic 
retrofit of existing masonry buildings and the need for vertical 
extensions. A procedure, described by 5-Block, is proposed for 
addressing the design problem and for assessing the effectiveness of 
IIS. This approach is then applied to a case study, a two-story masonry 
aggregate located in Pozzuoli, a town near Naples (South Italy), for 
which a wide plan of reconstruction of rooftop volumes, previously 
demolished, has been recently issued. Linear parametric analyses are 
firstly carried out on simplified 3DOF lumped mass models for: (i) 
verifying the feasibility of the approach, (ii) understanding the dynamic 
behaviour of the system, and (iii) selecting the properties of isolated 
vertical additions that minimize the seismic response of the overall 
building. Then, the selected solutions are designed and assessed 
through nonlinear time history analyses on more refined 3D FE 
models, with a particular focus on the effect of the masonry 
nonlinearities on the structural response. The case of conventional 
vertical extension, without the isolation system, is also considered for 
comparative purpose.  

From the results of the linear parametric analyses, it emerges that: 

• the isolation layer can be designed either for completely 
disconnecting the existing aggregate and the new vertical 
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addition, thus not varying the seismic demand, or for properly 
connecting the two structural parts and transforming the 
isolated superstructure into a large mass damper, thus leading 
to a reduction of the seismic demand with respect to the AS-IS 
configuration; 
• by adopting an isolation period slightly larger than the 
period of the lower structure (i.e. TISO/TLS = 0.5 – 3), the mass 
damping effect is emphasized, leading to the maximum 
reduction of the top displacement of the existing building with 
respect to the AS-IS configuration; 
• by adopting an isolation period much larger than the 
period of the lower structure (i.e. TISO/TLS > 6), the isolation 
effect is emphasized, nearly without any variation of the top 
displacement of the existing building with respect to the AS-IS 
configuration. 

From the results of the linear and nonlinear dynamic analyses 
carried out on the 3D model of the design configurations, it can be 
stated that: 

• the reduced order model, 3DOF IIS, is able to predict the 
dynamic behaviour of the whole 3D IIS structure, both 
considering or neglecting the hysteretic behaviour of the 
masonry structure; 

• when a vertical extension of the building is to be realized, 
the insertion of the isolation layer between the new addition 
and the existing building improves the seismic response of 
the original structural part as compared to the conventional 
extension case; 

• the major reductions of the top displacement in the existing 
masonry structure are obtained for low-medium isolation 
periods (mass damping effect) when the masonry structure 
works in the elastic field; 

• also when the masonry nonlinearities are accounted for, the 
lower inelastic engagement of the existing structure is 
obtained for low-medium isolation periods, both in terms of 
top displacement and cumulated hysteretic energy; 

• though the effectiveness in terms of displacement reduction 
is not as significant as in the elastic range, the accumulated 
damage in the masonry structure is remarkably mitigated. 
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Chapter 4: “Influence of LS and ISO nonlinear behaviour on IIS 
response”. In this chapter, time history analyses have been carried on 
the 3D FEMs of the existing masonry building introduced in chapter 3, 
selected as case study, and on some design configurations of the 
same building, consisting in vertical extensions through IIS. The aim 
was assessing the validity and accuracy of the prediction derived from 
response spectrum analyses on lumped mass models for preliminary 
design purpose (i.e. IIS design spectra). Conventional extension has 
been also considered for comparison. 

Based on the results of the linear and nonlinear THA, the following 
conclusions can be derived. 

• The dynamic behaviour of the 3D FE model of the extended 
building can be reasonably estimated through the simplified 
3DOF IIS model. 

• Based on the results of linear THA, the peak displacement 
demand in the lower structure is reduced for low-medium 
values of TISO (zone 2, mass damping effect). 

• Considering the nonlinear behaviour either for the masonry 
structure only, or for the isolation system only, a reduced 
response in the existing building is still obtained for low-
medium values of TISO (zone 2, mass damping effect). 

• Considering the hysteretic behaviours of both the masonry 
structure and the isolation system, some reductions in the 
displacement response are obtained, with the minimum 
value of u� reached for TISO = 1s, in contrast to that observed 
for LTHAs, where the minimum value of u� is obtained for 
TISO = 0.5s. 

• When a building should be vertically expanded, the 
adoption of an isolation interface between the existing and 
the new structures usually enhances the seismic 
performance of the existing structural portion with respect 
to the case of a vertical extension conventionally realised 
(without isolation system). 

• However, fully nonlinear analyses, accounting for the 
hysteretic behaviour of both masonry structure and 
isolation system, have highlighted that design solutions that 
maximize the mass damping effect for linear system can 
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lead to an amplification, rather than a reduction of the 
seismic response. 

• The results have also highlighted a remarkable influence of 
the modal damping values adopted in nonlinear THA on the 
structural response. When the lower structure exhibits 
significant inelastic deformations, the design of isolated 
vertical extension in the mass damping zone seems not 
advisable. 

Chapter 5: “A diagram-based design procedure for IIS in existing 
buildings with inelastic behaviour”. The IIS spectrum, obtained from 
parametric Response Spectrum Analysis (RSA), does not account for 
the inelastic behaviour that possibly arises in existing buildings. For 
this reason, the design framework and the stepwise procedure 
proposed in this chapter allow for utilising IIS design spectra also in 
the case of existing buildings with inelastic behaviour. In order to 
validate the stepwise procedure three different existing buildings have 
been considered as case studies with twenty-one different 
configurations of the isolated vertical extension. For each case study, 
the stepwise procedure is applied to identify the inelastic IIS behaviour 
zone. Subsequently, the effective response of the case studies derived 
through NLTHA on 2DOF IIS models is compared with the prediction 
of the IIS response offered by the IIS design spectra (i.e. the inelastic 
behaviour zone of IIS). 

Some observations and conclusive remarks are briefly reported in 
the following. 

• The procedure allows to construct the so-called i-IIS behaviour 
zone without several NTHAs to account for the inelastic 
structural response. 

• The convenience of the procedure consists in avoiding the 
execution of several NTHAs to explore the response of the 
system, varying the isolation period. Only two models, 
representative of two limit behaviours arising for very short and 
very long isolation periods, should be analysed in nonlinear 
field. 

• The procedure has a solid and sound conceptual foundation, 
since it stems from the definition and study of the two models, 
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representative of two limit behaviours arising for very short and 
very long isolation periods. 

• The accuracy of the procedure is confirmed by the application 
to some case studies and comparison with NTHA results. 

• Of course, the procedure can be applied to building 
characterised by elastic behaviour and adapted to cover the 
case of IIS for new buildings, as well. 

• The second case study analysed (i.e. TLS = 0.63s) is a special 
case since the equivalent period of the damaged lower 
structure for the two limit cases is the same (i.e. TP’0 = TP’∞), 
consequently the inelastic IIS behaviour zone degenerates into 
a single RSA curve, which, again, provides a good prediction of 
the IIS response. 

Chapter 6: “Generalization of the 5-Block design procedure for 
IIS”. In this chapter, an extension and generalisation of the 5-Block 
design procedure is proposed by means of several design charts 
assessed for different code design spectra. Two useful tools are 
suggested, i.e. the IIS design spectrum and ISO design spectrum. The 
former allows to explore possible IIS design solutions by varying the 
isolation period; the latter allows to design the isolation system, by 
calculating the ISO displacement at the design value of the isolation 
period. Finally, several design guidelines are provided that can simplify 
decision-making processes at a preliminary stage of the design. 

Some observations are reported in the following. 

• Extension and generalization of the procedure are possible, 
considering different code design spectra; as an example, set 
the Type 1 spectrum of the Eurocode 8, the design charts can 
be obtained by varying the design ground acceleration, ag (on 
soil type A), the soil type (soil factor S), the structure damping 
ratio. 

• The extension and generalisation of the procedure by means of 
design charts has proven to be quick and easy to use, as it can 
be applied both to the case of buildings with inelastic and elastic 
behaviour and adapted to include the case of IIS for new 
buildings. 
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• The chart-based design procedure avoids the development of 
several complex RSA analyses on reduced-order models to 
predict the IIS response. 

 

Chapter 7: “IIS and ISO design spectrum: close-form relationship 
through Pole Allocation Method (PAM)”. In this chapter, the Pole 
Allocation Method (PAM) has been applied to a 2DOF model in order 
to obtain the IIS design spectrum and the isolator displacement 
spectrum in closed-form, both of which can be used as preliminary 
design tools for IIS. The comparison between the analyses results and 
the spectra shows good agreement, both in terms of drift in the lower 
structure (IIS design spectrum) and of isolator deformation (isolator 
dis-placement spectrum, or ISO design spectrum). The closed-form 
solution allows for an extension of the application field of these design 
spectra for the preliminary design of any building with IIS. 

The research results obtained in this chapter are summarised 
below: 

• The pole allocation method is used for deriving in closed form 
the values of damping ratio at the first two modes of vibration 
for 2DOF model (Eqs. (7.18) and (7.26)), as a function of five 
dynamic parameters of IIS, i.e., ωLS, ωISO, ξLS, ξISO and μ. 
Considering that in the case of seismic retrofitting of existing 
buildings the value of ωLS, ξLS and μ are set a priori, or are 
variable within a small range of values, then ξ1 and ξ2 only 
depend on ωLS and ξLS. 

• IIS design spectra have been introduced as the core of the IIS 
design procedure for the extension and seismic retrofitting of 
existing buildings. However, the strong limitation to the 
applicability of this design tool was the complicated analytical 
procedure to be performed, which required complex analysis by 
applying the modified CQC modal superposition method [83]. 
With the closed-form solution for deriving the IIS design 
spectrum, the complex analysis is avoided and the classical 
CQC method is used. 

• The use of a classic CQC instead of a modified CQC does not 
lead to great variations in the calculation of IIS design spectra 
if ξISO is less than 0.30, where the percentage change (Δ) 
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between the RSA curves assessed with the classical or 
modified CQC is less than 10%. 

• The same approach of the IIS design spectrum is used to derive 
the isolator displacement spectrum in closed form, which is 
another useful preliminary design tool. It provides, indeed, a 
good estimate of the isolator design displacement that implicitly 
considers the effect of mass damping and the flexibility of the 
lower structure. 

• The IIS design spectrum evaluated using the target spectrum 
as input show good agreement with the results of the LTHAs.  

• The ISO design spectrum evaluated using the target spectrum 
underestimates the isolation displacement in the range of 
periods 2 - 4s, therefore it is advisable to calculate it using the 
average spectrum of records as input, although identification of 
the ISO design spectrum will be more onerous. 

Chapter 8: “IIS for existing irregular buildings”. In this chapter the 
regularizing potential of IIS on LS with stiffness eccentricity has been 
studied. Selected a case study, different solutions have been 
considered and analysed. Some preliminary conclusions based on the 
analyses results are: 

• though some analogies with BIS can be found, it is erroneous 
reasoning as with BIS when IIS is adopted, especially with 
reference to regularizing effect; 

• at isolation period ensuring maximum dynamic interaction of LS 
and US (i.e. max reduction of LS response), complete 
regularization can also be obtained; 

• at this isolation period, differently from BIS, the US does not 
contribute only as a mass, but with its stiffness as well, therefore 
the midpoint of the line joining KISO e KUS, i.e. the average 
position of US and ISO stiffness centres, should match the 
position of the mass centroid G; 

• at long isolation periods, no interaction arises between the LS 
and US, whichever is the relative position of stiffness and mass 
centroids, therefore, no regularizing effect is obtained in 
addition to no response reduction effect; 

• it is worth remembering that the above results are obtained in a 
preliminary phase of study, and with reference to one single 
case study. 
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Appendix A: “Examples of IIS”. In this appendix, several case 
studies of IIS buildings are analysed in order to show the variety of 
structural solutions that can be achieved with IIS, highlighting which 
problems arise in design and how they are solved in different design 
scenarios. 

Below are some general remarks on the case studies investigated: 

• The ISO layer is usually formed by NRB isolators combined 
with different types of dampers (i.e. oil dampers, U-shaped 
steel dampers, lead dampers, etc.) in order to divide the 
seismic isolation and energy dissipation functions 
concentrated in the ISO layer. 

• The design of buildings with IIS follows the two theoretical 
approaches introduced in Chapter 2, i.e. the seismic 
isolation approach and the mass damping approach; 
where, generally a long isolation period (say 4 s) denotes 
the adoption of the first approach, conversely shorter 
periods indicate the taking advantage of the mass damping 
effect as well. 

• The IIS is an excellent vibration control strategy for tall 
buildings, for which the adoption of a BIS is not very efficient 
in reducing the seismic response in the upper structure, and 
thus guaranteeing a continuity of building functionality after 
a rare earthquake. 

• The IIS is very popular for retrofitting existing buildings 
because it significantly increases the seismic efficiency of 
the system, it allows no disruption of activities within the 
existing building, and no excavation operations around the 
building that would be necessary in the case of the ISO 
layer at the base. 

• In areas with a high risk of flooding, the adoption of an IIS 
is preferred to BIS, since, in the latter case, the impact of 
water and/or objects could compromise the correct 
performance of the isolation layer. 

• In the case of IIS for tall buildings in the ISO layer a locking 
mechanism is generally installed to prevent a large 
displacement of isolation device under high wind loads; 
however, this locking mechanism is removed when an 
earthquake occurs. 
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Appendix B: “The non-proportional damped system”. This 
appendix briefly describes the procedure adopted to evaluate the 
complex modal characteristics and maximum relative displacement 
response of a system classified as non-classically damped or with 
non-proportional damping. In particular, the modified CQC modal 
superposition method is described, which compared to the classical 
CQC modal superposition method takes into account the whole 
damping matrix of the system, and consequently, provides a more 
accurate system response when there is a coupling effect of the 
damped modes. 

Appendix C: “The Pole Allocation Method (PAM)”. An application 
of the pole allocation method to a closed-loop system is described in 
the appendix, where the feedback control process through control 
gains allows the controlled system to obtain fixed target eigenvalues. 

Appendix D: “Suggested value of ISO damping ratio”. In this 
appendix, the influence of the ISO damping ratio (ξISO) on the structural 
response is first investigated by varying several structural parameters 
such as tuning ratio and mass ratio, and finally, a suggested value of 
the ISO damping is proposed and compared with several optimal ξISO 
values proposed in the literature. The research results obtained in this 
appendix are summarised below. 

• As the damping ratio of the isolation system increases, the 
sensitivity of the IIS response to variations of the main 
frequency of the seismic wave decreases. 

