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Technigues de modélisation pour la conception des batiments parasismiques en tenant
FRPSWH GH OfLQWtdeDFWLRQ VRO

Résumeé

La conception des béatiments selon le code sismique européen ne prend pas en comets dles eff
I'interaction sol-structure (ISS). L'objectif de cette recherche est de promposetechnique de
PRGpOLVDWLRQ SRXU SUHQGUH HQ F-BoRsHrMetdreI$S66 HW O LQWHUDI

L'approche de propagation unidirectionne@ef X Q Ha Rdi @dthposantes (1D-3C) est adoptée pour

résoudre la réponse dynamique du sol. La technique de modélisation de propagatiectioniugle

d'une onde a trois composantes est étendue pour des analyses d'ISS et ISSS. Un sol tnigih§@nsion

D) est modélisé jusqu'a une profondeur fixée, ou la réponse du sol est infl&Bdde O 1,66 HW OY,666
un modéle de sol 1-D est adopté pour les couches de sol plus profondes, jusquadistbigubstrat.

Le profil de sol en T est assemblé avec une ou plusieurs structures 3-D de tgpr-SoRRXWUHYV j Of DL
GIXQ PRGQgOH SDU pOpPHQWYV ILQLVY SRXU SUHQG®GUBDHY FKRPSW
conception de batiments.

La technique de modélisation 1DT& SURSRVpH HVW XWLOLVpH SRXU pWXGLHU
l'influence d'un batiment proched( D Q D O\ V,Hlaiis fa 6&pénse sismique des structures poteaux-
poutres. Une analyse paramétrique de la réponse sismique des batiments en béton armé est développée
et discutée pour identifier les parameétres @& S K p Q R P q Qflderi@dnt6s6répbnse structurelle,

a introduire dans la conception de batiments résistants aux séismes.

La variation de l'accélération maximale en haut du batiment avec le rapp@duenite batiment / sol

est tracée pour plusieurs batiments, chargés par un mouvement a bande éttaité Jexcfréquence
fondamentale. Dans le cas de sols et de structures a comportement linéaire, une tendaineestimi

obtenue pour différents batiments. Cela suggére l'introduction d'un coefficient correcteur du spectre de
réponse de dimensionnemeBtR XU SUHQGUH HQ FRPSWH 09,66 / DQDO\VH S

introduisant I'effet de la non-linéarité du sol et du béton armé.

La réponse sismique d'un batiment en béton armé est estimée en tenant compte de I'effet d'un batiment
voisin, pour un sol et des structures a comportement linéaire, dans les deexchasge sismique a
bande étroite excitant la fréquence fondamentale du batiment cible et du béatirsenCette approche
permet une analyse efficace de l'interaction structure-sol-structuréagmatique de I'ingénierie afin

d'inspirer la conception d'outils pour la réduction du risque sismique et I'organishaareur

Mots clés: Interaction Structure-Sol-Structure ; interaction Sol-Structure ; métkétiEments finis ;
propagation G 1 R Qeb&tgement sismique a trois composantes ; béton armé ; comportement non-

linéaire.






Modeling techniques for building design considering soil-structure interaction

Abstract

Building design according to European seismic code does not consider the effeaitsstificture
interaction (SSI). The objective of this research is to propose a modetihgique for SSI and
Structure-Soil-Structure Interaction (SSSI) analysis.

The one-directional three-component (1D-3C) wave propagation approach is adopteck tthesolv
dynamic soil response. The one-directional three-component wave propagation reateded for
SSI and SSSI analysis. A three-dimensional (3-D) soil is modeled until a fged, dvhere the soil
response is influenced by SSI and SSSI, and a 1-D soil model is adopted for deepearsaihtdythe
soil-bedrock interface. The T-soil profile is assembled with one or more 3-[@ Btuattures, in a finite
element scheme, to consider, respectively, SSI and SSSI in building design.

The proposed 1DT-3C modeling technique is used to investigate SSI affdd¢tsanalyze the influence

of a nearby building (SSSI analysis), in the seismic response of frame structures.

A parametric analysis of the seismic response of reinforced concrete (Rfidmiik developed and
discussed to identify the key parameters of SSI phenomenon, influencing the structural response, to be

introduced in earthquake resistant building design.

The variation of peak acceleration at the building top with the Ingjlai soil frequency ratio is plotted
for several buildings, loaded by a narrow-band motion exciting their fundamental freguetheycase
of linear behaving soil and structure, a similar trend is obtained fareliff buildings. This suggests
the introduction of a corrective coefficient of the design response spectraketmto account SSI.

The parametric analysis is repeated introducing the effect of nonlinear behaving soil and RC.

The seismic response of a RC building is estimated taking into account the effect of a nédirigy bui
for linear behaving soil and structures, in both cases of narrow-band seismic loadimy eRkei
fundamental frequency of the target and nearby building. This approach allows amalgsys of
structure-soil-structure interaction for engineering practice to inspegedesign of seismic risk

mitigation tools and urban organization.

Keywords: Structure-Soil-Structure Interaction; Soil-Structure interaction; finite eférmethod

wave propagation; three-component seismic motion; reinforced concrete; nonlinear behavior.






Table of Contents

RESUM ... et et e e e e e e e et e e e e e e s e et e bbb ba s et eeeeeeeaeaaaaaaaeaaeeeeesssennnnnnnnshannrnnnnnnns 3
Y 0] 1= xS P PPPRPP RPN SUPTOTPTP 5
TabIe Of CONIENLS .....uiiii e e e e e e e e eeeeeerenr e e e e e e eeees 7
LISt OF ACIONYMIS ..ot e et s e e e e e e e e e aeeeeessssssnnnnnsaeeeeeeeeasees|usnsnnns 11
LISt Of FIQUIES ...ttt et e e e e r e e e e e e e e e e e e e e e eeeens 13
LISt Of TADIES ..ttt e e e e e e e e e e e e e e ereeees feeeeeees 21
ACKNOWIBAGEMENTS ... .o e e r e e e e e e e e e aeaeeeeeeabenennnans 23
Yoo [ [ i o] o ISP PPPPPPPPPRUPPPRRRPY N 27
Chapter 1 - Overview on soil and structural dynamics...........cccccvvvriiiririeieieeneeeeeeeeeee s 39
1.1 Introduction to structural dynamic problem.............cccccoiiiiiiiiiieeeeeeeeeee o 40
1.1.1. Single degree of freedom (SDOF) ......couvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeb e 40
1.1.2. Numerical solution of the dynamic equilibrium equation for SDOF oscilllators
42
1.1.3. Dynamic study of a MDOF system in the frequency domain ...............|..... 42
1.1.4. Dynamic equilibrium for MDOF StrUCIUIeS ..........ccceviiiiiiiieieinniiiiiininns ... 44
1.2 Numerical MEtNOAS......ccooi i e e e e e e e e e e ee b eneeees 46
1.2.1 Finite difference method ...........cccooiiiiiiiiiiiiee [ 46
1.2.2 Finite element Method. ... 47
1.2.3 Spectral element Method............oooiiiiiiiiieeeeeee b 48
1.2.4 Boundary element method ............cccccuviiiiiiiiiiiii fo 48
1.3 Site effECT..ci i 49
1.3.1. Impact of soil characterization............ccccccoeeeeeiiiiiiiiiiiiieeee e e, 49
1.3.2. Impact of the soil constitutive model...............ooooiiiiiiiiiii b 51
1.4 SoOil Structure iNtEracCtion ..............ueeeeiiiiiieeeeeeeeeeeeeeeeeiinsne e e e e e e eeeeeeeeeeesnnnes fonnnn 52
1.4.1. Observations on existing building and prototype experiments.............}...... 53
1.4.2. Analytical StUAY ......ccooeiiiiiiiiiceee e 54
1.4.3. NUMETICAl STUAY ...ttt f e 55
1.5  Structure-soil-structure iNnteraction.................uvuiiiiiiiieeee e e 58
1.5.1. Analytical StUAY ......cooeiiiiiiiiieee e 58
1.5.2. Experimental StUAY .........cooiiiiiiiiiiiiiiiiiiiceeeeeei e 59




1.5.3. NUumerical STUAY ......cccoeiiiiiiiiiiiee e e e e e e e e 60

0 S B @70  Tox [ U] [0 o PP PUPRRPPPRR RPN SUPPR 62
Chapter 2 - One-dimensional three-component wave propagation model for soil-sfructure
1] (=T = 1o 1o ] o [P ROPUTPPPPPPPPPPPPPPRRY NPT 63
2.1. 1D-3C wave propagation model...........cccccurimiiiiiiiiiiiiieieeeeeeeeeee s [ 64
2.1.1. Spatial discretization of soil domain and boundary conditions .............|..... 64
2.1.2. SoilcoQVWLWXWLYH UHODW.LRQV.KLS.....ZD.QIM6PRGHO
2.1.3. Elasto-plastic model in ADAQUS ..........eeveiiiiiiiiiiieeiicieeeeeeene e e 69
2.1.4. BUIldiNg MOAEL.......ccoiiii e e 72
2.1.5. TIMeE diSCretiZatiON.....uuuuueieieee e et e e e e e e e e e e e 73
2.1.6. Soil domain area concerned by the SSI ...........ccccccveieiiiiiiieiee b, 73
2.2, INPULAALA .....eeiiiiiiic e e 74
P N S T 1| o - | > U SURRRRPPUPURTRY I 74
2.2.1. BUIIdING At@.. ...t e 75
2.2.2. INPUEMOLION c..eiiiiiiice e e e e e e e e e e e s e e e e eeee [eeees 76
2.2.3. Signal processing of the output motion ..............cccoevvvvviiiiiiiieeeeeeeeeee e 78
2.3. Verification of the proposed model..........ccccceeveiiiiiiiiiiiiieeeeeeeee b 78
2.3.1. Comparison wWith Other COUES.........ccuvviiiiiiiiiiiii e e 79
2.4. 1D-3C vs 3D-3C wave propagation model for vertical propagation .............}..... 82
2.5, SSIANAIYSIS ...ccoeieiiiiee e eeeeaaees [ 86
P2 TR o o 11153 o] o S UPUPUURRR R 89
Chapter 3 - One-directional three-component wave propagation in a T-shaped soil dofnain for
SSI AN SSSH ...t r e e e e e nnnrne e e e 91
3.1. 1DT-3C wave propagation model for SSI and SSSI analyses .............cccc... b 92
3.2. Verification of the proposed model.............coooiiiiiiiiiiiiieeeee e 94
3.2. 1. INPULAALA ... e e 94
I Y /Y o 1 o] o U URSRPRRRRPRPIN SO 95
3.3, SSIANAIYSIS .o 98
3.3.1. Impact of the excitation frequency on the structural response .............}...... 98
3.3.2. SSI eStMALION ....uuiiiiiiie e e e e e eees feriia 99
3.3.3. 1stvs 2nd natural freQUENCY .......cooviiiiieiiiiiiiiiiiiieeeeeeeeeee e e 100
G S @ T [ 1 13 [ U RRSRPRURTRRR R 102

Chapter 4 - Response spectrum for structural design considering soil-structure interagtion 105

4.1. 1DT-3C wave propagation MOdel .........cccccvviiiiiiiiiiiiiiiiiieeeeeeeeeeeee s e 106




4.2. Input data for the parametric analysis ...........cccevvvviviiiiiiiine e 108
o TS Yo 1| N o] ] 111 SR ....108
4.2.2. RCDUIAINGS ..o e e ....109
4.2.3. INPUE MOTION ...ttt e e e e e e e e s e 111
4.3, SSIANAIYSIS .evvuiuiiiiii it e e e e e e e e e aannnn | 111
4.3.1. Linear elastiC analySes ........cccoviiiiiiiiiiiiiiiieeeiere e e 112
4.3.2. Effect on SSI of soil and structure nonlinear behavior ..............cccc....... ... 115
S O] o o] [ 1[0 o U UUURRTRRRRRRIN B 120
Chapter 5 - Structure-soil-structure interaction analysis ..........cccccceeeeevieeveeeeiiiiiiiiiieeeee s e, 123
5.1. 1DT-3C wave propagation model for SSSI analysis........ccccceeeviiiieeeeeeenrieenifonns 124
5.2. Input data for the parametric analySis ..........cccccuvvimimiiriiiiiiiieieeeeeee e s 124
5.2.1. SOOIl Profil€S.....ccoeeeieeeeicce e ————— ...124
5.2.2. Buildings CharacteriStiCS ...........uuuuiuiiiiiiiiiie e e e e ... 125
5.2.3. INPUE MOTION ...ttt e e e e ... 126
5.3, SSSIANAIYSIS ...ttt e 126
5.3.1. SSSIVEISUS SSl. .o e e 126
5.3.2. SSSI parametric analySiS...........uuuuiiiiiiiiieeeeeiiieeeieieens e e e e e e e e eeeen e 131
5.4. Semi-infinite elements and dashpot boundary conditions................ccccccvvveii o 134
5.4.1. Semi-infinite elements vs dashpots............cccccuvrriiiiiieiiiiee o 137
5.4.2. Domain truncation definition ... ...138
5.5, CONCIUSION ...t e e e e e e e eeeenaee e s 139
Chapter 6 - Conclusions and PErSPECHIVES .........ccccuuvviiiiiiiiiiiiiieieeeeeeeeeeeee e eeeeseeeeee e 141
RETEIENCES ... e e e e e e e e e e e et b e e e e e e 147
Appendix A - Nonlinear behavior Of RC ...t f 157
Appendix B - 1D-3C model for SSI analysis...........ccoveuiiiiiiiiiiiiiieeeeeiine e e 171
Appendix C - Soil behavior calibration ... b 210
Appendix D - Guide for 1DT-3C model for SSI and SSSIin Abaqus ........ccccooeeevveveenn o 219
SFXWKRUTV SXEOLEDWLRQM i ... 267







SDOF

FB

SSI

SSSI

i-D

PGA

FF

FE

RC

1D-3C

GoF

List of Acronyms

: Single Degree of freedom

: Fixed Base

: Soil-Structure Interaction

. Structure-Soil-Structure Interactior
. i direction

. i dimension

: Peak Ground Acceleration

: Free Field

: Finite Element

: Reinforced Concrete

: One-directional thee-component

: Goodness of Fit

11






List of Figures

Figure 1-1 Single degree of freedom oscillator (SDOF) subjected to earthquake ground

motion

T

........ 40

Figure 1-2 Free vibration of a SDOF system with different levels of dam

pit

C L taswdf «itr” . (Chopra 2001)

Figure 1-3 Multiple degree of freedom oscillator (MDOF) subjected to an earthquake

MOIONUG(E) .+ e s

Figure 1-4 Time histories of the May 13, 1995 earthquake (Ms 6.6, distance 130 km) r¢

bcorded

on north-south components of stations of the EUROSEISTEST net

work.

(http://euroseisdb.civil.auth.gr)

Figure 1-5 (a) Geotechnical model of the Mygdonia basin: complete model (top) and sin

plified

model (bottom), (b) Amplification/frequency curves for various locations along the

basin

surface for simplified (continuous) and complete models (dashed). (Semblat et &l

Figure 1-6 Reduction of the borehole site responses at IWTH23 with respect to th

motion PGA (cm/s2). (Régnier et al. 2013)

. 2005)

Figure 1-7 Two-step analyses; step one (left) Free Field analyses and step two (rigt‘t) Fixed

BASE @NAIYSES. ... aaaaaaa

Figure 1-8 Photograph of a prototype model for the shaking table test. (Lu et al. 2004

Figure 1-9 One-step analysis for SSI problems. ...

Figure 1-10 Prototype of a shaking table model scaled tstlseySSI test model (left) an

SSSI test model (right). (Li et al. 2012)

Figure 1-11 Overview of experiment: (a) single building; (b) two identical buildings; (c)

identical buildings; (d) experimental system mounted on the shaking table. (Aldaik

h et al.

Figure 1-12 (a) Prototype and (b) Finite Element Model of two different structures pra

by the ViBa. (Tombari et al. 2018)

13



Figure 2-1 Assembly of a frame structure and a multilayer soil domain shaken by

h three-

component seismic motion, for SSI analysis: (a) 1D-3C wave propagation model,

where

the assembly is done in only one node; (b) 3D-3C wave propagation mode

, with

connection nodée-node between building and soil; (c) 3D-3C model, where

the

foundation is modeled and embedded in the soil domain. .........ccoovveeeiiiiiiiiei,

Figure 2-2 Unit area quadratic solid FE with 20 nodes, wimgre the element height. .......

Figure 2-3 One dimensional series-parallel rheological model proposed by Iwan in 19

Figure 2-4 (a) Shear modulus decay curve and (b) shear strain time history. ...............

Figure 2-5 Schematic behavior of yield surfaces of lwan model, in plane

Figure 2-6 Yield surface transformation after kinematic hardening (left) or isotropic harg

(o L PP

Figure 2-7 Ratchetting (Abaqus User Manual 2014, Figure 2BP.2............coevvvvviiirnneenn.

70

Figure 2-8 Hysteresis loop in a unit cube of soil obtained with the Fortran implementa1tion of

,ZDQYV PRGHO 80%$7.6.:.$3B..&

71

Figure 2-9 Hysteresis loops in a unit cube of soil loaded by a 1-, 2- and 3-Componen|t strain,

for a different number of backstresses in the kinematic hardening model. ............

Figure 2-10 Floor plan of the two analyzed three-story buildings that have same

different (b) inertia to horizontal motion in the two orthogonal directions x and y

dimensions of the two buildings are the same; the difference is in the rectangular

(o] (110122 14[0] o VARTEUT TR UP PP .

Figure 2-11 Building base to bedrock Transfer Function, evaluated for different soil are

free-field to bedrock Transfer FUNCLION. ........ooei e

Figure 2-12 NS component of the synthetic seismic signal at the outcropping bedrock,

of normalized acceleratidi, for the predominant frequencigs= 2.8 Hz . .............. 7

[/

Figure 2-13 Velocity time history (a) and Fourier spectrum (b) for the NS, EW an

FRPSRQHQWV RI WKH 0Z  at/eGotdéd ANT Sthbod. DasH

lines show the predominant frequency in NS, EW and UP directions. ...................

Figure 2-14 Acceleration time history at the soil surface, in the case of free-field soluti

linear soil behavior, for one- (a) and three-component (b) motion

14



Figure 2-15 Acceleration time history at the soil surface (top) and at the building top (b

pttom),

in the case of linear soil behavior, for one- (a) and three-component (b) motion. ..

Figure 2-16 Parameters associated to lowest GoF scores: (top-left) Response spectrym for the

1C motion in x-direction at the free-field, (top-right) Response spectrum for the 1C

fotion

in x-direction at the building bottom, (bottom-left) Fourier spectrum for the 3C mot1on in

z-direction at the building bottom (bottom-right) Fourier spectrum for the 3C motio

nin z-

direction at the BUIldING tOP. ...coooiiiii e

Figure 2-17 Acceleration time history at the soil surface, in the case of free-field soluti

nonlinear soil behavior, for one- (a) and three-component (b) motion

Figure 2-18 Acceleration time history at the building base (top) and top (bottom), in th

of nonlinear soil behavior, for one- (a) and three-component (b) motion. ..............

Figure 2-19 Simulated acceleration time history at the building bottom in the case of resori\ance

( B= B= 3.8 Hz) during the input signal duration (top) and in a 10 s time window

over

the largest amplitudes (DOtOM). ......cccooeiiiiiiii e

Figure 2-20 Simulated acceleration time history at the building top in the case of resor

( B= B=3.8 Hz ) during the input signal duration (top) and in a 10 s time window

over

the largest amplitudes (DOtTOM). ..........uiiiiiiiiiiii e

Figure 2-21 Simulated acceleration time history at the building bottom in the case

of SS

(B=3.8 > B=2.8 Hz) during the input signal duration (top) and in a 10 s

fime

window over the largest amplitudes (DOttom). .......cccoeeviiiiiiiiiiii e,

Figure 2-22 Simulated acceleration time history at the building top in the case

of SSI

(B=3.8 > B=2.8Hz) during the input signal duration (top) and in a 10 s

fime

window over the largest amplitudes (DOttom). ......cccoeeviiiiiiiiiiiii e,

Figure 2-23 Horizontal acceleration time history in the cases of soil profile with funda

mental

frequency B= B = B=3.8 Hz, at building bottom (top) and at building top (bottdm).

Figure 2-24 Horizontal acceleration time history in the cases of soil profile with funda

mental

frequencyB= 2.8 Hz, and B= B = 3.8 Hz, at building bottom (top) and at buildi

Tg

100 o I (0 11 (o 1 1) S USURTR

15



Figure 3-1 Assembly of a multilayer soil domain and a frame structure shaken by @ three-

component seismic motion: 1D-3C (a) and 3D-3C (b) model for SSI analysis. .....J....... 92

Figure 3-2 Section of the 1DT-3C model for SSI analysis wigsehe thickness of the3

soil domain and is the Thickness of the considered soil until bedrock interface. ..|..... 93

Figure 3-3 1DT-3C model for soil-structure interaction (a) and for structure-soil-structyre (b)

ANAIYSIS. ettt e e r e e e e e e e e eeeeeas 93
Figure 3-4 Maximum shear strain (a) and stress (b) profile with depth obtained using de 1D-
3C wave propagation model for the SSI analysis in a linear elastic regime. ..........|........ 95

Figure 3-5 Comparison of 1DT-3C and 3D-3C wave propagation approaches for SSI a|na|ysis:

acceleration time history at the building bottom (top) and roof drift time history +t the

(oTUT]Fo [T o TR to] o I { o 010 1 1) PRSP

Figure 3-6 Comparison of T and 3-D soil models for 1D-3C wave propagation approa

SSI analysis: energy integral (IE), response spectrum acceleraggna(@ Fourie

spectrum (FS) for the horizontal x-component of motion at the building bottom (to

100 o I (01011 (o 1 1) FEE USSP

Figure 3-7 Comparison of T and 3-D soil models for 1D-3C wave propagation approa

che for

SSI analysis: correlation coefficient of accelerations for the horizontal x-compoqent of

motion at the building bottom (a) and top (D). ...covvvvviiiiiii

Figure 3-8 Acceleration time history at the building bottom (left) and roof drift at the bu

Iding

top (right), for the building-soil system composed by a T-shaped horizontally layer

bd soil

having frequencyB= 1.9 Hzand a building having fundamental frequerBy 3.8 Hz

, In the case of earthquake predominant frequency equakte B= 3.8 Hz and

BI= B 1.0 HZ e oot

...... 98

Figure 3-9 Building top to bottom transfer function estimated for a fixed-base building and for

SSI analysis in the cases of building-soil resonange=( B= 3.8 Hz) and softer soi

(Bi= 3.8 HzZ> B=L.OHZ) i

99

Figure 3-10 Acceleration time history at the building bottom and roof drift at the buildin

g top

for the building-soil system composed by a building having fundamental freg

B = 3.8 Hz and a T-shaped horizontally layered soil having frequegey B = 3.8 Hz

16

uency



(@) and B= 1.9 Hz< B = 3.8 Hz(b), in the case of earthquake predominant frequency
equalto By= B = 3.8 Hz. o ...100

Figure 3-11 Acceleration time history at the building bottom and roof drift at the building top

for the building-soil system composed by a building having fundamental frequencies

B, = 2.8 Hzand B, = 4.7 Hzard a T-shaped horizontally layered soil having frequency

B=19Hz, in the case of earthquake predominant frequency equal to

Figure 3-12 Acceleration time history at the building bottom and roof drift at the building top

for the building-soil system composed by a building having fundamental frequencies

B, =28Hz and B, =4.7Hz and a T-shaped horizontally layered soil having

frequency B=1.9 Hz, in the case of earthquake predominant frequency eqyal to

Figure 4-1 2-D section of the 1DT-3C model for SSI analysis wisesehe thickness of the

3-D soil domain and is the Thickness of the considered soil until bedrock intefface.

Figure 4-2 Variation of the peak acceleration at the top of five different buildings, normalized

with respect to the maximum amplitude of the seismic fgaavith the soil fundamental

frequency: synthetic signal having predominant frequency close to the building
IXQGDPHQWDO IUHTXHQF\ OHIW DQG 0z NM$STXLOIL

loading. A vertical dashed line indicates the building fundamental frequency .......|.... 113

Figure 4-3 Variation with the building to soil fundamental frequency ratio of the |peak

acceleration at the top of five different buildings, normalized with respect to its maximum:

synthetic signal having predominant frequency close to the building fundamental
frequency (left)D Q G 0z /I1T$TXLOD HDUWKTXDN.H..lUJTAJKW D

Figure 4-4 Variation of the peak acceleration at the top of the building in a one-stepsgnaly

over that in a two-step analysis with the building to soil fundamental frequency ratio, for

five different buildings: synthetic signal having predominant frequency close to the
EXLOGLQJ IXQGDPHQWDO IUHTXHQF\ OHIW DQG 0z

SEISMIC 10ATING ... et e e e e e e e e et e e e e e aba e e e e eana e eees 115

Figure 4-5 Variation of the peak acceleration at the top of the building in a one-stepsgnaly

over that in a two-step analysis with the soil fundamental frequency, for five different

17



buildings and a synthetic signal having predominant frequency close to the bilding

fundamental frequency as seismic loading. The ground type range is indicated by |vertical

DOUNAAIIES .o b 116

Figure 4-6 Variation with the soil fundamental frequency of the peak acceleration at the top of

two buildings having fundamental frequenBy= 1.5 Hz (left) and B = 3.8 Hz (right), in

the case of nonlinear behaving soil and nonlinear behaving building-soil system. The

synthetic input signal has predominant frequency close to the building fundamental

FIEQUEINCY ...ttt e e e e e e e e e e e e e e 117

Figure 4-7 Variation with the soil fundamental frequency of the peak acceleration, normalized

with respect to the maximum amplitude of the seismic fgadt the top of two building

)

having fundamental frequenc = 1.5 Hz (left) and B = 3.8 Hz (right), for the cases of

linear behaving building-soil system, nonlinear behaving soil and nonlinear belhaving

building-soil system. The synthetic input signal has predominant frequency closg to the

building fundamental freqQUENCY ..........cccooiiiiiiiiii e e 118

Figure 4-8 Variation with the building to soil fundamental frequency ratio of the |peak

acceleration, normalized with respect to the maximum amplitude of the seismég, Joad

at the top of two buildings having fundamental frequeBcy1.5 Hz(left) ang

B = 3.8 Hz(right), for the cases of linear behaving building-soil system, nonlinear

behaving soil and nonlinear behaving building-soil system. The synthetic input sighal has

predominant frequency close to the building fundamental frequency..................... .....118

Figure 4-9 Variation with the building to soil fundamental frequency ratio of the |peak

acceleration at the top of two analyzed buildings, normalized with respect to its maximum,

for the cases of linear behaving building-soil system (left), nonlinear behaving soil

(middle) and nonlinear behaving building-soil system (right). The synthetic input signal

has predominant frequency close to the building fundamental frequency..............{...... 119

Figure 4-10 Variation with the building to soil fundamental frequency ratio of the [peak

acceleration at the top of the building in a one-step analysis over that in a two-step

analysis, for the two analyzed buildings, in the cases of linear behaving building-soil

system (left), nonlinear behaving soil (middle) and nonlinear behaving building-soil

system (right). The synthetic input signal has predominant frequency close to the huilding

fundamental freQUENCY ..........ooi i e 120

18



Figure 5-1 2-D section of the 1DT-3C model for SSI analysis wisisehe thickness of the

3-D soil domain and is the Thickness of the considered soil until bedrock intefface.

Figure 5-2 Simulated acceleration time history of the building i8fh= B, = 3.8 Hz at the

building bottom, in the case of a nearby building wigh = B, = 3.8 Hz, during the

input signal duration (top) and in a 10 s time window over the largest amplitudes (bottom).

Figure 5-3 Simulated acceleration time history of the building vi8th= B, = 3.8 Hz at the

building bottom, in the case of a nearby building wWgh= 2.8 Hzdifferent than

B, = 4.7 Hz, during the input signal duration (top) and in a 10 s time window over the

largest amplitudes (DOttOM). .......cccooeiiiiii e b 128

Figure 5-4 Simulated acceleration time history of the building it 2.8 Hz different than

B, = 4.7 Hzat the building bottom, in the case of a nearby building With= 2.8 Hz

different than B, = 4.7 Hz, during the input signal duration (top) and in a 10 s {ime

window over the largest amplitudes (bOttom). ........cccooeeiiiiiiiiiiiicieiceee e b 129

Figure 5-5 Simulated acceleration time history of the building it 2.8 Hz different than

B, =4.7 Hzat the building bottom, in the case of a nearby building with

B, = B, = 3.8 Hz, during the input signal duration (top) and in a 10 s time window over

the largest amplitudes (DOtEOM). .........uuiiiiiiiiiiiiiie e e 129

Figure 5-6 Comparison of results obtained using the 1DT-3C wave propagation mddel for

isolated building and SSSI, in terms of Arias integral (Al), energy integral (IE), pgeudo-

acceleration response spectrurgs(8nd Fourier spectrum (FS) for the vertical component

(z) of motion and B=2.8 Hz: (a) building with B, = B, = 3.8 Hzat the building

bottom, in the case of a nearby building wigh = B, = 3.8 Hz; (b) building with

B, = B, =3.8 Hz at the building bottom, in the case of a nearby building with
B, = 2.8 Hzdifferent thanB, = 4.7 Hz; (c) building with B, = 2.8 Hzdifferent than
B, = 4.7 Hzat the building bottom, in the case of a nearby building viih= 2.8 Hz

different thanB, = 4.7 Hz; (d) building with B, = 2.8 Hzdifferent than B, = 4.7 Hz

at the building bottom, in the case of a nearby building vi@th= B, = 3.8 Hz........ 130

Figure 5-7 1DT-3C fOr SSSI @NalYSiS ......cuuiiiiiiiiiiiiiieiiiiieeeeeeseiiiiiiieee e 131

19



Figure 5-8 Variation of the peak acceleration at the top of the excited building with the
frequency of the nearby building, for the cases of soil profile having natural freguenc
132

B=1.5 Hz(left) and B= 2 Hz(right)
Figure 5-9 Variation of the peak acceleration at the top of the target building in arg&B3Sis

over that in a SSI analysis (single excited building) with the natural frequency

and B= 2 Hz (right): excited target building (top); excited nearby building (bottom

Figure 5-10 Variation of the peak acceleration at the top of the target building in ax85Sisa

nearby building, for the cases of soil profile having natural frequ@ey.5 Hz (left)
133

natural

y

of the

ilding

20

over that in a SSI analysis (single excited building) with the target to nearby bt
fundamental frequency ratio, for the cases of soil profile having natural frequency
B=1.5 Hz(left) and B=2 Hz (right): excited target building (top); excited nearby
PUIIAING (DOTEOM) ... e e e e e e e e s 134
Figure 5-11 3-D soil model with semi-infinite lateral elements. ............cccooocvnn fn. 135
Figure 5-12 3D-3C modeled using lateral boundary condition as linear dashpots (a) as semi-
iINfiNite elements (D). ...ooooreiiee e e 137
Figure 5-15 Comparison between lateral boundary conditions; dashpots and semitinfinite
elements in a 3D-3C FF analysis: acceleration time history at the soil top. ...........J...... 138
Figure 5-16 Variation of the soil frequency with the side dimension of the, squared gegmetry,
L1813 0] 14 F= 11 o OO PPPPPPPPUPPRRRR NI 139



List of Tables

Table 2-1 Stratigraphy and mechanical features of the analyzed multilayered soil

brofiles

having different natural freQUENCY. ...........uuuiiiiiiiiii e

Table 2-2 Dimensions of the rectangular cross-section beams and columns

Table 2-3 Gof of the 1-D model in the case of linear soil behaBor (B= B = 3.8 Hz).79

Table 2-4 Gof of 1-D model in the case of nonlinear soil behavip: (B= B= 3.8 Hz).

