This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

B Rre Ares(ZB?&ES}EE%C?JJOHZOZO
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies
v.1.0

LIQUEFACT

Assessment and mitigation of Liquefaction potential across Europe: a holistic
approach to protect structures/infrastructure for improved resilience to

earthquake-induced Liquefaction disasters.

H2020-DRA-2015
GA no. 700748

DELIVERABLE D3.2

Methodology for the liquefaction fragility analysis of critical
structures and infrastructures: description and case studies

Author(s): Antonio Viana da Fonseca, Maxim Millen, Xavier Romao, Julieth Quintero, Sara Rios,
' Cristiana Ferreira, Fabrizio Panico, Carlos Azeredo, Nuno Pereira
Janko Logar, Ales Oblak, MatjaZz DolSek, Mirko Kosi¢, Sebastjan Kuder, Matej Logar
Sadik Oztoprak, M. Kubilay Kelesoglu, Sinan Sargin, Cihan Oser, Ilknur Bozbey
Alessandro Flora, Emilio Billota, Andrea Prota, Marco Di Ludovico, Anna Chiaradonna
Giuseppe Modoni, Luca Paolella, Rose Line Spacagna
Carlo G. Lai, Simantini Shinde, Francesca Bozzoni

Responsible University of Porto (UPorto)

Partner:

Version: 1.0

Date: 31/12/2018
Distribution PU
Level (CO, PU)




This project has received funding
from the European Union’s

LIQUEFACT
Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

movmin " prosne v. 1.0

DOCUMENT REVISION HISTORY
Version Editor Comments Status

31/12/2018 First Draft Draft

LIST OF PARTNERS
Name Country

UPORTO Universidade do Porto Portugal

Istan-Uni Istanbul Universitesi Turkey

uu Univerza V Ljubljani Slovenia

UNINA Universita degli Studi di Napoli Federico Il Italy

NORSAR Stiftelsen Norsar Norway

ARU Anglia Ruskin University Higher Education Corporation United Kingdom

UNIPV Universita degli Studi di Pavia Italy

UNICAS Universita degli Studi di Cassino e del Lazio Meridionale Italy




LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

fThis proj:ct has received ~funding infrastructures: deSCfiption and case studies
rom the European Union’s
Horizon 2020 ?esearch and V. 1_0
innovation programme under

grant agreement No. 700748

CONTENTS
EXECUTIVE SUMMARY ... e e e e e e e e e e e e e e e e e e e e e aeaeeeens 22
SCOPE AND PURPOSE ... s 25
T | 1300 1L 0 26
11 REPORT LAYOUT ..eiiieiieie ittt ettt e ettt e e e e e ettt e e e e e e e amebe et e e e e e e s nnbebeeeeeeeeeaannrenaneeeeeaannnne 26
2. MACRO-MECHANISM APPROACH FOR BUILDINGS ON SHALLOW FOUNDATIONS .......ccccoeeuiireunirennns 28
2.1 OVERVIEW OF DIFFERENT MODELING STRATEGIES AND KEY PARAMETERS......cccoiiieiiiiinee 28
2.1.1 KEY MECHANISMS IN SOIL-LIQUEFACTION-FOUNDATION-STRUCTURE INTERACTION.........ccceeeuunnnnnn. 30
2.1.2 VULNERABILITY ASSESSMENT OF CONCRETE FRAME BUILDINGS VIA MACRO MECHANISM APPROACH