• A damping ratio of the ISO system as the mass ratio changes 
is suggested in order to obtain an IIS response that is 
insensitive to the variation of the main frequency of the seismic 
wave. 
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Appendix A: Examples of IIS 
For the sake of simplicity, the four Intervention Types (IT) with IIS 

described in the first chapter and shown in Figure 1.1 are denoted in 
the following as IT1, IT2, IT3 and IT4 respectively for the intervention 
types of Figure 1.1 a, b, c and d. 

In the following appendix, several buildings with IIS vibration 
control strategy are described. As mentioned in the introduction 
chapter, almost all the buildings with IIS realised are located in Japan 
and were found only one case of IIS application realised outside 
Japan, i.e. the vertical extension and seismic retrofit of one building at 
185 Berry Street, in the China Basin area of San Francisco. 

The aim of this appendix is to show the different options for the 
application of IIS to new and existing buildings, therefore forty-two 
buildings with IIS will be shown. In particular, for twenty-two buildings, 
only an external view of the building and its name is shown, while for 
the remaining twenty buildings will be described in detail in the next 
sections. 

The first twenty-two IIS buildings are listed below: Akasaka Trust 
Tower (Figure A.1a), Building T&T III (Figure A.1b), White Canvas 
(Figure A.1c), Sumitomo Fudosan Tamachi (Figure A.1d), Yokohama 
City Hall (Figure A.1e), Tsutenkaku (Figure A.1f), JA Kyosai Building 
Hirakawacho Residence (Figure A.1g), Shin-Tokyo Takeda Building 
(Figure A.1h), Otemachi Financial City Grande Cube (Figure A.1i), 
Konan Building (Figure A.1l), Yokohama Grand Gate (Figure A.1m), 
Gamagori Shinkin Bank head office (Figure A.1n), Kochi Autonomy 
Hall (Figure A.1o), New government building of the new city of Shinden 
(Figure A.2a), Ishinomaki Municipal Hospital (Figure A.2b), Okaya Fire 
Department Building (Figure A.2c), New Shibuya Ward Office building 
(Figure A.2d), Terrace Shibuya Mitake Shibuya (Figure A.2e), Ocean 
Gate Minato Mirai (Figure A.2f), Kochi Castle History Museum Kyoto 
Station es (Figure A.2g), Kochi New Library and other complex (Figure 
A.2h), Kyoto Station building (Figure A.2i),  
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Figure A.1. (a) Akasaka Trust Tower [license: Copyright © 2022 NTT Urban Development 

All Rights Reserved.]; (b) Building T&T III [license: © Shinjuku Convention & Visitors 
Bureau], (c) White Canvas [license: © 2021 Yasuda Real Estate Co., Ltd.]; (d) Sumitomo 

Fudosan Tamachi [license: Copyright(C)2014 Sumitomo Realty & Development Co.,Ltd All 
Rights Reserved.]; (e) Yokohama City Hall [license: 

https://creativecommons.org/licenses/by-sa/4.0/]; (f) Tsutenkaku [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (g) JA Kyosai Building Hirakawacho 

Residence [license: Copyright © NIHON SEKKEI, INC.]; (h) Shin-Tokyo Takeda Building 
[license: https://creativecommons.org/publicdomain/zero/1.0/]; (i) Otemachi Financial City 

Grande Cube [license: https://creativecommons.org/licenses/by-sa/4.0/]; (l) Konan Building 
[license: Copyright © HATO BUS CO.,LTD.]; (m) Yokohama Grand Gate [license: 

https://creativecommons.org/licenses/by-sa/4.0/]; (n) Gamagori Shinkin Bank head office 
[license: https://creativecommons.org/licenses/by-sa/4.0/]; (o) Kochi Autonomy Hall [license: 

© Nishikawa Photograph co.,Ltd.]. 

https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
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Figure A.2. (a) New government building of the new city of Shinden [license: 

https://creativecommons.org/licenses/by-sa/4.0/]; (b) Ishinomaki Municipal Hospital [license: 
https://creativecommons.org/licenses/by-sa/4.0/]; (c) Okaya Fire Department Building 

[license: https://creativecommons.org/licenses/by-sa/3.0/]; (d) New Shibuya Ward Office 
building [license: https://creativecommons.org/publicdomain/zero/1.0/]; (e) Terrace Shibuya 

Mitake Shibuya [license: © 2024 PLAZA HOMES, LTD.], (f) Ocean Gate Minato Mirai 
[license: https://creativecommons.org/licenses/by-sa/4.0/]; (g) Kochi Castle History Museum 
[license: https://creativecommons.org/licenses/by/3.0/. Attribution: z tanuki]; (h) Kochi New 

Library and other complex [license: https://creativecommons.org/licenses/by-sa/4.0/]; (i) 
Kyoto Station building (license: Image © 2024 Google, Data SIO, NOAA, U.S. Navy, NGA, 

GEBCO. Image Landsat/Copernicus. Data Japan Hydrographic Association). 

In Section A. 21, in order to facilitate smoother reading, key 
information is compared in Tables A.1 – A.7 for the buildings described 
in sections A.1 – A.20. In these tables, for each building are provided: 
type of intervention, destination of use, address, year of intervention, 
companies involved in the design and/or construction, structural type, 
maximum floor plan dimensions (d1 x d2), building height (H), ISO 
system height (HISO), number of storeys (nfloors) of LS and US, floor 
area (Afloors) of LS and US, mass ratio μ, isolation period (intended as 
the period of the upper base isolated structure for a 100% shear 
displacement of the isolator), ISO system displacement (if preceded 

https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
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by the symbol “≤” it is intended as the design limit value), type of 
isolators/dampers installed in the isolation level. The information just 
mentioned has been summarised for the twenty buildings in Table A.1 
- Table A.7. However, information regarding the mass ratio or isolation 
period is generally not clearly stated in the scientific literature and has 
been derived through simplified procedures. For the mass ratio, 
realistic values for the building weight have been set as a function of 
the structural building type, i.e. for steel frame (S), reinforced concrete 
frame (RC), steel and reinforced concrete frame (SRC), a value of 7 
kN/m2, 10 kN/m2, 10 kN/m2 respectively has been considered. For the 
Isolation period, the value of the isolator shear stiffness for 100% 
deformation has been derived from the catalogue [145], and known 
the mass of the isolated upper structure, TISO has been derived from 
TISO = 2π(MISO/kISO)0.5. The values of μ and TISO obtained through 
these simplified procedures, i.e. not reported in the scientific literature, 
are easily distinguished in Table A.1 - Table A.7 because they are 
preceded by the symbol “≈”. 

A.1 Personnel Training Center of Taisei Corporation 

All information reported in this section was derived from [33 – 35, 
146]. 

General information on the building is given in Table A.1. 

The building analysed in this section is the personnel Training 
Center of Taisei Corporation Figure A.3a, one of the most important 
construction companies in Japan; built in the 1964 is located on the 
Pacific coast in the Shizuoka prefecture. The building is divided into 4 
structural parts (Figure A.3b) with different heights as the building is 
located on a slope of the ground Figure A.4a. The Building A, B and C 
are 2, 7 and 16 storied steel encased reinforced concrete building, 
respectively; building D is a 7 storied reinforce concrete building.  
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Figure A.3. (a) Personnel Training Center of Taisei Corporation [146]; (b) building layout 

[redrawn from [33]]. 

Following the Great Hanshin-Awaji Earthquake of 1995, the “Law 
on the Promotion of Seismic Repair of Buildings” was promulgated, 
which favoured the seismic retrofitting of buildings designed in 
accordance with the pre-1981 standard. For this reason, the building 
has been subject to retrofit intervention in the 1999. This is the first 
example of the application of the IIS strategy for the seismic retrofitting 
of an existing building. 

In fact, different interventions have been carried out for the four 
structural parts. Parts A and B have been reinforced with carbon fiber 
sheet and reinforced concrete shear walls (SW), part C has been 
isolated at the intermediate level, i.e. on the seventh floor (Figure A.4), 
and the in the lower structure in order to avoid torsional motion parallel 
to the slope and to improve the stability reinforced concrete shear walls 
were added in some floors, finally part D has been isolated at the base. 
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Figure A.4. (a) section of building part B and C; (b) layout of isolators for building part C. 

[redrawn from [33]]. 

The Intermediate isolation level in building C has been realised at 
the first non-underground floor, i.e., the seventh, and is achieved by 
cutting the existing columns and placing 22 LRB isolators with a 
diameter of Φ700-800 mm. With this intervention, the vibration 
characteristics of the building change from a natural fundamental 
period value of 0.40s and 0.45s to 3s and 2.96s (for an ISO shear 
deformation of 100%) in the X and Y directions respectively [33]. 

As reported in [33], from a preliminary linear response analysis the 
maximum acceleration and shear force (Figure A.5) in the US are 
reduced to 1/5 - 1/10 compared to the elastic response of the existing 
building. Moreover, thanks to this type of intervention, no 
reinforcement was necessary in the US and seismic loads were also 
greatly reduced in the LS [33]. 
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Figure A.5. Personnel Training Center of Taisei Corporation - Maximum shear force vs. 

story [redrawn from [33]]. 

The seismic retrofitting was carried out without the use of jacks, 
but by covering the existing columns with circular steel to expand 
column and temporarily supported the weight of the upper structure, 
preventing damage from differential displacements to the structure 
and keeping the building in operation (Figure A.6). The weight of the 
US is approximately 65000 KN. With this system, the seismic retrofit 
intervention was very quick, i.e. 9 months (August 1996 - April 1997). 

 
Figure A.6. Process for the realisation of the IIS. [redrawn from [33]]. 
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Further interventions were then carried out on the building to avoid 
interruption of activities following an earthquake, i.e. special joints 
were inserted for the pipes passing through the isolation layer and a 
particular system for the elevator at floors around the isolation system. 

A.2 Iidabashi 1st Building 

All information reported in this section was derived from [13, 14, 
29, 43, 132]. 

General information on the building is given in Table A.1. 

The Iidabashi 1st Building (Figure A.7) is located in Tokyo and is a 
mixed-use building (Offices, condominiums and retail) with 15 floors 
above ground and 2 underground, the maximum plan dimensions are 
about 130 x 40 m for the LS and 130 x 15 m for the US. The isolation 
system is located between the ninth and tenth floors and is composed 
by 40 circular Natural Rubber Bearing (NRB) isolators of diameter 
Φ800 combined with 212 Lead Dampers (LD) of diameter Φ180. The 
part of the building below the isolation system is realised with steel 
beams, Shear Walls (SW) in the central bay and Steel Reinforced 
Concrete (SRC) columns, except for the first floors where there are 
Concrete-Filled Tube (CFT) columns. The part of the building above 
the Isolation System is made with reinforced concrete (Figure A.8). 

 
Figure A.7. external view of the Iidabashi 1st Building. 

Figure A.9 shows the lumped mass model of the building with the 
corresponding mass and stiffness values. It can be seen that the mass 
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ratio μ is equal to 0.22 and the equivalent viscous damping ratio for 
the LS and US is 2%. Consequently, with the mass of the US equal to 
14921.2 kNm/s2 and the stiffness offered by the NRB isolators alone 
equal to 0.053 GN/m the period of the isolation system is 3.33s. 

The design parameter that is introduced for the design of the 
damping system is the volume of the damper, which is equal to the 
ratio between the damper yield strength and the weight of the upper 
floors, αs, or it can be reported as the ratio between the damper yield 
strength and the total weight, α’s. Therefore, a value of α’s = 0.03 was 
adopted in the design, as an increase of this value would not lead to a 
further significant reduction in the maximum deformation of the 
isolation floor (Figure A.10). 

 
Figure A.8. Elevation View of the Iidabashi 1st Building. [redrawn from [29]]. 
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Figure A.9. concentrated mass model of the Iidabashi 1st Building [redrawn from [132]]. 

 
Figure A.10. ISO displacement vs. damper volume [redrawn from [29]]. 
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A.3 Kudan, Post Office and Housing 

All information reported in this section was derived from [36, 37]. 

General information on the building is given in Table A.1. 

The building investigated here is a post office and housing building 
(Figure A.11) located in Tokyo. This building was constructed in 1967 
in accordance with the seismic design standard in force at the time. 
The building has 10 storeys above the ground, the first five of which 
are in steel reinforced concrete (SRC) and the remaining floors are in 
reinforced concrete system, with an approximately rectangular floor 
plan shape with dimensions of 44 x 19 m. In 1995, following a seismic 
inspection, the building was found to be inadequate for the current 
seismic regulations and consequently it was decided to retrofit it. 
However, since this building had a public function, i.e. a post office, an 
intermediate level of isolation was chosen as the intervention 
technique, since compared to traditional seismic retrofitting techniques 
(i.e., installation of shear walls or steel bracings on each floor of the 
building), it allowed the activities inside the building to continue without 
disruption. In addition, the use of classical retrofitting techniques also 
required the retrofitting of existing foundation, which significantly 
increased the intervention costs. Instead, a base seismic isolation 
solution involved the problem of excavating around the existing 
building. However, in the case of IIS, there remains the problem of a 
high deformation demand of the isolation layer (approximately 50-60 
cm), which implies a massive reinforcement of beams and columns on 
the first floor in order to deal with an increase in stresses due to 
eccentric loading. Therefore, in order to reduce the displacements of 
the isolation layer the damping devices are inserted, namely Viscous 
Damping Walls (VDW) (Figure A.12a). This system made it possible 
to significantly reduce the displacement of the isolation system, which 
for a level 2 earthquake defined by Japanese standards led to a 
displacement less than 25 cm. 

The design of the intervention started in September 1998, while 
retrofitting works started in March 1999 and was completed in 
November 1999. Making the building one of the first examples in 
Japan of a building with IIS.  
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In order to obtain a building with IIS, all 30 columns between the 
first and second floors were cut (Figure A.12b, c) and then an equal 
number of NRB isolators (28 with diameter Φ600 and 2 with diameter 
Φ700) were inserted, with a horizontal stiffness at 100% deformation 
of 0.021 GN/m. As far as damping devices 18 VDW were installed 
(Figure A.12d). Consequently, it is possible to estimate the isolation 
period of 3.6 s in a simplified way (i.e. by approximating the mass of 
the building above the isolation system). In [37] it is reported that the 
fundamental period of the whole building is 3.4 s for both directions, 
which is very close to the approximate estimated value for TISO. 