Table 2-6 Gof of 1-D model in the case of SH £ 3.8 > B=2.8 Hz)

Table 3-1 Gof of 1DT-3C model, with respect to a 3D-3C model for SSI analysis........

Table 4-1 Stratigraphy and mechanical properties of the analyzed soil profiles

Table 4-2 Eurocode ground type and fundamental frequency of the analyzed soil proffles . 109

Table 4-3 Fundamental frequency of the analyzed frame structures

Table 4-4 Dimensions of rectangular cross-section beams for the analyzed buildings.

Table 5-1 Stratigraphy and mechanical properties of the analyzed soil profiles

Table 5-2 Eurocode ground type and fundamental frequency of the analyzed soil profiles . 125

Table 5-3 Fundamental frequency of the analyzed frame structures

Table 5-4 Dimensions of rectangular cross-section beams for the analyzed buildings.

Table 5-5 Gof of 1DT-3C wave propagation model in the case of a building having &

building compared with the case of isolated building

21






Acknowledgements

First and most importantly, my sincerest gratitude goes to my supervisors, Paola Santisi and
Anne Deshamps. | am grateful for their guidance throughout the three years of my thesis, for
their patience, professionalism and wisdom. In particular, | am thankful to Paola for

introducing me to this research field, for trustmgand for encouraging me.

| would like to thank the members of my thesis committee. Jean-Frangois Semblat and
Pierfrancesco Cacciola who kindly accepted to be referees for my thesis and provided their
comments and suggestions on my manuscript. | am also thankful for Luca Lenti an@ Etienn

Bertrand, who accepted to be members of my thesis jury.

| would also like to thank my thesis committee, Frangoise Courboulex and Fernando Lopez

Caballero, for their time and advices.

| thank all the members of the laboratories JAD and Géoazur, for the hangouts and time spent
together at lunch and coffee breaks especially my colleagues Bjorn, Stefania, Eduard, Luis,
Marcella, Lucrezia, Victor, Laurence, Giulia, Mehdi, Léo, Kevin, Alexandre, Alxis G., Alexis

L., David M., Théa, Zoé, Alexianne, Nicolas, Emmanuelle, Mathilde, Laure, Sara, Jean-luc
Simon and David C. Also, | am thankfultomy &@4ILFH 'DYLG / DQG -XOLH ZHT®
much together.

| want to thank Jean Marc Lacroix for his enormous help, | have learned a lot from him about

clusters and cazxhs

| am also grateful to my friends Roula, Rita, Michelle, Rachelle, Christelle, Farah, Ralph, Tina
and Joseph who have been there for me every time. Of course, special thanks to my
F.R.I.LE.N.D.S for their sense of humor.

My deepest appreciation goesry father Milad, my mother Amal, my sisters Joelle and

Nathalie and brothers in law Francgois and Rami for their support, their prayers and their visits.

Finally, this research is performed using HPC resources from GENCI-[CINES] (Grant 2017-
[A0010410071] and Grant 2018-[A0030410071]). This work has been funded by the region
Provence-Alpes-Cote d'Azur (South-Eastern France), through a doctoral fellowship, and by the
CNRS, through the project PEPS de site 2016 CNRS Université Nice Sophia Antipolis entitled
3 6 Bl effects in the seismic response: identification of mechanical properties of buldings using
0(06 DQG ' PRGHOLQUJ’

23






Dedicated to my beloved family
Milad, Amal, Joelle and Nathalie






Résumé étendu

ORQ WUDYDLO V§dogseVgisthidie\es $tracfdres dans leur environnement. Cette
réponse sismique d'une structure dépend de la secousse incidente et de la propagation des ondes
dans le sol et dans la structure elle-méme. La structure étant couplée mécaniquement au sol,
sonf FLWDWLRQ UHQYRLH OHV RQGHYV GDQV OH VRO &H SKpQ

Selon les codes européens de conception parasismique en vigueur (CEN 2003), le mouvement

en surface libre est actuellement utilisé comme chargement sismique au bas d'un batiment a
base fixe (BF), pour la conception de batiments a fondation superficielle. Cette analyse en

« deux étapes » (Saezadt QH SHUPHW GRQF SDV GH VLPXOHU Q>
HITHWV G1,66 QH VRQW SULYV th&e dishig\WeHa Stiuetui® BsUoBENUEl O D L
en résolvant le probléme de I'équilibre dynamique appliqguée a I'ensemble du domaine sol-
structure DQDO\VH HQ XQH pWDSH 1RXV DYRQV PRQWUp TXH Of
FRQVLGpUHU O 8 &onhind tne/ dodEfieationdesla sollicitation sismique, influencée

par les caractéristiques dynamiques structurelles, les parametres mécaniques du sol et les

caractéristiques de mouvement d'entrée.

/IRUV GIXQH VROOLFLWDWLRQ VLV Péigakdd géolegigW ReBRJUD S
géomécanique du sol affectent de maniére significative le mouvement enregistré a surface libre.

(Q SDUWLFXOLHU GH SOXV HQ SOXV OHV pWXGHV VIDWWDF
meécanique non linéaire dans les couches superficielles, comme dans les structures. Ces effets
sont mis en évidence par exemple lors du benchmark PRENOLIN (Régnier et al. 2016) au
cours duquel plusieurs relations constitutives non-linéaires ont été comparées par simulation
numeérique de la réponse sismique non-linéaire de site 1-D. Mais ces modéles testés exigent un
nombre de paramétres important pour correctement reproduire la réponse du sol a un niveau
de charge élevé. Comme pratiquement ces parameétres de sol peuvent étre difficiles a
déterminer, ces modélisations, importantes pour la compréhension des phénomenes, sont
impossibles a introduire dans la reglementation. Je me suis attachée a concevoir un systeme
equivalent plus simple : un modele constitutif de sol efficace est celui qui est fiable et nécessite

peu de parametres a caractériser.

30XV ODUJHPHQW ORUVTXH OD FRQVWUXFWLRQ HVW pWHQ
GITXQH VWUXFWXUH HVW DIIHFWpH SDU OD SUpVHQFH GHV \
entre sttucKUHV YRLVLQHV HW OH VRO ORUV GTXQH VROOLFLW
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structure-sol-structure (ISSS). Nous avons aussi abordé cette question fondamentale dans la

construction des villes.

$ILQ GTpWXGLHU Of,66 HW 0T, 6 &6lu 3yQétnePsBlGtpuctlry Mg R Q Q X
chargement sismique est nécessaire. Plusieurs méthodes numériques ont été utilisées pour

UpVRXGUH OD SURSDJDWLRQ GH O 1R QlesHiifféreroes fiki€s, K YL UR C
éléments finies (EF), les élémentdssp WUD X[ OHV pOpPHQWY IURQWLQUHYV |

etal. (2010), aucune méthode numérique unique ne peut étre considérée comme la meilleure.

Dans mon travalil, la solution directe de I'équation d'équilibre dynamique est résolue dans un
schéma EF et le comportement non-linéaire des matériaux est pris en compte. Des conditions
aux limites latérales périodiques sont adoptées, pour réduire le domaine du sol modélisé,
lorsque I'hypothése de périodicité est possible. Les résultats obtenus me permettent de proposer
XQ PRGgOH HIILFDFH SRXU OD SUDWLTXH GH OYLQJpQLHULF

ORGgOH GH SURSDJDWLRQ XQLGLPHQVLRQQHO GYRQGH j WL

structure

SRXU PHWWUH HQ °XYUH OD VLPXODWLE&®NNAE (IDR&GHOH GH
couplé a un modéle de batiment tridimensionnel (36 DQV OfK\SRWKqgVH GH SURSL
verticale et de fondation superficielle rigide (modele 1D-3C). Cette formulation est adaptée a

la description de la colonne de sol par les données géotechniques généralement disponibles et
permet de réduire le temps de calcul. Il est encore assez rare de connaitre la gédmétrie et
VWUDWLJUDSKLH GYXQ EDVVLQ VpGLPHQWDLUID plusL VHUDI

complete.

La loi de compoW HPHQW G¢Y,ZDQ ,ZDQ D pWp XWLOLVpH SRXlL
linéaire du sol sous chargement cyclique, en termes de contraintes totales. La solution du
SUREOqPH GY,66 HVW REWHQXH SDU VROXWLRQ GLUHFWH
OfHQVHPEOH /TK\SRWKqQVH GH VRO LQILQLPHQW pWHQGX G
par une condition de périodicité latérale. Le mouvement sismique est imposé a la base de la
colonne de sol en utilisant une condition absorbante qui prend en c@afptél IHW GH OfpOD"

du substratum rocheux.

Le modele 1D-3C a été vérifié, dans le cas de comportement linéaire de sol et en utilisant un
DOJRULWKPH GILQWpJUDWLRQ LPSOLFLWH SDU FRPSDUDL

maison SWAP_3C (Santis GJ$YLOD DQG /HQWL SRXU OHV pWXGH
28



VRO j OD VXUIDFH OLEUH HW 6)5,17BCaball&d®ZD¥8) pour I€sf$SYLOD
pPWXGHYVY GH UpSRQVH VLVPLTXH GH VRO HW GX EKW-LPHQW F
3C est validé, dans le cas de comportement non-linéaire de sol.

/I TREMHFWLI HVW GH SURXYHU OD SHUWC @HsQIR HrolletnePRG qO +
GY,66 FRPSDUp j-X& RRQFOIBWXHOOHPHQW FH GHUQLHU GR
modéliser la dalle de fondation par des éléments finis solides et donc de prendre en compte sa
déformabilité. Par contre, dans le modéle de propagation 1D-3C, le méme mouvement est
imposé a la base de tous les poteaux du batiment simulant une base rigide. La comparaison
guantitative des signaux obtenus par le modele 1D-3C est effectuée en termes de pics en
DPSOLWXGH GYLQWpPJUDOH Gf$ULDV GILQWpPIJUDOH HQ pQtF
rapport de corrélation (coefficients du comparatif Goodoéds-proposés par Anderson,

2004). Les résultats obtenus dans le cas de propagation verticale montrent la fiabilité du modele
1D-3C pour le sol quand les hypothéses de couches horizontales suffisamment étendues et de
fondation superficielle rigide sont respectées. Le Ga§XQ FKDPS GfRQGH LQFOLQ
GTXQH pWXGH XOWpULHXUH

Propagation unidirectionnelle d'onde a trois composantes dans un domaine de sol en forme
GH 7 SRXU 0¢Y,66 HW 0¢Y,666

/| DSSURFKH GH SURSDJDWLRQ XQLGLUHFWLRMDITHEGOH G X
adoptée pour résoudre la réponse dynamique du sol. La technique de modélisation de
propagation unidirectionnelle d'une onde trois composantes est étendue pour des analyses d'ISS
HW ,666 /HV UpVXOWDWY REWHQXV VXU 0Y,66 PRQWUHQW
sol que dans les premieres couches. Par conséquence, un modeéle de sol 3-D est adopté jusqu'a
une profondeur fixée, au-dessus de laquelle on considére que la déformation est influencée par
07,66 HW 071,666 DORUYV 1-DXebiXdgopeRpouy ekl cauthey & sol plus
profondes, jusqu'a l'interface sol-substrat (modéle 1DT-3C). Le profil de sol en T est assemblé
avec une ou plusieurs structures 3-D de type potea@&xX WUHV j OTDLGH GT1XQ PRGq
finis, pour prendreHQ FRPSWH UHVSHFWLYHPHQW OfY,66 HW OY,66¢
en compte la déformabilité de la fondation et les effets de basculement et peut simuler
OYLOQWHUDFWLRQ HQWUH SOXVLHXUV EKWLPHQWYV

L'approche 1DT-3C est vérifiee par comparaison avec un modele entierement 3D-3C, dans le

cas d'une propagation verticale dans un sol stratifié horizontalement. La technique de
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modélisation 1DT-3C proposée est donc un outil pour la conception de batiments, permettant

GH SUHQGUH HQ FRPSWH 0OY,66 GH PDQLgqUH HIILFIDWHRHQN VL
YHUWLFDOH HW GH SDUDPqQWUHYV JpRWHFKQLTXHYVY KRPRJQgQ
GTpOpPHQWY VROLGHV XQLWDLUHV SRXU OHV FRXFKHV SC

représente une réduction du temps de calcul sans affecter les résultats.

/IfHITHW G1f,66 HVW GplLQL FRPPH OD GLIIpUHQFH HQ

fx vasqrcfc vasqrdd QWUH OD VROXWLRQ HQ XQH pWDSH UpVROXW
G\QDPLTXH ld sa-pati@antl Bt la solution obtenue par la méthode en 2 étapes
(mouvement a surface libre appliqué a un batiment a base fixe). Mon étude montre que cet effet

est plus important dans le cas ou le sol est plus mou et dans le cas d'un comportement de sol
non linéaire. Des effets de résonance entre les fréquences du batiment, la frésgmiée a

au sol et le contenu fréquentiel du signal sismique produisent une réponse sismique amplifiée.

/| HITHW GY,66 HVW REVHUYp SRXU O Hov d8 baXimestletEBtlphdd) V PR G

prononcé dans la direction du mode excité par la charge d'entrée.

Spectre de réponse pour la conception parasismique tenant compte de l'interaction sol-

structure

Une analyse paramétrique de la réponse sismique des batiments en béton armé est développée
HW GLVFXWpH SRXU LGHQWLILHU OHV SDUDPgQWUHV FOp G

structurelle, a introduire dans la conception parasismique de batiments.

La variation de I'accélération maximale en haut du batiment avec le rapport de fréquence
batiment / sol est tracée pour plusieurs batiments, chargés par un mouvement a bande étroite
qui excite leur fréquence fondamentale. Dans le cas de sols et de structures & comportement
linéaire, une tendance similaire est obtenue pour différents batiments. En régime élastique
OLQpDLUH Of,66 SHXW rWUH SULV HQ FRPSWHXjUp\DXGW DN
d'une analyse en deux étapes (modele de batiment a base fixe chargé par un signal sismique a
surface libre). Ce facteur de correction dépend du rapport de frequence fondaBei3ale

batiment au sol.

L'analyse paramétrique est répétée en introduisant I'effet de la non-linéarité du sol et du béton
armé. L'effet de la non-linéarité du sol sur la réponse sismique des batiments est prépondérant
par rapport a I'effet de la non-linéarité du béton armé. La non-linéarité du comportement du sol

ou du sol et de la structure, tend a augmenter l'irrégularité de la réponse sismique des batiments.
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De plus elle modifie la fréequence de vibration pendant le processus. Par conséquent, en tenant
compte du comportement non-linéaire des matériaux, la réponse sismique des batiments
FRQVLGpUDQW Of,66 QH SHXW SOXV rWUH UHSURGXLWH HQ
OHV UpVXOWDWY REWHQXV SDU OYDQDO\WVH HQ GHX[ pWDSH

Analyse de l'interaction structure-sol-structure

La réponse sismique d'un batiment en béton armé est estimée en tenant compte de l'effet d'un
batiment voisin, pour un sol et des structures & comportement linéaire. Cette approche permet
une analyse efficace de l'interaction structure-sol-structure pour la pratique de l'ingénierie afin
d'inspirer la conception d'outils pour la réduction du risque sismique et I'organisation urbaine.
L'analyse effectuée a l'aide de la technique de modélisation ®WTPRQWUH TXH OY,66¢
REVHUYpH GDQV OD GLUHFWLRQ GX SUHPLHU PRGH GH YLI
FHUWDLQV FDV XQH DP Sdylrdukdindnt o phiseX éhTciripte lorsque le
batiment est considéré comme isolé. En outre, dans un sol meuble, la réponse sismique du
batiment excité ne présente pas de variations importantes du fait de la présence de batiments
YRLVLQV /YfHIIHW GH 01,66 OfHPSRUWH VXU OYHIIHW GH Of

Conclusions et perspectives

Dans les pratiques professionnelles, les normes de conception évoluent en fonction des
nouvelles découvertes et des progrés croissants les capacités informatiques. Aujourd'hui, les
FRGHVY GH FRQFHSWLRQ VLVPLTXHV HXURSpHQV QH SUHQQ}
dans la conception des structures. Cette rechRKH pWXGLH OHV SKpQRPgQHV G
sol et structures, propose et valide des techniques de modélisation pour évaluer les réponses
G\QDPLTXHV GHV VROV HW GHV VWUXFWXUHV DX[ VpPLVPHYV

L'approche de propagation des ondes sismiques 1DT-3C est proposée comme technique de
modélisation pour la simulation de la réponse sismique des sols et des batiments, en tenant
compte des effets de site, de la déformabilité des fondations, des effets de basculement et,
éventuellerHQW GH 09,666 -88 cBrRi&adadopter un modéle entieremednt 3-

jusqu'a une profondeur fixe, 8B-HVV XV GH ODTXHOOH OHV HIIHWV G¥Y,6
mouvement du sol et au-dela de laguelle un modéle 1-D est supposé étre une approximation

suffisante.
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La technique de modélisation 1DT-3C proposée est un outil efficace pour la conception de
batiments, permettant de prendre en compte facilement et efficacement les ISS et ISSS pour
des comportements des matériaux linéaires et non-linéaires, offrant des avantages en terme de
temps de modélisation et de calcul par rapport & un modele entierethenf BL QW URG XFW L
des comportements non-linéaires est absolument nécessaire car les observations actuelles dans
les zones soumises a de fortes sollicitations sismiques, montrent que ces effets sont importants.
3DU DLOOHXUV FHW RXWLO VIDGDSWH ELHQ DX[ SUDWLTXH

- les parametres géotechnigues peuvent assez simplement caractérisés pour un modele
GH VRO XQLGLPHQVLRQQHO HQ Xartt®@itardn QMseratréKR UD JH
lourde (plusieurs forage et mise en adéquation des observations).

- la définition des conditions aux limites est simple : le signal d'entrée et la condition aux
limites d'absorption ne sont donnés que pour un seul élément.

- le maillage est considérablement réduit.

/ITDQDO\VH SDUDPpWULTXH FRPELQDQW SURILOV GH VRO
UpJLPH pODVWLTXH OLQpDLUH Of,66 SHXW rWUH SULV HQ F
GITXQH pWXGH W dedGdtapes REDQer € Idond de proposer une amélioration

SRWHQWLHOOH GHVY VSHFWUHY GH UpSRQVH SRXU OD FRQF|

en régime élastique.

Par contre le comportement non-linéaire du matériau provoque une modification de la réponse
sismique du sol et des batiments, avec en particulier, une modification les fréquences
FDUDFWpULVWLTXHY /IYDQDO\VWVH SDUDPpWULTXH TXH MH S
TXDOLWDWLIV PDLV PRQWUH TXYL Q@ozgptidx dePbatiGarts| Do RQ VL
VIDSSX\HU VXU OHV PRGpOLVDWLRQV WUDGLWLRQQHOOHYV

matériaux.

/ID PpPWKRGH SURSRVpH HVW HIILFDFH DXVVL SRXU XQH DCcC
batiment cible. Je présente une analyse paramétrique le régime élastique linéaire. Les résultats

PROQOWUHQW TXH VL GDQV OH FDV GH VRO PRXV OfHIIHW G
OHV DXWUHV FRQGLWLRQV GH VRO 0,666 QH SHXW SDV rW

résultats préliminaires qui ne permettent pas encore de généraliser.

Cette recherche pourrait se prolonger par une analyse paramétrique et une étude statistique
approfondies visant a généraliser la conception des structures dans les zones sismiques, en
teQDQW FRPSWH GHV HIIHWV GYT,66 3RXU SHUPHWWUH OD
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expériences sur des structures instrumentées a des échelles réelle ou proportionnelle pourraient
étre utilisées pour comparer observations et calculs numériques. L'approche de propagation des
ondes 1D-3C pourrait évoluer pour modéliser les fondations profondes et les sols encaissants,

en considérant un domaine 3-D atteignant une plus grande profondeur. Une analyse de
contrainte efficace, prenant en compte la position de la nappe phréatique dans un modele de
propagation d'ondes 1DT& SRXU ODQDO\VH GH 0,66 HVW DFWXHOO}
de la thése de doctorat de Stefania Gobbi. D'autres améliorations peuvent étre introduites
comme, la corrosion des barres d'acier dans le béton armé ou la considération des matériaux de
FRQVWUXFWLRQ GLIIpUHQWY WHO TXH OH ERLVY HW OfMDFLHI
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Introduction

Earthquake engineering research is an interdisciplinary field involving structural and

geotechnical engineers, seismologists, architects and urban planners. It is a discipline that
studies the antiseismic conception of new structures and the ability of existing structures to
survive an earthquake without sever damage. The building codes are based on actual

knowledge concerning the seismic conception and design.

The need for such codes is initiated by several major earthquake disasters causing damage to
structures hence, to population. The damage concerns reinforced concrete structures as well as
wooden and steel structures and is observed in low-, mid- and high- rise buildings and that,
either in lower, mid or upper story of structures. Earthquake damage also attains the soil leading
to soil failure and eventual the collapse of the structures.

Due to variabilities in observations and seismic risk in regions the requisite for research in this
field becomes higher in order to understand soil and structure responses to earthquakes and
contribute in the progress of seismic codes. There are several seismic codes used in the world,
moast of them share similar fundamental design approaches and only differ in the techniques of
application regarding local geological conditions and common new and old construction types.
In France the first text aiming to prevent constructions to earthquake shakings was written in
1955 in the recommendation AS55. The text was updated through time with studies and new
earthquake events. In 2005 the Eurocode 8, a new seismic code based on the European rules
for construction, is employed in France to protect people and restrain structural damages to
earthquakes. The metropolitan France presents moderated seismicity in which the eastern
Provence presents the highest risk. For this reason, the region of Provence-Alpes-Céte d'Azur

encourage research on seismic risk in the purpose of prevention of structural seismic damages.

Previous researches have shown that the interaction between the soil and the building induces
modification in the dynamic response of the building (Veletsos and Meek 1974; Jennings 1970;
Wolf 1985; Gazetas 1991). This modification of the structure response is not beneficial in all

conditions and if it is the case, an overdesign is assumed.

The soil-structure interaction (SSI) has been the subject of many works, showing the
importance of the SSI assessment in seismic structural design. In the Eurocode 8 the structure
is considered as a simplified model using single degree of freedom (SDOF) and SSI is studied
in a two-step analysis as named by Saez et al. (2011). Thi¥tWo-S DQDO\Viecdy GRHV Q1
model the interaction between the soil and the structure. An update to such procedure
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considering the advances in theory and practice is mandatory. The lack of the previous version
of the Eurocode 8 has encourage this research to consider SSI for structures with shallow
foundation, model multilayered soil profiles and study the dynamic response of the assembly

soil-structure.

The Eurocode 8 is limited to the elastic linear behavior of materials. However, evidence of
nonlinearity in the soil has been observed for a long time now. In Japan, a seismological data
is recorded in Kiban Kyoshin Network since 1995, following the Hyogo-Ken Nanbu
earthquake of 1995 Kobe Japan, and provides evidence that soils tend to quickly reach
nonlinearity properties for higher shaking amplitude. On the other hand, a non-cracked
structure is an overstatement, cracks are created in concrete at early age and namdiviear be

of the reinforced concrete should be considered to study the seismic response of a structure.

The aim of this research is to provide additional knowledge on structure and soil seismic
responses, evaluate the accuracy of modeling techniques employed to replicate the SSI effect
due to dynamic excitation and propose eventual advancement in the earthquake engineering
field.

The progression of this research goes as following:

xModeling technique for SSI (Chapter 2): The one-directional three-component (1D-3C)
wave propagation approach is propagated in a one-dimensional (1-D) soil assembled with
3-D frame structure in a finite element (FE) scheme (1D-3C). The linear elasticity is
employed, it is a simplification considered for structural design, assuming a behavior in
elastic strain range, sufficiently far from yielding threshold. This hypothesis simplifies
the numerical computations, avoiding modeling of nonlinear material behavior, accepting
superposition principle and modeling concrete as a homogeneous material before
cracking without the effect of reinforcing bars. Later the nonlinear behaving of materials
is considered, in a dynamic analysis, introduces the hysteretic dissipation of energy in the
assembly soil-structure and the system soil response is modified and depends on more
parameters and on the time history, increasing the difficulty of prediction with simplified
empirical tools.

The 1D-3C model is verified comparing with validated codes in a free field (FF) analysis

XVLQJ 6:$3B & SURSRVHG E\ 6DQWLVL GY$YLOD DQG /H(
XVLQJ 6)5,17B & SURSRVHG E\ 6{ghéNery2018)érdiderdgD QG /R
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linear and non-linear soil behaving. Analysis are undertaken using the 1D-3C model for

SSl analysis.

xAdvanced modeling technique for SSI and structure-soil-structure interaction (SSSI)
(Chapter 3): Analysis using the 1D-3C model for SSI have shown evidence of the effect
of SSI in the first layers of the soil and negligible or no effect in deeper soil. Based on
this observation a T-shaped soil modeling is proposed (1DT-3C). It consists on modeling
3-D soil model until a certain thickness to be defined, depending on the SSI, connected
to a 1-D soil modeled until the bedrock interface. The 3-D soil model permits the
embedment of a 3-D foundation connected to the base node of the columns &f the 3-
structure allowing rocking effect. The 1DT-3C present an efficient modeling technique
for engineering practice, to consider SSI in any commercial FE code.
The proposed 1DT-3C model is verified, in linear and non-linear soil behaving, and SSI

analysis are undertaken.

xParametric investigation on SSI (Chapter 4): After verification of the proposed model for
dynamic SSI and SSSI analyses, different computations are carried out to compare the
structure and soil responses to earthquake, in the cases of linear and nonlinear behaving
materials. A parametric analysis is performed to investigate the variation of the SSI effect
with soil and structure dynamic features of the frequencies.

xParametric investigation on SSSI (Chapter 5): Afterward a study on SSSl is held focusing
on a target building and varying the nearby building and quake predominant frequency.
The lateral boundary condition is investigated in order to assess a complex geometry of

soil and structure plan for SSSI investigations.
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Chapter 1 - Overview on soil and structural dynamics

Chapter1-2YHUYLHZ RQ VRLO DQG VWUXFWX

Continuous efforts have been made towards improving modeling techniques in earthquake
ergineering (characterization of geotechnical parameters, rheologic behavior, site effects,
interaction between structure and soil, and with nearby structures), beside the continuous
development of risk mitigation tools. Moreover, design codes need to evolve in the regulation
of seismic loading definition using signals. Numerical methods that solve a dynamic soil-
structure interaction problem is not currently adopted in the engineering practice for building
design, but it remains a subject for researchers or taken into account in design of bridges, dams
or towers. In the following, basic concepts of structural dynamics are introduced and previous

research findings are presented.
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1.1 Introduction to structural dynamic problem

1.1 Introduction to structural dynamic problem

In structural analysis, static and dynamic loading are considered. If the applied load has a long
period, enough to be consider constant and neglect inertial forces it is static otherwise it is a

dynamic load.

The structural dynamics aims to study the behavior of a structure under dynamic loadings. |

particular, in earthquake engineering the structural response to earthquakes is analyzed.
1.1.1. Single degree of freedom (SDOF)

An adopted simplification to model structures under seismic loading is to represent the

structure using a single degree of freedom oscillator (SDOF). It consists on a lumpeld mass

held by a massless column with stiffneSslamping coefficient?(Figure 1-1). The system is

considered fixed at the bottom and subjected to earthquake loddiRgl. F |1 Qi P, ;that is
time dependent, accordingtbHZW R Q TV V WHeR QGPi® theZground acceleration at

the building base. The differential equation of motion for the SDOF oscillator is

IQIPE ?2BEG L (:P; (1-1)

where |l Q7R a ?:Q&nd G (P, are the inertial, viscous and elastic force, respectively. The dot
represents time derivative ari@ P, Q® and QP are the structural displacement, velocity and

acceleration, respectively.

Figure 1-1 Single degree of freedom oscillator (SDOF) subjected to earthquake ground motion

Q) .

Dividing Eq{ (1-1) by the mass gives
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Chapterl - Overview on soil and structural dynamics

QPEtCY4Q® E S°QP L FQ7P; (1-2)
where Q7R is the seismic loadingC L ? gi®the damping ratio?; L t1 S 4is the critical

damping coefficient andS, L ¥ &2 |is the undamped angular frequency of the oscillator
(Chopra 2001)The solution of the homogenous equation of moti6nQ7P, L r; having

initial static conditionsQr; L ra Q@6L ris written in

QP L #-8>Qr; ... “SP; E 16 C8Ir;;0S, ece:SP? (1-3)

where S, L S;¥s F CHhe natural period of the oscillator & L t NaS, its frequency is
B L sa@implying that more the structure is stiffer, higher is its natural frequency of

vibration.

The increase of the damping ratio in [Eq. (LL-2) outcomes a slow to fast attenuation of the free

vibration |(Figure 1-R). Damping in structures originate from a low friction in materials but it

is mostly due to damage in non-structural elements (Bachmann et al. 2012). The typical
damping Gor buildings vary betweesand s r ”, this implies that the damped and undamped

natural period and frequencies are almost identical.

Figure 1-2 Free vibration of a SDOF system with different levels of damping:
C L taswdf «ttr” . (Chopra 2001)
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1.1 Introduction to structural dynamic problem

1.1.2. Numerical solution of the dynamic equilibrium equation for SDOF oscillators

The dynamic equilibrium equation for a SDOF oscillator under seismic lo&girigis written

in Eq{ (1-2), it can be rewritten as

YoL A SYg.E o = @2 FE w =5 © (1-4)

YoL 0lgE (1-5)

where the subscripks the iteration step(yL F Q7R; and

Yol ety (1-6)

Eq.| (1-4] and Eq. (1-b) can be solved by iteration, considering the static initial conditions
Qr; L ra Q6L r. ThevariablesA: —, , 04 3 —and»y —in Eq|(1-4) and Eg. (1-b)

are defined as following

. FS{C = D = \ r s (1-7)
A =LH I LBCoL h

EFstD = B — CO0L s Fips,
»y: = LA S Fa: —; ;8°Y» 5Lt 5 —F %Y (1-8)

where the functions presented in [Eq. (L-7) anf Eq.|(1-8) are defined as

U = L:A S F =0%Y (1-9)

C. =L Fs BA-CI¢: "6, PECSS, *<* ;P ;; (1-10)
D 5 LFs SA UlCece 1 SP; (1-11)

P L ACle: 6, PFCMS, sce  SP;; (1-12)

1.1.3. Dynamic study of a MDOF system in the frequency domain

The dynamic solution of a multiple degree of freedom (MDOF) structure under seismic loading

@7, assuming linear constitutive behavior of materials, is written as
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0 7TREEA B EC R L FOl R (1-13)

where the G, 0 and fiare themass,stiffness and damping matrices respectively. The dot
represents the time derivative, consequentld, &nd 7are the displacement, velocity and

acceleration vectors, respectively, ahig the influence vector.