37

2.2 MODELLING OF BUILDINGS ON LIQUEFIABLE DEPOSITS.....cccttttttieireiererereeereeereeeeeeereeeeereeererereeeeenees 38
2.2.1 INTRODUCTION ...ttt sttt ettt sttt et e e st e st e s st e bt et e e s i e naeeseennes 38
2.2.2 KEY FEATURES OF THE PHYSICAL MODEL .........eoieeieeieeeee sttt ettt 39
2.2.3 GROUND MOTIONS ...ttt sttt sttt ettt sate s saeesne s 43
2.2.4 SUPERSTRUCTURE IMODEL......cueeuiieieiteeeeee ettt ettt ettt st nae e st nae et easeeinenanens 43
2.2.5 FOUNDATION MODEL........oooeeeeeeeeeeeee ettt sttt ettt ettt sat ettt et aesaesate st e naeenaeenne 45
2.2.6 ADDITIONAL ASPECTS FOR NUMERICAL MODELLING .....ccccoomoiiiiiiaiiiiiieieeeeeeeeee e 46
2.2.7 CASE STUDY EXAMBPLE ...ttt sttt sae e 46
2.2.8 VARIATIONS IN SOIL-FOUNDATION STRUCTURE INTERACTION MODELS ........coveeeeeeeeeeeeeeeeieen, 48
2.2.9 ESTIMATING THE FOUNDATION LOAD-SETTLEMENT BEHAVIOUR.......cccovvouviveiaiiiiiiiieeeeeeeeee 56
2.2.10 MODELLING SETTLEMENTS ...ttt sttt st nne e 57
2.2.11 MODELLING SOIL HETEROGENEITY ...ttt ettt ettt e e et e e e e e e e assseeeeaeeas 59
2.2.12 MODELLING RECOMMENDATIONS. ......ooteeieeteeeesteeteetet ettt st sttt 60
2.2.13 CONCLUSIONS. ...ttt ettt ettt et st st st e s nt ettt e e s e e e ennes 61
2.3 SIMPLIFIED PROCEDURE TO CLASSIFY SOIL PROFILES......ccoiiiieiteee ettt 61
2.3.1 OVERVIEW ..ottt ettt e ettt e e+ ettt e e e e e ettt e e e e e e s sbsaneeaaeesaasssnneeaaeeaas 61
2.3.2 RATIONALE FOR THE SELECTION OF THE GOVERNING PARAMETERS .....ooveeeeeieeeeeeeeee e, 64
2.3.3 PROCEDURE TO DEFINE ESP FROM CPT ...ttt ettt et e e e e e e eaae e 67
2.34 DEFINITION OF EQUIVALENT SOIL PROFILE ........ooeeeeeeeeeeeee ettt 68
2.3.5 EXAMPLE SITE RESULTS .ottt sttt ettt sttt st st e naeenne e 69
2.3.6 APPLICATION OF THE PROCEDURE TO REAL CASE STUDIES ........oeeeeeeeeeeeeeee et 72
Christchurch Earthquake SeqUENCE 2010-2011........coueeeeeeeueieeeeeeeeeeeeeeeeeeeee ettt e e e e e e e e easesaaeeeassstsaaaaaseasssssssseaaaens 73
San Carlo EMilia ROMAGNQ (2012).......oeeueeeeeeeeeeeeeieieeeeteeeettee e sttt e e et e e e st e e eatseaesasssaesasesaeasseaassssssssssnssasasssesannns 84



LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

fThis proj:ct has received ~funding infrastructures: deSCfiption and case studies
rom the European Union’s
Horizon 2020 ’rjesearch and V. 1_0
innovation programme under

grant agreement No. 700748

CONCIUSIONS. ..o 90
2.3.7 ARTIFICIAL EQUIVALENT SOIL PROFILES ..ottt ettt ettt ettt aaeaeesette s staessaaaenenns 90
2.3.8 SUMARY oottt ettt ettt ettt e e ettt sttt e s e e e e st e e e e e s e st b e e e e e e st bbb aaeeee st e e e eennarreees 93

2.4 ESTIMATION OF SITE RESPONSE AND SOIL-STRUCTURE INTERACTION USING EFFECTIVE STRESS

AN ALY SIS s 93
2.4.1 INTRODUCTION ..ottt sttt ettt et st st st e s st et st e e s e nae e e ennes 93
2.4.2 OVERVIEW OF FLAC MODEL ...ttt ettt 94
2.4.3 VALIDATION IN 2D ANALYSIS .ottt ese e sesesesesesesenenene 98
2.4.4 CONCLUSIONS. ...ttt sttt ettt st s et et et e te st esatenaeenat e st easeeanens 101