 
Figure A.11. External view of Kudan, Post Office and Housing [License: Image © 2024 

Google, Landsat / Copernicus]. 
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Figure A.12. (a) elevation view; (b) floor plan before intervention; (c) floor plan after 

intervention; (d) detail of the intervention type. [redrawn from [37]]. 

A.4 Shinjuku station (West Exit) 

All information reported in this section was derived from [147]. 

General information on the building is given in Table A.2. 

The building analysed in this paragraph is located above the west 
exit of Shinjuku Station in Tokyo. The building in Figure A.13, designed 
in 1962 and constructed in 1966, is composed by three different 
blocks, namely A, B and C in Figure A.14. The three different blocks 
although functionally connected are structurally independent. Building 
A, analysed in this section, has 9 floors above ground and 2 
underground, the ground floor is occupied by the Odakyu line while the 
upper floors are destined to restaurants and commercial facilities. The 
building is a reinforced concrete frame system that was later 
seismically retrofitted by inserting an ISO system between the second 
and third floors above ground (Figure A.14). The retrofit intervention 
involved the insertion of 12 natural rubber isolators (NRB), 8 of which 



216 Appendix A: Examples of IIS 

with diameter Φ650 and 4 with diameter Φ700, 20 Lead Rubber 
Isolators (LRB) with diameter Φ650 and 8 oil dampers (OD), four in 
each principal direction in plan. In addition, the distance between 
buildings A and B is increased from 8 cm to 40 cm in order to avoid 
collisions between the two buildings. The steps to carry out the 
intervention can be summarised in the following steps: 1) removing the 
finishing layer of the floor near the column; 2) installing a steel plate 
on the floor near the column and at the base of the column; 3) installing 
a temporary steel structure at the base of the column; 4) inserting jacks 
between the temporary supports and the beams at the other end of 
the column; 5) after the jacks are activated, the existing column is cut; 
6) installation of two steel plates above and below the cut zone; 7) 
installation of the isolator between the two steel plates; 8) removal of 
the jacks and temporary steel structures. 

In [147], the analysis results performed on the 3D FE models of 
the building are reported, which show an excellent response of the 
system after the retrofitting with IIS. In fact, it shows a deformation of 
14 cm of the ISO layer for a Level 2 earthquake and inter-storey 
displacements for the US less than 1/500 of the inter-storey height. 

 
Figure A.13. External view of Shinjuku station. [License: Image © 2024 Google, Landsat / 

Copernicus Data SIO, NOAA, U.S. Navy, NGA, GEBCO Data Japan Hydrographic 
Association]. 
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Figure A.14. Elevation View of Shinjuku station. [redrawn from [147]]. 

A.5 Umeda DT Tower 

All information reported in this section was derived from [133, 134]. 

General information on the building is given in Table A.2. 

The building analysed here is the Umeda DT (Figure A.15) located 
near Osaka station, it has 28 floors above ground and 4 floors below 
ground (Figure A.16a) for offices and shops. Construction of the 
building began in 1991 and was interrupted following the Kobe 
earthquake in 1993. The interruption of the building’s construction was 
necessary in order to revise the initial project with more attention given 
to the safety of the structure, the reduction of damage to the interior 
components and the preservation of the building’s functionality 
following the earthquake. Therefore, the initial project was modified, 
and construction was resumed at the end of 2000 and completed in 
January 2003. The floor plan of the building is approximately 
rectangular with dimensions of 56 x 28 m (Figure A.16b). 

The building has an ISO system located above the large atrium on 
the ground floor, at a height of 10.5 m. So, in this case for the Umeda 
DT, it was decided to adopt an ISO system at an intermediate level to 
meet the new requirements for buildings after the Kobe earthquake 
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(i.e., reducing damage to structures and internal equipment and 
maintaining the building’s functionality after the earthquake). 

The structural system of the above-ground building is a steel 
frame. Whereas the ISO system is realised with 6 LRB isolators of 
square shape and variable size between 1100 x 1100 mm and 1350 x 
1350 mm associated with 12 linear sliders (LS) and 6 dampers of the 
Lock-Up Devices type (Figure A.16c). The ISO period evaluated 
considering the equivalent stiffness of the isolator at 100% 
deformation is 6 s. 

In addition to an accelerometer located above the ISO system, an 
anemometer is also installed on the roof. The data recorded by the 
anemometer influence the operation of the Lock-Up Devices dampers. 
In fact, these dampers have a damping function during an earthquake, 
behave like normal oil dampers, but when the wind speed exceeds 25 
m/s (value intended as the average burst in 10 minutes) the device 
behaves like a jack, preventing the ISO system from moving. 

Finally, to reduce wind-induced vibrations at the top of the building 
is placed a mass that works as a TMD. 

 
Figure A.15. External view of Umeda DT Tower [Autor: Oilstreet, license: GFDL+creative 

commons2.5]. 
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Figure A.16. Umeda DT Tower: (a) Elevation View [redrawn from [133]]; (b) floor plan 
[redrawn from [133]]; (c) Lock-Up Devices [License: ©Copyright 1995-2023, Takenaka 

Corporation, source: [134]]. 

A.6 Shiodome Sumitomo building 

All information reported in this section was derived from [13, 14, 
38, 132]. 

General information on the building is given in Table A.2. 

The Shiodome Sumitomo building (Figure A.17a) is a 25-storey 
building constructed in 2004 with maximum plan dimensions of 109.6 
x 39.5 m and located near the Shiodome station in Tokyo. The 
structural system of the building is a steel frame with CFT columns. A 
distinctive element of the building is the large atrium with a glass 
façade located at the entrance and approximately 40 m high (Figure 
A.17b, c). The remaining part of the ground floor plan, where the atrium 
is located, is destined for a hotel (Figure A.18a, d). Above the atrium, 
between the tenth and eleventh floors, we find the ISO system, 
consisting of 41 NRB isolators of which 13 with diameter Φ1300, 19 
with diameter Φ1100 and 9 with diameter Φ1000, in addition there are 
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100 LD and 14 Steel Dampers (SD) (Figure A.18c). Above the ISO 
layer the destination of use of the building becomes offices (Figure 
A.18b). 

 
Figure A.17. Shiodome Sumitomo building: (a) External view; (b) façade system; (c) atrium. 

In Figure A.19 the concentrated mass model of the building is 
shown with its mass and stiffness values [38], as a result, it can be 
seen that the mass ratio μ is equal to 2, while the isolation period is 
about 5s (considering only the NRB isolators contribution), for a design 
displacement of 50mm. However, in [38] a modal analysis on the 25-
DOF model shows a first mode for the system equal to 6s, thus, slightly 
higher than TISO. 

The dampers are designed both to provide the most suitable 
seismic shear force for the response to seismic loads and to prevent 
severe deformation of the isolation layer under a strong wind load 
while remaining in the elastic field. Furthermore, the entire building 
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design allowed both US and LS to remain in the elastic field even 
under a strong earthquake. Finally, the number of dampers was 
evaluated as a function of the yield capacity of the dampers assessed 
through the damping volume, α’s set equal to 0.03 and as a function of 
the design wind action. 

 
Figure A.18. Shiodome Sumitomo building: (a) elevation view [redrawn from [38]]; (b) upper 
structure floor plan [redrawn from [38]]; (c) isolation floor plan [redrawn from [132]]; (b) lower 

structure floor plan [redrawn from [38]]. 

During a strong earthquake, the storey drift of both US and LS is 
less than 1/200. While for the glazed façade of the atrium the drift 
angle is 1/150. The 40 m high atrium columns are designed to remain 
elastic and only work under gravity loads through a pin connection at 
the base. In the 26-DOF model shown in Figure A.19, an equivalent 
viscous damping of 2% was assumed for the LS and US. 

In [38], TH analyses are conducted on the 26-DOF model for three 
different ground motions with a 500-year return period. The results of 
these analyses show: (i) a maximum displacement of the ISO system 
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is about 30 cm; (ii) the maximum absolute acceleration is occurred at 
the plane immediately below the ISO system; (iii) the displacement of 
the LS increases together with the displacement of the ISO system, 
while the US does not show large displacements; (iv) almost all of the 
incoming seismic energy (about 70-80%) is dissipated as hysteretic 
energy in the isolation layer. 

 
Figure A.19. concentrated mass model of the Iidabashi 1st Building [redrawn from [38]]. 
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A.7 China Basin 185 Berry Street Building 

All information reported in this section was derived from [18, 19, 
132]. 

General information on the building is given in Table A.3. 

The building analysed in this section is the China Basin Landing, 
185 Berry Street in San Francisco, USA (Figure A.20); this is one of 
the few cases of the application of IIS for the vertical extension and 
seismic retrofitting of an existing building. The retrofit intervention was 
completed in 2007. 

 
Figure A.20 External view of China Basin 

[source: Wikimedia; license: https://creativecommons.org/licenses/by-sa/4.0/] 

The existing building is a reinforced concrete building with three 
storeys above ground level, constructed in 1989 and with a rectangular 
floor plan shape with dimensions 252 x 33.5 m. Due to the large floor 
extension, the building is divided into three parts structurally divided 
by two expansion joints (Figure A.21). The central part of the building 
is made up of reinforced concrete walls, whereas the remaining two 
parts have a horizontal load-resistant system consisting in six 
reinforced concrete frames along each principal plan direction (Figure 
A.21). 
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Figure A.21. Floor plan of the China Basin Building. [source: [18]] 

The existing building was designed in 1988 in accordance with the 
1984 San Francisco Building Code, based on the 1979 Uniform 
Building Code (UBC). However, the possibility of vertical extend the 
building by one storey, which corresponds to an increase of 4645 m2, 
was already included in the initial design. Thus, the entire structural 
system had overstrength against both gravity and horizontal loads. 
Further analysis on the building showed that approximately 8400 m2 
could be added on top of the building without seismic retrofitting of the 
building. However, the building owner request was to extend the 
existing building by at least 13500 m2, which, if realised by means of a 
conventional vertical extension technique, would have required the 
construction of new shear walls within the existing building. But the 
building owner also demanded that during the vertical extension and 
retrofitting of the existing building, there should be no disruption to the 
occupant’s activity, as the building mainly accommodated the 
bioscience laboratories of the University of California at San Francisco 
(UCSF). 

The use of the IIS made it possible to add the required 13500 m2 
on the roof of the existing building without having to carry out seismic 
retrofitting inside the building. In addition, a steel Concentric Braced 
Frame (CBF) system was used in order to avoid foundation retrofitting 
for the vertical extension. Therefore, a steel CBF system of two storeys 
plus a roof deck was built on the roof of the existing building, 
connected to the existing building by means of a seismic isolation 
system. In particular, in order to avoid differential seismic inputs on 



Appendix A: Examples of IIS  225 

 

each isolator and to leave active most of the HVAC equipment present 
on the roof, two girder trusses connecting the ends of each isolator are 
realised (Figure A.22). In addition, damping devices were placed on 
the roof at the existing expansion joints to avoid hammering between 
the different parts of the existing building. 

 
Figure A.22. China Basin: (a) Isolated upper structure under construction; (b) elevation 

view; (c) Detail of ISO system connection. [redrawn from [19]] 

The isolation system consists of 87 isolators, of which 33 LRB 
isolators with a diameter of Φ1140 mm and 54 elastomeric slider 
bearings (ESB) made up with LRB isolator (diameter of Φ610 mm and 
130 mm lead core) combined in series with 300 mm diameter of 
Polytetrafluoroethylene (PTFE) sliding surfaces. In this latter solution, 
the PTFE sliders provide a displacement of +/- 0.76 m, to which is 
added the additional displacement of 0.38 m, accommodated by the 



226 Appendix A: Examples of IIS 

elastomeric isolator, until a displacement of 1.14 m is achieved, equal 
to 1.5 times the maximum displacement of 0.76 m. Next, in order to 
achieve the correct balance between stiffness and displacement 
demand in the isolation layer, the 33 LRB isolators were placed along 
the exterior alignments to maximise the torsional stiffness/resistance, 
while the 54 ESB isolators were placed in the interior alignments. 

Several analyses conducted on the 3D FE model of the IIS building 
are reported in [18], the results of which can be summarised as follows: 
(i) the LS exhibits non-linear behaviour under the seismic design 
loads; (ii) the reliability level at the collapse prevention or life safety 
limit state, assessed through Incremental Dynamic Analyses (IDA), is 
higher than that of a new building designed according to the current 
regulations; (iii) the absence of adequate damping devices between 
each part of the LS results in the hammering between the parts. 

A.8 Musashino City Disaster Prevention and Safety 
Center 

All information reported in this section was derived from [13, 14]. 

General information on the building is given in Table A.3. 

The Musashino City Disaster Prevention and Safety Center is a 
building located in the western outskirts of Tokyo and currently has 
seven storeys above ground. In fact, the building originally had two 
above-ground storeys (including the roof floor) made of steel 
reinforced concrete (SRC) with low seismic performance (Figure 
A.23a). Subsequently, a further four storeys plus one roof floor was 
added in steel (Figure A.23b), connected to the existing building by an 
isolation system consisting of, 8 NRB isolators with a diameter of 
Φ700, 12 elastomeric sliders (ESB) and 8 Steel Dampers (SD). The 
mass ratio μ for the vertical extension is approximately 1.7. 

The building with IIS shows excellent seismic performance such 
that it can maintain its function as a disaster prevention centre even in 
the occurrence of a strong earthquake. In addition, the installation of 
an isolation system between the existing building and the new part 
made it possible to limit retrofitting work on the existing building, 
without disrupting activities within it. 
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Figure A.23. External view of Musashino City Disaster Prevention and Safety Center: (a) 

before vertical extension; (b) after vertical extension. [redrawn from [13]]. 

Figure A.24 shows the elevation view of the building with IIS, 
where it can be seen that compared to the as-is configuration of the 
building, an upgrade of the foundations and an increase in the 
thickness of the shear walls was also carried out. 

A ratio between the yield strength of the damper and the total mass 
of the building, α’s, equal to 0.04 was adopted for the design of the 
damping devices. In addition, TH analyses were conducted in [13] on 
an 8-DOF model of the building with IIS, where equivalent viscous 
damping value of 2% and 3% was adopted for US and LS respectively. 
The results of the TH analyses confirmed the excellent seismic 
performance of the building with IIS, showing that the maximum shear 
force at each floor is reduced by ½ to ¼ of the forces evaluated in the 
absence of ISO system between the LS and US, and both the LS and 
US remain in the elastic field under all seismic waves considered. 
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Figure A.24. Elevation view of Musashino City Disaster Prevention and Safety Center. 

[redrawn from [13]]. 