Under the assumption of lumped mass, the structural model is simplified as in Figure 1-3 and

the mass matriis diagonal asii L T« f %sé lly & | 4= where the subscriplrepresents the

total number of stories in the building.

Figure 1-3 Multiple degree of freedom (MDOF) oscillator subjected to an earthquake ground

motion Q) .

The modal analysis can solve the dynamic equilibrium of a multiple degree of freedom MDOF
system under the assumption of structural response resulting from the superposition of mode
shapes. This, under the hypothesis of linear behaving materials. The dynamic equilibrium

equation Eqgf (1-13) can be written in modal coordinates by imposing the transformation

L O . Accordingly, it is

00 gEAOGEUNOD L FOTQT (1-14)

where js the modal displacement at the time siggmnd Ois the modal matrix compound by

the eigenvectors obtained by solving
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1.1 Introduction to structural dynamic problem

aOL 0o Y (1-15)

The natural angular frequencies are obtained as solution of

tft—:0Faao; Lr (1-16)
where dis the vector of eigenvalues such thatL SSyand - YL @ E = €= Bach &

corresponds to the squared angular frequency of the structure suShiHat S0 ® O S5y
The subscriptFrepresents thémode shape.

The modal transformation corresponds to an operation of diagonalization of métricesd
i Consequently, the dynamic equilibrium equation for the MDOF system ‘n Eq.|(1-14) is

solved as a system of independent dynamic equilibrium equations of SDOF systems

GE -6E -9 yLFO Ol —7 (1-17)

where = L £CSg=and the modal matrix must be orthonormal with respect to the mass

matrix and satisfy® 0O L -and © 0 OL - Y Each one of Efy. (1-1}7) is solved as explained

in section 1.1.p, since the analytical solution is known for the SDOF. Thd sugmaposition

is possible only for linear behavior of materials and proportionally damped structures.
1.1.4. Dynamic equilibrium for MDOF structures

In the case of nonlinear behaving materials, i.e. when the stress-strain relationship is nonlinear,

the dynamic equation is

0¢C 7R, E i 6R; E 0¢ 'Ry L FOT 7R (1-18)
where the stiffness and damping matrices vary during the process.

Time discretization is needed in order to solve this problem. According wittJthethod

(Hughes 1987), at each time stgphe following equation can be resolved

¢ 7Ry E:s E sA:Ry¢ 6Ry E:s E su:R5¢ Ry F =R -5¢C 6Ry-5

F=UR-,:¢ :R,sL:SE=6:RyFU 6R-; (1-19)

In the following equation, for simplicity, the time instaRjfs indicated by the subscript
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¢ YE:s E 5 GE s E Ul oF =@-8 6-F =W-§ u-s

L:sE=zo65F U @55 (1-20)

The increment of velocity¢ @and acceleration¢ (@At time stepRjare written in function of

the increment of displacement  as following, and substituted in the Eq. (1120)

Co L@ - Gk @ >y-&£:sF @> —phs
¢ g Ls>S5¢ yFs>— ybFE:st> —ybhs

(1-21)

at each time step, the displacement increment is obtained by modified equilibrium equation
B¢ gL ¢ QE 405 (1-22)

where the modified stiffness matrix is

L s>LF OE:sE = §E:s E =0y (1-23)
and the vectoii ¢, 4s dependent on the result of the previous time step and calculated as
Tg?5|— > > - 0EsE _—,"@ >U?ﬁ©?5
> t> EE:s E:@t>F s, —{i? d-5 (1-24)
EX Ny Uy-8 y2F U @25

After evaluating the increment of displaceme®tgusing Eq. (1-22), the increment of velocity

¢ gand the increment of acceleratioh ;fare calculated using Efj. (1-21). The total

displacement g velocity and acceleration{are then deduceab

ol v2ECuy &L G-E£ ¢ 6 GL G-ECJ (1-25)
The derivation introduces high frequency noise into the solution; numerical damping removes
this high-frequency noise without having any significant effect on the meaningful, lower
frequency response. The control over the amount of numerical damping is provided by the
Umethod using the parameterd 4 U Ltwids F ® and U L raw Fduch that
Fs u Q U QHughes 1987).

The Newmark algorithm is obtained fol) L y using t> R U R ri#wthe case of

unconditional stability.
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1.2 Numerical methis

1.2 Numerical methods

A numerical method is evaluated according to its efficiency, in terms of time, computer
memory, and accuracy. According to Chaljub et al. (2010), no single numerical method can be
considered as the best. Several methods have been used to solve wave propagation in media;
finite difference method (FDM), boundary element method (BEM), spectral element method
(SEM) and standard finite element method (FEM).

PRENOLIN benchmark (Régnier et al. 2016) has compared 20 codes with different numerical
scheme and found a standard deviation in results of 0.065 in logarithmic unit for a low-
frequency input motion at low PGA values, this deviation increases with the PGA but this may
also be due to the differences in the nonlinear model implementation. In this paragraph four
different numerical modeling methods are selected to be presented along with their advantages

and disadvantages, that often depend on the application.
1.2.1 Finite difference method

The FDM has a long tradition in seismology and geophysics. It consists on replacing the partial
derivatives by divided differences or combinations of point values of the function in a finite

number of discrete nodes of the regular mesh (Moczo et al. 2004).

ConsideringQ : T & U & VWuad®ign in space and time. The approximation of the derivative,

according to Taylor series of order one, is

OQTaU4WAW>QT E TaAaUAV@TPA U4V ATPE a: T; (1-26)

Where a : Tis the error due to the approximation.

The FDM has been employed in SEISMOS@ittp://asimaki.caltech.edu/resources/index.

html#softwar? for analysis and signal processing of 1-D site-specific response problems, by

Li and Assimaki (2010) usingmodified hyperbolic soil model, in NOAH (Bonilla 2001), for
wave propagation in saturated soil subjected to vertically incident ground motion and by Moczo

et al. (2004) in an adjusted finite difference approximation.

The advantages that present this method are the simplicity of modeling and its low cost in
computer memory. However, this method presesmgsinconvenient the limitation in

representing a complex geometry as heterogeneity and topography. The regularity of the mesh,
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forces a meshing relative to the minimum shear wave velocity and causes difficulty to consider
complex topography and structures, requiring a small meshing and, consequently, an important

computational time and memory.
1.2.2 Finite element method

The FEM is the most used for engineering applications. It consists of approaching, in a finite-
dimensional subspace, a problem written in variational form (as minimization of energy in
general) in an infinite dimensional space. In this case, the approximate solution is a function

determined by a finite number of parameters (Hughes 1987).
Let us consider the following differential equation

FAT, L BT, & T b ?ras>
Qr; LQ@s;Lr

to transform this differential system to variational form, the Galerkin method proposes a
function RT; B 8 L €% a%suchthatRr; L Rs; L r}and Eq| (1-27) is written

\ (1-27)

5 5
F+ "RT,@T +* B:T:R@T (1-28)
4 4

Integrating by part we obtain
5 5

F+ OT,R'T@T + BT,RT,@T E RD S8 (1-29)
4 4

The problem is, hence, brought to solve the variationgl Eq. (1-29) approximating the problem

in a sub-spaceof finite dimension N posingT; L A$@Q6y: T:D €8where 6v: T are

shape functions linearly independent8n

The FEM has been widely employed,as example, Abaqus CAE

https://www.3ds.com/products-services/simulia/products/abgqus/) ASTER code
(KWWS ZZZ FRGH)CBESARH U (}R\MNJcesar-Icpc.cow and OpenSees

http://opensees.berkeley.efjudre softwares used for modeling, analyzing and visualization

of results.

SWAP_3C is a code for three-component seismic wave propagation, that uses line quadratic
finite elements 6 DQWLVL G{$Y L O, Defficda@ndnalidatéd during the PRENOLIN
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1.2 Numerical methods

benchmark. The same 1D-3C wave propagation model is used for SSI analysis, by assembling
the 1-D soil profile with a 3-D frame structuré DQWLVL G {$ Y-Cabadled Q0E8). R S H ]

The advantages of this method are the ability to model complex geometry as heter@geheity
topography, the feasibility to use adaptive mesh and the numerous available theories on the
convergence of this method. The inconvenient is the expensive cost in computational time and

memory.
1.2.3 Speatal element method

The SEM was initially used for fluid mechanics (Patera 1984). It derives from the FEM using

polynomial functions @vy: T ; pf high degree of type Chebyshev (Priolo et al. 1994) or
Legendre (Komatitsch and Vilotte 1998).

The SEM is used in EFISPECLD (http://efispec.free.fr/) software that solves 1-D wave

propagation equations and by Mercerat et al. (2006).

The advantage of SEM is the accuracy in the convergence. The inconvenients are the loss of
adaptive mesh (loss in geometry flexibility), comparing to FEM method, and the expensive

cost in computational time and memory.
1.2.4 Boundary element method

When the domain of interest extends to infinity, the BEM represents a powerful alternative to
FEM. It is founded on the boundary integral equation theory that describes the problem by
equations with known and unknown boundary states. The discretization only concerns the
surface rather than the volume, and reduces the dimension of the problem by one (Bonnet 1999;
Hall 1994; Kythe 1995).

The BEM is mostly used for fracture or contact problems but it is also used in seismology to
evaluate the topography effect and the wave propagation in alluvial basin (Bouchon and
Sanchez-Sesma 2007; Mogi and Kawakami 2007; Semblat et al. 2002).

The BEM is especially advantageous in the case of problems with infinite or semi-infinite

domains, it requires less computation time and memory when it provides more accurate

solution at the interior nodes of the domain. Unfortunately, it presents some disadvantages as

it is uncommon for engineering problems. Moreover, the boundary integral equations,

requiring an explicit solution, available only for linear problems. Problems with nonlinearities

are not accessible by BEM in its standard formulation. In addition, the BEM represents some
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mathematical complications to choose the accurate boundary integral equations, a lot of
mathematical analysis need to be performed. The inconvenient is also in terms of loss in
geometry flexibility, BEM is not applicable for frame structures in 3-D analyses becahse of

large surface to volume ratio, this causes erroneous in the solution.

1.3 Site effect

The geological characterization and topography nature of the soil affect significantly the
registered signal at the free surface soil, caused by ground shaking with respect to the bedrock
motion. The seismic site response has shown amplification of the seismic motion, comparing
to that latter registered at bedrock surface, and this is due to seismic waves propagating in
multilayered soft soil with different impedance contrast between layers (Bard et al. 1988; Bard
and Bouchon 1985; Kawase and Aki 1988gse site effects are observed in many
earthquakes: San Fernando, California February 9, 1971 (Hanks 1975), Mexico, Mexico City
valley September 19, 1985 (Singh et al. 1988), Venezuela, Caracas valley July 29, 1967
(Papageorgiou and Kim 1991) etc.

1.3.1. Impact of soil characterization

In seismic site response, the shear wave velocity in the meRiisra key parameter for soll
characterization. The average shear velocity of the top 30 m laigersis adopted as
parameter to define the ground type in building codes. The soil stratigraphy influences the soil
seismic response. In fact, when the seismic waves propagate across the layers, with different
impedance contrast, some amplifications can be observed in the soil response.

As depicted in| Figure 14, amplification in accelerographs of the May 13, 1995 earthquake

(Ms 6.6, distance 130nk), is obtained at alluvial deposit surfaces in comparison with the

reference borehole station (PRO).

The largest amplification is registered at the station TST, it represents the deepest deposit of
saliments in the Mygdonian basin (197 m deep). The shown stations are part of
EUROSEISTEST a European experimental site instrumented with a network of 21 high-
resolution permanent accelerometers located in Mygdonia valley, epicenter area of the 1978
Stivos (Thessalonikiearthquake Ms 6.5 (http://euroseisdb.civil.auth.gr).
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1.3 Site effect

Figure 1-4 Time histories of the May 13, 1995 earthquake (Ms 6.6, distance 130 km) recorded
on north-south components of stations of the EUROSEISTEST network.
(http://euroseisdb.civil.auth.gr)

Studies have shown that the geometry and material properties of the sedimentary basin govern
the seismic amplification, for this reason it is very important to consider a correct

characterization and modeling. Figure|1-5 shows the complete model gives amplification in the

amplitude/frequency compared to the simplified model (Manakou et al. 2010; Pitilakis et al.
1999; Raptakis et al. 2000; Semblat et al. 2005). Moreover, in wave propagation modeling, the

definition of the sediment-bedrock interface is mandatory.

(a) (b)
Figure 1-5 (a) Geotechnical model of the Mygdonia basin: complete model (top) and simplified
model (bottom), (b) Amplification/frequency curves for various locations along the basin
surface for simplified (continuous) and complete models (dashed). (Semblat et al. 2005)
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1.3.2. Impact of the soil constitutive model

Besides the description of the geometry and the elastic parameters of sedimentary layers, the
soil behavior is responsible for observed variabilities on site response (Chin and Aki 1991;
Field et al. 1997). These variabilities have been mostly the result of a strong shaking. The
spectral analysis of accelerograms show a shift in frequency peaks to lower frequesraey. H

to characterize the nonlinear soil behavior the simplest way is to compare the transfer function

of the same site subjected to weak and strong ground motion. Figure 1-6 shows the evolution

of the borehole site response with the PGA at the downhole sensor at site IWo23
earthquake recordings of the KiK-net database Japan (Régnier et al. 2013). It is noted a clear
change in site response with respect to the PGA of the incoming motion, this is explained by
the nonlinear constitution of the soil. The impact of nonlinear behavior of soils in site effects
has been quantified (Castro-Cruz et al. 2017; Field et al. 1997; Kwok et al. 2008; Régnier et al.
2017).

Figure 1-6 Reduction of the borehole site responses at IWTH23 with respect to the input-
motion PGA (cm/s2). (Régnier et al. 2013)

Soil nonlinear behavior is manifested in the increase in damping and decrease in shear wave
velocity, with the strengthening of the applied ground motion. Evidence of soil nonlinear
behavior have been observed since a long time: we may cite data from Port Island in Kobe
Japan, during the Hyogo-Ken Nanbu earthquake 1995 (Kawase et al. 1996), from California
during the Loma Pietra earthquake 1985 (Chin and Aki 1991), from Mexico during Michoacan
earthquake 1985 (Singh et al. 1988), from earthquake events in Japan (seismological data
recorded in Kiban Kyoshin Network (Kik-net www.kyoshin.bosai.go.jp) and other events

around the world (Beresnev and Wen 1996).
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1.4 Soil structure interaction

Modeling the hysteretic behavior in soil, imply to characterize the nonlinear stress-strain
relationship for different strain levels (Hardin and Drnevich 1972a; b). Numerous constitutive
equations for the nonlinear behavior of soil have been developed. During the benchmark
PRENOLIN (Régnier et al. 2016) on numerical simulation for 1-D nonlinear site response, the
following nonlinear constitutive relationships are compared: extended hyperbolic model
(Phillips and Hashash 2009), D L TV (RiRu@ KD@utsumi 2011), isotropic hardening elasto-
plastic soil model (Schanz et al. 1999) ZD Q TV (IR&QA860), Manzari-Dafalias model
(Dafalias and Manzari 2004), modified Hujeux model (Aubry et al. 1982), multiyield model
(Elgamal et al. 2003), Pisano 3d elastic-plastic model (Piga@G - H U H Pabdi others.
These models demand an increase of the number of parameters to reproduce better the soll
response in higher level of loadings the soil parameters can be difficult to determine, an
efficient soil constitutive model is the one that is reliable and needs few parameters to be

characterized.

1.4 Soil structure interaction

The seismic response of a structure depends on the incident shake and the wave propagation in
the soil to the ground level and in the structure itself. The excitation of the structure radiates
waves back to the soil. This phenomenon is the soil-structure interaction (SSlI).

According to the European seismic design codes (CEN 2003) the motion at free-field (FF, site
prior handling) is currently used as seismic loading at the bottom of a fixed-base (FB) building,

for structural design of buildings with shallow foundation. This two-step analysis (Figil;re 1-7),

as named by Saez et al. (2011), does not permit to numerically simulate the soil-structure
interaction (SSI) that modifies the seismic demand (seismic motion amplitude for structural
design), influenced by structural dynamic features, soil mechanical parameters and input

motion characteristics.

52



Chapter 1 - Overview on soil and structural dynamics

Figure 1-7 Two-step analyses; step one (left) Free Field analyses and step two (right) Fixed
Base analyses.

1.4.1. Observations on existing building and prototype experiments

The observations of a wave radiated back from a vibrating structure into the soil has been
studied using earthquake records, ambient noise, shaking table and other alternative sources of

dynamic excitation. An interesting early history on SSl is present in the work of K20%6).

Jennings (1970) observed, using vibration tests, large dynamic forces induced in the ground by
the nine-story Millikan library building comparing surface ground records at about

v & #+ from the building with seismo-graph records on Mt. Wilsors atx u of altitude and

about { &y from the same building. Rocking motion up to 50% of the transverse motion
registered at the top of a building is observed by Bard (1988), from California strong motion
instrumentation program on strong motion data corresponding to buildings. In 1992, Celebi
and Safak studied the recorded seismic response of the Pacific Park Plaza building in
Emeryville, California during the Loma Prieta earthquake of October 17, 1989 (Ms = 7.1),
They noticed the largest SSI effect in the case where the soil is in resonance, the fundamental
frequency of a building is in the same range of that of its relative soil (Celebi and Safak 1992;
Sdak and Celebi 1992). Chavez-Garcia and Cardenas (2002) investigate the SSI contribution
on the ground motion in the Lake area of Mexico City using single and array measurements of
ambient vibration. In this city, the structures are founded on soft soil and the frequency of the
buildings coincide with that of the soil, both representing major factors in the SSI phenomenon,

significantly altering the FF motion. Other studies also observed important impact of the soil-
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structure resonance effects on SSID Q R Y L(2060Wn Wad Nuys California, Cornou et al.

(2004) in Grenoble basin France and Ditommaso et al. (2010) in Potsdam Germany).

Mucciarelli et al. (2003goncluded that the SSI can significantly extend the motion duration
and concentrate the amplification of response in a limited range of frequebgezgien

and Bard (2005) found out, during the Volvi test conducted on a scaled building, an asymmetric
behavior of the reinforced concrete (RC) building regarding SSI and a reduction in the
fundamental frequency of the building compared to the fundamental frequency of the system

building-saoil.

Exploring numerical simulation of series of shaking table tests, Paolucci et al. (2008) discussed
evidence on the importance of nonlinear-inelastic foundation response to improve numerical
SSl analysis results. Other experimental findings based on shaking tab@ gure 1-8) have
reported SSI evidence (Chau et al. 2009; Gallipoli et al. 2004; Hung et al. 2008; Lu et al. 2004;
Maugeri et al. 2000; Shirato et al. 2008).

Figure 1-8 Photograph of a prototype model for the shaking table test. (Lu et al. 2004)

1.4.2. Analytical study

A theory about vibration foundation is proposed in 1936 (Reissner 1936). According to
Veletsos and Meek (1974), inertial interaction effects for buildings induce a lengthening of
the natural period of the soil-structure system, because the structure is more flexible compared
with the corresponding FB structure, and an increase of soil-structure system damping, due to
dissipated energy and to radiated waves from the structure back into the soil. Wolf (1985)

proposes the direct approach for SSI analyses that solves the dynamic equilibrium equation of
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the soil-structure assembly, distinguishing the case of a FF motion applied to a FB model.
Gazetas (1991) proposed the substructure approach SSI, analyzed as two separate interacting

subdomains coupled through the concept of dynamic impedance functions, or two-step analysis

as named by Saez et al. (2011) and shown Figufe 1-7. Chopra and Gutierrez (1974), using an

analytical simplified method, discuss SSI in the case of tall buildings, with reduced frequency
of vibration, in very soft soil where the interaction has important effects on structural response.
The dynamic response at the top of the building show a reduced frequency compared with the
first FB mode shape. Using simplified numerical models, Jennings and Bielak (1973) show
that the effect of SSI on the seismic response of buildings occurs predominantly in the direction
of the fundamental mode shape. Moreover, the effects of interaction may be negligible for
higher modes in the case of tall buildings having a translational first mode shape (of the FB
structure). According to (Stewart et al. 1999a), two mechanisms of interaction take place
between the structure, its foundation and soil: inertial and kinematic interaction. Inertia
developed in the structure due to its own vibrations causes changes in seismic waves at the
base of the structure, compared with the free FF that is the site prior handling. Furthermore,
the presence of a deep foundation modifies seismic waves in the soil due to the stiffness contrast
between soil and foundation. (Stewart et al. 1999b) studied the aptitude to SSI effects of 57
buildings in California, using an analytical approach, and observed that SSI is directly

proportional to the structure to soil stiffness ratio.
1.4.3. Numerical study

Numerical methods are largely developed for SSI problems. The FEM is a common computing
method in civil engineering, and extensively used for the SSI problems. To model the seismic
propagation in 2-D and 3-D soil domain, a large domain of soil is requested to reproduce the
condition of hindered horizontal strain. In FEM this represents an important computation time
and internal memory consumption. Thus, various boundary conditidingttéhe soil domain

has been proposed. In 1969 Lysmer and Kuhlemeyer (1969) suggest viscous boundary
considering only elastic systems. In 1974, nonreflecting place boundary, allowing Dirichlet
and Neumann conditions to alternate components at the boundary, is proposed by Smith (1974)
In the following years other solutions have been proposed: in 1977, paraxial boundary by
Clayton and Engquist (1977), in 1988, absorbing boundary condition by Barry et al. (1988) and

in 1989 tied boundaries, reducing significantly the modeled soil domain, by Zienkiewicz et al.
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(1989). Various extensions of these methods have been and still are being developed (Bielak
et al. 2003; Nielsen 2006, 2014; Yoshimura et al. 2003).

1.4.3.1. Simplified models for SSI analysis

Using simplified numerical models (SDOF and MDOF models), Jennings and Bielak (1973)
show that the effect of SSI on the seismic response of buildings occurs predominantly in the
direction of the fundamental mode shape. Moreover, the effects of interaction may be
negligible for higher modes in the case of tall buildings having a translational first mode shape
(of the FB structure). According to Mylonakis and Gazetas (2000), the increase in fundamental
period of a structure due to SSI does not necessarily lead to a smaller structural response and
considering SSI as always beneficial is an oversimplification which may lead to unsafe

structural design.

The application of a 1-D soil model is more suitable for engineering practice due to the
accessible geotechnical characterization by using a single borehole investigationDThe 1-
modeling of soil significantly reduces time and memory consumption and benefits simple
boundary condition definiton6 DQWLVL G {$Y iCakhalldeoQZ183R@Bdpdse a one-

directional three-component (1D-3C) wave propagation approach SFRINT_3C for SSI
problems, considering a 3-D frame structure rigidly connected to a 1-D soil profile. This latte
solves the dynamic equilibrium equation using the direct method for the assembly of soil-
building, using three-node line finite elemeRE) for soil and Timoshenko beam elements for

the frame structure.
1.4.3.2. Two-dimensional and three-dimensional models for SSI analysis

Two-dimensional model, have served in solving the SSI models in several studies
(Gandomzadeh 2011; Saez et al. 2088¢ording to (Saez et al. 2011) SSI effects exist when

the seismic response obtained by solving the dynamic equilibrium problem, applied to the
assembly of soil domain and frame structure (one-step ar@re 1-9), is strongly different

from that obtained by imposing the FF motion at the base of the FB structure (two-step analysis

Figure 1-7). In alater study Saez et al. (2013) studied SSl in terms of totHeatidestresses

and conclude that SSI is generally beneficial or negligible for saturated soil condition
Furthermore, Lopez-Caballero and Modaressi-Farahmand-Razavi (2013) show that SSI effect

increases with the building to soil fundamental frequency ratio.
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Three-dimensional (3-D) wave propagation models have been proposed to obtain the six
components of motion in soil and structure (such as the nuclear regulatory commission code
for earthquake soil structure interaction, NRC ESSI simulatgrColeman et al. (2013) and
Jeremic et al. (2011), where the dynamic equilibrium problem is solved directly for the
assembly of structure and a 3-D soil domain, incorporating the nonlinear behavior of soil in
terms of effective stresses. This allows taking into account the propagation of body and surface
waves and, at the same time, the spatial variability of the stratigraphy, rocking effect and the
interaction with the foundation. Some other studies on SSI considering 3-D model are proposed
(lida 1998; Jeremic et al. 2009; Karapetrou et al. 2015; Mazzieri et al. 2013). Despite the
evolution of 3-D numerical models, major uncertainties concerning the geotechnical model,
difficulties related with the absorbing condition at the lateral boundaries, added to the high
computational cost of an extended 3-D mesh make this kind of approach unusable for ordinary
building design.

Figure 1-9 One-step analysis for SSI problems.

1.4.3.3. Large-scale model for SSI analysis

The Large-Scale model is characterized by advantageous full-scale modelling, accurate

calibration of soil properties and application of realistic time histories of horizontal force and

overturning moment. On the other hand, large-scale model analysis ignores soil inertia forces,
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and repetition of thee analysis involve the treatment of a large amount of soil material. This

model was employed by Shirato et al. (2008) for SSI problems and Gatti et al. for FF analysis.

15 Structure-soil-structure interaction

Investigation on SSI has shown evident interference of the structure response to seismic motion
with the response of the constructed soil. When the construction is extended to more than one
structure, the adjacent structure is affected by the interference through the soil. This cross-
interaction between neighbor structures and the soil, due to earthquake shaking, is called

structure-soil-structure interaction (SSSI).
1.5.1. Analytical study

In 1971, Warburton et al. (1971) proposed a theory for the response of two geometrically
identical masses of circular bases attached to a half-space and subjected to a harmonic
excitation. In another paper, Warburton et al. (1972) have found, through an analytical study,
that the unexcited mass affects only slightly the response of the excited mass. On the other
hand, the unexcited mass is largely influenced by the excited mass even for significant inter-
distance. When the adjacent mass has no more influence (increasing inter-distance), the SSI

becomes more considerable with decreasing frequency of the soil.

SSSl investigations to understand the effect of a nearby building are unddayakero and
Contesse (1973), using a 2-D analytical model. The effects of the presence of a second structure
are more important for a smaller structure located close to a larger structure, inducing a base
motion for the smaller structure significantly different from that obtained by ignoring the
presence of the nearby larger structure. According to Vicencio and Alexander &83B)
effects increase when considering loose soil and closely spaced buildings. The most adverse
effects, on building displacement, occur when there is a big difference of height between the
buildings. Moreover, including the presence of nonlinearity in the soil can increase the size of
adverse/beneficial SSSI effects, so it should not be neglected. The nonlinear SSSI response
acceleration is amplified for the case of a smaller building flanked by a taller building; a
beneficial effect can arrive for the taller building, but this reduction is not assured for the entire
range of aspect ratios. Exploiting SSSI, a vibration barrier (ViBa) behaving as an ogsillator
proposed by Cacciola et al. (2015) The ViBa is able to reduce the seismic energy on its
neighborhood structures and their seismic response. An interesting complete review is present
in the work of Lou et al. (2011)
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1.5.2. Experimental study

In natural sciences, observations and experimental testing are principles of the scientific
methods. Mizuno (1980) has experimentally observed the SSSI with the consequent variation
and possible increase of the structural response caused by the radiation waves from a nearby
structure. Moreover, the excitation of a nearby structure induces energy absorption from the
ground. Under ambient vibration, the response of the building having low fundamental
frequency becomes larger than that of a single building, while the response of the building

having high natural frequency has an opposite tendency.

The experiments to study SSSI are challenging in the real scale. Prototype experienents ar

proposed with a scaling theory to justify the parameters of the experiment. Li et al. (2012)

proposed a model scaled to tees wWFigure 1-10) and show damages are more important in

a SSSI comparing with that of SSI. Trombetta et al. (2014) investigate the SSSI by centrifuge
tests. During high-intensity motions, the significance of SSSI is found to diminish; this could
be due to a combination of superstructure vyielding and saturation of footing forces.
Consequently, from a design perspective, the results suggest that SSSI effects should be

considered for lovte-moderate levels of earthquake shaking.

Figure 1-10 Prototype of a shaking table model scaled ts#sevSSI test model (left) and
SSSI test model (right). (Li et al. 2012)

A related problem to SSSI is addressed considering more than two adjacent structures known
as the site city interaction (SCI). Aldaikh et al. (2015 and 2016) experimented shaking table
tests on a group of three building subjected to seismic excarflel showed that

two adjacent buildings have a greater influence on a central building than this latter having
only one adjacent building. Schwan et al. (2016) also studied site-city effect, experimenting
shake table tests consisting on a site-city setup with up to 37 anisotropic resonant structures,
and show that SSSI have significant effect of the seismic responses of the site and the buildings
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adding that the denser the city the greater the efi@abari et al. (2018) performed shaking

table tests using buildings in single story structures including ViBa buried in the soill,

represented by viscoelastic silicone rubber, (Figure|1-12) and show reduction up to 46.2% of

the maximum acceleration registered in both structure due to the existing of a third structure,

ViBa, properly tuned to absorb dynamic energy.

Figure 1-11 Overview of experiment: (a) single building; (b) two identical buildings; (c) three
identical buildings; (d) experimental system mounted on the shaking table. (Aldaikh et al.
2016)

Figure 1-12 (a) Prototype and (b) Finite Element Model of two different structures protected
by the ViBa. (Tombari et al. 2018)

1.5.3. Numerical study

Even if the FEM is efficient and very common in civil engineering, dealing with irregular
geometry and material nonlinearity, the computation time and memory are serious for a large
scale of soil. On the other hand, the BEM present advantages on the FEM because it demands
a unique surface discretization without the need of a boundary condition definition as the FEM.

The BEM present difficulties in complicated heterogenous medium and loses its advantage in
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non-linear systems. In the 1990s a coupled BEM and FEM consisting on meshing only the
structure while the soil is presented as elastic medium model using BEM (von Estorff and
Firuziaan 2000; Mohammadi and Karabalis 1995; Yazdchi et al. 1999). The BE-FE method
reduces the mesh size and allow to represent modal or hysteretic damping but remains limited

to linear studies.
1.5.3.1. Finite element method for SSSI analyis

Various study has aborted the SSSI using FEM (Lin et al. 1987; Matthees and Magiera 1982)
Bolisetti and Whittaker (2011) and Roy et al. (2015) investigating the SSSI effect for nuclear
structures. Cacciola et al. (2017) employed FE approach assuming linear behavior for the soil
and structures and studied the impact of a vibration barrier on an existing masonry structure.
IDWHJKL($ DQG 5H]D ke @nioEdiriehkional FE model to study the nonlinear
dynamic response of two adjacent tall buildings having frame structure. In the cases wherein
the soil and structure fundamental frequencies are near to each other, the interaction of the
adjacent structures has an important effect on the increase of nonlinear responses, so it is not
negligible.Varone et al. (2015) modeled the Vallerano valley located in Rome Ital\Din 2-
using the FE code CESAR-LCPC and highleghthe influence of the buildings in the local
seismic response. Wang et al. (2013) draw attention to the interaction that touches ground and
underground structure through the surrounding soil and model using the commercial software
ANSYS an underground station with a nearby pile founded structure on a viscoelastic soll
subjected to incident S wave. The obtained results show that the most important influence is

due to the arrangement of the structures and the direction of the shaking.
1.5.3.2. Boundary element method for SSSI analysis

When it comes to site-city interaction the BEM is privileged. Semblat et al. (2000, 2004, 2008)

proposed a 2-D model of Nice basin and studied the influence of various surface structures
and densities of the city on seismic wave propagation. Schwan et al. (2016) studied a 2D
numerical model considering up to 37 anisotropic resonant structures on elastic soil and
concluded that site-city effect depends strongly on the city density and arrangement and
detrimental effect is mostly observed on the city boundaries.
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1.5.3.3. Coupled finite element and boundary element method for SSSI model

Padrén et al. (2009) addressed the effect of SSSI on nearby buildings subjected to incident S
or Rayleigh waves and has shown that nearby buildings can significantly increase the seismic
response of structure. A parametric investigatisncarried by Clouteau et al. (2012)
investigating the effect of two adjacent buildings. They show that slight infliedce to the

SSSlin the case of shallow foundation, however, this influence is more pronounced in the case
of embedded foundation. On the other hand, Alamo et al. (2015) studied the SSSI effects on
the dynamic response of three nearby buildings subjected to obliquely incident waves and
observed impact caused by the angle of the incident wave on SSSI but not necessarily worse

than the vertical incidence wave.

1.6 Conclusion

The research presented in the following chapters aims to propose an efficient model for
engineering practice, taking into account SSI. Consequently, the direct solution of the dynamic
equilibrium equation is solved in a FE scheme. Moreover, a step by step solution is necessary
to take into account the nonlinear behavior of materials. Periodic lateral boundary conditions

are adopted to strongly reduce the soil domain when the periodicity assumption is possible.
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Chapter2-2QH GLPHQVLRQDO WKUHH FRPSRQHOQ
PRGHO IRU VRLO VWUXFWXUH LQWH

European seismic design provisions consider, as seismic loading at the bottom of a FB building,
a peak acceleration at the soil surface or a FF motion for structural design of buildings with
shallow foundation. This two-step analysis, as named by Saez et al. (2011), does not permit to
numerically simulate the SSI that modifies the seismic demand (seismic motion amplitude for
structural design), influenced by structural dynamic features, soil mechanical parameters and
input motion characteristics. Therefore, a numerical model accessible to engineers, that treats

the SSI for buildings with shallow foundation, is proposed and discussed in this chapter.

The commands to create such a model in Abaqus software are presented in Appendix B.
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2.11D-3C wave propagation model

2.1. 1D-3C wave propagation model

A 1-D soil profile is assembled with a 3-D frame structure FEsscheme to treat the SSI

problem|(Figure 2-4). A 1D-3C wave propagates in the soil domain from the bedrock until

the building base. This model is based on the hypothesis of rigid shallow foundation, negligible
rocking effects and negligible SSSI (it only permits the modeling of one structure). The discrete
dynamic equilibrium equation for the assembly soil-structure is solved directly in a one-step

analysis, as named by Saez et al. (2011).

€Y (b) (c)

Figure 2-1 Assembly of a frame structure and a multilayer soil domain shaken by a three-
component seismic motion, for SSI analysis: (a) 1D-3C wave propagation model, where the
assembly is done in only one node; (b) 3D-3C wave propagation model, with connection node-
to-node between building and soil; (c) 3D-3C model, where the foundation is modeled and
embedded in the soil domain.

2.1.1. Spatial discretization of soil domain and boundary conditions

The soil basin is assumed as horizontally layered and infinitely extended along the horizontal

directions Tand U in the T Udabordinate system (Figure 2-la). Consequently, no strain

variation is considered in these directions. A periodic condition is applied at the lateral
boundaries in the soil column, to impose zero st&@d B, According to Zienkiewicz et al.

(1989) and Saez et al. (2011), this condition is verified because the lateral limits of the problem
are considered to be far enough from the structure and it is obtained using tie constraints
between lateral surfaces. Shear and pressure waves propagate vertigdihgation from the

top of the underlying elastic bedrock to the free surface. The soil is assumed to be a continuous

and homogeneous medium, with nonlinear constitutive behavior. The hypothesis of vertical
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propagation in a horizontally layered soil allows the 1-D spatial discretization of the soill

domain. The soil column is modeled using 20-node solid FE, having three translational degrees

of freedom per node Figure 2-2. The system of horizontal soil layers is bounded at the top by

the free surface. Consequently, stresses normal to the free surface are assumed null.

Figure 2-2 Unit area quadratic sok with 20 nodes, wherg) is the element height.

The minimum number of quadratic solid elements (Figurq 2-2) per layer is defined as

L B: t R. iy where Djis the thickness of the i-th layer aijl is the shear wave velocity in

the medium, this latter related to the minimum wavelength of the seismic signal by the ratio
Re yB The maximum frequency, above which the spectral content of the input signal can be
considered negligiblas fixed asB Ls w* VV The minimum number of nodes per wavelength,

to accurately represent the seismic signal, is assumed as the maximum betwetR, ;B
(almost one element every meter) ahdL st This criterium is adopted for the spatial
discretization of soil domain in all the presented analyses of this research. Conseiueihtly,

not be repeated in following chapters.

The soil column is bounded at the bottom by a semi-infinite bedrock having elastic behavior.
A linear viscous dashpot is imposed at the bottom of the soil column, in each direction of
motion, as absorbing boundary condition (as adopted by Bardet and Tobita 2001; Joyner and
&KHQ 6 D Q W L V. 2063 $ovtake idtorhv¢oudt the finite rigidity of the bedrock

and allow energy to be radiated back into the underlying medium. The same absorbing
condition can be properly adopted if borehole records are used and a high impedance contrast
is imposed between soil and bedrock. This option guarantees a numerical damping, decreasing
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with the assumed impedance contrast. A deconvolved rock outcropping motion is applied at

the soil-bedrock interface and propagated along the soil profile.

In the adopted 1-D model of the soil domain, the solid elements have unit area in the horizontal

plan| Figure 2-, to reduce modeling difficulties and computation time. In a 1D wave

propagation model, the area of the soil colushappears as a constant in each term of the

equilibrium equation Eg. (2-1L), i.e. in the massstiffness u and dampingfimatrices and in

the seismic loading vector§(. Consequently, thEF motion can be correctly obtained even if

a unit area is adopted. This is not the case in SSI analyses where the area of the soi#,domain
concerned by interaction effects, must be taken into account in the balance. In a commercial
FE code, the area of the soil domatan be considered by imposing a soil densityofind

an elasticity modulus in compression'of# where Cand ' 4 are the soil density and elasticity

modulus in compression, respectively, to correctly define the mass and stiffness of soil part

(see Eq|(2-1)to Eq} (2-9), wheret & and ¢ are the increments of acceleration, velocity

and displacement, respectively, and the coefficients of matare R.a5J QReJ and
QR o J The parametersg R, @nd R; care the bedrock density and shear and compressional
wave velocities in the bedrock, respectively. The paramétetiand d are the wave velogit
in the bedrock, the shape functions matrix and displacement differentiation matrix,

respectively. The superscript e denotes element).

G¢ EAC EUC K6 (2-1)
0 LQ#i, U Gtce (2-2)
U L#i, 6 060tce (2-3)
AOOL #>0 072 (2-4)
0 QUL #>10 :tRy;? (2-5)

The damping coefficient of dashpots imposed at each node of the soil column base is
proportional to R. &pfor those in the horizontal directions ar@yR; g#;in the vertical
direction. #;L #1a Jis the influence area of each node ahd the number of nodes at the
soil-bedrock interface. The seismic loading is applied at the soil-bedrock interface intterms o
force. According to the applied boundary condition, the shear and normal stresses at the soil
column base, at the bedrock interface, a@BR. 3R F tRys, GR.4R F tRy;;and
O R: 3R F tRy;; respectively. The three components of the incident seismic motion at the
bedrock level in terms of velocity®y s Ry;and Ry in F, U and Vdirection, respectively, can
be obtained by halving the seismic motion at the outcropping bedrock. The threeReins
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and R are the unknown velocities (incident and reflected motion), at the interface soil-bedrock

interface, inF, U and Vdirection, respectively that are evaluated during the process.
2.12. SOl FRQVWLWXWLYH UHODWLRQVKLS ,ZDQYV PRGHO

The nonlinearity of soil demands the linearization at each time step of the rate-type constitutive
relationship. Consequently, the stress-strain relationship needs to be expressed in its
incremental form.7 KH D G R S W HIelag®gagté model for soils (lwan 1967; Joyner

and Chen 1975) satisfies Masing criterion (Kramer 1996) and does not depend on the number
of loading cycles. According to Joyner (1975),the tangent constitutive matrix is deduced from
the actual strain level and the strain and stress values at the previous time step. The stress
increment is evaluated at each time step. The stress level depends on the strain increment and
strain history but not on the strain rate. Therefore, this rheological model has no viscous
damping. The energy dissipation process is purely hysteretic and does not depend on the
frequency. The rheological formulation is in terms of total stresses and, consequently, it is
appropriate in undrained conditions. The plasticity model uses von Mises yield surface that
assumes pressure-independent behavior, that means yielding is independent of the average

pressure stres$his assumption is acceptable for soils in undrained conditions.

7KH PDLQ IHDWXUH RI ,ZDQYYVY PRGHO LV WKDW WKH PHFKDQ
model are easily obtained from laboratory dynamic tests on soil samples. The size of the yield
surface is imposed by the first loading curve in the uniaxial stress case. The applied constitutive
PRGHO GRHV QRW GHSHQG RQ WKH VHOHFWHG EDFNERQH F
assumed constant during the time history and, consequently, the normalized decay curve of the

elastic modulus in compression'is? , ) 9 4
2.1.2.1. Rheological model for soils in total stress analysis

The ,ZDQYV FRQVWLW X VDLefasto-plastcHiddl WithD kinematic hardening,
suggested by Iwan (1967) and employed by Joyner (1975) and Joyner and Chen (&975) in
ILQLWH GLITHUHQFH GLVFUHWL]DWLRQ RI WBéhillay®0X) GRPDL
in a finite difference formulation, b  DQWLVL G$YLODad@BCQWOQWL GTI$SYLOD
Lopez-Caballero (2018) in a finite element scheme, with quadratic line elements having three
nodes and three translational degrees of freedom each, and by Gandomzadeh (2011) in a 2-

finite element model. The same model is employed by Mercerat and Glinsky (2015) in
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association with 1-D discontinuous Galerkin elements, by Oral (2016) using a 2-D spectral

element mesh and in the proposed model using 3-D finite elements in Abaqus software.

As illustrated ir] Figure 243, the 1-D version of the stress-strain given by Iwan (1967) is

composed of a series dlinear springs of spring constahy; calibrated to reproduce the stress-
strain behavior measured in the laboratory and Coulomb friction units of stress thrgghold
arranged parallel to each other. Each friction unit remains locked until the stress on it exceeds
its stress thresholdl; then it yields and the stress on it during yielding is equal to its yielding
stress. The first spring reproduces the elastic behavior and the friction unit is;gdt to

Each spring has stiffness expressed by spring congtant

Figure 2-3 One-dimensional series-parallel rheological model proposed by lwan in 1967.

In the present study, the soil behavior is assumed adequately described by a hyperbolic stress-
strain curve (Hardin and Drnevich 1972a). This assumption yields a normalized shear modulus
decay curve, expressed 3s7), L so:s E@ ,@ where @is a reference shear strain
corresponding to an actual tangent shear modulus equivalewtrtoof the elastic shear
modulus, in a normalized shear modulus decay curve provided by laboratory test data
Figure 2-4).

(a) (b)
Figure 2-4 (a) Shear modulus decay curve and (b) shear strain time history.

The nonlinear isotropic-kinematic hardening model is used to simulate the inelastic material

behavior subjected to cyclic loading. The kinematic hardening model, used to simulate the
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inelastic material behavior subjected to cyclic loading, is linearly performed at a constant
hardening rate to approximate the hardening behavior described by Prager hardening rule. The
plasticity model assumes associated plastic flow, allowing isotropic yielding. Therefore, as the
material yields, the inelastic deformation rate is in the direction of the normal to the yield

surface (the plastic deformation is volume invariant).

From 1 to 3 dimensions, an extension of the standard incremental theory of plasticity (Fung
1965) is introduced, and the single yield surface stress space is replaced by a family of yields

surfaces (lwan 1967).
2.1.2.2. Yield surface
,Q ,ZDQTV IRUPXODWLRQ WKH YRQ 0 OheHdh Misdsyield sufaéeU L W H U

is expresseds

KRsF Ryp E:PssF Ry®E KRF R E XERE B,E Rig L t§  (2-6)

It corresponds to|a cylinﬂer of circular base and infinite length with its axis inclined at equal

angles to the three principal stresses. Figurg 2-5 shows the distribution of the yield surfaces of
the material behavior accordingtZ D Q TV |IFiBlIEeI-2€E» top-left shows a virgin material.

Then, a possible loading to a point A carrying along the yield surfaces as long as the material

has not plastified, as a result of the kinematic hardening (Figure 2-5 top-right). Now the vyield

surfaces are tred by the loading to point A. Unloaded along the same path as the initial
loading will not lead to the initial yield surfaces distributiEn (Figure| 2-5 bottom-left). This

loading and unloading leads to a linear hardening behavior exhibiting what is known as

Bauschinger effect.
2.1.3. Elasto-plastic model in Abaqus

The plasticity model proposed in Abaqus has, sindlar W R , Z D QafcgmBiRe@ kinematic

and isotropic hardening. When the stress state reaches the yield surface, it translates, and this

is kinematic hardening, or it grow, and this is isotropic hardeping (Figufe 2-6). The kinematic

hardening causes the ratcheting effect. It is generated by accumulation of plastic strain over

each loading cycle and is characterized by a shift of the stress-strain hysteresis loop along the

strain axis| (Figure 217).
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2.11D-3C wave propagation model

Figure 2-5 Schematic behavior of yield surfaces of lwan model, in.plane

Figure 2-6 Yield surface transformation after kinematic hardening (left) or isotropic hardening
(right).

Figure 2-7 Ratchetting (Abaqus User Manual 2014, Figure 2%p.2

The nonlinear behavior is characterized in Abaqus software providing the uniaxial first loading
curve in terms of axial stresses and strains, deduced by the compressive modulus reduction
curve. If resonance column tests provide shear modulus decay Qu#yes@ the demanded

first loading curve is evaluated 8B L ' @ ,: B; 4,Bwhere the axial stressFB can be

calculated from shear stregs: @s; PB L 3%u R: @ d 4. Bs the normalized decay curve of
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Chapter 2 - One-dimensional three-component wave propagation rapdellfstructure interaction

elastic modulus in compression versus axial stfgimat is assumed equal tpor) ,: @and

B LY@ )" 4

An example of the hysteresis loops that this model produces for ris shown in Figure 248.

It illustrates the stress-strain response of a unit cube of soil, with a shear modulus decay curve

e

represented in Figure 2-4a, subjected to cyclic one-component shear strain loading

Figure 2-4b) of increasing amplitugle. Figure(2-8 has been obtained using an external Fortra

routine (UMAT) integrated in Abaqus, corresponding to the constitutive model used in
SWAP_3C. Nevertheless,ZDQTYVY PRGHO GRHV QRW QHHG WR EH DQ +
Abaqus, because the multi-surface plasticity model already implemented in Abaqus
FRUUHVSRQGY WR WKH ,ZDQYfV PRGHO

Figure 2-8 Hysteresis loop in a unit cube of soil obtained with the Fortran implementation of
,ZDQTV PRGHO 80%7 6:%$3B &

In Abaqus software, the first loading curve is discretized using the maximum number of
intervals, equal to 98, and the nonlinear kinematic hardening with ratchetting is modeled using
the maximum number of backstresses Lsr (kinematic shift of the vyield surface,
Appendix C). The constitutive soil model in SWAP_3C, the FE code used to verify the

proposed modeling technique, is implemented using a number of backstressesponding

to the number of intervals employed to discretize the uniaxial yield syrface. Figure 2-8 shows
hysteresis loops in the cases of 1-, 2- and 3-Compone@lo@J REWDLQHG XVLQJ V
model implemented in Abaqus witk Lsr The same curves are obtained using SWAP_3C

with = Lz As discussed b DQWLVL GY3$YLOD tizQ@hear stréngti. is reduced

for 3C loading, compared with the uniaxial case. The first loading curve is corrected as

P-BL'd ,:B',#Bto consider the soil domain surfaggin the case of the 1-D model
(unit-area solid elements for soil) for SSI analyses undertaken using a commercial FE code as

Abaqus.
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2.11D-3C wave propagation model

Figure 2-9 Hysteresis loops in a unit cube of soil loaded by a 1-, 2- and 3-Component strain,
for a different number of backstresses in the kinematic hardening model.

2.1.4. Building model

The 3-D frame structure is modeled using Timoshenko beam elements having six degrees of
freedom per node. The transverse shear stiffes#Hf the beam cross-section is defined using

a shear correction factor (Kaneko 1975) equalMoL ksvE Koe:x EwK A linear
constitutive behavior is assumed for the structure. The damping provided by non-structural
components is taken into account according to Rayleigh approach (Chopra 2001). In fact, the
damping submatrix related to the building is assumed as mass and stiffness proportional, using
coefficients dependent on the first twB natural frequencies. Live and dead loads are imposed

on the beams in terms of mass per unit length.

The bases of building columns are all connected by a membrane rigid link under the assumption
of rigid shallow foundation. According to the 1-D model approach, the building is rigidly
connected at the bottom to the soil surface, under the assumption of rigid shallow foundation
and negligible rocking effects. Rotational degrees of freedom of nodes at the base of columns
are blocked.

In the 3D-3C model i|n Figure 2Z-1b, a rigid link imposed between the different column bases,

directly assembled with the soil, implies that the same horizontal motion is transmitted at each

building column base. Consequently, the 1D-3C wave propagation rmodel (Figure 2-1a) and
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Chapter 2 - One-dimensional three-component wave propagation rapdellfstructure interaction

the 3-D model with connection notienode between building and soil shown in Figurep2-1

are equivalent.

The advantages of the 1D-3C approach for SSI are that modelling difficulties and computation
time are reduced compared with a 3D-3C approach. The dynamic equilibrium equation for the
soil-structure assembly is solved in 11 minutes using the 1D-3C model and in 14 hours using
the 3D-3C model, for an input motion of 120 s, on the CINES cluster using 1 core and 24
nodes. In fact, geotechnical parameters are easy to characterize for a 1-D soil model (using a
single borehole investigation) and boundary condition definition is simple (the input signal and

the absorbing boundary condition are given for only one element. Moreover, the mesh is

considerably reduc¢d Figure 2-1

2.1.5. Time discretization

The discretization of seismic loading requires a time discretization to permit the problem
solution. The implicit dynamic process is solved stepstep by the Hilber-Hughes-Taylor
algorithm (Hughes 1987), the so-calledmethod. The three parameters L Fréas
>Lriws F3®Lrartvand @ L raw F = Lgudrantee an unconditionally numerical
stability of the time integration scheme and numerical damping to reduce high frequency
content, without having any significant effect on the meaningful, lower frequency response.
Material damping is purely hysteretic. The dynamic equilibrium equation is directly solved
using a time step betwee@ P 4.r’® «and the time step used for the input signal sampling.
The building weight and gravity load are imposed as static initial condition in terms of strain

and stress.
2.1.6. Soil domain area concerned by the SSI

The simulation of SSI effects requires the representation of an adequate soil volume. The soil
depth is imposed by the position of the soil-bedrock interface, where the incident motion is

imposed.

The soil domain are#is selected by evaluating the building base to bedrock transfer function
(TF) that is the ratio of Fourier spectrum of acceleration signals at the buildingnoaseila
bedrock interface. The frequency corresponding to the peak of this TF matches the soil column
fundamental frequency in the FF case, when the soil domain 7anisawide, and it is
progressively lower with a decreasing soil area. The selected soil domain area is the smallest

for which the peak of the building base to bedrock TF corresponds to a soil column fundamental
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2.2 Input data

frequency equivalent to the FF case. In this research, a squared soil area is usediL&ltene
of the building base to bedrock TF for both horizontal directions of motion and verification

that the adopted dimension is convenient for both directions.

The building top to bottom TF, that provides 8 natural frequency of the building, is not
influenced by the variation of the soil domain area. The building top to bedrock TF gives the

frequency of the building-soil system. All the TF are evaluated in a linear elastic regime.

2.2. Input data

These input data are adopted in all the presented analyses of this research. Consequently, in
following chapters, any used data will be referred to this section.

2.2.1. Soil data

The stratigraphy and mechanical parameters of soil profiles used in the verification phase are

identified inf Table 2-[L.. Soil properties are assumed constant in each soil layer. The soil density

éand the shear and compressional wave velocities in the mdglamd R, respectively, allow

the computation of the elastic shear and P-wave moduli Of&and /, L OR The shear

wave velocity of each layer is fixed in such a way that the average shear wavey veltet

upper 30 m,Ry 4 corresponds to the assumed fundamental frequency of the soil c@umn
according toB L Rg4av* where * is the soil profile depth. Densities and compressional
wave velocities are deduced according to the relationships discussed by Boore (2015). The
BRLVVRQTK LWKD3AWERF s oV KRR F sois evaluated as function of the
compressional to shear velocity ratio. The at-rest lateral earth pressure can be obtained as

-4 L K :s F. Khe reference shear strain is assumed equ@ tor & wo©.

Table 2-1 Stratigraphy and mechanical features of the analyzed multilayered soil profiles
having different natural frequency.

Profilefs= 3.8 Hz Profilefs= 2.8 Hz Profilefs = 1.9 Hz
Depth o Vs Vp Depth O Vs Vp Depth O Vs Vp
(m) (kg/m®) (mis) (m/s) (m) (kg/m®) (m/s) (m/s) (m) (kg/m®) (m/s) (m/s)
0-5 1930 250 1417 0-5 1930 220 1365 0-5 1930 180 1293
5-15 1947 340 1568 5-15 1930 260 1435 5-15 1930 200 1329
1530 2019 500 1815 1530 1957 360 1601 1530 1930 240 1400
>30 2100 1000 2449 >30 2100 1000 2449 >30 2100 1000 2449
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Chapter 2 - One-dimensional three-component wave propagation rapdellfstructure interaction

2.2.1. Building data

The two three-story buildings which floor plans are shom{n in Figut®| &re used for the
following analyses. The choice of a limited number of spans is motivated by the fact that an

increasing number of spans does not modify the natural frequencies associated to the first mode
shapes, implying an increase of both mass and stiffness but a constant stiffness to mass ratio.
Consequently, it is not useful, for the scope of the presented analysis, to increase the modeling
and computation time. The number of stories is determined according to the desired
fundamental frequency of the building, for the purpose of the analysis.

() (b)

Figure 2-10 Floor plan of the two analyzed three-story buildings that have same (a) and
different (b) inertia to horizontal motion in the two orthogonal directions x and y. The
dimensions of the two buildings are the same; the difference is in the rectangular column
orientation.

The building in Figure 2-10a has the same inertia to horizontal motion in the two orthogonal

directions Tand Udue to column orientation, despite the rectangular floor plan. Its first and

second natural frequencies are equaBd- u a zce The building in Figure 2-10b has very

different inertia to horizontal displacement in the two orthogonal directidrend U
consequently, the first two natural frequencies are distinct. The first natural frequency is equal
to BsL tazoand corresponds to a translational mode shafalirection, while the second

one is BygL vayceand is related to a translational mode shapdddirection. Building

dimensions are indicated|in Figure 2-10. The interstory height is 3.2 m. The rectangular cross-

section of beams and columns are indicateéd in Table 2-2.

A live and dead load o6 v re % 8is distributed on beams ifkdirection, according to their
influence area, as mass per unit length. Mechanical properties of concrete are the elastic
modulus in compression L usttrsr *~DQG WKH 3RLWKVIRGEKea DWLR
correction factor V L eav)y The reinforced concrete density & Ltwrre % ’ and the
damping ratioisC L w. ~
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2.2 Input data

Table 2-2 Dimensions of the rectangular cross-section beams and columns

Floor Beam Column
cm cm

1 30x80 30x70

2 30x70 30x70

3 30x60 30x60

2.22.1. Soil area definition

Figure 2-11 shows the building bottom to bedrock TF for the soil profile and building having

fundamental frequencyg L B L uazoe(Table 2-1 anfl Figure 2-10a), using different soil

areas, in the case of seismic loading having predominant frequgrncy a zodEq| (2-7) and

Figure 2-12).

The selected soil area is the smallest that provides the soil column fundamental frequency
equivalent to th&F case. The soil arei L tw ¢ Htw «is selected for the following analyses

and a squared area is adopted, after evaluation of the building base to bedrock TF for both
horizontal directions of motion and verification that the adopted dimension is convenient for
both directions.

2.2.2. Input motion

A synthetic wavelet has been used as seismic loading in the following research, in order to use
an input motion whose predominant frequency is close to the fundamental frequency of the
building or the soil. A registered earthquake signal is also tested, to study the edflacgef

band seismic loading.

Figure 2-11 Building base to bedrock Transfer Function, evaluated for different soil areas, and
free-field to bedrock Transfer Function.
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2.2.2.1. Synthetic narrow-band

The seismic loading at the soil-bedrock interface (Mavroeidis and Papageorgiou 2002) has the

following expression in terms of velocity:

R:P L Raypes t>S E ?KOs tNB F,P; 2 2 K O4t R B,P (2-7)

The motion duration ig B, where B L J t Bis the time of envelope peak, the predominant
frequency isB and J L wis the number of cycles. The incident motion is obtained by
deconvolution (halving) of rock outcrop motion. The peak acceleration on rock outcrop in
North-South direction (NS) is imposed &gy s L rat o eand =;36sL SEWe «-n the

cases of linear and nonlinear soil behavior, respecti@t. Zagt-West (EW) and
Up-Down (UP) components of the incident motion have amplitude equal to the 90% and 50%

of NS component.

Figure 2-12 NS component of the synthetic seismic signal at the outcropping bedrock, in terms
of normalized acceleratidi, for the predominant frequencidgs= 2.8 Hz .

2.2.2.2. Recorded large-band seismic loading

ArecordedsiQDO RI WKH $SULO 0z /I1$TXLOD HDUWKTXD!I
the base of the horizontally multilayered soil, in terms of velocity, after deconvolution. The

signal is recorded at the Antrodoco (ANT) station of the Italian strong motion network,
localized in Lazio region (Italy), at an epicentral distance of 26.2 km. The ANFRstation

in a flat surface (slope angle lower than 15°) and on a stiff soil (type A in the Eurocode 8 soil
classification). Consequently, the record is considered as rock outcropping motion. The PGA

is rdw{ye *~in North-South (NS) directio@ﬁa. The ground acceleration is

r&{yve eandr& svye «-n East-West (EW) and Up-Down direction, respectively. The

time step of recorded signalsts-L w Hsr’’ s The selected seismic signal is applied at the

base of the horizontally multilayered soil profile in terms of velogity (Figure|2-13a).
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2.3 Verification of the proposed model

The Fourier spectra, and the predominant frequency associated, of the NS, EW and UP
componentsR | 0z /[T$TXLOD HDU WtKANX Btatibin arél shevihGrH G

Figure 2-13b.

2.2.3. Signal processing of the output motion

All numerical signals in the present analysis are filtered by ra-ease-shift two pole
Butterworth filter betweerr aand s rHz, that is a band including the most relevant frequency

content of the building.

(@)

(b)

Figure 2-13 Velocity time history (a) and Fourier spectrum (b) for the NS, EW and UP
FRPSRQHQWYV RI WKH 0z at/rg®TdEd. AND skafiob. \ashied Dt
show the predominant frequency in NS, EW and UP directions.

2.3.  Verification of the proposed model

The adopted 1D-3C wave propagation model is verified, for linear and nonlinear behavior of
soil, by comparison with thEF solution obtained by SWAP_3C, the 1-D FE code proposed
by 6DQWLVL GT$YLQDhdMtteDBes 3-node line elements for the spatial
discretization of soil, where zero straiBsa Bf * T @gare directly imposed in the strain vector.
The 1D-3C proposed model for SSI (assembly Bf9oil and one 3-D building) is verified by
comparison with SFRINT 3C6DQWLVL GT$ VYCabdlemd QUE8).R S H ]

$QGHUVRQ (Avidérsbh 2oeu)dr®demployed to quantitatively estimate the reliability of
results obtained using the proposed models, compared with reference numerical models. The

Goodness-of-fit (Gof) is represented using grades between 0 and 10, assigned to ten parameters
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characterizing a signal: Arias duration (C1), energy duration (C2), Arias intensity (C3), energy

integral (C4), peak acceleration (C5), velocity (C6) and displacement (C7), response spectrum
(C8), Fourier spectrum (C9) and cross correlation ratio (C10). Scores in the intervals 0-4, 4-6,
6-8 and 8-10 represent poor, fair, good and excellent fit, respectively.

2.3.1. Comparison with other codes

The three-story building jn Figure 240B L u & zagis associated with the soil profile having

B L uazomand subjected, at soil-bedrock interface, to the seismic loadingRvithu & zce

Figure 2-12). No numerical damping=(L r4 > Ltng T @ L ) &nmemployed for the

verification phase of SSI model because SFRINT 8D QWLVL G1$VY-CabbllemQG /RSFH
2018) considers onlyand @Trhe scores obtained in the case of linear soil behavior are listed
infTable 2-3 and they guarantee an excellent fit. Figurg 2-14 and FigL'irehZ)w the obtained

acceleration time histories in th€ case and for SSI, respectively, at different points.

(@) (b)

Figure 2-14 Acceleration time history at the soil surface, in the cdsE siblution and linear
soil behavior, for one- (a) and three-component (b) motion.

Table 2-3 Gof of the 1-D model in the case of linear soil behaBot (B= B = 3.8 Hz).