A.9 Fukuoka Financial Group Headquater 

All information reported in this section was derived from [13, 42]. 

General information on the building is given in Table A.3. 

The Fukuoka Financial Group Headquater is an 86 m high building 
located in the city of Fukuoka in Japan, characterised by a large open 
plaza at the base about 16 m high. The building has a regular floor 
plan shape with 40 x 52.2 m and is designed to accommodate offices. 

The structural system is divided into two parts by the ISO system 
located at 22.5 m height, above the large open plaza, i.e. the LS and 
the US. The two parts of the building are steel frame system. A rough 
estimate of the mass ratio showed a value of 6 as a result. The ISO 
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system is realised by means of 16 NRB isolators with a diameter of 
Φ1100, 4 ESB isolators and 4 dampers (it was not possible to 
determine the type of dampers). The isolation period for an isolator 
deformation of 200% is 4 s. Non-linear TH analyses on the building 
with IIS showed for the US a maximum displacement angle at each 
floor of 1/258 for the 40.0 m side direction and 1/318 for the 52.2 m 
side direction. 

 
Figure A.25. External view of Fukuoka Financial Group Headquater [source: Wikimedia; 

license: https://creativecommons.org/licenses/by-sa/4.0/] 
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A.10 NBF Osaki building 

All information reported in this section was derived from [13, 148, 
149]. 

General information on the building is given in Table A.4. 

The NFB Osaki building (Figure A.26) is a 24-storey building 
above ground level, with a maximum height of 134.1 m, completed in 
2011 in Tokyo and has an isolation system on the first level above 
ground level (orange layer in Figure A.27), at a 5.1 m height. The 
structural system below the ISO system is reinforced concrete, while 
the structure above the ISO system is a steel frame. The building has 
a rectangular floor plan with dimensions of 131.4 x 50 m for the LS, 
which is reduced to 131.4 x 39 m for the US. Consequently, a mass 
ratio μ can be estimated at approximately 15. Furthermore, the 
fundamental period of the building without ISO is 3.5 s. 

 
Figure A.26. External view of NBF Osaki Building [source: Wikimedia; license: 

https://creativecommons.org/licenses/by-sa/4.0/] 

However, for the NBF Osaki Building, the ISO system on the first 
level achieved a large reduction in displacements (drift angle less than 
1/200) and accelerations (less than 250 cm/s2) along the height of the 
building compared to the case of an earthquake-resistant building 
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without an ISO system. Furthermore, due to the large floor plan 
extension of the building and the presence of the ISO system on the 
first floor, the wind loads are greater than the seismic loads for the 
building. Therefore, in the design of the structural system to provide 
sufficient safety against both types of natural actions, oil dampers with 
a locking mechanism in the dominant wind direction controlled by 
anemometers located at the top of the building, ISO system strain and 
velocity measuring devices along the height were used. In particular, 
the locking system is activated when a strong wind speed or a high 
displacement of the ISO system is registered, whereas it is released 
when an earthquake is detected. The isolators placed in the building 
are NRB with a diameter varying between Φ1100 and Φ1500 coupled 
with steel dampers (SD). In addition, V-shaped visco-elastic members 
are added to the short side of the building to improve the vibration 
damping capacity in the US. 

 
Figure A.27. Elevation view of NBF Osaki Building. [license: Copyright (C) 1995–2024 

KAJIMA CORPORATION All Rights Reserved]. 
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A.11 Mita Bellju building 

All information reported in this section was derived from [13, 150 
– 152]. 

General information on the building is given in Table A.4. 

The Mita Bellju building (Figure A.28a) is located in Tokyo near the 
JR Tamachi station and is composed by 33 floors above ground plus 
4 basement floors, the maximum height reached by the structural 
system of the building is 152.1 m (Figure A.28b). The building was 
completed in 2012 and has different destinations of use such as shops 
on the first levels, office space on the intermediate floors and housing 
on the upper floors. Consequently, the floor plan dimensions also vary 
along the height, showing a dimension of 39 x 39 m for the 
intermediate floors and a dimension of 25 x 25 m for the upper floors. 
The plan changes dimensions at the ISO layer located at 114 m height, 
between the 24th and 25th floors (Figure A.28b). This ISO system is 
composed by 23 NRB isolators (Figure A.29a) combined with 12 oil 
dampers (Figure A.29b) whose function is to cancel any residual 
displacement in the isolation layer following earthquakes or strong 
winds. The structure under the ISO system, i.e. the LS is a steel frame 
with CFT columns, while the US is a reinforced concrete frame. 
Therefore, the isolation period can be estimated to be approximately 
4 s [150] and the mass ratio to be approximately 0.4. 
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Figure A.28. Mita Bellju building: (a) external view [Autor: Nikkei Architecture; source: [150]; 
license: Copyright © Nikkei Business Publications, Inc. All Rights Reserved]; (b) structural 

layout [Autor: Nikkei Takenaka Corporation; source: [150]; license: Copyright © Nikkei 
Business Publications, Inc. All Rights Reserved]. 

As indicated in [150], the choice of using a reinforced concrete 
frame for the US was due to the need to reduce vibrations induced by 
natural actions and to obtain greater living comfort. On the other hand, 
the choice of placing a layer of ISO between the 24th and 25th floor 
had a twofold positive effect, i.e. it regularised the structural behaviour 
as the building had a strong geometry variation along the height and 
used the mass of the isolated US as a mass damper for the LS. 
Considering a damping ratio in the ISO layer of 23%, the seismic 
analyses reported in [150] show that the maximum drift angle of the 
story response is approximately 1/125. Furthermore, the solution with 
IIS compared to the solution with seismic isolation at the base was 
more economical as it avoided the need to perform the tolerance 
excavation around the large underground parking structure. 

Great attention, as usual for IIS systems, was given to the design 
of the elevator, which was connected to the LS structural system 
(Figure A.29c), leaving a tolerance of 60 cm with the US, equal to 1.4 
times the maximum displacement induced by a level 2 earthquake. 
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Figure A.29. Mita Bellju building: (a) isolator device [source: [150, 151]; license: ©Copyright 
1995-2024, Takenaka Corporation]; (b) oil damper [source: [150, 151]; license: ©Copyright 

1995-2024, Takenaka Corporation]; (c) detail of the connection of the elevator in the IIS 
[source: [150]; license: Copyright © Nikkei Business Publications, Inc. All Rights Reserved]. 

A.12 Nakanoshima Festival Tower 

All information reported in this section was derived from [13, 30, 
39, 132, 135]. 

General information on the building is given in Table A.4. 

The Nakanoshima Festival Tower (Figure A.30a) accommodates 
the new Osaka Festival Hall (Figure A.30b). The old building of the 
Festival Hall was constructed in 1958 and demolished in 2008, after 
50 years of activity. The construction of the current building began in 
2010 and was completed in 2012, reaching a height of approximately 
200 m with 39 storeys above the ground. The building has a mixed 
use, i.e. in addition to the reconstruction of the Festival Hall, the 
basement floors are used for shops, on the 12th floor above the ground 
there is a sky lobby (Figure A.30c), on the top floors there are rooftop 
restaurants, and the floors between the sky lobby and the rooftop 
restaurants are used for offices (Figure A.31). Floor plans of the 
different storeys of the building and an architectural section are shown 
in Figure A.31, where it can be seen that a isolation system is located 
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above the Festival Hall. The ISO system divides the building into two 
parts, the LS, realised with reinforced concrete shear walls associated 
with a SRC structure and the US realised with a steel structure (Figure 
A.32a). In particular, in order to obtain a large hall without columns, 
first an ISO system and then a mega steel transfer beam was placed 
above the festival hall, as shown in Figure A.32b. While the US 
structural system is composed by a central system in steel moment 
resisting frame (MRF) with braces and viscous damper and a 
perimeter system in steel moment resisting frame. In addition, there is 
a hat-truss at the top of the building, while at the base of the US there 
is a belt-truss whose function is to collect the gravity load of the entire 
perimeter system and transfer it to the 16 principal columns with a 
cross-section of 3 x 1.5 m. 

 
Figure A.30. Nakanoshima Festival Tower: (a) external view; (b) Festival Hall entrance; (c) 

Sky Lobby. 
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Another feature of the Nakanoshima Festival Tower is the mega-
truss: a 20 m high three-dimensional steel structure that transfers the 
load of the central columns of the US to principal columns (Figure 
A.32a). 

The ISO system is obtained by means of 66 LRB isolators of which 
32 with a square section of 1500 x 1500 mm and 34 with a circular 
section of Φ800÷1000, combined with 24 oil dampers (OD), 12 for 
each principal direction of the plan (Figure A. 30c). From Figure A. 30c, 
it can be observed that two square-section isolators are located under 
each principal column, supporting 95% of the weight of the entire 
building. Consequently, the circular isolators support the remaining 5% 
of the building’s weight. Furthermore, it can be seen from Figure A. 29 
and Figure A. 30a that the ISO system follows the shape of the lower 
festival hall and is placed on different levels. Therefore, in order to 
avoid contact between the isolated structural elements and the fly 
tower of the festival hall (Figure A. 30c), a tolerance of 750 mm was 
insert. 

From the above considerations, it is possible to estimate both the 
mass ratio of the building with IIS (i.e., μ) equal to 2.6 and the isolation 
period equal to approximately 3.6 s. 
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Figure A.31. Cross section of Nakanoshima Festival Tower [redrawn from [135]]. 
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Figure A.32. Nakanoshima Festival Tower: (a) Cross-section of the frame [redrawn from 

[135]]; (b) 3D model of mega-trusses and belt trusses [redrawn from [30]]; (c) isolation floor 
plan [redrawn from [30]]; 

In order to evaluate the seismic behaviour of the building with IIS, 
non-linear TH analyses were performed in [20] on the 3D FE model of 
the building under a rare earthquake for level 1 and extremely rare 
earthquake for level 2, as defined in Japanese standard. Recall that, 
for level 1 earthquakes, a maximum storey drift angle of 1/300 for US 
and 1/800 for LS was considered as limit values in the design, 
whereas, for level 2 earthquakes, a maximum storey drift angle of 
1/150 for US and 1/400 for LS was considered. Furthermore, for level 
2 earthquakes, the maximum deformation of the ISO system 
considered is 400 mm. The results of these analyses can be 
summarised as follows: (i) the LS being an SRC structure is rather 
rigid, therefore, the seismic response is strongly amplified in the upper 
part of the hall; (ii) the IIS allows to reduce the acceleration at the upper 
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floors approximately 25%; (iii) the maximum storey drift angle in the 
US is more than 30% lower than other office buildings; (iv) 
earthquakes classified as extremely rare by Japanese standards 
induce stresses in the structural elements that are lower than the 
permissible short-term stresses of the materials; (v) the use of the 
mega-truss prevents tensile stresses on the rubber bearings as a 
result of the overturning moment and the vertical seismic force. 

A.13 Ochanomizu Sola City 

All information reported in this section was derived from [153 – 
155]. 

General information on the building is given in Table A.5. 

The Ochanomizu Sola City (Figure A.33) is a 23-storey above-
ground building, 110 m high, located near the JR Ochanomizu station 
in Tokyo. The building has a regular prismatic shape with a floor plan 
dimension of 79.2 x 48 m and has replaced a previous 78 m high 
building of 30 years old. In the construction of the new building, the 
project involved the construction of new foundation piles and the reuse 
of existing ones as there was no space for additional piles around the 
Chiyoda subway line located under the building. In fact, the building is 
built above two railway lines, the Marunouchi subway line and the 
Chiyoda subway line. 

The building has a mixed use, where on the underground floors 
there is a car park and going upwards there are shops, a conference 
centre, educational facilities and offices (Figure A.34). 

Figure A.35 shows the structural system of the multi-storey urban 
square in front of the building, where the level indicated as the ground 
floor is an artificial ground with a weight of 20 kN/m2 obtained with a 
very high strength reinforced concrete (compressive strength of 
beams: 100 MPa, compressive strength of columns 250 MPa). 
Instead, the structural system of the tall building is a steel frame with 
CFT columns (Figure A.36a) that is divided above the second level by 
an ISO system. This system consists of 14 NRB isolators, 30 LRB 
isolators and 8 oil dampers (Figure A.36b). In this project, an IIS was 
chosen instead of a BIS because the complex shape and size of the 
square in front of the building made it complex to achieve the isolation 
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gap. Furthermore, the adoption of an IIS made it possible both to 
reduce the seismic response of the US, leaving the structural 
members in the elastic field even under a very severe level 2 
earthquake, and to reduce the stress on the foundation. 

 
Figure A.33. External view of Ochanomizu Sola City 
[https://creativecommons.org/publicdomain/zero/1.0/] 

Figure A.36a shows the typical floor plan of the office floors, which 
has a large column-free space with a maximum span of 21.6 m. The 
CFT columns are made of square tube sections with sides 800 -1000 
mm, where a high strength concrete, i.e. 100 MPa, was used for the 
columns under the ISO system. 

From the previous mentioned, the mass ratio and isolation period 
was estimated to be 10.5 and 4.1 s, respectively. 

In [153], the results of seismic analysis conducted on the building 
model under a level 2 earthquake can be summarised as follows: (i) 
the maximum response acceleration above the ISO layer is less than 
3 m/s2; (ii) the storey drift angle is less than 1/200; (iii) all structural 
members remain in the elastic range; (iv) the maximum deformation of 
the ISO layer is 34 cm (less than the design limit of 50 mm). 
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Figure A.34. Destination of use for the Ochanomizu Sola City [Source: [153]; license: 

Copyright © 2013 TAISEI Corporation. All rights reserved]. 

 
Figure A.35. Elevation view of Ochanomizu Sola City [Source: [154]; license: Copyright © 

2012 TAISEI Corporation. All rights reserved]. 
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Figure A.36. Ochanomizu Sola City: (a) isolation floor plan; (b) typical floor plan of office 

[Source: [153]; license: Copyright © 2013 TAISEI Corporation. All rights reserved]. 
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A.14 Nihonbashi dia building 

All information reported in this section was derived from [156 – 
159]. 

General information on the building is given in Table A.5. 

The construction project analysed here involved first the partial 
demolition of the historic Mitsubishi Logistics Edobashi Warehouse 
building, constructed in 1930 in reinforced concrete beside the 
Nihonbashi River, with 5 storeys above ground level (Figure A.37a) 
and then, the construction of a new building, named Nihonbashi Dia 
Building completed in 2014. In this new building, 40% of the existing 
building was preserved (Figure A.37b) as this building had been 
designated as a historic building by the Tokyo Metropolitan 
Government. 