Anderson Criterion
C2 C3 C4 C5 C6 C7 C8 C9 ci0
9.7 97 10 10 10 10 10 10 95 9.8

Compared models Position  Direction

1D-1CFF  SWAP_3C  soil top

97 97 10 10 10 10 10 10 95 98
97 97 10 10 10 10 10 10 95 98
98 96 10 10 10 10 10 10 96 9.9

1D-3CFF  SWAP_3C soil top

1D-1C SSI SFRINT_3C bldg. base 99 99 99 10 10 10 10 10 94 10

1D-1C SSI SFRINT_3C  bldg. top 9.9 99 99 99 10 10 10 10 9.7 10

99 99 99 10 10 10 10 10 94 10
99 99 99 10 10 10 10 10 9.2 10
99 10 98 98 10 10 10 10 94 10

1D-3C SSI SFRINT_3C bldg. base

N < X X X N< X X
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(a) (b)
Figure 2-15 Acceleration time history at the soil surface (top) and at the building top (bottom),
in the case of linear soil behavior, for one- (a) and three-component (b) motion.

The scores obtained in the case of nonlinear soil behavior are ligted in Tgble 2-4 and they

guarantee good and excellent fit. Some differences are due to the different implementation of
the constitutive model for soil and convergence roots. Four scores are low, and the related

curves are plotted |n Figure 2116. Some differences are observed betweed v ,<but they

are assumed negligible and the verification of the proposed model is assured.

The acceleration time histories in the case of nonlinear soil are shgwn in Figure 2-17 and
Figure 2-1%, for the proposed model and the reference c6d2QWLVL GTI$YLOD DQG /t
6DQWLVL GY3$Y-CarbllemQ@8).RSH ]
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Table 2-4 Gof of 1-D model in the case of nonlinear soil behawor (B= B = 3.8 Hz).

Anderson Criterion
C2 C3 C4 C5 C6 C7 €C8 C9 cCio

Compared models Position  Direction

1D1C swap_sc  soiltop X 98 96 10 10 10 10 99 4 61 9.9
X 94 96 10 10 98 10 99 7.5 61 98

103 swap_sc  soiltop Y 94 96 10 10 98 10 99 7 6 98
Z 98 99 10 10 10 10 10 10 7 99

1D-1C

2o SFRINT_SC bidg.base X 96 94 99 10 10 10 99 29 66 95

1D-1C

2aC SFRINT_SC bidg.top X 97 97 9.8 98 99 10 99 99 84 99
X 97 97 98 98 10 10 10 10 86 10

1[8)'33|C SFRINT 3C bldg.base Y 96 95 93 94 99 99 99 99 7.7 10
Z 91 92 95 97 10 98 10 99 56 95
X 92 94 97 10 9 10 99 82 72 92

D3C SFRINT_3C bldgtop Y 92 95 98 10 92 10 99 77 7 92
Z 89 92 97 99 10 99 10 98 38 87

Figure 2-16 Parameters associated to lowest GoF scores: (top-left) Response spectrum for the
1C motion inx-direction at theFF, (top-right) Response spectrum for the 1C motion-in
direction at the building bottom, (bottom-left) Fourier spectrum for the 3C motmdiraction

at the building bottom (bottom-right) Fourier spectrum for the 3C motiardirection at the

building top.
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(@) (b)

Figure 2-17 Acceleration time history at the soil surface, in the ca$d- @blution and
nonlinear soil behavior, for one- (a) and three-component (b) motion.

(a) (b)
Figure 2-18 Acceleration time history at the building base (top) and top (bottom), in the case

of nonlinear soil behavior, for one- (a) and thoeaiponent (b) motion.

2.4. 1D-3C vs 3D-3C wave propagation model for vertical propagation

Evaluation of the accuracy of the 1D-3C model, compared with the case of 3D-3C model where
the periodicity condition is assumed, in the case of horizontally layered soil having nonlinear

behavior is studied.

The employed models for this analysis are shown in Figufe 2-1. The 1D-3C model, the 3D-3C

model with connection nod®-node between building and soil and the 3D-3C model with
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reinforced concrete foundation, named SFSI that stands for Soil-Foundation-Structure

Interaction, are shown in Figure 2-1a, b and c, respectively.

$ UHFRUGHG VLJQDO RI WKH $SULO CQ32) is enfpfoyedLOD HD
as rock outcropping motiorli (Figure 2113a). The selected seismic signal, recorded at an

outcropping bedrock, is halved to consider the free surface effect and integrated to obtain the
corresponding input data in terms of vertically incident velocities, before being forced at the

base of the horizontally multilayered soil profile.

The three-story building ip Figure 2{10a (same inertia in both orthogonal directions,

:B L uazgis associated with the soil profile havirg L u a zce The rigid foundation,
embedded in the soil, has the same concrete properties as the structure. It is 16 m long by 7 m

wide and 0.5 m deep.

The GoF criteria are listed jn Table R-5, giving excellent fit for all cases. A qualitative

comparison of 1D-3C and 3D-3C models is shown in Figure|2-1/9 and

Figure 2-20, in terms of acceleration time history at the building bottom and top.

Figure 2-19 Simulated acceleration time history at the building bottom in the case of resonance
( B= B= 3.8 Hz) during the input signal duration (top) and in a 10 s time window over the

largest amplitudes (bottom).
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Figure 2-20 Simulated acceleration time history at the building top in the case of resonance
( B= B=3.8 Hz ) during the input signal duration (top) and in a 10 s time window over the

largest amplitudes (bottom).

The three-story building in Figure 2-

10b (different inertia in both orthogonal directions,

:B L tazaeis associated with the soil profile havirg L u a zce The rigid foundation,

embedded in the soil, has the same concrete properties as the structure. It is 16 m long by 7 m

wide and 0.5 m deep.

The GoF criteria are listed

comparison of 1D-3C and 3D-3C models is show

n Table

n in Figure)

2-2

1 and Figu

acceleration time history at the building bottom and top.
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Table 2-5 Gof of 1D-3C model in the case of nonlinear soil and resompacG = 3.8 Hz.

. . Anderson Criterion
Compared Models  Position Direction

Cl C2 C3 C4 C5 C6 C7 C8 C9 cCi1o

X 10 10 10 10 10 10 10 10 10 10
1DF'§C 3[;'20 soil top Y 10 10 10 10 10 10 10 10 10 10
z 10 10 10 10 10 10 10 10 99 10
X 10 10 10 10 10 10 10 10 10 10
12’5"(3 32'83’IC bldg. base Y 10 10 10 10 10 10 10 10 9.8 10
z 99 10 10 10 10 10 10 10 92 99
X 99 99 10 10 10 10 10 10 10 10
193¢ 323C bidg.top Y 98 99 10 10 10 10 10 10 9.8 10
z 99 10 10 10 10 10 10 10 91 99
X 99 10 10 10 10 10 10 10 9.9 10
S2IC S0 bdg.base Y 10 10 10 10 10 10 10 10 9.8 10
z 98 10 10 10 10 10 10 10 88 96
i apac X 95 97 10 10 10 10 10 10 97 96
- s’ bldg. top v 99 99 10 10 10 10 10 10 9.8 10
z 97 99 98 10 10 10 10 10 89 9.6
X 10 10 10 10 10 10 10 10 9.9 10
193¢ 303 bidg.base Y 10 10 10 10 10 10 10 10 9.8 10
z 98 10 10 10 10 10 10 10 87 96
X 94 96 10 10 99 10 10 10 9.7 94
1[5)'83|C SSDI%(I: bldg. top v 97 98 10 10 10 10 10 10 9.7 9.9
z 96 99 97 10 10 10 10 10 88 97

85



2.5 SSI analysis

Table 2-6 Gof of 1D-3C model in the case of nonlinear soil andSI3.8 > B=2.8 Hz

Anderson Criterion

Compared Models  Position  Direction
Cl C2 C3 C4 C5 C6 C7 C8 C9 cC10

X 10 10 10 10 10 10 10 10 99 10
105¢ S08C T soiltop v 10 10 10 10 10 10 10 10 99 10
z 99 10 10 10 10 10 10 10 98 10
X 10 10 10 10 10 10 10 10 99 10
193¢ 923C  bidg.base v 10 10 10 10 10 10 10 10 96 10
z 99 10 10 10 10 10 10 10 92 9.8
X 99 99 10 10 10 10 10 10 99 10
193¢ 323C bidg. top Y 98 99 10 10 10 10 10 10 96 9.9
z 98 10 10 10 10 10 10 10 92 9.8
X 10 10 10 10 10 10 10 10 98 10
P3¢ 03C bidg.base v 10 10 10 10 10 10 10 10 99 10
z 98 99 10 10 10 10 10 10 87 96
oac  apac X 95 98 99 99 10 10 10 10 96 95
o o3 bldg. top Y 99 10 10 10 10 10 10 10 96 10
z 97 99 99 10 10 10 10 10 88 9.6
X 10 10 10 10 10 10 10 10 9.7 10
193¢ 303 bidg.base v 10 10 10 10 10 10 10 10 96 10
z 97 99 10 10 10 10 10 10 86 96
X 94 97 99 99 10 99 10 10 95 9.3
1[5)'83|C 35;2? bldg. top Y 97 99 10 10 10 10 10 10 93 9.8
z 96 99 99 10 10 10 10 10 86 95

2.5. SSl analysis

The proposed 1D-3C model is used to investigate SSI effects that exist, according to Saez et
al. (2011), when the seismic response obtained by a one-step analysis (direct solution) is
strongly different from that obtained by a two-step analysis and increases with the building to

soil fundamental frequency ratio (Lopez Caballero and Farahmand Razavi 2008). The SSl is
investigated in the case of resonance, when the fundamental frequency of building and soil
column are close together hence, seismic response amplification is induced. In this analysis

linear elastic materials are considered.
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Figure 2-21 Simulated acceleration time history at the building bottom in the case of SSI
(B=3.8 > B=2.8 Hz) during the input signal duration (top) and in a 10 s time window
over the largest amplitudes (bottom).

Figure 2-22 Simulated acceleration time history at the building top in the case of SSI
(B=3.8 > B=2.8 Hz) during the input signal duration (top) and in a 10 s time window
over the largest amplitudes (bottom).
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2.5 SSl analyis

The three-story building having fundamental frequerBy. u a zogFigure 2-10a) is placed

on two different soil profiles having natural frequengyl. ta zoef « tu a odse¢ Table 241

and linear behavior. The synthetic 3C motion having peak rock outcrop acceleration

fax_yL rat - 4n-TFand Udirection and halved in/direction is applied at the soil-bedrock

interface. The narrow band input with predominant frequel3dy u & zceis selected to excite

the building.

Results in Figure 2-23 a

nd Figure 2+24 show the building seismic response in the cases of

resonanceB L uazoeandB L uazageand SSIB L uazoeand B L ta zagerespectively

The ground motion and the acceleration at the building top are amplified in Figufe 2-23, due

to the resonance effect, compared with the case in Figurg¢ 2-24. The difference between one-

and two-step analyses, due to SSI, is more pronounged in Figufe 2-23, in the direction of the

first mode shape, and

in Figure 2

24, in the direction of the second mode shape in terms of

acceleration at the building top. The differences in the building response in the two horizontal

directions is because the building is rectangular shaped, even if the two first natural frequencies

associated to the two translational modes are almost equal.

Figure 2-23 Horizontal acceleration time history in the cases of soil profile with fundamental
frequency B= B= B=3.8 Hz, at building bottom (top) and at building top (bottom).
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Figure 2-24 Horizontal acceleration time history in the cases of soil profile with fundamental
frequencyB= 2.8 Hz, and B= B = 3.8 Hz, at building bottom (top) and at building top
(bottom).

2.6. Conclusion

The proposed 1D-3C seismic wave propagation model, tossichulate the response of soil

and building to earthquakes taking into account site effects and SSI, is verified either
comparing with SWAP_3C code or with a 3D-3C model, for linear and nonlinear soil behavior.
The proposed model avoids modeling problems related to the definition of boundary conditions
and the lack of geotechnical data to produce a detailed 3-D soil model and strongly reduce the

computational time. Consequently, it is suitable for professional practice.

The hypothesis of rigid shallow foundation with the same seismic motion at the base of all
columns does not permit to consider the foundation deformability and rocking effects and this
model cannot simulate the interaction between more buildings. Therefore, the 1D-3C model is
limited to the study of SSI with rigid shallow foundation. Hence, in the next chapter an

improved modeling technique is introduced to simulate the seismic response of soil and

building also the foundation deformability, rocking effects and SSSI.
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Chapter3-2QH GLUHFWLRQDO WKUHH FRPSRQHC
LQ D 7 VKDSHG VRLO GRPDLQ IRU 66, I

A modeling technique is proposed to take into account SSI in building design, considering
rocking effects and the shallow foundation deformability. The one-directional three-component
wave propagation is numerically simulated in a T-shaped horizontally layered soil domain
assembled with a three-dimensional (3-D) frame structure. A 3-D soil model is used until a
fixed depth and a 1-D model is supposed to be a sufficient approximation in deeper soil layers.
The 1D-3C wave propagation approach in a T soil model (1DT-3C) is inspired by the
consideration that SSI is detected in the near-surface soil layers. The proposed modeling
approach is verified by comparison with a fully 3D-3C model for vertical propagation in
horizontally layered soil and periodic lateral boundary condition. The 1DT-3C modeling
technique is used to investigate the building response and SSI effects that vary with the
frequency content of seismic loading and buildiogoil frequency ratio, respectively.
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3.1. 1DT-3C wave propagation model for SSI and SSSI analyses

The proposed 1D-3C approach for SSI investigations, discugsed in Cha 1ter 2 - (FiP),Jre 3-1

is limited to the case of rigid shallow foundation, negligible rocking effects, horizontally
layered soil with periodic lateral boundary condition and homogeneous properties in each layer.

Furthermore, the numerical simulation of seismic response of a group of buildings demands a

fully 3-D soil domain Figure 341b.

(a) (b)
Figure 3-1 Assembly of a multilayer soil domain and a frame structure shaken by a three-
component seismic motion: 1D-3C (a) and 3D-3C (b) model for SSI analysis.

In this research, a modeling technique is proposed to take into account the foundation
deformability, rocking effects and the cross-interaction between neighbor structures and the
soll. It is inspired by the consideration that SSI and SSSI are detected in the nearsailfac

layers. The soil profile is assumed as horizontally layered and infinitely extended along the

horizontal directionsTandl) according to theT Udabordinate system representedfigure

3-1 Consequently, no strain variation is considered in these directions. Shear and pressure

waves propagate vertically iaglirection from the top of the underlying elastic bedrock to the

soil surface. The soil is assumed to be a continuous and homogeneous medium, with nonlinear
constitutive behavior. The discrete dynamic equilibrium equation for the assembly of soll
domain and frame structure, including compatibility conditions, 3-D nonlinear constitutive
relation and the imposed boundary conditions, is solved directly (one-step analysis). All the
proposed modeling techniques, in this research, can be adopted independently of the

constitutive relationship selected for soil and structure.
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A fully 3-D soil model is adopted until a fixed dep8and a 1-D model is used for deeper soil

layerg Figure 3-2. Due to the T-shaped soil domain area, the proposed modeling technique is

named as 1DT-3C approach for SSI and SSSI analyses Figure 3-3 (Appendix D).

Figure 3-2 Section of the 1DT-3C model for SSI analysis wiSisethe thickness of the -
soil domain and is the Thickness of the considered soil until bedrock interface.

(a) (b)
Figure 3-3 1DT-3C model for soil-structure interaction (a) and for structure-soil-structure (b)
analysis.

A constraint equation is used to condense out the degrees of freedom at the base of the 3-D soil
domain to those at the top of the unit area soil column. The foundation is modeled using 20-

node solid FE and it is embedded in the soil domain. Consequently, the foundation
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deformability and its rigid rotation, due to rocking effects, can be taken into account and the

seismic motion at the base of each building column is independent.

The periodic lateral boundary condition is maintained at the lateral boundaries all along the
depth. The lateral boundary condition could be defined using semi-infinite elements when the
periodicity is not assured. The proposed 1DT-3C model, compared with a fully 3D-3C model,
reduces the modeling time because the boundary condition definition is simple, especially in
the case of periodic lateral boundary condition, because the input motion and the absorbing
condition are defined in only one element at the base. Moreover, a one-dimensional soil profile
can be characterized with a single borehole investigation, instead a 3-D soil domain needs more

investigations to define in a reliable way the geotechnical model.

3.2.  Verification of the proposed model

The 1DT-3C wave propagation approaches is verified by comparison with the caSesoii 3-

domain, for vertical propagation, horizontally layered soil having nonlinear behavior and
periodic lateral boundary conditon$QGHUVRQYfVY FULWHULD DUH HPSOR\
estimate the reliability of results obtained using the proposed models, compared with the

reference numerical model (Anderson 2004).
3.2.1. Input data
3.2.1.1. Soil and building data

The soil profiles withB.L u & zoeand B.L s a {ceare used in the verification phase. The

stratigraphy and mechanical parameters of are introdu¢€dble 2-1. The two three-story

e

buildings introduced in sectign 2.2 are used for the following analyses. The soil area

L twe Htw «is selected for the following analyses and a squared area is adopted, after
evaluation of the building base to bedrock TF for both horizontal directions of motion and
verification that the adopted dimension is convenient for both directions.

3.2.1.2. 3-D soil thickness definition

The depth of the fully 3-D soil domain is fixed using the results obtained using the 1D-3C wave
propagation model in a SSI analysis and in linear elastic regime, compared with a simulation

in FF conditions. Results of the Maximum shear strain and stress profiles with depth are shown

in|Figure 3-4. Only in the first meters the effect of SSI is not negligible. Hence, a 3-D soil
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domain is assumed until a depg L w, that corresponds to the interface between the first

and second soil layers, and a 1-D model is used in deeper soil layers.

(a) (b)
Figure 3-4 Maximum shear strain (a) and stress (b) profile with depth obtained using de 1D-
3C wave propagation model for the SSI analysis in a linear elastic regime.

3.2.1.3. Input motion

The UHFRUGHG VLJQDO RI WKH $SULO (Chapfiet 2|t 2/2)i$Us€d. OD HD
as rock outcropping motion for the verification phase.

3.2.2. Verification

The 1DT-3C and the 3D-3C wave propagation approaches, in the case of vertical propagation

in a horizontally layered soil for soil-foundation-structure interaction (SFSI) analysis shown in

Figure 3-3a and Figure 3-1b respectively, are compared for the same case of buildigg havin

BL uazee(Figure 2-10a), placed on the soil profile haviBjL ua zoeand nonlinear

behavior. GoF show excellent fit of the 1DT-3C model compared with a 3D-3C model for SFSI

analysis, as reported|in Table B-1. The acceleration time histories at the building bottom and
the relative displacement time history at the building top are shovn in FigEInre 3-5. The energy

integral, the pseudo-acceleration response spectrum and Fourier spectrum in direction x are

represented |n Figure 3-6 to confirm the excellent fit given by the GoF scores (C4, C8 and C9,

respectively, in Table 3;1). The correlation of the estimated accelerati@hriction is shown
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in|Figure 3-7. These comparisons with respect to the case of a 3D-3C model allow the

verification of the 1DT-3C model, in the case of periodic lateral boundary condition and
vertical propagation along a horizontally layered soil. Moreover, it is checked that the selected

thickness Sof the 3-D soil layer is suitable for this particular stratigraphy.

Table 3-1 Gof of 1DT-3C model, with respect to a 3D-3C model for SSI analysis.

Compared models Position Direction Anderson criteria
Cl C2 C3 C4 C5 C6 C7 C8 C9 cC10

X 10 10 10 10 10 10 10 10 95 10

1pT3c 3bP3C  bldg. Y 10 10 10 10 10 10 10 10 9.3 19
SFSI base

7 97 10 99 10 10 10 10 10 84 g9

X 99 99 10 10 10 10 10 10 93 10

1DT-3C 35:2('3 bt'gg- Y 99 10 10 10 10 10 10 10 9.0 10

z 97 10 99 10 10 10 10 10 85 9.9

Figure 3-5 Comparison of 1DT-3C and 3D-3C models for SSI analysis: acceleration time
history at the building bottom (top) and roof drift time history at the building top (bottom).
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Figure 3-6 Comparison of 1DT-3C and 3D-3C models for SSI analysis: energair{tegyy
response spectrum acceleratiops(&nd Fourier spectrum (FS) for the horizontal x-component
of motion at the building bottom (top) and top (bottom).

(a) (b)

Figure 3-7 Comparison of 1DT-3C and 3D-3C models for SSI analysis: correlation coefficient
of accelerations for the horizontal x-component of motion at the building bottom (a) and top

(b).
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3.3. SSlanalysis

3.3.1. Impact of the excitation frequency on the structural response

The 1DT-3C seismic wave propagation approach for SSI analysis is used in order to understand
the impact of the seismic motion frequency content on the response of a building over a
horizontally layered soil.

The building-soil system composed by a T-shaped soil profile having natural frequency

BL sa{ce(Table 2-1) and a building having fundamental frequenByL u & zce

Figure 2-10a) is first shaken by the synthetic narrow-band seismic loading (sedtion 2.2) having

predominant frequencyg L B L u & zoeclose to theé=B building frequency, and then by

another havingg L B L sa{, abose to the soil column frequency.

Figure 3-8 shows an amplification of the acceleration at the building bottom in the case where

the soil frequency is excitedj(L B L s a{)othat implies an amplification of the seismic

loading for the building. However, the higher roof drift at the building [top (Figurg 3-8) is

obtained for the case where the predominant frequency of the earthquake is close to the fixed-

base frequency of the buildindg3(L B L u & zce.

This result signifies that the frequency content of the seismic load imposed at the bottom of the
building is more important for the building deformation than the concept of expected maximum
ground acceleration amplitude, derived from building design in static conditions and still used

in design codes.

Figure 3-8 Acceleration time history at the building bottom (left) and roof drift at the building
top (right), for the building-soil system composed by a T-shaped horizontally layered soil
having frequencyB= 1.9 Hzand a building having fundamental frequerBy 3.8 Hz , in
the case of earthquake predominant frequency equal Bp= B=3.8Hz and

R= B=1.9 Hz.
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Furthermorg, Figure 3t9 shows the building top to bottom TF in the caé&lmfilding and

SSI analysis, using the 1DT-3C approach, for the two cases of soil profile having
BLBLuazeand BL uazeP BL sa{celt can be observed a reduction of the
building fundamental frequency due to SSI, thaBis,ly U & xceln this case of three-story
building, the variation of frequency, also for softer s&| [ s a {dg is not important because
rocking effects are reduced. It is expected that more important rocking effects would reduce
the building frequency when SSl is considered.

Figure 3-9 Building top to bottom transfer function estimated fBBauilding and for SSI
analysis in the cases of building-soil resonancg { B=3.8 Hz) and softer soll
( B{=3.8Hz> B=1.9 Hz).

3.3.2. SSI estimation

The 1DT-3C seismic wave propagation model is used to compare the seismic response of a

building-soil system shaken by a synthetic narrow-band seismic loading (fection 2.2) having

predominant frequenct equal to the fundamental frequency of the buildiBgThe analysis

is done in both cases of horizontally layered soil having natural frequgricyBand B O B

The building havingB L u a zogFigure 2-10a) is placed at the surface of the soil profiles

having B L uazceeand B L saq{ceThe seismic input signal has predominant frequency
BLBL uaze

The acceleration time history at the building bottom and the roof drift at the building top are

shown in Figure 3-1|0 for the cases of one-step analysis (building-soil system) and two-step

analysis (FF motion at the base of a FB building).
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(a) (b)
Figure 3-10 Acceleration time history at the building bottom and roof drift at the building top
for the building-soil system composed by a building having fundamental frequency
B =3.8 Hz and a T-shaped horizontally layered soil having frequegey B = 3.8 Hz (a)
and B=1.9 Hz< B = 3.8 Hz(b), in the case of earthquake predominant frequency equal to
R= B=3.8 Hz.

Taking into account the SSI using a one-step analysis gives a reduction of structural
deformation. This SSI effect is quantitatively measured as the one-step to two-step ratio of the
maximum acceleration at the building top, vasqrcmk _vasqrclt iS obtainedfy yasqren
fk_vasqrdnr&{and fy vasqrchc vaeqrdn I @ Yyfor both T and Udirection, in the cases
BLBLBLuazeand BL sa{ceO BL B L uazoee respectively. As expected, the
SSlis more important in the case where the soil is softer (IgWefssqrcfic_vaeqrkafio) in

the case of nonlinear soil behavior. The resonance efigtt 8 L B L u & zogproduces an

amplified seismic response, as can be observed by con‘paring Figure 3{10a and Figure 3-10b.

3.3.3. 1stvs 2nd natural frequency

The building represented |n Figure 2+10b, having natural frequerBieg ta& zceand

Bes L v ayceis placed at the surface of the soil profile having natural frequ&ntys a {ce

Figure 3-11 and Figure 3-L.2 show the comparison between the results obtained by a one-step
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analysis, using the 1DT-3C approach, and a two-step analysis, in terms of acceleration at the

building bottom and the roof drift at the building top. In particular, the cases of input seismic

loading (sectioh 2)having predominant frequency equal to the fidti Bs L tazageand

second @ L Bg L v ayaenatural frequency of the building are shown in Figure 3-11 and

Figure 3-12, respectively.

The one-step to twetep ratio of the maximum acceleration at the building top, quantitatively

estimating the SSI effect, isfx vasqrcfk vasqrdn & z for  Tdirection and
fk_vasqrch _vaesqrdn r&s for Udirection, in the case wherdg L Bs L tazoand
fk_v45qrcfk_v46qrd—n r&w for Fdirection and fk_v45qrcfk_v46qrcl-n révx for
Udirection, in the case wherl@ L Bg L v & yceSSI effect is observed for both translational

mode shapes and, in the structure, it is more pronounced in the direction of the mode shape

excited by the input load.

Figure 3-11 Acceleration time history at the building bottom and roof drift at the building top

for the building-soil system composed by a building having fundamental frequencies
B, = 2.8 Hz and B, = 4.7 Hz and a T-shaped horizontally layered soil having frequency
B=1.9 Hz, in the case of earthquake predominant frequency equito B, = 2.8 Hz.
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Figure 3-12 Acceleration time history at the building bottom and roof drift at the building top

for the building-soil system composed by a building having fundamental frequencies
B, = 2.8 Hz and B, = 4.7 Hz and a T-shaped horizontally layered soil having frequency
B=1.9 Hz, in the case of earthquake predominant frequency equ@ito B, = 4.7 Hz.

3.4. Conclusion

The 1D-3C wave propagation is suitable for SSI analysis in the hypothesis of rigid shallow
foundation, with the same seismic motion at the base of all columns. The latter model does not
permit to consider the foundation deformability and rocking effects and furthermore cannot

simulate the interaction between more buildings.

Therefore, the T-shaped model for 1D-3C seismic wave propagation is introduced (1DT-3C).
It is proposed as modeling technique for the simulation of the response of soil and building to
earthquakes, taking into account site effects, the foundation deformability, rocking effects and
structure-soil-structure interaction. A fully 3-D model is adopted until a fixed depth, where SSI
and SSSI effects are considered to modify the ground motion, and for deeper lay@rs a 1-

model is used and supposed a sufficient approximation.

The 1DT-3C approach is verified by comparison with a fully 3-D model, in the case of vertical
propagation in a horizontally layered soil. The proposed 1DT-3C modeling technique is an
efficient tool for building design allowing SSI to be taken into account in an effective and easy
way. In fact, in the case of vertical propagation and homogeneous geotechnical parameters in

each soil layer, using unit area solid elements for deeper layers, instead of a 3-D domain,
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represents a reduction of computational time without affecting the results. The dynamic
equilibrium equation for the soil-structure assembly is solved in 1 hour 11 minutes using the
1DT-3C model and in 14 hours using the 3D-3C model, for an input motion of 120 s, on the
CINES cluster using 1 core and 24 nodes.

The use of the 1DT-3C approach for SSI analyses shows that the frequency content of the
seismic load imposed at the bottom of the building can be more significant for the building
deformation than the concept of expected maximum ground acceleration amplitude, derived
from building design in static conditions. The SSI effect is defined as difference between the
direct solution of the dynamic equilibrium problem of the assembly of soil and building
(one-step solution) and tiké motion applied to &B building (two-step analysis), in terms of
maximum acceleration ratiy yasqrch_vasqrdhappears more importantin the case where

the soil is softer, in the case of nonlinear soil behavior. The resonance between building, soil
and earthquake frequency content produces an amplified seismic response. SSI effect is
observed for both translational mode shapes and it is more pronounced, for the structural
behavior, in the direction of the mode shape excited by the input load. In the next chapters,
further studies are undertaken using the 1DT-3C wave propagation approach to understand the
effect of SSI on the seismic building response and the effect of an adjacent building on

structural seismic response.
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Chapter4 -5 HVSRQVH VSHFWUXP IRU VWUXFWXU

VRLO VWUXFWXUH LQWHUDFWLRC(

In professional practice, the conception and design of civil engineering structures in seismic
zones is done according to national seismic design codes to guarantee safety against
earthquake. A good compromise between safety and cost is expected and parameters as the
importance of the structure and the probability of seismic event occurrence during the life of a
structure are considered. However, design norms evolve following research results and need to

be actualized to introduce parameters not considered before.

Concerning environmental parameters in seismic zones, the motion amplification due to site
effects is currently taken into account in the FF motion, without includin§ &taeither the
presence of nearby structures. It is investigated the importance of these parameters and if they

should be introduced in the definition of seismic loading for structural design.

A parametric analysis is developed to investigate the interference of the structure response to
seismic motion with the response of the constructed soil, considering soil profiles in the
different ground types classified by the Eurocode 8 (CEN 2003) and multi-story multi-span RC
buildings having frame structure, in a FE scheme suited for engineering practice. Even if
previous studies (Jennings and Bielak, 1973; Bielak 1976; Chopra and Gutierre@te9uatt

et al., 1999b) considered the predominant effect of the first mode shape on SSI and SSSI, the
seismic response of a building depends on several modes, especially considering the
prescription of the Eurocode 8 (CEN 2003) where the sum of the effective modal masses for
the modes taken into account has to amount to at least 90% of the total mass of the building.
Consequently, the 3-D structure of each building has been modeled. The present parametric

analyses are done in terms of total stress.
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4.1. 1DT-3C wave propagation model

The ground motion at the base of a frame structure and the building motion are estimated taking
into account site effects and SSI. The 1D propagation of a three-component seismic wave in a
T-shaped soil domain, with a building at the surface, is modeled in a FE scheme, as proposed
by Fares et al. (2018). The modeling of a T-shaped soil domain is inspired by the consideration
that the SSI is detected in the near-surface soil layers. A fully 3-D soil model is adopted until

a fixed depthDand a 1-D model is used for deeper soil layers.

Shear and pressure waves propagate verticallydimection from the top of the underlying
elastic bedrock to the soil surface. The soil basin is assumed as horizontally layered and

infinitely extended along the horizontal directioii®nd U according to theT U abordinate

system represented [in Figure B-1. Consequently, no strain variation is considered in these

directions and, for this reason, a periodic lateral boundary condition is imposed using a tie
constraint between lateral surfaces, under the assumption that the lateral limits of the problem
are far enough from the structure. Continuity and homogeneity of materials is assumed for the

structure and each soil layer.

Figure 4-1 2-D section of the 1DT-3C model for SSI analysis wisisdhe thickness of the
3-D soil domain and is the Thickness of the considered soil until bedrock interface.

The discrete dynamic equilibrium equation is solved directly for the assembly of soil domain
and frame structure, including compatibility conditions, 3-D constitutive relation and the
imposed boundary conditions. A constraint equation is used to condense out the degrees of

freedom at the base of the 3-D soil domain to those at the top of the unit area soil column.
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The dynamic process is solved stgpstep by the implicit Hilber-Hughes-Taylor algorithm
(Hughes 1987). The three parameters L Frasa >twrsdF =;~ Lurrdw and

@ L raw F = lguatantee an unconditionally numerical stability of the time integration
scheme and numerical damping to reduce high frequency content, without having any
significant effect on the meaningful, lower frequency response. The time step is automatically

selected in the range betwesn’® «and the time step used for the input signal sampling.

7KH ,ZDdlasto-plastic model with isotropic and multilinear kinematic hardening (lwan

1967; Joyner 1975; Joyner and Chen 19¥3) DGRSWHG IRU VRLO 7KH PDLQ
model is that the mechanical parameters to calibrate the rheological model are easily obtained
from laboratory dynamic tests on soil samples. The rheological formulation is in terms of total
stresses. The size of the yield surface is imposed by the backbone curve in the uniaxial stress
case. In the present study, the soil behavior is assumed adequately described byotichype
stress-strain curve (Hardin and Drnevich 1972a). This assumption yields a normalized shear
modulus reduction curve expressed as 4 L s :s E@ ,@ where ,is the elastic shear

modulus and @s a reference shear strain corresponding to an actual tangent shear modulus

equivalentto 4L raw

The 3-D frame structure is modeled using Timoshenko beam elements. The building shallow
foundation is rigidly connected to the soil, nddenode. A linear constitutive behavior is
assumed for the rigid foundation. The rotational degrees of freedom of nodes at the base of
building columns are blocked. The damping due to non-structural elements is taken into
account by the damping matrix that is assumed as mass and stiffness proportional, according

to Rayleigh approach (Chopra 2000).

When the nonlinear behavior of reinforced concrete is taken into account, the constitutive
relationships in terms of generalized strains and stresses are deduced by the analysis of a unit-
length 3-D beam model, having solid FE for concrete and embedded steel bars. The cross-
sectional behavior of RC beams under axial force, bending moment and shear is assumed
LQGHSHQGHQW QHJOHFWLQJ WKH FRX®Der@talH1989Fisy 7KH
selected for RC in compression and a linear behavior until the small tensile strength. A bilinear

elasto-plastic behavior with hardening is adopted for the steel bars.
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4.2. Input data for the parametric analysis

A parametric analysis is developed to study the importance of SSI effects with the building to
soil frequency ratio, for the different ground types in the Eurocode 8 classification (CEN 2003),

in the cases of linear and nonlinear behavior of the building-soil system.
4.2.1. Soil profiles

Stratigraphy and mechanical parameters of the eleven soil profiles used in the present

parametric analysis are given| in Table [4-1. Soil properties are assumed constant in each soll

layer. The shear wave velocity profile is arbitrary fixed to obtain a selected fundamental

frequency of the soil cqumE (Table 4-2)

Table 4-1 Stratigraphy and mechanical properties of the analyzed soil profiles

Depth  Thickness ! Vs Vp ! Vs Vp ! Vs Vp

m m kg/m m/s m/s kg/m* mis m/s kg/m m/s m/s
Profile 1 Profile 2 Profile 3

5 5 1999 450 1741 1957 360 1601 1937 320 1536

15 10 2108 750 2156 2020 500 1815 1976 400 1664

30 15 2166 950 2400 2092 700 2091 2058 600 1957
Profile 4 Profile 5 Profile 6

5 5 1930 280 1469 1930 250 1417 1930 240 1400

15 10 1957 360 1601 1947 340 1568 1932 310 1519

30 15 2039 550 1887 2020 500 1815 1994 440 1726
Profile 7 Profile 8 Profile 9

5 5 1930 230 1382 1930 220 1365 1930 200 1329

5 10 1930 280 1469 1930 260 1435 1930 240 1400

30 15 1976 400 1664 1957 360 1601 1930 300 1502
Profile 10 Profile 11

5 5 1930 180 1293 1930 160 1256

15 10 1930 210 1347 1930 170 1275

30 15 1930 250 1417 1930 180 1293
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Table 4-2 Eurocode ground type and fundamental frequency of the analyzed soil profiles

Soil profile EC8 soil type  Frequency
Hz
7.5
5.4
4.5
4.1
3.8
3.4
30
2.8
2.5
2.0
15
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The soil densityOand the compressional wave velocity are deduced according to the
relationships discussed by Boore (2015). Then, the elastic shear and P-wave motdu(~

and 4L Oy~ UHVSHFWLYHO\ DUH HVWLPDWHG 7KH 3RLVVRQT\
compressional to shear  velocity ratio, according to the relation
KLkr&w§gF saVvign g F s the reference shear strain is assumed equ@l to r & w®©

for all layers.

A squared soil area L tw e+ Htw ¢ is selected for the following analyses, as explained

abovain|Chapter 2|t 2.2, considering also that the maximum dimension of the building floor is

swe. A 3-D soil domain is modeled until a depgh L w, that corresponds to the interface
between the first and second soil layer, and a 1-D model is used in deeper soil layers
(see Chapter 3|- 3.4.1).

4.2.2. RC buildings

Concerning the five analyzed buildings, the number of stories is determined according to the
desired fundamental frequency of the build[ng (Table 4-3), for the purpose of the analysis. The
building floor area is defined arbitrarily, because it is the building height that characterizes the

building fundamental frequency.

The column orientation and the floor plan dimensions are indicatée plans qf Figure 20

and the mechanical properties of RC beams, altogether, previously introduced in

Chapter 2|1 2.2, for the buildings Iiste(F in Table|4-3. The sum of considered dead and live load

is yrr « %o 8 This load is distributed on beams in x-direction, according to their influence
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area, as mass per unit length. The interstory height is 3.2 m. All the analyzed buildings have a

translational motion as first mode shape. The rectangular cross-section of beams iﬂven in

Table 4-4.

Table 4-3 Fundamental frequency of the analyzed frame structures

Building Floors Floor plan Frequency Figure
Hz
1 3 a 3.8
2 3 b 2.8
3 5 a 2.2
4 5 b 1.7
5 7 a 15
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Table 4-4 Dimensions of rectangular cross-section beams for the analyzed buildings

Buildings 1-2 Buildings 3-4 Building 5
Floor Beam Column Beam Column Beam Column
cm cm cm cm cm cm
1 30x80 30x70 30x70 30x80 30x80 30x70
2 30x70 30x70 30x70 30x70 30x70 30x70
3 30x60 30x60 30x60 30x60 30x60 30x60
4 30x60 30x60 30x60 30x60
5 30x60 30x60 30x60 30x60
6 30x60 30x60
7 30x60 30x60

When the nonlinear behavior of RC is taken into account, for the same concrete strength, the
+RIJQHVWDGYV SDUD E RIGaDing surveHAppERAMX AYG A RUbId eHarddtéristic

concrete strength ;; L ur

*+ ~is assumed in compression. The rupture strain is fixed as

BsL uadw @nd the concrete density i@ L tvrre%e ". A linear behavior is assumed

until the concrete tensile strengfh,L udwee* ~

Two s xee+ diameter and threér 11 diameter longitudinal steel bars are used as top and

bottom reinforcement, respectively, ancd « diameter stirrups with spacing afw r e .

The steel of bars has elastic modulugL tsrrrr ¢ ~ SRLVVRQ{V ra@nw LR

densityQ L y zZw ¢ %o ’_ A bilinear elasto-plastic behavior with hardening is adopted, having

yield stress’y,L vwr e« syieldstraing L t © , rupture stres§sL wvr <+ -and

rupture straing s L sr ©.

4.2.3.

7KH UHFRUGHG VLJQDO RI WKH

band loading (Chapter g - 3.2re used as rock outcropping motion for this parametric analysis.

4.3.

Input motion

AV

SSI analysis

$SULO

0z

/1$TXLOD H

The results obtained from the 55 combinations of building-soil system are presented in this

section, trying to identify common aspects in the seismic response of buildings, with the

purpose of understanding if a correction factor for the design response spectrum proposed by
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4.3 SSl analysis

the Eurocode 8 (CEN 2003) would be enough to take into account the SSI effect for RC

buildings with shallow foundation.
4.3.1. Linear elastic analyses

According to the purpose of correcting the actual approach imposed by the seismic design code
and refering to results obtained by Trombetta et al. (2014) that show more important interaction
effects in linear elastic conditions, a first part of this parametric analysis is undertaken

considering linear behaving soil and structure.

The variation of the peak acceleration at the top of each analyzed bufldingvéith the soll

natural frequencyg is shown in Figure 442, in the two cases of synthetic narrow-band seismic

loading having predominant frequen&yclose to the building fundamental frequenByand
amplitude f, L ras e ,sand the North-South component of the recorded large-band input
ORDGLQJ WKH 0Z /9 $fT X I 8xDe H DBJIWsKET 36 &phlied in the
direction of the first mode shape of the building. The peak acceleration is normalized with
respect to the maximum amplitude of the seismic Ipgid highlight the difference between a

narrow- and large-band input, independently on the difference in terms of amplitude.
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Figure 4-2 Variation of the peak acceleration at the top of five different buildings, normalized
with respect to the maximum amplitude of the seismic Rgdwith the soil fundamental
frequency: synthetic signal having predominant frequency close to the building fundamental
IUHTXHQF\ OHIW DQG rtfigdake (rigfity dsXski€niic Ibading. A vertical
dashed line indicates the building fundamental frequency
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4.3 SSl analysis

The peak acceleration at the building tgpt * fi$ maximum for the resonance of soil and
building (B L B). This, for both cases of excited building by a synthetic signal having

B L B, but also for the recorded earthquake with distant predominant frequency. In the case
of large-band input signal, the peak acceleration is higher for buildings having fundamental
frequency close to L s a{ceThe acceleration peak decreases, compared with resonance

(B L B), for "yhigher and lower thaf8. The same trend is obtained for all the structures.

Figure 4-3 shows the variation with the building to soil fundamental frequencyBatigof

the peak acceleration at the top of each analyzed building, normalized with respect to its
maximum Yk_\, It is confirmed that a similar result is achieved for all the structures, with a

maximum seismic response for the resonance of soil and building.

Figure 4-3 Variation with the building to soil fundamental frequency ratio of the peak

acceleration at the top of five different buildings, normalized with respect to its maximum:

synthetic signal having predominant frequency close to the building fundamental frequency
OHIW DQG 0z /IT$TXLOD HDUWKTXDNH ULJKW DV VH

The variation of the peak acceleration at the top of the building in a one-step analysis over that

in a two-step analysify  fk_v26qrMith the building to soil fundamental frequency ratio

B B is shown in Figure 44, for the five analyzed buildings. According to Saez et al.,(2011)

the ratio f, v f« v2e6qrdg @ measure of SSI effect. In the analyzed cases, the influence of
SSI can reduce the acceleration peak at the top of the building of about 30% in the case of
narrow-band seismic input having predominant frequency exciting the building fundamental
frequency. In the case of large-band recorded earthquake, the influence of SSI can variate
between 40% of reduction and 5% of increase of the acceleration peak at the top of the building.
The similarity of all the cases is maintained, even if there is more variability in the case of
recorded input loading. Consequently, an average curve for all analyzed cases could provide

an acceleration ratidy  f« v26qrd@ quantify the SSI effect for any structure, known the
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building to soil fundamental frequency ratid Bin the studied case. This result suggests the
definition of a correcting factor.ywBulm fk v fk _v26_rcRf the design response spectrum that
takes into consideration the SSI. In other words, the SSI effect could be predicted as

fu vL .wBvia_v26qrcicOrrecting the result obtained using a two-step analysis by the

correcting factor..y, w&ad in a response spectrum considering SSI, similar to llhat in Figure

4-41 once the structure and soil dynamic features are known in terms of building to soil

fundamental frequency ratiB B

Figure 4-4 Variation of the peak acceleration at the top of the building in a one-stepsanaly

over that in a two-step analysis with the building to soil fundamental frequency ratio, for five
different buildings: synthetic signal having predominant frequency close to the building
IXQGDPHQWDO IUHTXHQF\ OHIW DQG 0Z /f$TXLOD HD

The variation of the peak acceleration at the top of the building in a one-step analysis over that

in a two-step analysify v fk v26qrMith the soil fundamental frequendg is shown in

Figure 4-5%, for the five analyzed buildings. The variability of SSI effect is high, for ground

types B, C and D, in particular for softer soils. Consequently, itis more convenient to generalize
the problem by characterizing SSI with respect to the building to soil fundamental frequency
ratio B B{Figure 4-4).

4.3.2. Effect on SSI of soil and structure nonlinear behavior

The variation with the soil natural frequen&yof the peak acceleratiofy , at the top of the

building is represented [in Figure 4-6 in both cases of nonlinear behaving soil and nonlinear

behaving structure and soil. The results are shown for a three- and seven-floor RC buildings,

having fundamental frequencl L s&weand By L u & zeerespectively, that are the most

flexible and stiffst analyzed buildings$ (Table 4-3). A synthetic narrow-band seismic loading

is used as incident motion at the soil-bedrock interface, having predominant fredgelosg
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4.3 SSl analysis

to the building fundamental frequend}and an amplitude of, L sywe <°to trigger the

nonlinear behavior in the soil.

Figure 4-5 Variation of the peak acceleration at the top of the building in a one-stepsanaly
over that in a two-step analysis with the soil fundamental frequency, for five different buildings
and a synthetic signal having predominant frequency close to the building fundamental
frequency as seismic loading. The ground type range is indicated by vertical boundaries

The peak acceleration at the building thp ,decreases from stiff to soft soils (decreasig

This is due to the soil nonlinearity that, for the same amplitude of the input loading, is more
pronounced in softer soils (decreasiBgand is reduced progressively for stiff soils. A similar
trend is obtained for both structures for nonlinear behaving soil, even if the seismic response
in the stiffer building is reduced.

A difference is expected between the cases where the nonlinearity of RC is taken into account

or not, because the constitutive curves in terms of generalized stresses, used for the nonlinear
behaving RC beams, are deduced using a 3-D beam model with embedded steel bars, instead
when the RC is assumed linear behaving the only elastic mechanical parameters of concrete
are used, under the assumption of uncracked beam.

Comparing the case of nonlinear behaving building-soil system with the case of nonlinearity
of soil only, the trend is maintained, but the attained acceleration level at the building top is
reduced because the steel reinforcement is taken into account and for the energy dissipation
due to the hysteretic behavior in the structure.

The nonlinearity of RC induces higher dissipation in more flexible buildings and a consequent

lower acceleration.
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Figure 4-6 Variation with the soil fundamental frequency of the peak acceleration at the top of
two buildings having fundamental frequenBy= 1.5 Hz (left) and B = 3.8 Hz(right), in the

case of nonlinear behaving soil and nonlinear behaving building-soil system. The synthetic
input signal has predominant frequency close to the building fundamental frequency

Figure 4-7 shows the variation with the soil natural freque@f the peak acceleratiofy

at the top of the same buildings, normalized with respect to the maximum amplitude of the
seismic loadf,, for linear behaving building-soil system, nonlinear behaving soil and nonlinear
behaving building-soil system. In softer soils (decread@igthe structural seismic response
increases for linear behaving soil and decreases for nonlinear behaving soil. The nonlinearity
increases with decreasing soil fundamental frequedor the same amplitude of the input
loading. The peak acceleration at the building top decreases for increasing soil nonlinearity.
Similar results are obtained for the seismic response of the building in a softer soil (decreasing
Band higher soil nonlinearity), if the building nonlinearity is taken into account or not. The
contribution of modeling the effect of steel bars and RC nonlinearity is more remarkable in the

case of stiff soil and reduced soil nonlinearity.

The building seismic response is similar for both structures, when the nonlinearity of soil only
or soil and structure is taken into account. In fact, the effect of maximum seismic response at

the resonance of soil and building(L B) is lost.

The seismic response is reduced for nonlinear RC due to the energy dissipation and the steel
reinforcement, taken into account in the model. Nevertheless, for softer soils, a negligible
reduction of the building seismic response is obtained when the nonlinearity of the structure is

also taken into account.

Figure 4-§ shows the variation of the peak accelerafion, at the top of the two analyzed

buildings normalized with respect to the maximum amplitude of the seismic load
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fo L s@we e with the building to soil fundamental frequency ralo B The trend of these

curves is similar for both structures when the nonlinearity of materials is taken into account.

The comparison of the structural response in the cases where the nonlinearity is taken into

account, for the soil only or soil and structure, with the case of linear behaving $ystem|(Figure

4-7| and Figure 448), suggests the preponderance on the structural seismic response of soll

nonlinearity effect, compared with the structure nonlinearity.

Figure 4-7 Variation with the soil fundamental frequency of the peak acceleration, normalized
with respect to the maximum amplitude of the seismic &gdat the top of two buildings
having fundamental frequencg = 1.5 Hz (left) and B = 3.8 Hz(right), for the cases of linear
behaving building-soil system, nonlinear behaving soil and nonlinear behaving building-soil
system. The synthetic input signal has predominant frequency close to the building
fundamental frequency

Figure 4-8 Variation with the building to soil fundamental frequency ratio of the peak
acceleration, normalized with respect to the maximum amplitude of the seismég J@dhe

top of two buildings having fundamental frequerBy 1.5 Hz (left) and B = 3.8 Hz (right),

for the cases of linear behaving building-soil system, nonlinear behaving soil and nonlinear
behaving building-soil system. The synthetic input signal has predominant frequency close to
the building fundamental frequency
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The curves representing the variation with the building to soil fundamental frequency ratio
B B of the peak acceleration at the building top, normalized with respect to its maximum

(Yk_\), have been obtained for different buildings, in the case of linear behaving building-soll

systems, and superposed (Figure|4-3), obtaining an average curve with small variance.

Nevertheless, according to Figure ¥4-9, when the nonlinearity of materials is attained, the

seismic response of the two analyzed buildings (the stiffest and the supplest), in terms of peak
acceleration at the building top, have the same trend with the building to soil fundamental
frequency ratioB B but it attains a maximum for a different value Bf Band not for the

elastic resonance cas&(B L 9. Moreover, the influence on the structural seismic response

of the nonlinearity of RC structure is less pronounced, compared with the effect of soil

nonlinearity.

Figure 4-9 Variation with the building to soil fundamental frequency ratio of the peak
acceleration at the top of two analyzed buildings, normalized with respect to its maximum, for
the cases of linear behaving building-soil system (left), nonlinear behaving soil (middle) and
nonlinear behaving building-soil system (right). The synthetic input signal has predominant
frequency close to the building fundamental frequency

The attainment of strains in the nonlinear plastic range, for soil or soil and structure, tends to
increase the irregularity of the structural seismic response and modifies the vibration frequency
during the process. Consequently, the building to soil fundamental frequencyBrafjes
modified compared with the elastic regime and the curv@e 4-9 do not give similar

structural response for all the analyzed buildings, depending only on the par&@méeas in

the case of linear behaving building-soil system (Figure 4-3).

The variation with the building to soil fundamental frequency raio B of the peak

acceleration at the top of the three- and seven-floor RC buildings, having fundamental

frequencyB L saweand By L u & zogTable 4-3), respectively, is shown normalized with

respect to the peak acceleration at the top of the building in a two-step analysis
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(f«_v fc_v2eqrki|Figure 4-10. This, for the cases of linear behaving building-soil system,

nonlinear behaving soil and nonlinear behaving building-soil system. Taking into account the
nonlinear behavior of materials, the structural seismic response considering SSI becomes

unpredictable using a correction factor depending only on the elastic building to soil

fundamental frequency rati®@ B applied to a two-step analysis. According to Figure 4-10

the variability of SSI effect is higher when the nonlinearity of materials is taken into account
and the nonlinearity of the structure strongly modifies the influence of SSI, compared with the

case of nonlinear behaving soil only.

Figure 4-10 Variation with the building to soil fundamental frequency ratio of the peak
acceleration at the top of the building in a one-step analysis over that in a two-step analysis, for
the two analyzed buildings, in the cases of linear behaving building-soil system (left), nonlinear
behaving soil (middle) and nonlinear behaving building-soil system (right). The synthetic input
signal has predominant frequency close to the building fundamental frequency

4.4. Conclusion

The extensive application of 3-D SSI models in the usual engineering practice is hindered by
the lack of geotechnical data that makes more difficult realizing a reliable soil model and, on
the other hand, the dimension of soil domain results in a significant modeling and computation
time. The proposed 1DT-3C model, compared with a fully 3-D model, reduces the modeling
and computation time. In fact, geotechnical parameters are easy to characterize for a one-
dimensional soil model (using a single borehole investigation) and boundary condition
definition is simple (the input signal and the absorbing boundary condition are given for only

one element. Moreover, the mesh is considerably reduced.

- The SSI, estimated as the peak acceleration at the building top in a one-step analysis over that
in a two-step analysis, is maximum for the resonance of soil and building, for both cases of
synthetic narrow-band signal exciting the building and for recorded large-band seismic signal,
and for the five selected RC frame structures.
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- In the analyzed cases, the SSI effect reduces the seismic response of aboutf@0td€©%

resonance of soil and building and can induce some negligible amplification for other values
of the building to soil frequency ratio. The results are similar for all the analyzed structures,
with an increase of variability in the case of large-band input exciting the building fundamental

frequency, compared with the narrow-band input signal.

- In the linear elastic regime, the SSI can be taken into account using a cofeexttioapplied
to the result of a two-step analysiB(building model loaded by BF seismic signal). This

correction factor depends on the building to soil fundamental frequency@ati

- With an increasing soil softness and attained nonlinearity, the structural seismic response
increases for linear behaving soil and decreases for nonlinear behaving soil (the attained

nonlinearity level increases).

- The effect of soil nonlinearity on the structural seismic response is preponderant compared
with the effect of the RC nonlinearity.

- The attainment of strains in the nonlinear plastic range, for soil or soil and structure, tends to
increase the irregularity of the structural seismic response. Moreover, the nonlinearity of soil
and structure modifies the vibration frequency during the process. Consequently, taking into
account the nonlinear behavior of materials, the structural seismic response considering SSI
becomes unpredictable using a simple correction factor depending only on the elastic building

to soil fundamental frequency rati® B applied to a two-step analysis.

The present parametric analysis confirms some results of the literature concerning SSI analyses
and shows that general results can be obtained in a linear elastic regime for structural design
taking into account SSI. Coupling seismic site effects and SSI for nonlinear behaving materials
demands a specific one-step SSI analysis.
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Chapter5-6 WUXFWXUH VRLO VWUXFWXUH LQV

The effect of an adjacent structure whose interference passes through the soil (hamed SSSI) is
studied, questioning about the validity of actual seismic design which considers structures
isolated from surroundings. The proposed advanced model, suited for engineering practice, can
be adopted to explore the coupling of seismic site effects, due to soil stratigraphy and
nonlinearity, with dynamic features of superstructures, foundation deformability and

earthquake motion.

In this research, a linear behaving soil-building system is used to identify the key parameters
that influence the SSSI phenomenon and understand if a simple procedure can be proposed for
structural design. This, in the case of two nearby buildings. This work is inspired by the
possibility of using vibration barriers for risk mitigation. The idea of an oscillator absorbing
the energy of earthquakes and protecting buildings is a smart solution if well designed. It is
important to study the phenomenon of SSSI before proposing a procedure for vibration barrier

design.
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5.1. 1DT-3C wave propagation model for SSSI analysis

The proposed 1D-3C wave propagation model for SSI investigations is limited to the case of
rigid shallow foundation. Rocking effects cannot be reproduced. Furthermore, the numerical

simulation of seismic response of a group of buildings demands a fully 3-D model.

The proposed T soil model for 1DT-3C wave propagation permits the consideration of a city,
deep foundation, rocking effect and soil spatial stratigraphy. The modeling of a T-shaped soill
domain is inspired by the consideration that the SSI is detected in the near-surface soil layers.

A fully 3-D soil model is adopted until a fixed depBand a 1-D model is used for deeper soil

layers|(Figure 5-1).

Figure 5-1 2-D section of the 1DT-3C model for SSI analysis wisisehe thickness of the
3-D soil domain and is the Thickness of the considered soil until bedrock interface.

5.2. Input data for the parametric analysis

A parametric analysis is developed to study the importance of SSSI effects for diffetamd g
types in the Eurocode 8 classification (CEN 2003), in the case of linear of the building-soil

system.
5.2.1. Soil profiles

Stratigraphy and mechanical parameters of the eleven soil profiles used in the present

parametric analysis are giverl in Table|5-1. Soil properties are assumed constant in each soil

layer. The shear wave velocity profile is arbitrary fixed to obtain a selected fundamental

frequency of the soil columf (Table 5-2).
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The soil densityOand the compressional wave velocity are deduced according to the
relationships discussed by Boore (2015). Then, the elastic shear and P-wave moduli
(4L Og=and 4L Oy~ UHVSHFWLYHO\ DUH HVWLPDWHG 7KH 3RI
function of the compressional to shear velocity ratio, according to the relation
KLkr&wgF saWiEYSF so The reference shear strain is assumed equal to

@L rawo for all layers.

Table 5-1 Stratigraphy and mechanical properties of the analyzed soil profiles

Profile 1 Profile 2 Profile 3
Depth O Vs Vp Depth O Vs Vp Depth O Vs Vp
(m)  (kg/m®) (m/s) (m/s) (m) (kg/m®) (m/s) (m/s) (m) (kg/m® (mf/s) (m/s)
0-5 1930 220 1365 0-5 1930 180 1293 0-5 1930 160 1256
5-15 1930 260 1435 5-15 1930 210 1347 5-15 1930 170 1275
1530 1957 360 1601 1530 1930 250 1417 1530 1930 180 1293
>30 2100 1000 2449 >30 2100 1000 2449 >30 2100 1000 2449

Table 5-2 Eurocode ground type and fundamental frequency of the analyzed soil profiles

Soil profile  ECS8 soil type  Frequency

Hz
1 C 2.8
2 C 2.0
3 D 1.5

A squared soil area L tw e Htw ¢ is selected for the following analyses, as explained

above ir|| Chapter 2|- 2.2, considering also that the maximum dimension of the building floor is

swe. A 3-D soil domain is modeled until a depgh L w, that corresponds to the interface
between the first and second soil layer, and a 1-D model is used in deeper soil layers
(see Chapter 3|- 3.4.1).

5.2.2. Buildings characteristics

Concerning the analyzed buildings, the number of stories is determined according to the desired

fundamental frequency of the building (Table|5-3), for the purpose of the analysis. The building

floor area is defined arbitrarily, because it is the building height that characterizes the building
fundamental frequency.

The column orientation and the floor plan dimensions are indicated in the glans of Figlire 2-

and the mechanical properties of RC beams, altogether, previously introduced in

Chapter 2}; 2., for the buildings listed in Table|5-3.
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Table 5-3 Fundamental frequency of the analyzed frame structures

Building Floors Floor plan Frequency

Hz
1 3 a 3.8
2 3 b 2.8
3 5 a 2.2
4 7 a 1.5

Table 5-4 Dimensions of rectangular cross-section beams for the analyzed buildings

Buildings 1-2 Building 3 Building 4
Floor Beam Column Beam Column Beam Column
cm cm cm cm cm cm

30x80 30x70 30x70 30x80 30%80 30x70
30x70 30x70 30x70 30x70 30x70 30x70
30x60 30x60 30x60 30x60 30x60 30x60
30x60 30x60 30x60 30x60

30x60 30x60 30x60 30x60

30x60 30x60

30x60 30x60

~NOoO o~ WNPRE

5.2.3. Input motion

7KH UHFRUGHG VLJQDO RI WKH $SULO 0Z /IM$TXLOD H

band loading are used as rock outcropping motion for this parametric apalysis (Chapter 2 - 2.2).

5.3. SSSI analysis

5.3.1. SSSI versus SSI

The 1DT-3C seismic wave propagation model is used to compare the seismic response of a
building when it is isolated and in the case of presence of a nearby building, in order to

investigate the influence of SSSI.

The analysis is undertaken using the soil profile wigh. ta zogTable 5-1), the 2009 Mw
/1$TXLOD Hdb &ehikcTioadingHhe buildings in Figure 2-10a, with the same inertia
in both orthogonal directions L B L u&zog and the building in Figure 2-10b, with

different inertia in two orthogonal direction§(L tazo& B vayop
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Table 5-5 Gof of 1DT-3C wave propagation model in the case of a building having a nearby
building compared with the case of isolated building.

Anderson Criterion

Compared Models Position &
ClL C2 C3 C4 C5 C6 C7 C8 C9 CI0
1DT-3C 1DT-3C 97 98 98 99 10 99 10 10 96 98
SSSI BLuaze
SS| 98 98 10 10 10 10 10 10 9.3 9.9
Bs L B bldg. b
sk B g yaxe 009-DASE
L uaze 98 99 99 10 99 10 10 10 95 98
1DT-3C 1DT.3C x 99 99 10 10 10 10 10 10 9.8 10
SSS! SSi BLuaze 98 99 10 10 10 10 10 10 95 9.9
BsL uazoe | udme bldg. base
BL taze 2 99 99 99 10 98 10 10 10 96 9.9
1DT-3C 1DT.3C 98 99 99 10 10 10 10 10 9.8 9.9
SSS ss BLUAZS y 99 99 10 10 10 10 10 10 98 10
PsbBe giuaxme P9 ;98 10 10 10 99 10 10 10 98 10
1DT-3C 1DT.3C 98 9.8 10 10 99 10 10 10 96 9.8
Sssi ss| BLuaze 98 98 10 10 10 10 10 10 95 9.9
Bs L uazme B L us bldg. top
B L taze uaze 99 99 99 10 98 10 10 10 9.7 9.9
1DT-3C x 82 83 92 99 85 94 10 94 63 3.2
1DT-3C
Sssl ssl BLtdzee g7 89 97 8 98 96 88 94 53 2.8
BsL Bg y bldg. base
L tazee HlLtaze z 94 99 98 10 99 99 10 99 8 81
1DT-3C IDT3C 5\ arce 82 83 93 99 84 94 10 94 64 3.2
Sssl Ssl bldg. base Y 86 89 9.7 81 99 97 88 95 53 26
BsLudze BLtaze z 94 98 97 10 10 99 10 99 7.9 8
1DT-3C 1DT-3C 89 85 10 10 9.9 99 10 96 64 3.4
Sssl ssl BLtazee 86 85 7.3 97 93 96 10 95 55 3.1
BsL B .. bldg. top
Ltazee DB lLtazee 92 98 98 10 10 10 10 99 7.7 7.6
1DT-3C 1DT.3C 89 86 99 10 10 10 10 96 65 4
Sssi ss| BLtazee 85 84 54 92 91 94 10 95 55 3
sl udze o "y, Pldg.top
By oL tézoe 93 98 98 10 10 99 10 99 7.7 75
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Figure 5-2 Simulated acceleration time history of the building vi@th= B, = 3.8 Hz at the
building bottom, in the case of a nearby building wigh = B, = 3.8 Hz, during the input
signal duration (top) and in a 10 s time window over the largest amplitudes (bottom).