 
Figure A.37. External view of Nihonbashi Dia Building: (a) under construction [redrawn 
from: [156]; license: © 2024 Japan Federation of Construction Contractors]; (b) as built 

[source: wikipedia; license: https://creativecommons.org/licenses/by-sa/4.0/]. 

https://creativecommons.org/licenses/by-sa/4.0/
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The Nihonbashi Dia Building has 18 floors above the ground and one 
underground for a height of about 90 m, and is located in the Chūō 
district of Tokyo, its use is office and warehouse. The structural system 
of the building is characterised by an ISO system above the sixth floor 
that divides the building into an LS and US (Figure A.38a). The LS is 
an SRC system with a floor plan dimension of approximately 59.2 x 
36.8 m, while the US is a steel frame (SF) system with CFT columns 
used for offices with a floor plan dimension of 43.3 x 31 m (Figure 
A.38b). In addition, 5 kN/m2 was assumed as the floor load in the 
design, with the exception of heavy load zones for which the floor load 
is 10 kN/m2. Consequently, it is possible to estimate the mass ratio of 
the system to be 0.8. 

 
Figure A.38. Nihonbashi Dia Building: (a) elevation view [redrawn from: [156]; license: © 
2024 Japan Federation of Construction Contractors]; (b) office floor plan [source: [157]; 

License: Copyright © Mitsubishi Logistics Corporation All Rights Reserved.] 
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The ISO system, composed of LRB isolators, also regularises the 
structural behaviour of the building; in fact, from Figure A.39 it can be 
seen that the new building constructed inside the existing building 
presents a strong variation in geometry along the height. In particular, 
the US has one more bay than the LS and in order to prevent a part of 
the gravity load of the US falling on the existing building, a hat-truss 
and an under-truss are placed at the top and base of the US 
respectively. 

 
Figure A.39. 3D model of Nihonbashi Dia Building [redrawn from [158]; License: Copyright 

© The Japan Society of Seismic Isolation. All Rights Reserved.] 

A.15 Wakabadai No.1 Apartment Building 

All information reported in this section was derived from [160]. 

General information on the building is given in Table A.5. 

The building analysed in this paragraph is part of a residential 
building complex constructed in 1983 in the Asahi Ward near 
Yokohama city and designed in accordance with the earthquake-
resistant standards in force at the time. 

In 2011, a seismic assessment analyses on the Wakabadai 3-7 
building (Figure A.40a) showed the need of retrofitting. However, since 
the building accommodates shops up to the second floor and 60 
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residential units from the third floor to the thirteenth, these works had 
to be carried out without interrupting the functionality of the building. 

Thus, it was decided to retrofit by placing a layer of ISO at the 
change of destination of use and geometry of the building along the 
height, i.e. the 3rd floor (Figure A.40b). The retrofit project was 
completed in 2013, while all the work was finished in 2014. 

 
Figure A.40. Wakabadai No.1 Apartment Building, 3-7: (a) bird’s-eye view [License: Image 

© 2024 Google, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Landsat/Copernicus, Data 
LDEO-Columbia, NSF, NOAA]; (b) elevation view [redrawn from: [160], license: © 2024 

Japan Federation of Construction Contractors]. 

The building has a floor plan with dimensions of 78 x 80 m for the 
lower floors and 60 x 10 m for the residential floors. The structural 
system is reinforced concrete, so the IIS retrofit project required all the 
building columns on the 3rd floor to be cut. Therefore, a total of 16 
NRB and HDRB type isolators were placed in the middle of each 
column (Figure A.41 a, b) coupled with 4 oil dampers (Figure A.41 c), 
two for each main direction of the plan. 

In order to verify the effectiveness of the designed IIS solution, TH 
analyses were carried out in [160] for an extremely rare earthquake, 
the results of which can be summarised as follows: (i) the maximum 
deformation angle of US floor is 1/400; (ii) the maximum ISO 
deformation is 40.5 cm, lower than the maximum value assumed in the 
design of 45 cm; and (iii) the maximum acceleration in US was reduced 
by 50% compared to the maximum acceleration at the base of the 
building. 
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In conclusion, it can be observed that an intervention similar to the 
one just described was completed in 2016 on another building in the 
same residential complex, Wakabadai 3-5 (Building highlighted with a 
dashed rectangle in Figure A.42). The only information found on the 
latter intervention is reported in [161] and shows that the intervention 
methodology is the same as the one described above, i.e. the ISO 
system is located on the third floor at the change of use and geometry 
of the building. Furthermore, from the air photo shown in Figure A.42, 
it is also possible to note the strong similarity between the two 
aforementioned buildings. 

 
Figure A.41. Wakabadai No.1 Apartment Building: (a) Isolation system layout; (b) photo of 

the isolation layer; (c) photo of oil damper. [redrawn from: [160], license: © 2024 Japan 
Federation of Construction Contractors]. 

 
Figure A.42. Wakabadai Apartment Building: (a) bird’s-eye view [License: Image © 2024 

Google, Data SIO, NOAA, U.S. Navy, NGA, GEBCO]. 
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A.16 Tekko Building - Main Building 

All information reported in this section was derived from [162]. 

General information on the building is given in Table A.6. 

The Tekko building is located near the Tokyo station and is a 
typical example of an IIS building that has a strong variation of 
geometry along the height (i.e., IT4). From Figure A.43, it can be seen 
that the building has a large floor plan extension at the base, with 
dimensions of approximately 183 x 35.7 m, for shops; while, in the 
elevation we find two towers, called the south tower and the main 
tower, destined for hotels and offices respectively (Figure A.43b). The 
two towers share the lower floors of the building becoming structurally 
separated by an expansion joint from the third floor (Figure A.43b, c). 
However, in order to simplify the discussion, the two towers will be 
analysed separately, with the main building being investigated in this 
section and the south building in the next section. 

 
Figure A.43. Tekko Building: (a) External view [License: Image © 2024 Google, Data SIO, 
NQAA, U.S. Navy, NGA, GЕВОС, image Landsat/Copernicus, Data Japan Hydrographic 
Association]; (b) elevation view [redrawn from [162]]; (c) floor plan [redrawn from [162]]. 
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The main building of the Tekko building has 26 above-ground 
storeys (136.5 m high) with a roughly rectangular plan form, measuring 
114.5 x 33.5 (aspect ratio greater than 4). In addition, an ISO system 
is located between the third and fourth floors and divides the entire 
building into an LS and US (Figure A.44a). The structural system of LS 
and US is a steel frame with CFT columns. In US there is an 18 m 
span without columns and in the floors with higher heights there are 
braces to increase the stiffness of the floor (Figure A.44a). Figure 
A.44b shows the layout of the ISO system, where it can be seen that 
48 NRB isolators with diameters varying between 1000 - 1500 mm, 
associated with 30 “U-shaped steel dampers (U-SD)”, 8 oil dampers 
and 32 oil dampers with locking mechanism, are installed. These 
dampers are used to prevent excessive deformation of the ISO system 
under strong winds and to allow the elevator to continue operating; 
therefore, they are only inserted in the direction of the short side of the 
building. The locking mechanism is set to activate when the 
anemometer positioned at the top of the building detects a wind speed 
greater than 25 m/s, corresponding to a wind load with a return period 
of 4-5 years; in addition, if an earthquake occurs when the damper is 
locked, there is a system, connected to an accelerometer installed in 
the building, which allows the damper to be unlocked. 

In [162] several analyses on a concentrated mass model were 
performed where the main building and the south are rigidly coupled 
at the first 3 levels. A modal analysis on such system showed a 
fundamental period for the main building with initial stiffness of the ISO 
system equal to 4.24s, while considering a deformation of 30 cm of 
ISO and the consequent equivalent stiffness the period is 5.38 s. 
However, a simplified evaluation of the ISO period for a 100% 
deformation of ISO shows a value of approximately 5.3 s. Finally, the 
results of the seismic response analysis can be summarised as 
follows: (i) the maximum drift angle of the floor under a Level 2 
earthquake is 1/184; (ii) the maximum displacement of the ISO system 
is 376 mm, with a shear strain of 185%; (iii) the maximum vertical 
pressure on the isolator is 27.7 MPa, while the minimum is -0.1 MPa, 
which is an acceptable tensile stress for the isolator. 

In addition to seismic loads, the building is also subject to strong 
wind loads due to its very extended shape in one direction. Therefore, 
wind loading response analyses were conducted, the results of which 
are shown in [162] and can be summarised as follows: (i) oil dampers 
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with a locking mechanism prevent the isolators from exceeding the 
elastic limit under a Level 2 wind load; (ii) the maximum deformation 
of the ISO system for a Level 2 wind load is 98 7mm; (iii) the maximum 
building displacement for a Level 2 wind load is less than 20mm; (iv) 
the steel dampers do not exceed the elastic limit for a Level 1 wind 
load; (v) the maximum and minimum surface pressure on the isolators 
is 26 MPa and 0.5 MPa respectively. 

 
Figure A.44. Tekko Building – Main building: (a) cross section [redrawn from [162]]; (b) 

Isolation system layout [redrawn from [162]]. 

The building has several accelerometers installed inside, including 
accelerometers located at the base of the building (basement, floor -
3), on the floor immediately below the ISO system (third floor), on the 
floor immediately above the ISO system (fourth floor) and at the top 
(twenty-third floor). However, following the completion of the building 
in 2015, two major seismic events occurred at the site. The first one is 
the 16 May 2016 earthquake of M5.5 with epicentre to the south of 
Ibaraki Prefecture, where an acceleration at the base of the building of 
0.101 m/s2 was recorded, which amplified to 0.322 m/s2 below the ISO 
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system; while it reduced to 0.099 N/m2 on the floor immediately above 
the ISO system, and is approximately the same on the 23rd floor of US 
(0.094 N/m2). These records demonstrate the excellent seismic 
behaviour of the IIS system, with a maximum acceleration at the floor 
immediately above the ISO system equal to 31% of the maximum 
acceleration recorded below the ISO system. The second earthquake 
recorded was on 22 November 2016 with an epicentre in the sea near 
Fukushima Prefecture with M7.4, where the maximum accelerations 
recorded at the base, below and above the ISO system are 0.057 m/s2, 
0.18 m/s2 and 0.114 m/s2 respectively, with the ISO system leading to 
a reduction in acceleration in the US although of a lower intensity than 
the previous earthquake. This effect is probably due to a lower 
effectiveness of the ISO system due to a greater influence of the long-
term component of the seismic wave. 

Finally, accelerometer measurements recorded during 
windstorms exceeding 25 m/s at the top of the building confirmed the 
excellent behaviour of the oil dampers with locking mechanism. 

A.17 Tekko Building - South Building 

All information reported in this section was derived from [162]. 

General information on the building is given in Table A.6. 

The south tower of the Tekko building in Tokyo, as shown in Figure 
A.43a and Figure A.45a, has an ISO system between the fifth and sixth 
floors. As described in the previous paragraph, the south tower shares 
a part of LS with the main tower, while the US is a steel frame with 
CFT columns that reaches a maximum height of 98.5 m (21 storeys 
above the ground), with a rectangular floor plan measuring 38.3 x 28 
m. The building consists of commercial facilities in the lower part, with 
a rest area for users waiting for the transfer to Haneda Airport on the 
ground floor and hotels on the US floors. There is also a TMD on the 
top of the building to increase living comfort in the case of high wind 
loads. 

The ISO system consists of 6 NRB isolators with a size Φ800 ÷ 
1000 with a rubber shear modulus of 0.39 MPa and 4 NRB isolators 
with a size Φ1000 ÷ 1200 and a rubber shear modulus of 0.60 MPa 
combined with 8 oil dampers (Figure A.45b). 
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Similarly, as done for the main building (Section A.16), the results 
of the modal analysis and the response analysis for seismic loads 
described in [162] are also reported for the south building. In particular, 
the modal analysis showed a fundamental period of the south building 
equal to 5.68 s, which is higher than the isolation period of 4.6 s 
evaluated in a simplified way from the information available on the 
building considering only the contribution of the NRB isolators. In 
addition, the results of the seismic response analysis showed that: (i) 
the maximum storey drift angle is 1/173 and (ii) the maximum 
deformation of the isolation layer is 285 mm with shear strain of 183%. 

 
Figure A.45. Tekko Building – South building: (a) cross section [redrawn from [162]]; (b) 

Isolation system layout [redrawn from [162]]. 

Accelerometers were also installed for the south building on the 
several floors which allowed the system response to be recorded 
during the two seismic events already mentioned in the previous 
paragraph with reference to the main building. During the M5.5 
earthquake of 16 May 2016, a maximum acceleration at the base of 
0.101 m/s2 and a maximum acceleration below and above the ISO 
system of 0.295 m/s2 and 0.049 m/s2, respectively, was recorded, 
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showing a strong effectiveness of the ISO system. Finally, at the 
second M7.4 earthquake on 22 November 2016, the records of the 
accelerations above and below the ISO system showed a maximum 
acceleration of 0.192 m/s2 and 0.062 m/s2, respectively. Thus, even in 
the latter case there is a strong effectiveness of the ISO system in 
reducing the response in terms of accelerations in the isolated upper 
building. 

A.18 Kyobashi Edogrand 

All information reported in this section was derived from [163, 164]. 

General information on the building is given in Table A.6. 

The Kyobashi Edogrand (Figure A.46) is a building with 32 floors 
above ground and 3 basement floors with a maximum height of 170 m 
located near Tokyo Central Station. The building is composed of a 
tower that stands on three buildings at its base, this type of architecture 
allows to have an urban square that runs across the entire building on 
the ground floor (Figure A.47). However, it should be pointed out that 
the construction of the Kyobashi Edogrand involved the demolition of 
all the existing buildings on the site with the exception of a historic 
building that is structurally independent of the new building (Figure 
A.47). 
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Figure A.46. Kyobashi Edogrand: (a) external view; (b) bird’s-eye view [License: Image © 

2024 Google, NASA]. 

In Figure A.47a, it can be seen that on the lower floors, up to the 
seventh, there are shops, while the floors of the tower are destined for 
offices. At the floor where the office tower connects to the three 
buildings at the base, 31 m above ground level, an ISO system is 
positioned, thus allowing the definition of an LS and a US (Figure 
A.48a). The LS is composed of the three steel reinforced concrete 
buildings, which appear to be architecturally separate but are 
functionally and structurally connected to each other on the third and 
fifth floors by means of an rigid floor (Figure A.47b). The maximum 
external plan dimension of the LS is 66 x 98.5 m. The US has a plan 
dimension of 50 x 75 m with a core for the services on the north side; 
while the structural system is a steel frame with CFT columns (750 x 
1100 mm) and welded square hollow section beams, moreover, 
braces are inserted in the central bays. 