Figure 5-3 Simulated acceleration time history of the building i8th= B, = 3.8 Hz at the
building bottom, in the case of a nearby building wih= 2.8 Hzdifferent than

B, = 4.7 Hz, during the input signal duration (top) and in a 10 s time window over the largest
amplitudes (bottom).
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Figure 5-4 Simulated acceleration time history of the building jtlx 2.8 Hz different than

B, = 4.7 Hzat the building bottom, in the case of a nearby building Wgh= 2.8 Hz
different than B, = 4.7 Hz, during the input signal duration (top) and in a 10 s time window
over the largest amplitudes (bottom).

Figure 5-5 Simulated acceleration time history of the building \Bjtl*= 2.8 Hzdifferent than

B, = 4.7 Hzat the building bottom, in the case of a nearby building vi@th= B, = 3.8 Hz
, during the input signal duration (top) and in a 10 s time window over the largest amplitudes
(bottom).
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(a) (b) (c) (d)

Figure 5-6 Comparison of results obtained using the 1DT-3C wave propagation model for
isolated building and SSSI, in terms of Arias integral (Al), energy integral (IE), pseudo-
acceleration response spectrurp&nd Fourier spectrum (FS) for the vertical component (z)
of motion and B= 2.8 Hz: (a) building with B, = B, = 3.8 Hzat the building bottom, in the
case of a nearby building witl;, = B, = 3.8 Hz; (b) building with B, = B, =3.8 Hz at
the building bottom, in the case of a nearby building wih = 2.8 Hzdifferent than

B, =4.7 Hz; (c) building with B, = 2.8 Hzdifferent thanB, = 4.7 Hzat the building
bottom, in the case of a nearby building wih = 2.8 Hz different thanB, = 4.7 Hz; (d)
building with B, = 2.8 Hzdifferent than B, = 4.7 Hzat the building bottom, in the case of a
nearby building withB, = B, = 3.8 Hz.

The seismic response of each building, influenced by a nearby more flexible or stiffer building,
LV LQYHVWLIJDWHG $Q G H W\dyQahitatively éstichbaté the DiffekeneeB BO R\ H
results obtained, comparing the response of an isolated building and a building having a nearby
building (Anderson 2004). According to Gof scoreg in Tableg|5-5, Figuvle 542 and Figure 5-3

where the case with one building is assumed as reference and the influence of the nearby

building is observed, it can be deduced that the building &ith B L u & zoés not influenced
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by a nearby building. On the contrary, the building WBH_. t & z d#ferent thanB, L v & yce

is influenced by SSSI effects, both considered cases.

In terms of peak acceleration of the building wghL ta z ddferent thanB, L vay atche

building bottom(|(Table 54{pb, Figure 8t4, Figure 5-5|and Figure 5-6), the SSSI is observed in the

direction of the first translational mode shape (x) of the building.

Considering SSSI gives an amplification of motion, not taken into account when the building

is considered isolated.

Figure 5-7 1DT-3C for SSSI analysis

5.3.2. SSSI parametric analysis

The effect of a nearby building, in the linear elastic regime, is investigated for three buildings

Table 5-3), with fundamental frequencys L s awe (the supplest), Bs L tat ce

(intermediate) anBs L u & zogthe stiffest). Two soft soil profiles have been selected for the

analysis, to highlight the SSSI effect, whose natural frequencie ares & we(ground type

D, se¢ Table 5{2) ang L t odthe softest analyzed soil of ground type C).

In a first part of the analysis, the seismic response of a target building having fundamental

frequency B, ¢is investigated using a synthetic seismic signal having predominant frequency

B L B in the five cases where one of the buildings in Tablge 5-3 is placed at a distamce of

(distance between the shallow foundations), as shown in Figyre 5-7.

The variation of the peak acceleration at the top of the excited building with the fundamental

frequency of the nearby buildinBg is shown in Figure 548, for the two selected soil profiles.

131



5.3 SSSI analysis

The seismic response of the excited building does not have important variations caused by the
different buildings placed nearby. This effect suggests that when the first mode shape of the
building is excited & L Bg), the SSSI is less evident. The maximum accelerations at the top
of the excited building are obtained in the case of resonance of the building-soil system

(B L Bs L B. Whereas, a slight increase of the seismic response of the building having

fundamental frequency far from the soil profile®, (L u & zog is noticed for the softest soil

with B L s awdFigure 5-§.

In a second part of the analysis, the seismic response of a target building having fundamental

frequency B gs investigated in the five cases where one of the buildings in Table 5-3, having

fundamental frequencRBg, is placed at a distance of *(Figure 5-7) and the system is excited

using a synthetic seismic signal having predominant frequency equal to that of the nearby
building (B L Bg).

Figure 5-8 Variation of the peak acceleration at the top of the excited building with the natural
frequency of the nearby building, for the cases of soil profile having natural frequency
B= 1.5 Hz(left) and B= 2 Hz(right)

Figure 5-9 shows the variation of the peak acceleration at the top of the target building in a

SSSl analysis over that in a SSI analysis (single buildfpg), f« v»w With the fundamental
frequency of the nearby buildingg, in a soft soil, in both cases of seismic loading exciting

the target @ L Bs) and nearby building 8 L Bg). A similar result is obtained for the two
selected soil profiles. When the target building is excited, its structural seismic response can
attain a reduction our " or an increment ofv ; in the analyzed cases. Instead, when the
nearby building is excited the seismic response of the target building has a variability of
Gvr ”

In a soft soil, when the nearby building is quite stifg( P t & zaethe SSSI induces a slight

sr " reduction of the seismic response, compared with the case of single building, with small
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variability for the different analyzed buildings. This suggests that a stiff nearby building does

not have a remarkable effect on the seismic response of the target building.

Figure 5-10 shows the variation of the peak acceleration at the top of the target bailging

SSSI analysis over that in a SSI analysis (single buildifig)y fk v-»wWilh the target to
nearby building fundamental frequency ra®s Bg, in a soft soil, in both cases of seismic
loading exciting the targetB L Bs) and nearby building B L Bg). A similar result is
obtained for the two selected soil profiles. When the target building is excited, its structural
seismic response can attain a reduction wntil” for a target to nearby building fundamental
frequency ratio Bs Bg N s a Ilnstead, when the nearby building is excited, the seismic
response of the target building has a variability@¥#r = for a target to nearby building

fundamental frequency ratiBs Bg N shat is when the nearby building is more flexible.

Figure 5-9 Variation of the peak acceleration at the top of the target building in argBsis

over that in a SSI analysis (single excited building) with the natural frequency of the nearby
building, for the cases of soil profile having natural frequeBey1.5 Hz (left) andB=2 Hz

(right): excited target building (top); excited nearby building (bottom)
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5.4 Semi-infinite elements and dashpot boundary conditions

Figure 5-10 Variation of the peak acceleration at the top of the target building in an8lySika
over that in a SSI analysis (single excited building) with the target to nearby building
fundamental frequency ratio, for the cases of soil profile having natural freq@nays Hz

(left) and B= 2 Hz (right): excited target building (top); excited nearby building (bottom)

5.4. Semi-infinite elements and dashpot boundary conditions

When the periodicity assumption is not verified, for example when it is studied the dynamic
response of soil representing any irregularity in the geometry, as nonsymmetrical ity plan
complicated topography or spatial stratigraphy, it is mandatory to model the far field, where
the reflected waves are far enough to be neglected in the analyzed zone an absorbing lateral
boundary condition is necessary to dissipate energy out of the truncated domain and reduce
soil domain. Nevertheless, due to the impossibility to impose zero horizontal strains, the soil
domain to be modeled is much larger compared with the case of periodic lateral condition.

Abaqus software provides semi-infinite elements, to model the far field region, based on the

work of Lysmer and Kuhlemeyer (1969) to assembly with the standard finite elements used to

model the region of interegt (Figure 511 ).
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Figure 5-11 3-D soil model with semi-infinite lateral elements.

The solution of the infinite element representing the far field is considered linear and have no

influence on the truncated domain of interest and the damping on this boundary is introduced

such that
P,vL F@Q6 (5-1)
and
Rwk F@Q6 (5-2)
PR.xL F@Q6
(5-3)

where @and @are damping constant§ & ®d Q @re the velocities in X, y and z direction

respectively,P, ,is the normal stress ar, ,and P, ,are shear stresses.

We consider plane wave traveling along the x-direction, to calculate the damping canstants,

The solution exists in two forms, the plane longitudinal wave solution, written in this form

—~LBKT GPBRg LQ@Q L (5-4)

and the shear wave solution, written in this form

—wL BT G MR sQ QLT (5-5)

or

L BT GHHAa sQQLr-r (5-6)
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5.4 Semi-infinite elements and dashpot boundary conditions

where R and Rare the body and shear wave velocity respectivBly, F R Prepresents the
wave propagating in the positive x-direction aBdl E R Prepresents the wave propagating
in the negative x-direction.

Now, considering the plane solutior-will be equal to the sum of the propagating wave
approaching to the boundaryB k T F;FRoand the reflected wave away from the
boundary B k T E PRhe total displacement is then writteg-L Bk T F;PR0 E Bk T5P.0R
In order to obtain a silent boundary, the reflection is set equal toB&® E; PR L, which

implies that the damping coefficient is written as following

@L éR (5-7)
where éis the soil density.
Similarly,
@QL éR (5-8)
Proof:
—~L BkT F;PFR E BkT4P oR (5-9)
—~6& FR>BT F R0 F'BT E ;R07? (5-10)
BLs tQOTE > Qo TX?
) i ) (5-11)
YeL BkT FsR0 EBT E 5R0
ELE+ Y%E %
&L A Et)cBT FsRo0 EBT E5Rog (5-12)
L @R>&T F sRo0 FIBT E;R0?
SinceBkT EsPR0 LL B"kT EPB thenequalto0anBk T F ;R0 M r
lEt L R (5-13)
t,L:AaEt) % (5-14)

136



Chapter 5 - Structure-soil-structure interaction analysis

where 8 is LDPpTV FRQ@MUWWADQW a;:s Fta)is the shear modulus
L' t:sEA&Ls t kéR do0 L éR&and' arethe RLVVRQYV UDWLR DQG W

modulus, respectively.

Hence,

t, L éR (5-15)

5.4.1. Semi-infinite elements vs dashpots

A verification is undertaken using dashppt (Figure b-12a) and semi-infinite elements

Figure 5-12b) as lateral boundary condition. The 3D-3C model is used for a FF analysis of a

homogeneous one-layer soil air « depth. The soil parameters are density equal to
s{ur %o/, Young modulus equal tdwuts§r’ e+~and a Poisson ratio equal to

r & z y,us considered. The frequency of thid swofile is B.L s@aw ce

The narrow band synthetic signal wiy L u & zoas imposed at the soil-bedrock interface

Chapter 2 2.R).

Figure 5-13 shows the comparison between the FF response of the 3D-3C model using dashpot

or semi-infinite elements as lateral boundary condition. The time histories for the acceleration
registered at the top of the FF soil are similar in both lateral boundary conditions.

Consequently, this test confirms that both modeling techniques are equivalent.

(a) (b)

Figure 5-12 3D-3C modeled using lateral boundary condition as linear dashpots (a) as semi-
infinite elements (b).
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5.4 Semi-infinite elements and dashpot boundary conditions

Figure 5-13 Comparison between lateral boundary conditions; dashpots and semi-infinite
elements in a 3D-3C FF analysis: acceleration time history at the soil top.

5.4.2. Domain truncation definition

In this analysis the 3D-3C model having semi-infinite lateral boundary condition is used for a

FF analysis of the homogeneous one-layer soil presented in gectigsibfedted to a narrow

band synthetic signal witl L sy@w oat the soil-bedrock interfage (Chapter(2 42.2).

In order to define the dimension of the truncated domain, a parametric analysis is run using
several dimensions for the finite domainwHtw «®a zrHzr «a swHswre%a

urrHurr <8 the frequency is calculated for each case using modal analysis.

Figure 5-14 shows the variation of the soil frequency with the dimension of the soil. It is noticed

that in order to get the frequency of the soil obtained using a periodic condition, a large domain
needs to be modeled using the semi-infinite elements as lateral boundary condition. Hence, the
use of the semi-infinite or dashpots as absorbing lateral boundary conditions is only interesting
when modeling a large-scale geometry, as a city, or in the case of important site ity site-c

effects where the periodicity is not verified and it is requiretil® U~ ILHOG IRU WKH Z|
dissipate. Therefore, for engineering practice the tie boundary condition remains the preferred

lateral boundary condition for SSI and SSSI analysis.
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Figure 5-14 Variation of the soil frequency with the side dimension of the, squared geometry,
finite domain.

5.5. Conclusion

The analysis done using the 1DT-3C modeling technique show that SSSI is observed in the
direction of the first translational mode shape of the building. Considering SSSI gives an
amplification of motion, not taken into account when only an isolated building is considered.

In addition;

- In a soft soil, the seismic response of the excited building does not have important variations
caused by the different buildings placed nearby. This effect suggests that when the first mode
shape of the building is excite®(L Bs), the SSSI is less evident.

- The structural seismic response in a SSSI analysis, compared with the case of single building,
attains ur “ of reduction and the variability is less pronounced, when the target building is
excited. Instead, when the nearby building is excited the seismic response of the target building

has a variability ofGvr ~

- In a soft sall, a stiff nearby building does not have a remarkable effect on the seismic response
of the target building, inducing a sliglstr ~ reduction of the seismic response, compared with

the case of single building, with small variability for the different buildings.

- In a soft soil, when the target building is excited, its structural seismic response can attain a
reduction until ur © for a target to nearby building fundamental frequency ratio

Bs Bg N sau
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5.5 Conclusion

- In a soft soil, when the nearby building is excited, the seismic response of the target building
has a variability ofGvr ~ when the nearby building is more flexible, for a target to nearby

building fundamental frequency ratBs Bg N s&u

- The 3D-3C model is considered to study lateral boundary condition influence on soil
response. The periodicity lateral boundary condition that induces zero horizontal stresses in the
sal, remains the preferred assumption for engineering practice, due to the important reduction
of the soil domain to analyze. When the periodicity assumption is not verified, the dashpots
represent a satisfactory absorbing boundary condition. They can be applied as lateral boundary
condition. However, the modeled soil domain becomes important, because the condition of

zero horizontal stresses is not imposed but is attained using huge soil domain.
The increased number of influencing parameters in a SSSI analysis (stiffness of soil, relative
stiffness of buildings and which building is excited) demands further work for a generalization

of results.
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Chapter6- 8RQFOXVLRQV DQG SHUVSHFW

In professional practice, the concept of design of a civil engineering structure that resists to
horizontal forces was introduced in the 1970s in European seismic design codes to guarantee
safety against earthquakes and other phenomena that acts horizontally on a structure as wind.
However, design norms advance according to new findings and with the increasing progress of
computer capacities. Today, the European seismic design codes still do not ceStatet

SSSlin the conception of structures. This research proposes modeling techniques to evaluate
soil and structure dynamic responses to earthquakes, taking into account SSI and SSSI for
conception purposes. This research aims to introduce in building design parameters taking into

account SSI and in the urban planning the concept of SSSI.

The 3-D soil model permits taking into account the spatial variability of soil properties,
topography effects, foundation deformability, rocking effects and the presence of a group of
buildings at the soil surface. On the other hand, the 1-D model avoids modeling problems
related to the definition of lateral boundary conditions and the lack of geotechnical data to
produce a detailed 3-D soil model and strongly reduces the computational time. A one-direction
three-component (1D-3C) seismic wave propagation approach is proposed to take into account
SSl in professional practice using any commercial FE code. The seismic response of soil and
building can be simulated considering site effects and soil-structure interaction for linear and

nonlinear soil behavior.

The 1D-3C wave propagation model for SSI is limited to the assumption of rigid shallow
foundation, and negligible rocking effects. The 1DT-3C seismic wave propagation approach is
proposed as modeling technique for the simulation of the seismic response of soil and building,
taking into account site effects, the foundation deformability, rocking effects and, eventually,
SSSI The 1DT model consists on adopting a fully 3-D model until a fixed depth, where SSI
and SSSI effects are considered to modify the ground motion and a 1-D model is supposed a

sufficient approximation.

The 1DT-3C wave propagation approach is verified by comparison with a fully 3-D model, in

the case of vertical propagation in a horizontally layered soil, considering linear and nonlinear

soil behavior. The proposed 1DT-3C modeling technique is an efficient tool for building design

allowing SSI to be taken into account in an effective and easy way, providing benefits in

modeling and computation time comparing to a fully 3-D model. In fact, geotechnical

parameters are easy to characterize for a one-dimensional soil model (using a single borehole
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investigation) and boundary condition definition is simple (the input signal and the absorbing
boundary condition are given for only one element moreover, the mesh is considerably reduced.
The dynamic equilibrium equation for the soil-structure assembly is solved in 1 hour 11
minutes using the 1DT-3C model and in 14 hours using the 3D-3C model, for an input motion

of 120 s, on the CINES cluster using 1 core and 24 nodes.

The proposed 1DT-3C approach is used modeling different soil profiles and structure frames

in the objective to understand the SSI phenomenon. The results for SSI analyses show that:

¥ The frequency content of the seismic load imposed at the bottom of the building can be
more significant for the building deformation than the concept of expected maximum

ground acceleration amplitude, derived from building design in static conditions.
¥ The SSI effect appears more important in the case where the soil is softer.

¥ The resonance between building, soil and earthquake frequency content produces an

amplified seismic response.

¥ The SSI effect is observed at the soil surface for both translational mode shapes and it
is more pronounced, for the structural behavior, in the direction of the building mode

shape excited by the input load.

The results confirm the impact of SSI effect on responses of both soil and buildings. Further
studies are undertaken, using the 1DT-3C wave propagation approach, to understand the effect
of SSI on the structural seismic response for building seismic design. The SSI effect, defined
as the difference between the direct solution of the dynamic equilibrium problem of the
assembly of soil and building (one-step solution) and=fRenotion applied to a fixed-base
building (two-step analysis), in terms of maximum acceleration 1gtiQ 45 qrcfc vaeqnd§
estimated for different cases. A parametric analysis combining 11 soil profiles and 5 different
frame structures is undertaken, in linear elastic regime, using a synthetic narrow-band signal
with predominant frequency equal to that of the structure and a recorded large-band seismic
VLIQDO RI /93$TXINDADG.3).O0 bewekult<XdbdwHhat:

% The SSlratiofy yasqrch vasqrimaximum for the resonance of soil and building,

for both cases of synthetic narrow-band signal exciting the building and for recorded

large-band seismic signal, and for the five selected RC frame structures.

¥ In the analyzed cases, the SSI effect reduces the seismic response of about 30-40% for

the resonance of soil and building and can induce some negligible amplification for
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other values of the building to soil frequency ratio. The results are similar for all the
analyzed structures, with an increase of variability in the case of large-band input
exciting the building fundamental frequency, compared with the narrow-band input
signal.

¥ The SSI can be taken into account using a correction factor applied to the result of a
two-step analysisFHB building model loaded by BF seismic signal). This correction

factor depends on the building to soil fundamental frequency EgtiB.

% The variability of SSI effect is high, for ground types B, C and D, in particular for softer
soils. Consequently, it is more convenient to generalize the problem by characterizing

SSI with respect to the building to soil fundamental frequency &ti

This parametric analysis is repeated to investigate the influence of nonlinear soil behavior and
nonlinearRC behavior on structural seismic response and SSI, compared with the linear

behaving assumption. The results give:

¥ With an increasing soil softness and attained nonlinearity, the structural seismic
response increases for linear behaving soil and decreases for nonlinear behaving soill

(the attained nonlinearity level increases).

¥ The effect of soil nonlinearity on the structural seismic response is preponderant
compared with the effect of the RC nonlinearity.

¥, The attainment of strains in the nonlinear plastic range, for soil or soil and structure,
tends to increase the irregularity of the structural seismic response. Moreover, the
nonlinearity of soil and structure modifies the vibration frequency during the process.
Consequently, taking into account the nonlinear behavior of materials, the structural
seismic response considering SSI becomes unpredictable using a simple correction
factor depending only on the elastic building to soil fundamental frequencyBatiz

applied to a two-step analysis.

This parametric analysis confirms some results of the literature concerning SSI analyses and
shows that general results can be obtained in a linear elastic regime for structural design taking
into account SSI. Coupling seismic site effects and SSI for nonlinear behaving materials

demands a specific one-step SSI analysis.
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A parametric analysis, using the 1DT-3C modeling technique in the linear elastic regime, is

developed to study the influence of SSSI on a target building having different nearby structure.

Results show that:

£7)

£7)

7

7

Y

Ya

Ya

SSSil is observed in the direction of the first translational mode shape of the building.
Considering SSSI gives an amplification of motion, not taken into account when only

an isolated building is considered.

In a soft soil, the seismic response of the excited building does not have important
variations caused by the different buildings placed nearby. This effect suggests that

when the first mode shape of the building is excitBdl{ Bs), the SSSl is less evident.

The structural seismic response in a SSSI analysis, compared with the case of single
building, attainsur ~ of reduction and the variability is less pronounced, when the
target building is excited. Instead, when the nearby building is excited the seismic

response of the target building has a variabilityGyr ~

In a soft soil, a stiff nearby building does not have a remarkable effect on the seismic
response of the target building, inducing a slight * reduction of the seismic
response, compared with the case of single building, with small variability for the

different buildings.

In a soft soil, when the target building is excited, its structural seismic response can
attain a reduction untiti r ~ for a target to nearby building fundamental frequency ratio

Bs Bg N sau

In a soft soil, when the nearby building is excited, the seismic response of the target
building has a variability ofGvr ~ when the nearby building is more flexible, for a

target to nearby building fundamental frequency r&i Bg N sau

The periodicity lateral boundary condition that induces zero horizontal stresses in the
osil, remains the preferred assumption for engineering practice, due to the important
reduction of the soil domain to analyze. When the periodicity assumption is not verified,
the dashpots represent a satisfactory absorbing boundary condition. They can be applied
as lateral boundary condition. However, the modeled soil domain becomes important,
because the condition of zero horizontal stresses is not imposed but is attained using

huge soil domain. The increased number of influencing parameters in a SSSI analysis
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(stiffness of soil, relative stiffness of buildings and which building is excited) demands

further work for a generalization of results.

In conclusion, this research provides a 1DT-3C modeling technique to study SSI and SSSI
effects, for linear and nonlinear material behavior. Furthermore, it shows a potential

improvement of the design spectra proposed by the Eurocode 8 in the elastic regime. The
nonlinear behavior of material causes a change in the seismic response of soil and buildings
hence, results are unpredictable using only the parameters adopted for linear material behavior.
The 1DT-3C wave propagation approach used for SSSI analysis is a tool to inspire the design
of seismic risk mitigation tools and urban organization. The parametric analysis gives

preliminary results that do not permit a generalization yet.

The evolution of this research can evolve in an extensive parametric analysis and statistical
study to generalize the conception of structures in seismic zones considering SSI effects in the
Eurocode 80n the other hand, the 1DT-3C modeling technique can help the design of risk
mitigation tools. To allow the verification of the numerical model, experiments on
instrumented structures in real and proportional scales could be used to compare the numerical

and experimental structural response to dynamic loading.

The 1DT-3C wave propagation approach could evolve to model underground floors and deep
foundations, with 3-D soil domain arriving at a greater depth. An effective stress analysis,
taking into account the water table position in a 1DT-3C wave propagation model for SSI, is
currently developed in the framework of the PhD thesis of Stefania Gobbi.

Other improvements can be the introduction of, corrosion of the steel bars in the reinforced

concrete or different construction material for the structure can be adopted as wood and steel.
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Appendix A - Nonlinear behavior of RC

The behavior of reinforced concrete is no longer linear when cracks initiate in beams and
columns, and the steel start working. The distribution of steel in a beam section or column
section is not necessary uniform and symmetrical, consequently, an homogenization is
difficult. The constitutive maws for RC sections are deduced in terms of generalized stresses
and strains and used in the nodes of a 1-D beam element.

Constitutive relationship in terms of generalized stresses

A 3-D beam having a rectangular section with cross-sectional#reairHxr ... -and a

length of s ¢(Figure E-1), is used as example to explain the adopted procedure.

Figure E-1 Reinforced unit length 3-D beam (left) and beam cross-section (right)

WheQ WKH QRQOLQHDU EHKDYLRU RI 5& LV WDNHQ LQWR DFF

as first-loading curve plotted |n Figure E-2 for a cubic characteristic concrete strength
4l UT e ~n compression.

157



Figure E-2+RJQHVWDGYV SDUDEROD

Axial behavior

Figure E-3 Abaqus capture of the unit length beam subjected to axial loading.

A first static analysis is run to study the axial behavior of the RC beam an increasing axial

pressure of maximun&, ;L v Hsr * ~is applied as shown |in Figure E-3. #\... thick

steel plate is used to uniformly distribute the pressure in the beam cross-section.
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Appendix A - Nonlinear behavior of RC

Considering that the beam has unit length, the calculated axial displacement corresponds to the
axial strain. The constitutive relationship is obtained in terms of generalized stresses and strains
a B;and imposed to nodes of a 1-D beam model, after verification of the elastic relationship
L P, # L'# B,

The model using beam elements, subjected to the same boundary conditions is compared with
the 3-D model, and the verification of the obtained response of the 1-D beam element is shown

in|Figure E-4.

Figure E-4 Strain time history under axial loading: comparison between 1-D and 3-D beam
modeling.
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Bending moment 1

Figure E- 5 Abaqus capture of the unit length beam subjected to bending moment in x-
direction.

A static analysis is undertaken to obtain the constitutive law in terms of generalized stress and

strain : & ;. Anincreasing axial pressure of maximun, L v Hsr * ~is applied in

a band ofsr ... @s shown in Figure E-|5. A ... «thick steel plate is used to uniformly

distribute the pressure in the beam cross-section. Considering the unit length of the beam, the
axial displacementQ; calculated, at the top and bottom, at the free edges of the beam is used

to evaluate the curvature ,y L KxormdF e mP t :D t;

The constitutive relationship is obtained in terms of generalized stresses and :stfgng;

and imposed to the nodes of a 1-D beam model, after verification of the elastic relationship
v v L where isthe Young modulus, is the moment of inertia around thieaxis

and , L BR;A>D F A PThe parameter&\ dand Dare defined in Figure E{6 andPis is

the time increment.
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Appendix A - Nonlinear behavior of RC

Figure E- 6 Diagram of the beam section (left) and of the deformed section after the application
of the bending moment in x-direction (right).

The model using beam elements, subjected to the same boundary conditions is compared with

the 3-D model, and the verification of the obtained response of the 1-D beam element is shown

in|Figure E- T.

Figure E- 7 Displacement time history, comparison between 1-D and 3-D analysis in bending
moment loading in direction x.
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Bending moment 2

Figure E- 8 Abaqus capture of the unit length beam subjected to bending moment in y-
direction.

A static analysis is undertaken to obtain the constitutive law in terms of generalized stress and
strain : & ; ;. Anincreasing axial pressure of maximugp;, L t Hsr * ~is applied in
a band ofw... as shown iE Figure E4{8. A ... ¢hick steel plate is used to uniformly distribute

the pressure in the beam cross-section. Considering the unit length of the beam, the axial

displacementQ; calculated, at the top and bottom, at the free edges of the beam is used to

evaluate the curvature L KxpjcdF sepge t > t,;the parameters by q@nd

—~0 p g e A€ defined in Figure E4 9.

The constitutive relationship is obtained in terms of generalized stresses and :straing;
and imposed to the nodes of a 1-D beam model, after verification of the elastic relationship

i 1 L ; where isthe Young modulus; is the moment of inertia around thdaxis

and ; L BR,AD> F A PThe parameter&\ aand Dare defined in Figure E{9 andPis is

the time increment.
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Appendix A - Nonlinear behavior of RC

Figure E- 9 Diagram of the beam section (left) and of the deformed section after the application
of the bending moment in y-direction (right).

The model using beam elements, subjected to the same boundary conditions is compared with

the 3-D model, and the verification of the obtained response of the 1-D beam element is shown

in|Figure E- 10.

Figure E- 10 Displacement time history, comparison between 1-D and 3-D analysis in bending
moment loading in direction y.

Section definition and RC material definition in Abaqus

After creating the Abaqus and completing the geometry the mesh the steps of analysis the field
and history outputs, the loadings and the boundary conditions and creating the job, it is
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mandatory to create sets in module Part for each group of beams and columns that have the

same steel reinforcement and beam or column section, together.

The material and property are not to be defined. From module Job, Job Manager click on write
input. Open the .inp file as text file and add the following text for each defiaéd

*Beam General Section, elseSET, section=NONLINEAR GENERAL

maulUUa uUPDgupUa v

m Area, u U{Moment of inertia for bending about the 1-axisi U: Moment of inertia for
cross bending u U Moment of inertia for bending about the 2-axiss Torsional constant
. Sectorial momenOPTIONAL needed in Abaqus/Standard when the section is associated
with open-section beam elements; : Warping constant OPTIONAL needed in
Abaqus/Standard when the section is associated with open-section beam elements

2 %6620 %% < %o

Zy 9, Local Tscoordinate of centroid,T5 ¢ The default is 0. Zgl.0cal Tgcoordinate of

centroid, Tg ¢ The default is 0 <4, Thickness of segment ending at this point, The default is -
1.

2U ;’MiU ™ <™

zy w Local Tscoordinate of shear centefls » The default is 0.z -« Local Tgcoordinate of
shear center,Tg . The default is 0. <~ Thickness of segment ending at this point, The default
is -1. THIS LINE IS OPTIONAL

*AXIAL

0,0

«

0, %,

Insert Tabular: 0 &; Y of the centroid of the beam section. The axial behavior tabular starting

with 0,0 and ending 0,% «corresponding to the ultimate point
*M1
0,0

«
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Appendix A - Nonlinear behavior of RC

Insert Tabular: / s & s; The Moment curvature tabular in direction 1 starting 0,0 and ending

0, Gecorresponding to the ultimate point
*M2

0,0

«

0, v

Insert Tabular: /; & ;. The Moment curvature tabular in direction 1 starting 0,0 and ending

0, G corresponding to the ultimate point
*TORQUE

«

add the torque tabular starting 0,0
*Damping, alphazxx, betazxxx
Corresponding to Reighley damping
*Transverse Shear

Koo Ry

Corresponding to shear correction factor in Timoshenko beam elements

Refer to Abaqus manual for more information and beam general section options 26.3.7 Using

a general beam section to define the section behavior

Example of the general beam section definition in the input file

*Beam General Section, elset=_11, section=NONLINEAR GENERAL
0.18, 0.00135, 0., 0.0054, 0.0037098

0.,0.,-1.