The ISO system is realised by means of 34 NRB isolators 
(10Φ1300, 2Φ1400, 14Φ1500 and 4Φ1500 in pairs of two) associated 
with 48 oil dampers, 6 ESBs and 4 Elastic sliding (Figure A.48b). In 
addition, since the building is high to avoid significant deformations in 
the ISO layer under windstorms, mechanical locking systems are 
inserted that fail after a certain shear action allowing the ISO layer to 
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work during an earthquake but at the same time blocking the 
deformation of the ISO layer under strong wind actions. 

Then, from an approximate assessment of the US mass and the 
type and number of isolators used in the building, it is possible to 
roughly calculate the isolation period adopted in the design, which is 
approximately 6.1 s. 

 
Figure A.47. Kyobashi Edogrand: (a) elevation view [redrawn from [163]]; (b) floor plan 

layout [redrawn from [163]]. 

From the above, it can be seen that large diameter insulators were 
used in the building (the smallest diameter used is Φ1300); since, 
although the maximum acceptable displacement from the ISO layer is 
set at 50 cm for a level 2 earthquake, the isolators must also be able 
to accommodate greater displacements. 

Furthermore, the layout of the ISO devices in the isolation layer is 
due to the need to have the centre of the stiffnesses of the ISO layer 
coincide as much as possible with the centre of the masses of the US 
in order to avoid torsion motions at the ISO layer (Figure A.48b). On 
the other hand, the four elastic sliding devices were placed in the 
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centre of the plan where the gravitational load is lowest. Finally, the 
Oil Dampers (OD) have the function of absorbing the vibration energy 
in the ISO layer. 

 
Figure A.48. Kyobashi Edogrand: (a) 3D model [redrawn from [163]]; (b) Isolation system 

layout [redrawn from [164]]. 

In [164], the results of the system response analysis assumed as 
a concentrated mass model with 3DOF assigned to each mass are 
reported. The results can be summarised as follows: (i) maximum 
storey deformation angle equal to 1/231 (lower than the limit of 1/150); 
(ii) maximum ISO deformation equal to 37.5 cm (lower than the limit of 
50 cm). 

A.19 Roppongi Grand Tower 

All information reported in this section was derived from [165, 166]. 

General information on the building is given in Table A.7. 
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The Roppongi Grand Tower (Figure A.49a) is located in the luxury 
district of Roppongi in Tokyo and was constructed between June 2013 
and October 2016. The building reaches a height of 230 m (40 storeys 
above ground and three below) with a floor plan measuring 
approximately 65 x 65 m whose longest bay is 17 m. The destination 
of use of the tower is offices (Figure A.49b). 

 
Figure A.49. Roppongi Grand Tower: (a) elevation view [source: Wikimedia; license: 

https://creativecommons.org/licenses/by-sa/4.0/]]; (b) elevation view [redrawn from [166]]. 

The building was initially designed as a system with vibration 
control through plasticizing aseismic braces in the central core, and 
after the 2011 Tohoku earthquake it was decided to switch to an 
isolated system at the intermediate level to allow a higher performance 
and liveability during an earthquake. The building is also characterised 
by a large transfer beam on the 7th floor that transfers the gravity load 
from the upper part of the building to the CFT columns located on the 
lower floors, allowing a large atrium on the ground floor (Figure A.50). 
These CFT columns have a circular cross-section of 1800 mm (steel 
ultimate strength: 550 MPa; concrete strength: 60 MPa) and are one 
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of the largest CFT columns in Japan. In addition, aseismic braces and 
Viscous Damping shear Wall (VDW) are inserted in the central core of 
the building to reduce the response in terms of accelerations in LS 
(Figure A.50). 

 
Figure A.50. Structural system of the Roppongi Grand Tower [redrawn from [166]]. 

As mentioned above, the building was initialy designed to include 
only vibration control with VDW and only after the 2011 earthquake 
was it included a layer of ISO along the height of the building. 
However, the design of the ISO system had to respect the following 
four points: (i) maximum number of storeys above ISO; (ii) avoid 
tensile forces in the isolator; (iii) provide sufficient resistance to vertical 
loads of the isolator; and (iv) do not alter the architectural design of the 
building. With regard to satisfying points (ii) and (iii), it has been seen 
that the maximum number of floors to be considered above the ISO 
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system is 30 (20th floor of the building). Whereas, in order to satisfy 
point (iv), the location of the sky lobby planned on the 26th floor and 
connected to the ground by a direct elevator must not change. 
Consequently, it was decided to locate the ISO system immediately 
below the floor of the sky lobby, connecting the US and the elevator 
structure with an expansion joint. The other elevators inside the 
building do not pass through the ISO system except for an emergency 
elevator. 

To achieve the structural system shown in Figure A.50, the 
designers conducted parametric analyses by modifying the stiffness of 
the LS and US and also compared the response of the building model 
with classical vibration control (i.e. without IIS). The results of this 
parametric analysis, conducted on a concentrated mass model of the 
building, are shown in [166] and demonstrate both the effectiveness of 
IIS compared to the system without IIS and how for a building with IIS, 
a lower stiffness of the LS increases the effectiveness of the ISO 
system in reducing accelerations, displacements and shear forces at 
the different floors. 

Figure A.51a shows the layout of the ISO system where it can be 
seen that the following devices are positioned in the isolation layer: 33 
NRB isolators Φ1300, 4 NRB isolators Φ1400, 4 NRB isolators Φ1500, 
56 steel dampers (SD) and 64 oil dampers (OD) of which 4 are with 
locking mechanism. The resistance force offered by the steel dampers 
and the locking mechanism of the 4 ODs (two in each direction) is 
evaluated in relation to the wind load. The maximum deformation of 
the ISO layer under a very rare earthquake is set at 40 cm, while 
elements at risk of collapse or collision, such as the expansion joints 
between tower and elevator are designed for a displacement equal to 
1.5 times the maximum displacement of 40 cm. In addition, the 
isolators are placed symmetrically in plan in order to avoid torsional 
motion of the system. 

Figure A.51b shows the layout of the installation of the oil and steel 
dampers in the ISO layer. In particular, it can be seen that in order to 
reduce the number of struts required for the installation of the ODs and 
SDs, a staggered system has been realised, where an SD is placed 
on a strut connected to the LS and one on a strut connected to the US 
and finally the two struts are connected to each other through an oil 
damper. Thus, in the case of a strong earthquake, the ODs installed 
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between two struts exhibit a reaction force as a function of the velocity 
of the floors, whereas, the SDs exhibit a resistance force as a function 
of the deformation of the ISO layer. A photo of the system in situ is 
shown in Figure A.51c. 

 
Figure A.51. Isolation system of Roppongi Grand Tower: (a) layout; (b) detail; (c) photo 

[redrawn from [166]]. 

A.20 DaiyaGate Ikebukuro 

All information reported in this section was derived from [24, 167]. 

General information on the building is given in Table A.7. 

The building investigated in this section is the DaiyaGate (Figure 
A.52a) built above the tracks of Ikebukuro Station, Tokyo (Figure 
A.52c). The construction of the building was completed in 2019 and 
represented the first case in Japan of a building more than 60 m high 
built above the tracks. The design of the building is oriented to Transit-
Oriented Development (TOD is a new method of planning 
development with public transport), which involves the construction of 
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new buildings over existing train stations without changing their route 
or interrupting their activity during the construction of the building. 

The building has been constructed to become the new 
headquarters of the Seibu Group and reaches a height of 
approximately 100 m with 20 storeys above ground and 2 storeys 
below ground (Figure A.53) and on the third floor there is an open deck 
(Figure A.52b). 

 
Figure A.52. DaiyaGate Ikebukuro: (a) external view; (b) open deck; (c) bird’s-eye view 

[License: Image © 2024 Google, Data SIO, NOAA, U.S. Navy, NGA, GEBCO]. 

The building has a steel tripod structure on the lower floors, where 
V-shaped elements make it possible to cross the tracks of the existing 
railway line. Next, at a height of 20 m above ground level, there is an 
ISO system that structurally divides the building into two distinct parts, 
the LS and the US. The US has a typical floor plan with dimensions of 
65 x 47 m, with a services core eccentrically placed with respect to the 
geometric centre of gravity of the plan, resulting in two column-free 
bays of 18.3 m and 10.8 m in the X and Y directions of the plan 
respectively (Figure A.54). The decision to reduce the number of 
columns in the plan, in addition to having an obvious architectural 
benefit, leads to a smaller number of ISO devices to be adopted and 
therefore a greater gravitational load on each isolator, which leads to 
larger isolators able to accommodate greater displacements. In 
particular, the ISO layer is composed of 20 NRB isolators of which 16 
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have a diameter Φ1000 and 4 a diameter Φ1500 combined with 4 U-
shape steel dampers (Figure A.55). 

 
Figure A.53. Cross section of DaiyaGate Ikebukuro [redrawn from [24]]. 

The US consists of a steel frame with CFT columns and a diagrid 
on the external façade made of H-shaped hot-dip galvanised steel 
elements. The use of the diagrid system makes it possible to obtain a 
high horizontal stiffness for the US such that the steel frame can be 
considered to have only the function of transmitting gravity loads. In 
addition, inertial seismic forces are transferred to the diagrid through 
horizontal steel plates that connect the steel frame to the diagrid itself 
(Figure A.54). 

However, the choice of adopting structural systems with high 
horizontal stiffness for both US and LS demonstrates the designers' 
intention to emphasise more the seismic isolation aspect in the 
building with IIS instead of mass damping aspect (see Chapter 2); in 
fact, a simplified calculation has identified an isolation period for the 
US+ISO of approximately 6 s. In addition, the layout of the isolators 
allows torsional motions of the insulated upper structure to be avoided 



Appendix A: Examples of IIS  263 

 

(Figure A.55). The isolators were designed for a maximum 
displacement of 495 mm, under an extremely rare earthquake, 
corresponding to a 250% shear deformation of the rubber, and for a 
limit value of the surface pressure equal to 18 N/mm2. 

 
Figure A.54. Typical floor plan above ISO layer of DaiyaGate Ikebukuro [redrawn from [24]]. 

The design of the DaiyaGate Ikebukuro has several unique 
features, such as the absence of substructures crossing the train line, 
and thus connecting the parts of the building that are located at the 
end of this track line. Therefore, differential seismic inputs at the base 
of the two building parts have been considered in the building analysis, 
and a total differential displacement about 30 mm has been evaluated 
under a design earthquake. A further push-over analysis on the 
building showed that the collapse of the system occurred for a 
differential displacement of 200 mm, i.e. approximately 7 times the 
value of the system response to the design earthquake. 
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Figure A.55. Isolation system of DaiyaGate Ikebukuro [redrawn from [24]]. 

In [24] are reported the results of TH analyses performed on a 57-
DOF lumped mass model, in which at each plane is assigned a mass 
with 3-DOF, excited by three different wave shapes of extremely rare 
earthquakes. The results of these analyses can be summarised as 
follows: (i) the maximum drift angle in the X- and Y-direction is 
approximately 1/700 and 1/400 respectively; (ii) the US diagrid system 
exhibited strong horizontal stiffness; (iii) the maximum displacement of 
the ISO layer is 41.4 cm, below the limit of 50 cm; and (iv) each 
structural element remains in the elastic field. In addition, an analysis 
on the same 57-DOF model under a pulse ground motion was also 
carried out. The results of this analysis showed a good response of the 
IIS, with a displacement of the isolation layer that although exceeding 
50 cm remains less than 70 cm, a value over which the load-bearing 
capacity of the isolators is lost, and the maximum drift angle in the US 
remains 1/700 in the X direction. 
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A.21 Overview tables 

The following Tables A.1 – A.7 show the general information 
obtained about twenty IIS buildings. 
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Appendix B. The non-
proportional damped system 
The equation of motion for a general nDOF system (n = system 

DOF) can be written in matrix form as: 

+ + = −  gMu Cu Ku M ur   (B.1) 
 

where the matrices M, C, K are respectively the mass, damping and 
stiffness n x n matrices, while the vectors u , u , u contain respectively 
the n-values of acceleration, velocity and relative displacement with 
respect to the base of each DOF of the system. Eq. (B.1) is given by 
considering as input on the system an acceleration gu  applied to the 
individual DOFs through the vector r. 

In design practice, the assumption commonly adopted is that the 
frequencies and vibration modes of a system can be evaluated from 
Eq. (B.1) by excluding the contribution of damping, i.e. C = 0. This 
assumption leads to decoupled equations of motion and thus 
frequencies and vibration modes expressed by real numbers. 
However, it is also possible to force decoupling of the motion equations 
even considering the damping matrix, but it must be assumed that the 
equivalent viscous damping in the system is proportional to the 
masses and/or stiffnesses of the system. However, this latter condition 
can only be satisfied if the distribution of the equivalent viscous 
damping within the structure is proportional to the distribution of 
masses and/or stiffnesses in the system. Consequently, such systems 
are called non-proportional damped systems or non-classically 
damped systems. 

Therefore, a system with intermediate isolation level showing a 
large difference between the damping ratio of the isolation storey and 
the remaining storeys is classified as a non-proportionally (or non-
classically) damped system, for which a fully populated damping 
matrix should be considered to provide an accurate response 
prediction [90]. In general, as suggested by [139], the following 
parameter (eij) can be used to quantify modal coupling: 
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−= 2 2
0 0 0 0 0
T T

ij i j i i jω ωe ωCΦ Φ   (B.2) 
 

where, ω0i, ω0j and 0
T

iΦ , 0
T

jΦ  are the undamped natural frequency and 
mode shapes for the i and j mode. The modal coupling occurs if eij is 
larger than unity for all mode pairs i ≠ j and if else the natural frequency 
of each undamped mode ω0 is close to dominant input frequency (ω). 

A non-proportionally damped system has a complex-valued 
natural modes and does not satisfy the Caughey and O’ Kelly identity: 

=1 1- -CM K KM C  (B.3) 
 

Consequently, since the whole damping matrix C must be 
considered and the motion equations cannot be decoupled for 
analytical convenience, it is advisable to rewrite Eq. (B.1) in the first-
order state space form as follows: 
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 (B.4) 

 

where, u is the state vector of dimension n, A is the state matrix and b 
are coefficient matrices and have dimensions of 2n x 2n and 2n x n 
respectively, x(t) is the input control vector of dimension n. 

The i-th complex-conjugate eigenvalue λi, iλ  and i-th (2nx1) 
complex-conjugate eigenvector Φi, iΦ  can be derived by solving the 
2n homogeneous algebraic system (A- λiI) Φi = 0; the i-th natural 
frequency is ωi = |λi| and the i-th modal damping ratio is ηi = Re(λi)/|λi|. 
The lower half part of the eigenvector Φi gives the mode shapes, ψi. 

After evaluating the complex modal characteristics, the total peak 
response of the system with non-proportional damping can be 
calculated using a modal superposition rule, square root of the sum of 
the squares SRSS (RSRSS), or complete quadratic combination CQC 
(RCQC), as suggested in [83]: 
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2 2

1

n

i iSRSSR B R= ∑  (B.5) 
 

= =

= ∑∑
1 1

i j ij ,mod

n n

CQC
i j

i jR B B ρ R R   (B.6) 
 

where: Ri, is the maximum relative displacement response of SDOF 
model with natural frequency ωi and damping ratio ηi, or in other words 
is the spectral displacement of the oscillator just mentioned; Bi, is a 
real-valued participation factor and ρij,mod are correlation coefficients. 

In particular, Bi is equal to: 

2 2 2
ii i iB ωa c= +   (B.7) 

 

in which ( )= −2Rei i ia b λ  and ( )= −2Rei ic b  are the real valued 

coefficients, while ( )( )( )−−= +
11T T T

i i i i i i i i iλ λb -M M MTΦ Φ r Φ Φ Φq Φ . The 
matrix qT = diag(I) is used to consider the relative displacements of the 
system. 

Both Eqs. (B.5) and (B.6) provide the maximum system displacement 
to a response spectrum analysis with the difference that Eq. (B.5) is 
evaluated using the SRSS modal combination rule and does not take 
into account the correlation between modal responses. However, this 
effect can considerably change the response of the system when two 
or more natural frequencies are close to each other. Thus, it is 
recommended to employ the modal superposition rule CQC in the 
latter case.  

The correlation effect between the modal responses is taken into 
account in Eq. (B.6) through the correlation coefficient ρij,mod: 
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( ) ( ) ( )
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where βij is the ratio between the frequencies at modes i and j. 
Furthermore, it can be seen that the first square brackets of Eq. (B.8) 
(i.e. ρij) shows the correlation term already suggested by several 
standards [50, 94] for classically damped systems, whereas the term 
ceij takes into account the phase difference between the modal 
response coefficients and thus considers the correlation effect of the 
phase.  

It should be pointed out that non-classically damped systems can 
be analysed within the framework of time-history analyses by 
considering the whole damping matrix, which requires a direct 
integration analysis, again excluding the assumption of proportional 
damping to masses or stiffnesses. 
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Appendix C. The Pole 
Allocation Method (PAM) 
C.1 Open-loop vs. closed-loop system 

Before introducing the pole allocation method, it is important to 
define the difference between an open-loop controlled system and a 
closed-loop controlled system. 

In general, a system excited through an input signal responds with 
an output signal, such as the case of a building under ground motion 
that will oscillate according to its dynamic characteristics yielding an 
output signal, following the processes (or plants) in Figure C.1. 

 
Figure C.1 Plants. 

Generally, in engineering problems, the operation that is 
performed is to calculate the output, through so-called analysis, since 
the characteristics of the system and the input are known data of the 
problem. However, in some cases the known data of the problem could 
be the input and output and the goal become the identification of the 
system properties, in this case the task is called system identification. 
In addition, it could also happen that the working conditions of a 
system are known, but the system has not yet been defined; in that 
case, the aim will be the system design. 

In a system control problem, all three of the above-mentioned 
tasks are involved; where, the characteristics of the processes (input - 
system - output) may not all be known exactly, but there may be 
uncertainties that need to be managed by means of a mechanism 
guaranteeing that certain requirements are met. 

The system shown in Figure C.1 is a typical case of an 
uncontrolled system, where the input acting on the system gives an 
output in accordance with the mechanical characteristics of the 
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system. Instead, a process where the input acting on the system is 
provided by a controller set to allow a desired output to the system is 
called a controlled system (Figure C.2). In the latter case, the controller 
is pre-programmed to provide a certain output (i.e. the system input) 
that is not affected by the effective output; therefore, this type of control 
is called open-loop control. A classic example of a process with open-
loop control in building management concerns lighting or air-
conditioning system that switches on or off at a certain time 
independently of ambient conditions, i.e. low light or deviation from the 
comfort temperature. 

 
Figure C.2 block diagram of the open-loop control processes. 

However, if to the process just described, tasks are added that 
allow the variation of the input into the system as a function of the 
output, the efficiency of the whole process increases. Indeed, returning 
to the example of the lighting or air-conditioning system, sensors can 
be installed that detect the variation of lighting or temperature with 
respect to target values and adjust the input accordingly to achieve 
these target values of lighting and temperature. This type of control 
can be simplified with the block diagram in Figure C.3 and is called 
feedback control or closed-loop control. 

 
Figure C.3. block diagrams of the closed-loop control processes. 

Let us now take as an example the 2DOF IIS system under a 
ground motion analysed in the chapter 2 (Figure 2.2b). From the 
aforementioned, if the mechanical characteristics of the system (i.e. 
mLS, cLS, kLS and MISO, cISO, kISO) are known, the output can be 
evaluated by writing the equations of motion, and after some analytical 



Appendix C. The Pole Allocation Method (PAM) 279 

 

manipulations we have seen how the transformed input (i.e. ( )gU s ) and 
the transformed output (i.e. ULS (s)) can be connected to each other 
through the transfer function G (s). Finally, it is possible to calculate 
the response of the system by means the inverse Laplace transform. 
Therefore, the block diagram in Figure C.1 becomes the diagram in 
Figure C.4 for the uncontrolled system. However, since control of the 
systems response is not possible, an unstable system response may 
occur. 

 
Figure C.4. block diagrams for open-loop control processes with transfer function. 

As known from the literature [98, 99], the stability of the system 
response depends on the position of the system poles in the Laplace 
domain. In fact, if the poles are located on the right-hand side of the s-
plane the response of the system will be unstable, conversely, if the 
poles are located on the left-hand side of the s-plane the response of 
the system will be stable (Figure C.5). For each degree of freedom of 
the system, we obtain a set of poles (λi and its conjugate λi*) associated 
with the corresponding i-th mode of vibration of the system, thus, in 
Figure C.5 with ξi and ωi have been denoted, respectively, the 
damping ratio of the i-th mode and the circular natural frequency of the 
i-th mode. 

 
Figure C.5. Laplace plane for a system with viscous damping. 
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There are several system control techniques to achieve only a 
stable system response, i.e. the poles are placed on the left side of the 
s-plane. One of the most widely used techniques in the engineering 
field is the Pole Allocation Method (PAM). 

The PAM is generally applied for the closed loop control systems. 
Only recently, Ikeda [70, 71] has proposed an application of PAM to 
passive vibration control systems, i.e., systems with open-loop control. 
So, in order to highlight the differences between the two approaches 
in the following, the application of PAM to closed-loop systems will be 
briefly analysed, and then PAM will be applied to the 2DOF IIS, i.e., an 
open-loop system. 

C.2 PAM for closed-loop systems 

The approach of the PAM has been developed in the late 1960s 
and is essentially a time domain approach, based on the state-space 
description of the dynamic behaviour of the lumped-parameter 
systems [98]. In particular, the PAM control strategy is the 
methodology used to calculate the control gains required to move the 
poles of the closed-loop system associated with the controlled modes; 
hence, this approach is also known as modal control (Figure C.6). 

Now, let us first describe PAM in general following the time domain 
approach proposed by Porter and Crossley in [168]. 

Let us consider a 2DOF concentrated mass system, where M, C, 
K denote the mass, damping and stiffness matrix of the system, 
respectively. The state equation is as follows: 
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(C.1) 
 

where u(t) is the state vector of dimension 2n (n = system DOF), A 
(plant matrix of uncontrolled system) and b are coefficient matrices 
and have dimensions of 2n x 2n and 2n x n respectively, u(t) is the 
input control vector of dimension n. 
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Eq. (C.1) is representative of the dynamic behaviour of an open-
loop system, for which it is possible to calculate the eigensolutions [98, 
168]: eigenvalue λ1, λ*1 and λ2, λ*2, right eigenvector x1 e x2 and left 
eigenvector v1 and v2. It can be shown that if the left and right 
eigenvectors are normalised, they satisfy the following condition: 

∀= = 1 2i ij
T
j δ i , j ,v x   (C.2) 

 
where δij denotes the kronecker delta; thus, this means that the 
eigenvectors of A and AT corresponding to different eigenvalues are 
orthogonal. 

However, it is possible to control m modes of the system; in fact, 
if all elements of the state vector u(t) are measured by appropriate 
sensors, it will be possible to combine these read outputs to generate 
a control signal provided by the expression: 

( ) ( )=
= == ∀∑ 1

1n T
jkj jk k js t v u ,t ,... mv u  (C.3) 

 
where the measured vector can be chosen equal to vj, to allow an 
appropriate selection of m eigenvectors of AT. Indeed, with this 
position, as demonstrated in [168] the eigenvalues λj change to some 
new values ρj and the eigenvectors xj to some corresponding new 
vectors wj; while leaving unchanged the (n - m) eigenvalues and 
eigenvectors of the uncontrolled system plant matrix. Thus, there are 
m proportional controllers having as modal control gain, gj, which 
provides an input control force x(t) equal to: 

( ) ( )=
= −∑ 1

m T
jj jx t g tv u   (C.4) 

 
By substituting Eq. (C.4) into Eq. (C.1), is obtained: 

( ) ( ) ( )=
= − ∑

1

m T
j jj

tt t gA bu v uu  (C.5) 
 

Thus, the plant matrix A of the uncontrolled system becomes the 
plant matrix C of the controlled system, where C is equal to: 

=
= − ∑ 1

m T
j jj

gC A b v   (C.6) 
 

Hence, Eq. (C.5) can be rewritten as: 

( ) ( )= t tCu u  (C.7) 
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Eq. (C.7) is the equation for the closed-loop system, and it can be 
observed that: 

∀= += = 1j j j jλ j m ,...,nC Ax x x  (C.8) 
 

From Eq. (C.8) it can be seen that eigenvalues and eigenvectors 
of the open-loop system are equal to eigenvalues and eigenvectors of 
the closed-loop system, for modes m + 1 to n (i.e. uncontrolled 
modes). 

The procedure just described can be summarised by the block 
diagram in Figure C.6, where it can be seen that the system described 
by the coefficient matrix A belongs to an open-loop system; whereas 
the system described by the matrix C is evaluated through the modal 
control gains defined within the closed-loop system. 

 
Figure C.6. Block diagram for pole allocation method. 

The whole analytical procedure to identify the algorithm for 
computing modal control gains can be found in [98, 168]; where it can 
be seen that the PAM provides a “feedback control” relationship, 
making the structural response less sensitive to variation in structural 
parameters. Therefore, this approach is classified as “modern control 
theory” and is applied for the systems with active or semi-active 
control. 
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Appendix D: Suggested value 
of ISO damping ratio 
In chapter 2 has been analysed the influence of design parameters 

f and μ on system response for a fixed value of ξLS and ξISO. However, 
while the parameter ξLS is usually fixed in practical applications and 
therefore its influence on the systems response is not very important, 
the influence of the parameter ξISO on the IIS response is very 
important. 

In the literature, there are several works that assess under certain 
positions the optimal value of f and ξISO, i.e. fopt and ξI,opt, for a classical 
TMD system. Consequently, this appendix aims to provide a 
suggested ξISO value for a system with non-classical TMD such as the 
IIS. To achieve this goal, we first analyse the influence of ξISO on the 
IIS response and then suggest a value of ξISO to be used in practical 
design. 

D.1 Influence of design parameters on IIS 
structural response 

The system response has been analysed in the chapter 2 through 
the Dynamic Magnification Factor evaluated for both support excitation 
(DMFug, 2DOF IIS) and an applied force on the first mass (DMFFE, 2DOF IIS), 
whose equations are given below for simplicity. 
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As reported in section 2.2, the Eq. (D.1) is a function of the 
following design parameters: tuning ratio, f, forced frequency ratio, λ, 
mass ratio, μ, LS damping ratio, ξLS and ISO damping ratio, ξISO. The 
Eq. (D.2) is a function of the same design parameters just mentioned 
except for the LS damping ratio, which for simplicity is set equal to 
zero. 

Starting from Eq. (D.2), In order to evaluate the influence of the 
design parameter ξISO on the structural response of the 2DOF IIS 
model, in Figure D.1 are reported five different curves obtained for five 
value of ξISO = [0, 0.1, 0.2, 0.3, ∞]. In particular, Figure D.1 shown the 
ratio between the LS mass displacement amplitude uLS, divided by the 
static displacement of the same mass, ust, versus the forced frequency 
ratio, λ = [0.5 – 2]; for a fixed value of forced frequency ratio, f = 1 and 
several value of damping ratio, ξISO, and mass ratio, μ = [0.05, 0.20, 1, 
2]. Therefore, it is observed that as the damping ratio varies, there are 
two limiting solutions, i.e. ξISO = 0 and ξISO = ∞; for the first solution 
there are two vertical asymptotes, for the second limit solution only 
one peak is shown as the mass of the isolated upper structure is fixed 
to the LS mass. However, if we consider values of ξISO with more 
practical interest, i.e. ξISO = [0.1, 0.2, 0.3], we observe that the 
amplitude at resonance frequency is only limited by the variation of the 
damping ratio. Moreover, the range of λ values for which it is 
interesting to study the system response includes the frequency 
values at the two vibration modes of the 2DOF IIS model where is a 
response amplification due to the resonance effect, i.e. 0.5 ≤ λ ≤ 1.5. 
Finally, it is interesting to note that low mass ratios bring the system 
response peaks closer to each other, with the result that the system is 
very sensitive to the input frequency, vice versa with high mass ratios 
the two system response peaks move away from each other, and the 
absorber provides greater robustness against input frequency 
variation. 
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Figure D.1. Main mass displacement amplitude vs. forced frequency ratio for f = 1 and μT = 

[0.05, 0.20, 1, 2]. 

Next, we assess the influence of the five design parameters (i.e., 
f, λ, μ, ξLS and ξISO) on the response of the 2DOF IIS model given by 
Eq. (D.1) through a parametric analysis. 