*AXIAL

0,0

436170.6,9.02396E-005
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«

7879644,0.0208312

0,0.021

*M1

0,0

42000,0.0002786545

«

600000,0.41798

0,0.42

*M2

0,0
25500,0.00070586333333333
«
150000,0.26877566666667
0,0.27

*TORQUE

0,0
10643750000,0.0037098
*Damping, alpha=0.471756, beta=0.00529881
*Transverse Sra
2.007e+09, 2.007e+09,

Defining the nonlinear behavior of the concrete in Abaqus
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Appendix A - Nonlinear behavior of RC

Defining the nonlinear behavior of the steel in Abaqus
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Appendix B - 1D-3C model for SSI analysis

This guide is intended for users who will exercise research or engineering in earthquake design.
A stephby-step procedure is described to model thB %oil model of linear behavior
introduced iﬂ) for SSI analysis.

1-D soil model

1. Choose the moduleart

2. Click on the icorCreate Part

3. Choose &Namefor your part

4. Select theModeling space\ 3D

5. Select thel'ype \ Deformable

6. Select thdBase Feature\ Shape\ Solid

7. Select thdBase Feature\ Type \ Extrusion
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8. Continue

1. Click on the icorCreate Lines: Rectangle\ Draw a rectangle

2. Click on the iconAdd Dimension \ Correct the dimension of the rectangle to
UHU -~

3. Click onDone

4. Write theDepth in the new dialog\ U U

OK
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Appendix B -1D-3C model for SSI analysis

1. Click on the icorCreate Datum Plane: Offset From Plane
2. Click on theplane you want to offset from

3. Choose thelirection of offset

4. Write theOffset distancein the new dialog\ P

5. Press Enter

Repeat this step in order to have planes in the intersection of layers
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. Click on the icorPartition Cell: Use Datum Plane

. Select thecell(s)to partition, for the first partition this step is omitted

. Select thadlatum planeto define the cutting plane

. Click onCreate Partition

Repeat this step in order to partition all the layers
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Appendix B -1D-3C model for SSI analysis

Choose the moduleroperty
1. Click on the icorMaterial Manager
2. Click on the icorCreate
3. Choose &Name for your material
4. Select from the catalogug&eneral \ Density, enter the density of the material.
36 'RQTW IRUJHW WR PXOWLSO\ WKH GHQVLW\ E\ WKH I

5. Select from the catalogechanical \ Elasticity, enter the Young modulus and the

poison ratio of the material.
36 'RQTW IRUJHW WR PX@3WyBOdred KH <RXQJ PRGX
6. Click OK

Repeat this step in order to have a material for each layer
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. Click on the icorSection Manager
. Click on the icorCreate \ Choose a&Name for your section
\ SelectSolid from Category

\ SelectHomogeneoudrom Type

. Continue

. Select the material from the catalogleSoil-1

. Click OK

Repeat this step in order to have a section for each material
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Appendix B -1D-3C model for SSI analysis

1. Click on the icorSection Assignment Manager

2. Click on the icorCreate

3. Select theRegionsto be assigned a section andame for this region
Click Done

4. Select the Section from the catalogieSection-1

5. Click OK

Repeat this step in order to assign a section for each layer
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Choose the moduléssembly

. Click on the icorCreate Instance

. Choose th&OIL Part from the list of Parts

. Click OK
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Appendix B -1D-3C model for SSI analysis

1. Double click onSets
2. Namethe Set\ Continue\ Select all bottom geometric nodes
3. Click onDone

4. Double click on the icorSprings/Dahpots \ Name \ Select Connect points to

ground
5. Select points from th8etscatalogue\ Select all bottom nodes Continue\ Done

6. Select the degree of freedofin \ disable Spring stiffness \ Enable Dashpot

coefficient \ Enter the value adamping \ OK
36 'RQTW IRUJHW WhideoL hottdnthodes WK H Q X

Repeat this step for the degrees of freedom 2 and 3
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Choose the modulglesh

. Click on the icorSeed Edges. MeshedBy size\ Approximate element siZe\ OK

. Done

. Click on the icomssign Element Types\ Select the region to meshDone

. From Family selecBD Stress\ from Geometric Order enabfguadratic \ OK

. Click onYES
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Appendix B -1D-3C model for SSI analysis

Choose the moduleteraction
1. Click on the icorCreate Constraint \ SelectTie \ Continue
2. Choose the master tygurface

3. Select a lateral surface of the colurhnThenchoose the slave tyggurface \ Select

the opposite lateral surface of the column
4. Specify distancd.1 \ disable Adjust slave surface initial position OK

Repeat this step for the other two opposite lateral surfaces
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3-D building model

. Double click onParts

. Choose &Name for your part
Select theModeling space\ 3D
Select theType \ Deformable

Select thdBase Feature\ Shape\ Wire

3. Sketchthe floor plan of the building as shown in the picture

4. Adjust the dimensions

Continue
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Appendix B -1D-3C model for SSI analysis

1. Click on the iconCreate Datum Plane: 3 Pointsand create the plane using the
selecting red points as shown

2. Click on the icorCreate Datum Plane: Offset From Plane
Select theplane you want to offset from
Choose thelirection of offset
Write theOffset distancein the new dialog\ U & U

3. Press Enter

Repeat this step in order to have a plane for each level
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1. Click on the icorCreate Wire Planar
2. Select gplane on which you want to sketch a planar wire
3. Select aredgethat will appear on the write of the screen

Following

1. Click on the icorProject Edges

2. Select theedgesto project onto the sketch\ 0
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3. 0

4. 0

Repeat this step in order to have the plan wire for each floor

Click on the iconCreate Datum Plane: 3 Pointsand create the plane using the
selecting red points as shown

Repeat this step in order to have datum plans as shown
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1. Click on the icorCreate Wire Planar
2. Select gplane on which you want to sketch a planar wire

3. Select aredgethat will appear on the write of the screen

1. Click on the icorCreate Wire
Sketchwire to create the column as shown

2. 0
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1. Click on the icorCreate Wire Planar
2. Select gplane on which you want to sketch a planar wire
3. Select aredgethat will appear on the write of the screen

Following
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=

N

Click on the icorProject Edges

. Select theedgesto project onto the sketch\ 0

0
0

Repeat this step in order to have the plan wire for all y-z datum plans
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Appendix B -1D-3C model for SSI analysis

1. Double click on the icoinertias \ Name\ Nonstructural mass

2. Select the region to assign nonstructural masSelectEdge Beams\ From Units

selectMass per Length from Magnitude input U U PAUOK

3. Select the region to assign nonstructural masSelectMiddle Beams\ From Units

selectMass per Length from Magnitude input U U U\UOK

189



Choose the moduleroperty

. Click on the icorCreate Material \ Choose &Namefor your material

. Select from the catalogiechanical \ Damping, enter the damping coefficients.
. Select from the catalogugeneral \ Density, enter the density of the material.

. Select from the catalogdechanical \ Elasticity, enter the Young modulus and the

poison ratio of the material.

. Click OK
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Appendix B -1D-3C model for SSI analysis

1. Click on the icorCreate Section

2. Choose dlame IRU \R XU V HF V\Be&Grom Gat€gviy-:W6 H O BeRifrom
Type : Continue

3. Click on the iconCreate Beam Profile : Choose &Namefor your 3URILOH : 6HOHF'
Rectangular from Shape : Continue

4. Inputaandb
5. Choose the material frod DVLF : ODWHULDO 1DPH
6. EnableSpecify transverse sheafrom Stiffness : inputkK23 andK13 : 2.

Repeat this step in order to create a section for beam and column section type

191



. Double Click on the icosets

. Create Sets for all the beams on the same level
. Create Sets for all the columns on the same level

As shown in the Fugure

192



Appendix B -1D-3C model for SSI analysis

1. Click on the iconAssignSection
2. Click on the icorCreate \ Choose &egionfrom sets
\ Select a section froi@ection

Repeat this step in order to have a section for all columns and beams as shown in

the Figure
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1. FromProperty default chooseSections

1. Double Click on the icosets

2. Create sets for beams in the direction X-beams in the direction -\ columns as

shown in the yellow squark columns as shown in the aqua blue square
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1. Select fromView \ Part Display Options
2. Enable \ Render beam profiles

\ Render shell thickness

Choose the moduléssembly

1. Click on the icorCreate Instance
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2. Choose thd&uilding Part from the list of Parts

3. Click OK

1. Click on the icorRotate Instance\ Select the building part Done
2. Select sstart point for the axis of rotation U4 U & U ;

3. Select arend point for the axis of rotation U4 Ua U ;

4. InputAngle of rotation U 4 U

Press Enter\ OK
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1. Select fromConstraint \ Coincident Point
2. Select a point of the movable instance

3. Select a point of the fixed instance
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Choose the moduleart
1. Frombuilding part
2. Double click onSets

3. CreateGeometry set for all Bottom nodes of the buildingContinue

1. Fromsoil part

2. Double click onSets
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3. CreateGeometry set for one top node of the sailContinue

Choose the modulateraction
1. Click on the icorCreate Constraint
2. SelectEquation
3. Inputin table following this Figure

Repeat this step in order to have a constraint for DOF 1, 2 and 3
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Choose the modulglesh
1. Click on the icorSeed Edges. Meshedy size\ Approximate element siZze\ OK

2. Done

1. Click on the icomssign Element Types\ Select the region to meshDone
2. From Family seledBeam \ from Geometric Order enab@uadratic \ OK

Click on the icorMesh Part

w
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Calculation procedure

Combination of static and dynamic response

The static and dynamic response of the structure can be superposed only in the case considering
a linear elastic system. In the case of inelastic systems, the dynamic response of the structure
must consider the stresses and strains existing in the structure due to its static respanse. In th
presented work, dry soil is adopted, and static response of the system is negligible compared
to the dynamic one. Hence the static response is not considered, only dynamic response of the

structure is calculated.

Choose the modulstep
1. Click on the icorCreate Step

From Procedure Type \ selectLinear perturbation \ select Frequency \

Continue
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. FromOther enableMass

. FromBasicenablevalue \ U U

EnableMinimum frequency \ U & U

EnableMaximum frequency \ U B OK

. Click on the icorCreate Step
. FromProcedure Type \ selectGeneral \ selectDynamic Implicit \ Continue

. FromBasic \ Time period \ input U U

. FromIncrementation \ enableAutomatic \

For Maximum number of incrementsinput U U

ForIncrement size \ Initial input U & U ® Minimum input U6F U U &
. FromOther \ Convert severe discontinuity iterations\ OFF

\ Extrapolation of previous state at start of each increment\ Linear

\ Time Integrator Parameter \ Alpha \ enableSpecify\ FU & U
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Choose the moduleoad
1. Click on the icorCreate Boundary Condition
2. FromStep \ selectnitial

FromCategory \ selectMechanical

From Types for selected step selectSymetry/Antisymetry/Encastre \ Continue
3. Select the bottom face of the soilEnableEncastre \ OK

4. SelectPtopagatedin Step-2andDeactivate
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. Click on the icorCreate Boundary Condition

. FromStep \ selectnitial

FromCategory \ selectMechanical

FromTypes for selected step selectDisplacement/Rotation\ Continue

. Select from sets all building bottom nodé€nableUR1, UR2andUR3 \ OK
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1. Click on the icorCreate Load
2. FromStep \ selectStep-2
FromCategory \ selectMechanical
From Types for selected step selectConcentrated Force\ Continue
3. Select the bottom nodes of the sailnput A6 U L UaU U B & Uand
Ao0U L Ao U N\ SelectCreate Amplitude
4. SelectTabular \ Continue
5. Enter tabular of the signal OK

6. OK
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1. Double Click on the ico-Output-1
2. Domain \ Whole model

SelectU from Displacement/Velocity/Acceleration\ OK
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1. Double Click on the icor-Output-2

2. Domain \ Whole model
Frequency \ every x unitoftime\ § L s
SelectU,V andA from Displacement/Velocity/Acceleration
SelectS from Stress

SelectE from strain \ OK
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. Double Click on the icoset from Assembly

. Name the set enable Geometry Continue \ select a bottom node of the sail

Done
. Repeat steps 1 and 2 only this time select a bottom node of the building

. Repeat steps 1 and 2 only this time select a top node of the building
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1. Double Click on the iconlistory Output Requests
2. Domain \ Set\ soil bottom node set
Frequency \ every x unitof time\ § L ri&s
SelectUT,VT andAT from Displacement/Velocity/Acceleration\ OK

Repeat this step for building bottom node set and building top node set
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Choose the moduléob

. Click on the icorCreate Job

. SelectModel-1 \ Continue

. Submit
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Appendix C - Soil behavior calibration

The fundamental concepts of plasticity theories are sufficiently general, to be developed in

Abaqus for a wide range of materials successfully.

Equation proof

A yield surface, to determine if the material responds elastically at a certain state of stress, is

needed.
Tests on soils provide the backbone curve for a half cycle shear stress-strain.

But Abaqus asks for stress-strain data obtained from the first half cycle of a unidirectional

tension or compression experiment.

To obtain yield axial stress-strain curve from yield shear stress-strain cye«ey  are

calculated as follow

P:B: % R:@: (B-1)
B LY @, 4 (B-2)
Proof:

Von Mises Criteria

P,Ls ¥ 8:PssF RgOE:PssF R4 E:PsgF P76 E x £RE B,E B, (B-3)

Where \;is the yield stress, then for uniaxial cases
PALs¥%8tPE.Ex R (B-4)

PLS8FE.EufR (B-5)

That can be written as an ellipse equation
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RsEuR L R (B-6)
Or
s FE B, kR 40 L s (B-7)

The ratio between the big axe and the small axe would be

tPWgcthRvgcjl& ngcijvgcjl& P4 kB 3/110 |—3/11 (B' 8)

Hence
P, L YuR, (B-9)
Then we can determinBas following

PBLYW R:@:

BLlLW @
_ B-
B BBw
4 4 4 4 @ 10)

ﬂ4BL3/IIﬂ4@

BLYW 4 4 @

Calibration

Once P : Band Blata are calculated, the calibration experiment should be performed at a strain
range, Bthat corresponds to the strain range anticipated in the analysis because the material
model does not predict different isotropic hardening behavior at different strain ranges. For that

reason, i suggest taking the minimunB accepted by Abaqus.

Two possible ways to enter data; by importing a .txt file or by entering data manually. For this

step, total strain must be provided.
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Abaqus/CAE Usage:3BURSHUW\ PRGXOBatFl2OLEUDWLRQ :
P:BB

PS: For SSI analysis you need to multiply the stress by the area chosen fatyhis &n order

to have the correct dynamic equation
In Abaqus/CAE Usage:3URSHUW\ PRG X O HditBEN@MicEUDW LR Q
Three behavior types are available:

¥, Elastic Isotropic
¥, Elastic Plastic Isotropic
¥ Hyperelasticity with Permanent Set

For our analysis, Elastic Plastic Isotropic in chosen.
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In the Editor, you need:

¥, First: To indicate the data set

% Second: To Calculate or to choose an Ultimate point.
| recommend choosing the calculator tool, it indicates the last point you have given in
your set data. You can always enter manually the point coordinates simply by writing
them in the text bar or providing it with the set data.
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¥%» 7TKLUG 7R SLFN D \LHOG SRLQW :KHQ \RX SLFN D \LHOGC
cdculated, simply by calculating the slope. This way you can verify if the yield point
you have picked corresponds to your soil. To help doing this procedure, | strongly
recommend to switch plastic points to max and to use the text bar to increment
manually the abscissa (or strain). By pressing ENTER Abaqus will calculate the
ordinate (or stress). This procedure takes few minutes, yes, it is by trial and error. The
SXUSRVH LV WR HVWLPDWH D <RXQJYV PRGXOXV DV FO
modulus and to have the second point in the table with an ordinate or stress greater
than B, where B is the elastic strain or abscissa of the first point in the table.

¥ )RXUWK 7R HQWHU WKH 3RLVVRQTY UDWLR kB WKLV D!
typing the value in the text bar
Now, you create a material by clicking on the button next to Material, you name it, and
you click on OK.

Elasticity definition

The Abaqus plasticity models also need an elasticity definition to deal with the recoverable

part of the strain. In Abaqus the elasticity is defined by including linear elastic behavior

Go to

Abaqus/CAE Usage:Property module: material

You will find in your editor:Elastic andPlastic properties

Click onElastc FRUUHFW WKH <Rpe€déffV ORGXOXYV
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Plasticity definition

Adjusting the Plastic behavior according to yout material

Click onPlastic correct the first Yield Stress by B if neededFor this analysis:
+DUGHQQLQJ : &RPELQHG

'DWD W\SH : +DOI &\FOH

I1XPEHU RI EDFNYWUHVVHYV :

Use temperaturt&s HSHQGHQW GDWD : GLVDEOHG
1XPEHU RI ILHOG YDULDEOHYV :

Density definition

'R QRW IRUJHW WR HQWHU \RXU PDWHULDOTTV "HQVLW\
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Abaqus/CAE Usage: Property module: material editoGeneral WDensity :

O
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Appendix D - Guide for 1DT-3C model for SSI and SSSin
Abaqus

This guide is intended for users who will exercise research or engingeeaghquake design.

A stepby-step procedure is described to model the 1DT soil model of nonlinear behavior

introduced in Chapter 3[- for SSI analysis.

1DT soil model

1. Choose the moduleart

2. Click on the icorCreate Part
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. Choose &Name for your part

. Select theModeling space\ 3D

. Select thelype \ Deformable

Select thdBase Feature\ Shape\ Solid

. Select theBase Feature\ Type \ Extrusion

Continue

. Click on the icorCreate Lines: Rectangle\ Draw a rectangle

. Click on the iconAdd Dimension \ Correct the dimension of the rectangle to
UHU -~

. Click onDone

. Write theDepth in the new dialog\ U U
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OK

1. Click on the icorCreate Datum Plane: Offset From Plane
2. Click on theplane you want to offset from

3. Choose thelirection of offset

4. Write theOffset distancein the new dialog\ U U

5. Press Enter

Repeat this step in order to have planes in the intersection of layers
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. Click on the icorPartition Cell: Use Datum Plane

. Select thecell(s)to partition, for the first partition this step is omitted

. Select thelatum plane to define the cutting plane

. Click onCreate Partition

Repeat this step in order to partition all the layers
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Create new Part

1. Click on the icorCreate Lines: Rectangle\ Draw a rectangle

2. Click on the iconAdd Dimension \ Correct the dimension of the rectangle to
UHUP ~

3. Click onDone

4. Write theDepth in the new dialog\ b

OK
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Choose the moduleroperty

. Click on the icorMaterial Manager

. Click on the icorCreate

. Choose &Name for your material
. Select from the catalogueeneral \ Density, enter the density of the material.
36 'RQTW IRUJHW WR PXOWLSO\ WKH GHQVLW\ E\ WKH I

. Select from the catalogldechanical \ Elasticity, enter the Young modulus and the

poison ratio of the material.

36 'RQTW IRUJHW WR P XO3$by S©aredy dhhiy for B €l nbée@xK O X
in 1-D

Click OK

Repeat this step in order to have a material for each layer
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6. Click on the icorSection Manager
7. Click on the icorCreate \ Choose &Name for your section
\ SelectSolid from Category
\ SelectHomogeneoudsrom Type
8. Continue
9. Select the material from the catalogieSoil-1
10.Click OK

Repeat this step in order to have a section for each material
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For each Part

. Click on the icorSection Assignment Manager

. Click on the icorCreate

. Select theRegionsto be assigned a section andame for this region
Click Done

. Select the Section from the cataloglieSection-1

. Click OK

Repeat this step in order to assign a section for each layer
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Choose the moduléssembly
1. Click on the icorCreate Instance
2. Choose th&OIL Part from the list of Parts
3. Click OK

Repeat this step for the part of 3-D soil

227



. Double click onSets

. Namethe Set\ Continue\ Select all bottom geometric nodes

. Click onDone

. Double click on the icorSprings/Dahpots \ Name \ Select Connect points to

ground
. Select points from th8etscatalogue\ Select all bottom nodes Continue\ Done

. Select the degree of freedofn \ disable Spring stiffness\ Enable Dashpot

coefficient \ Enter the value adamping \ OK
36 '"RQTW IRUJHW WR GLYLGH E\ WKH QXPEHU RI ERWWHR

Repeat this step for the degrees of freedom 2 and 3
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Choose the moduleteraction
1. Click on the icorCreate Constraint \ SelectTie \ Continue
2. Choose the master tygurface

3. Select a lateral surface of the colurhnThenchoose the slave tyggurface \ Select

the opposite lateral surface of the column
4. Specify distancé.1 \ disable Adjust slave surface initial position OK

Repeat this step for the other two opposite lateral surfaces and for the 3-D sbiit

the distance this time would 2&.1
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In ModulePart create datum plane at the mid-top of the 1-D soil and at the mid-bottom
of the 3-D soill

1. Click on the iconCreate Datum Point : Midway Between 2 Points\ Selecttwo

points
In Module Assembly
2. SelectCoincidence Pointfrom constraint \ Select the datum points created earlier

3. Both parts will be joined
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3-D building model

1. Double click onParts
2. Choose a&Namefor your part
Select theModeling space\ 3D
Select theType \ Deformable
Select thdBase Feature\ Shape\ Wire

3. Sketchthe floor plan of the building as shown in the picture
4. Adjust the dimensions

Continue
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1. Click on the iconCreate Datum Plane: 3 Pointsand create the plane using the
selecting red points as shown

2. Click on the icorCreate Datum Plane: Offset From Plane
Select theplane you want to offset from
Choose thelirection of offset
Write theOffset distancein the new dialog\ U & U

3. Press Enter

Repeat this step in order to have a plane for each level
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1. Click on the icorCreate Wire Planar
2. Select gplane on which you want to sketch a planar wire
3. Select aredgethat will appear on the write of the screen

Following

1. Click on the icorProject Edges

2. Select theedgesto project onto the sketch\ 0
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3. 0
4. 0

Repeat this step in order to have the plan wire for each floor

Click on the iconCreate Datum Plane: 3 Pointsand create the plane using the

selecting red points as shown

Repeat this step in order to have datum plans as sivo

1. Click on the icorCreate Wire Planar
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2. Select gplane on which you want to sketch a planar wire

3. Select aredgethat will appear on the write of the screen

1. Click on the icorCreate Wire
Sketchwire to create the column as shown

2. 0O

235



. Click on the icorCreate Wire Planar

. Select gplane on which you want to sketch a planar wire
. Select aredgethat will appear on the write of the screen

Following
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=

Click on the icorProject Edges

N

. Select theedgesto project onto the sketch\ 0
3. 0
4. 0

Repeat this step in order to have the plan wire for all y-z datum plans
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. Double click on the icoinertias \ Name\ Nonstructural mass

. Select the region to assign nonstructural masSelectEdge Beams\ From Units

selectMass per Length from Magnitude input U U PAUOK

. Select the region to assign nonstructural masSelectMiddle Beams\ From Units

selectMass per Length from Magnitude input U U U\UOK
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Choose the moduleroperty
1. Click on the icorCreate Material \ Choose &Namefor your material
2. Select from the catalogwechanical \ Damping, enter the damping coefficients.
3. Select from the catalogueeneral \ Density, enter the density of the material.

4. Select from the catalogidechanical \ Elasticity, enter the Young modulus and the

poison ratio of the material.

5. Click OK
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. Click on the icorCreate Section

. Choose &Name IRU \R XU V H FV\Bed&rrom Gategdty-:W6 H O BeEmifrom
Type : Continue

. Click on the icorCreate Beam Profile: Choose &dame IRU \RXU 3URILOH

Rectangular from Shape : Continue

. Inputa andb

. Choose the material froDVLF : ODWHULDO 1DPH

. EnableSpecify transverse sheafrom Stiffness : inputK23 andK13 : 2.

Repeat this step in order to create a section for beam and column section type
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1. Double Click on the icosets
2. Create Sets for all the beams on the same level

3. Create Sets for all the columns on the same level

As shown in the Fugure
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. Click on the iconAssignSection
. Click on the icorCreate \ Choose &egionfrom sets
\ Select a section froi@ection

Repeat this step in order to have a section for all columns and beams as shown in

the Figure
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2. FromProperty default chooseSections

1. Double Click on the icosets

2. Create sets for beams in the direction X-beams in the direction -\ columns as

shown in the yellow squark columns as shown in the aqua blue square
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1. Select fromView \ Part Display Options
2. Enable \ Render beam profiles

\ Render shell thickness

Choose the modulaéssembly
1. Click on the icorCreate Instance

2. Choose tha&uilding Part from the list of Parts

244



Appendix D - Guide for 1DT-3C model for SSI and SSSI in Abaqus

3. Click OK

1. Click on the icorRotate Instance\ Select the building part Done
2. Select astart point for the axis of rotation Ua U4 U;

3. Select arend point for the axis of rotation U4 U & U ;

4. Input Angle of rotation U4 U

Press Enter\ OK

3-D foundation
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Choose the moduleart \ 3-D Soil Part
1. Click on the icorCreate Datum Plane : Offset from Plane

2. Create planes to form the edge surfaces of the foundation
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1. Click on the icorPartition cell : Use Datum Plane

2. Partition the 3-D soil domain to cut the shape of the embedded foundation
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Choose the moduleroperty \ 3-D Soil Part

. Click on the icorSection Manager

. Click on the icorCreate \ Choose &Name for your section
\ SelectSolid from Category

\ SelectHomogeneoudrom Type

. Continue

. Select the material from the catalogieReinforced concretefor the foundation

And Soil-1 for the soil
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Calculation procedure

1. In ModulePart create datum point offset from the edge of the foundation by (0.5,0.5,0)

to the inside of the foundation

2. In Module Assembly
Select fromConstraint \ Coincident Point
Select a point of the movable instance

Select a point of the fixed instance
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Choose the moduleart

. Frombuilding part

. Double click onSets

. CreateGeometry set for all Bottom nodes of the buildingContinue
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Choose the moduleart
1. Frombuilding part

Double click onSets

CreateGeometry set for very Bottom node of the buildingContinue
2. From3-D soil part

Double click onSets

CreateGeometry set for very Top node of the foundation that coincides with the first

node of the building columns Continue
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This step needs to be done for each bottom node set from the part buildiand its
coincident node set from the foundation in the part 3-D soil

. Click on the icorCreate Constraint

. SelectEquation
. Input in table following this Figure

Repeat this step in order to have a constraint for DOF 1, 2 and 3
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Choose the modulglesh
3. Click on the icorbeed Edges Meshedy size\ Approximate element siZe\ OK

4. Done

5. Click on the icomAssign Element Types\ Select the region to meshDone
6. From Family seledBeam \ from Geometric Order enab@uadratic \ OK

7. Click on the icorMesh Part
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Choose the modulglesh

. Click on the icorSeed Edges. MeshedBy size\ Approximate element siZe\ OK

. Done

. Click on the icomAssign Element Types\ Select the region to meshDone

. From Family selecBD Stress\ from Geometric Order enabfguadratic \ OK

. Click onYES

Repeat this step for the part of FoundationrApproximate element siZ&5

Repeat this step for the part of 3-D soiApproximate element siz2
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1. Double click on the icoisets: Slave-nodes Select all nodes in the bottom of the 3-
D soil without edge nodes (as shown in 6) and all node at the top of the 1-D soil except

one (as shown in 5) in order to do that follow the steps
2. Click onDisplay Group Manager
3. Click onCreate

4. Fromltem selectPart/Model instances \ Select 1-D Soil\ from Perform a boolean

on the viewport contents and the selection dReplace
5. Select the top 3 nodes
6. Repeat 4 for the 3-D soll Select all the bottom nodes except nodes at the edges

7. Repeat from 1 to create Node-Master and select the top node not selected before from

the 1-D soil part

8. Create a Constraint Equation as following for the Dof 1,2 and 3

Combination of static and dynamic response

The static and dynamic response of the structure can be superposed only in the case considering

a linear elastic system. In the case of inelastic systems, the dynamic response of the structure
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must consider the stresses and strains existing in the structure due to its static response. In the
presented work, dry soil is adopted, and static response of the system is negligible compared
to the dynamic one. Hence the static response is not considered, only dynamic response of the

structure is calculated.

Choose the modulstep
1. Click on the icorCreate Step

From Procedure Type \ selectLinear perturbation \ select Frequency \

Continue

2. FromOther enableMass

3. FromBasicenablevalue \ U U
EnableMinimum frequency \ U&a U

EnableMaximum frequency \ U B OK
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1. Click on the icorCreate Step
2. FromProcedure Type\ selectGeneral \ selectDynamic Implicit \ Continue
3. FromBasic \ Time period \ input U U
4. Fromincrementation \ enableAutomatic \
For Maximum number of incrementsinput U U
ForIncrement size \ Initial input U & U ® Minimum input U 6F U U &
5. FromOther \ Convert severe discontinuity iterations\ OFF
\ Extrapolation of previous state at start of each incremenf\ Linear

\ Time Integrator Parameter \ Alpha \ enableSpecify\ FU & U
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Choose the moduleoad

. Click on the icorCreate Boundary Condition
. FromStep \ selectnitial

FromCategory \ selectMechanical

From Types for selected step selectSymetry/Antisymetry/Encastre \ Continue

. Select the bottom face of the sdilEnableEncastre \ OK

. SelectPtopagatedin Step-2andDeactivate
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1. Click on the icorCreate Boundary Condition
2. FromStep \ selectnitial
FromCategory \ selectMechanical
FromTypes for selected step selectDisplacement/Rotation\ Continue

3. Select from sets all building bottom nodé€£nableUR1, UR2andUR3 \ OK
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. Click on the icorCreate Load

. FromStep \ selectStep-2

FromCategory \ selectMechanical

From Types for selected step selectConcentrated Force\ Continue
. Select the bottom nodes of the sadilnput i6 U L U4 U U E & Udnd

Ao0U L Ao U N\ SelectCreate Amplitude

. SelectTabular \ Continue

. Enter tabular of the signal OK

. OK

260



Appendix D - Guide for 1DT-3C model for SSI and SSSI in Abaqus

1. Double Click on the icor-Output-1
2. Domain \ Whole model

SelectU from Displacement/Velocity/Acceleration\ OK

261



1. Double Click on the icor-Output-2

2. Domain \ Whole model
Frequency \ every x unitoftime\ § L s
SelectU,V andA from Displacement/Velocity/Acceleration
SelectS from Stress

SelectE from strain \ OK
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1. Double Click on the icoset from Assembly

2. Name the sel enable Geometry Continue \ select a bottom node of the sail

Done
3. Repeat steps 1 and 2 only this time select a bottom node of the building

4. Repeat steps 1 and 2 only this time select a top node of the building
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1. Double Click on the iconlistory Output Requests
2. Domain \ Set\ soil bottom node set
Frequency \ every x unitof time\ § L ri&s
SelectUT,VT andAT from Displacement/Velocity/Acceleration\ OK

Repeat this step for building bottom node set and building top node set
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Choose the moduléob
1. Click on the icorCreate Job
2. SelectModel-1 \ Continue

3. Submit
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