First, we consider the response of the system (Figure D.2) by 
varying the following design parameters: μ = [0.01, 1], where the first 
value is representative of a system with classical TMD, while the 
second value, i.e. 1, can be assumed as representative an IIS solution; 
λ =[0 - 3], this range of values can identify both the first and second 
vibration mode response peaks; ξISO = [0 - 0.5], where the upper limit, 
i.e. 0.5, has been assumed as the maximum value obtainable in 
practical applications; ξLS = 0.05, is a typical value used for reinforced 
concrete and masonry structures; f = (0.5, 1), which are the optimal 
tuning value for μ = 0.01 and 1, respectively, evaluated thought a Den 
Hartog’s formula fopt = (1/1+μ)0.5 [84]. 
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Figure D.2. DMF-λ-ξISO surface plots for λ = [0 - 3], ξISO = [0 – 0.5], f = [0.5, 1], μ = [0.01, 0.1]. 

The results of this parametric analysis are shown in Figure D.2, 
where it is observed that: (i) as the mass ratio μ increases, the distance 
between the two peaks of the response increases; (ii) the adoption of 
the optimal tuning ratio is necessary when low mass ratios are 
considered, i.e. μ = 0.01, in fact, if f ≠ fopt even an increase in the 
damping ratio of the isolation system (i.e. absorber damping) does not 
lead to an appreciable reduction of the DMF parameter; (iii) for large 
mass ratios, i.e. μ = 1, and for very small values of ξISO the use of an 
optimal tuning ratio, f = fopt, leads to a greater reduction in the system's 
response than the case of f = fopt =0.5, but for ξISO values equal to or 
greater than 0.1, the DMF value evaluated for both values of f is 
approximately equal; (iv) the range of λ values of greatest interest is 
between 0.5 and 1.5. 

Subsequently, in order to investigate, in more detail, the influence 
of the tuning ratio on the 2DOF IIS model response, a parametric 
analysis has been conducted; where the tuning ratio, f, is varied within 
the range of values 0 - 3, for three fixed values of forced frequency 



Appendix D: Suggested value of ISO damping ratio 287 

 

ratio, i.e. λ = [0.5, 1, 1.5] and four fixed values of the mass ratio, i.e. μ 
= [0.01, 0.1, 0.5, 1]. For the LS and ISO damping ratio, the same 
values adopted in the previous analysis have been considered, i.e. ξLS 
= 0.05 (typical value used for reinforced concrete and masonry 
structures) and ξISO = [0 – 0.5]. The results of this analysis are reported 
in Figure D.3 and Figure D.4 that show several surface plots depicting 
the DMF values when f and ξISO vary, for fixed values of μ and λ. 

For low values of mass ratio, i.e. μ = 0.01, it can be observed from 
Figure D.3 that the tuning ratio has a considerable influence on the 
system response. Indeed, for λ = 1 (i.e. ω = ωLS), a tuning ratio equal 
to 1 (i.e. ωLS = ωISO) leads to a considerable reduction in the system 
response, which decreases as the value of ξISO increases, since the 
increase in the damping ratio of ISO tends to increase the DMF value 
in the area between the two response peaks. For comparison, the 
surface plots are also considered for the case of λ equal to 0.5 and 
1.5, where an insensitivity of the DMF value to both f and ξISO can be 
seen, indicating that outside the λ region where the response 
amplification peaks occur, the efficiency of the system drops. In 
addition, for the mass ratio μ = 0.1 (Figure D.3) the same 
considerations just made are still applicable except that for λ equal to 
0.5 and 1.5, where f starts to have a small influence on the DMF value. 
However, as the mass ratio increases, the two response peaks 
identified in Figure D.2 move away from each other and thus f also 
influences the response for λ equal to 0.5 and 1.5, although the 
increase of DMF when f is changed can be managed by increasing the 
damping ratio of the isolation system. 
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Figure D.3. DMF-f- ξISO surface plots for λ = [0.5, 1, 1.5] and μ = [0.01, 0.1] 

Furthermore, in Figure D.3 and Figure D.4 for λ = 1, as μ 
increases, it can be seen that after a certain value of f, we could say 
0.5, the system response becomes independent of f. Finally, the red 
curves above the surface plots represent the DMF trend as f changes 
for a fixed value of ξISO where it is clear that as ξISO increases, the 
curves tend to flatten out and not change. The latter observation 
occurs for any value of λ. 
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Figure D.4. DMF-f- ξISO surface plots for λ = [0.5, 1, 1.5] and μ = [0.5, 1]. 

The considerations just made show that the classical TMD system 
(i.e. the 2DOF IIS model with low mass ratio) is very sensitivity to the 
input frequency yields the classical TMD strategy inefficient against 
the earthquake because the seismic inputs that may be characterised 
by a considerable frequency content. Instead, for the intermediate 
isolation system (i.e. the 2DOF IIS model with hight mass ratio) the 
sensitivity at parameter f is lower than the classic TMD system; of 
consequence, its efficiency against seismic inputs is higher than the 
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classical TMD system. For this reason, it is considered that in the case 
of IIS, since the absorber vibration system (i.e. the isolated upper 
structure) may not be tuned to the lower structure, an optimal damping 
value must be found for the isolation system that does not start from 
the assumption that there is a tuning between the frequencies of the 
main system and the absorber. 

D.2 Optimal design parameters: conventional 
TMD vs nonconventional TMD 

In literature, there are several relationships that provide the 
optimal values of f and ξISO, respectively indicated as fopt and ξISO,opt; 
among the best known relations could be taken into account the ones 
suggested by Den Hartog [84], Warburton [85] and Tsai and Lin [86], 
respectively shown in Eqs. (D.3) – (D.5). 
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In particular, Eq. (D.3) has been derived by considering as input 
on the system a harmonic force applied to the mass of the main 
system, i.e. LS, with the displacement amplitude fixed and 
independent of input frequency; furthermore, the damping of the main 
system has been assumed null and, so, the procedure for finding fopt 
and ξI,opt is based on the well-known fixed point theory developed by 
Den Hartog in [84]. The Eq. (D.4) has been derived in the same way 
as Eq. (D.3) with the only difference of considering a harmonic support 
excitation with acceleration amplitude fixed and independent of 
frequency. Finally, Eq. (D.5) has been derived similarly to Eq. (D.4), 
but in addition, the LS damping ratio, ξLS, has been taken into account; 
therefore, since it has not been possible to utilise the two fixed points, 
suggested by Den Hartog’s procedure [84], it has been necessary to 
firstly find the optimum parameters for damped system through 
numerical searching and then a curve-fitting scheme has been applied 
to find mathematical expressions of fopt and ξI,opt with the minimum 
amount of error [86]. 

All the above-mentioned relationships (Eqs. (D.3) – (D.5)) have 
been derived from classical TMD systems; where usually low mass 
ratios are considered, i.e. of the order of 10-1-10-2, and it is necessary 
that the natural circular frequency of the absorber is tuned with the 
circular natural frequencies of the main system, usually the first, 
because the structural response is greatly influenced by the tuning 
ratio f (see section D.1). In the case of wanting to mitigate the vibration 
amplitudes of other modes in addition to the first, it is possible to 
employ multiple tuned mass dampers [100], or other vibration control 
techniques for the main system that show great efficiency over a wide 
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range of λ. Consequently, these equations provide the optimal 
damping ratio values, ξISO,opt, corresponding to the optimal tuning ratio 
fopt. However, in the case of IIS, since the mass of the absorber is 
equal to a building part mass, the resulting mass ratios are much larger 
than the ones adopted for classical TMD, leading to a lower influence 
of the tuning ratio, f, on the structural response (see section D.1). 

Hence, wanting to suggest an isolation damping ratio value that 
can be adopted in the design of IIS, it will not be possible to follow any 
procedures adopted for the computation of Eqs. (D.3) – (D.5)), i.e. to 
identify an absolute minimum value of ξISO for a fixed value of f = fopt 
and varying μ. But, as already observed from Figure D.3 and Figure 
D.4 the value of DMF tends to become constant after a certain value 
of ξISO, over the whole range of values of f. Hence, with reference to 
the system described by Eq. (D.1), for a fixed value of λ as the mass 
ratio μ varies, it is possible to identify a suggested isolation damping 
value, ξISO,sug, for the IIS design. In fact, let us consider as the 
suggested value of ξISO a value for which a small increase in the 
damping ratio does not lead to an appreciable response improvement. 
The selection condition of ξISO,sug just described can be reported in 
numerical terms by considering in DMF - f plane, the value of ξISO for 
which an increase of 0.01 does not lead to a percentage change in the 
min-max DMF values (i.e. the DMF-f curve for ξISO ed (ξISO + 0.01)) 
greater than 1%. For example, consider the two DMF-f curves for μ = 
0.5, λ = 1.5 and ξISO = 0.22 - 0.23 (analogous to the red curves in 
surface plots of Figure D.3 and Figure D.4), where the min-max values 
of DMF are 2.025x10-3 - 3.131x10-3 for ξISO = 0.22 and 3.117x10-3 - 
2.044x10-3 for ξISO = 0.23; therefore, the percentage change is equal 
to 0.43% - 0.90%, i.e. ξISO,sug = 0.22. The same procedure can be 
repeated by choosing λ values that most amplify the LS response, i.e. 
the range of values identified in section D.1, 0.5 ≥ λ ≥ 1.5. 
Furthermore, the value of ξISO,sug has been limited to 0.5, as higher 
damping values are considered hard to achieve in design practice. 

Figure D.5a shows the values of ξISO,sug as μ changes for several 
λ (black/grey curves) and the corresponding average values for each 
value of μ (red curve), i.e. [ ]= == 0 5 1 5average I ,sug( λ . ) I ,sug( λ . )ISO,sugξ ξ ξ,..., . 
This average value could be considered as the suggested design 
value of the isolation damping ratio since generally a ground motion 
as it is known involves different frequencies with different amplitudes. 
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It is interesting to note that the curves for the different λ values show 
a very similar trend, in fact above a μ value around 0.5 the ξISO,sug value 
remains more or less constant; and this same trend is also shown by 
the ISO,sugξ  curve. Thus, in general, there is less influence of the mass 
ratio on the definition of the suggested isolation damping value as the 
mass ratio increases. 

 
Figure D.5. (a) ξISO,sug – μ for λ = [0.5 - 1.5] and suggested value in design practice ISO,sugξ ; 

(b) comparison between several ξISO,opt and ISO,sugξ  values for μ = 0.01 - 0.1; (c) comparison 

between several ξISO,opt and ISO,sugξ  values for μ = 0.1 – 2. 

Then, in Figure D.5b compares the values of ISO,sugξ  identified by 
the above procedure and the values of ξISO,opt suggested by Eqs. (D.3) 
– (D.5) in the range of mass ratios for which these equations have 
been suggested, i.e. 0.01 ≤ μ ≤ 0.1. It can be seen that all curves 
show the same trend, and the ISO,sugξ  curve gives, over the whole μ 

range, a higher value of ξISO; which was predictable because ISO,sugξ
was evaluated without taking into account an optimal tuning value. 
However, the greatest differences between the several curves are 
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recorded in the range of larger mass ratios (Figure D.5c), i.e. the case 
of systems with unconventional TMD. In fact, Eqs. (D.4) and (D.5) 
provide values of ξISO greater than 0.5 for mass ratios greater than 0.7 
and thus provide no practical interest results. On the other hand, the 
curve relating to Eq. (D.3) unlike the curve relating to ISO,sugξ , which 
provides a constant value of ξISO for values of μ greater than about 0.5, 
provides values of ξISO that increase as μ increases until reaching the 
value of 0.5 for a value of μ equal to 2. 

In order to investigate the difference, in terms of maximum DMF, 
between design solutions obtained through the use of the optimal 
parameters and those obtained through the use of the suggested 
value ISO,sugξ , three case studies have been identified: case 1, 
considers the design solution obtained with fopt(1) and ξISO,opt(1) from Eq 
(D.3) versus the design solution obtained with the same fopt(1) and 

( )1ISO,sugξ ; case 2, considers the design solution obtained with optimal 
design parameters from Eq (D.4) versus the design solution obtained 
with the fopt(2) and ( )2ISO,sugξ ; finally, case 3, considers the design 
solution obtained with optimal design parameters from Eq (D.5) versus 
the solution with fopt(3) and ( )3ISO,sugξ  

The same mass ratio has been considered for all case studies, i.e. 
μ = 0.5. in addition, it is also recalled that a 5% damping ratio has been 
considered for the lower structure.  

The table in Figure D.6 shows the considered values for several 
parameters (i.e. μ, fopt, ξISO,opt, ISO,sugξ ), while the graphs in Figure D.6 
show the three case studies response through DMF - λ plots, where 
the corresponding solutions with ξISO = 0 and ξISO = 0.5 are shown for 
comparison. 

Figure D.6a shows the results of case study 1, which is a special 
case because the value of ISO,opt ISO,sugξ ξ= , so we can only note the 
small difference in terms of maximum DMF between the solution with 
ξISO = 0.35 and ξISO = 0.50, in fact DMFmax,(ξISO=0.35) = 0.0141 and 
DMFmax,(ξISO=0.50) = 0.0146 with a percentage change of 3%, which in 
practice may not justify reaching ξISO = 0.50. Next, Figure D.6b shows 
the case study 2 where the values of fopt and ξISO,opt obtained with Eq. 
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(D.4) are 0.58 and 0.41, respectively; on the other hand, the value of 
ISO,sugξ  obtained for μ = 0.5 is always equal to 0.35, so we have two 

different curves for ξISO,opt and ISO,sugξ . The curve for ISO,sugξ  reaches 
a higher DMF value (i.e. DMFmax,(ξISO=0.35) = 0.0119) than the 
analogous curve for ξISO,opt (i.e. DMFmax,(ξISO=0.41) = 0.0114) and the 
percentage change is equal to 4%, so, again, an increase in ISO 
damping ratio may not be justified. Finally, Figure D.6c shows the 
results for case study 3, where the values of fopt, ξISO,opt and ISO,sugξ  
are respectively 0.52, 0.43 and 0.35; while the maximum DMF values 
for the ξISO,opt and ISO,sugξ  curves are 0.0103 and 0.0106 respectively, 
with a percentage change of 3%; moreover, in this case the maximum 
DMF value for ξISO = 0.5 is higher than the maximum value found for 
ξISO = 0.35. 

 

Figure D.6. DMF – λ graphs for three case studies: (a) Case study 1; (a) Case study 2; (c) 
Case study 3.  
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