25 SIMPLIFIED PROCEDURE TO ESTIMATE PORE PRESSURE IN FREE FIELD ....ccccceeiiimiiiiiieeeeeeieeen, 101
2.5.1 INTRODUCGTION ... e e e e s e s s e s e s s ns 101
2.5.2 BACKGROUND ... s e s s e e e e e s e e s e s s e as 102
SErESS-DASEA MELAOGS ...ttt ettt st s ettt et s e st e esbeeneeanes 103
EN@IGY-DASEA MELAOUS.........ooeeeeieeeeeeeee ettt ettt s et e s e st e st e st e st e sateesaseenateesseenane 104
2.5.3 DIFFERENT APPROACHES TO ESTIMATE PORE PRESSURE BUILD UP.........oeieiiiiieeieieieieeeeeseeeeea 108
N e L= g Tole ] e Ty e T USSR 109
Simplified stress BaSed METROA (SBIM) ...........eeueeeeeeeceeeeeeeeeeeeteesteettte e tteeeree e teeases e s stasaseseassesaseseassasasesssseasssenans 113
Simplified dissipated energy BaSed MELNOUS ............cooeeuueeeeciieeeeeeeeete ettt e e sta e e st e e s caae e s arteaesssteaesansees 113
2.5.4 COMPARISON OF THE METHODS FOR A SINGLE CASE ...ttt 114
2.5.5 COMPARISON OF THE METHODS FOR THE 500 CASES .......coooierieeeeeeeteiese sttt 119
2.5.6 MODELLING RECOMMENDATIONS......c..ooueeieiieiesteiietetetetese sttt sttt sttt eaeeas 120
2.5.7 CONCLUSIONS. ...ttt sttt ettt et st s et e e et st esatesueenaeeseeaseeanens 121

2.6 SIMPLIFIED PROCEDURE TO ESTIMATE SETTLEMENTS OF BUILDINGS .....ccoceiiiiiiiiiiiereeeeeeieeeeen. 121
2.6.1 EXISTING METHODOLOGIES FOR ESTIMATING SETTLEMENTS ....ocuveieriieieieeiieieiee st 121
2.6.2 PARAMETRIC STUDY ..ottt st st st naeesne s sanenane e 124
2.6.3. SETTLEMENTS OF BUILDINGS RESULTS ....ooeeeeeeeeeee ettt ettt e e e e e e e e e e e e e 130
2.6.4. MODELLING RECOMMENDATIONS AND CONCLUSIONS......ooueeueeieiesiesiieieeteeteeseeie sttt 132

2.7 SIMPLIFIED PROCEDURE TO ESTIMATE SURFACE GROUND MOTION.......cccveiiiiiiiiiiieieeeieeieeeee, 133
2.7.1 INTRODUCGTION ...ttt ettt e ettt e e e e ettt e e e e e ettt e e e e e e e ssseeeaeeeasassseeeaaeeas 133
2.7.2 TIME-FREQUENCY FILTERING ...ttt e e e ettt e e e e e et eaeeeannaes 137
2.7.3 THE STOCKWELL TRANSFER FUNCTION METHOD ......ccovesieeiirieriesieeeeeeeeeeesieese e 139
2.74 COMPARISON OF METHODS......c..eeeeeeeeeeeeee ettt e e ettt e e e e ettt e e e e e e seasseeaaeeeas 142
2.7.5 MODELLING RECCOMENDATIONS AND CONCLUSIONS.......coooamieeeeeeeeeeee et 146

2.8 APPLICATION IN SPECIFIC CASE STUDY — PIEVE DI CENTO ....coiiiiiiiiei it eeieeeeee e 147



LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

This proj:ct has received ~funding infrastructures: deSCfiption and case studies
the European Union’s

2020 ?esearch and V. 1.0
innovation programme under

grant agreement No. 700748

2.8.1 LOCATION OF THE CASE STUDY SITE ....cuoviiiiiiiieiicet ettt 147
2.82 ANALYSIS PROCEDURE ..ottt ettt 148
2.8.3 SOIL PROFILES DESCRIPTION ....ccooouvviiiiiiiiiiiiiiiiiiiisiiiccsiitc sttt st sttt s 149
2.84 GROUND MOTIONS DESCRIPTION ......ueoiiiiiiiiiiiiiiiiiiit sttt ettt 157
2.85 FLAC 1-D NUMERICAL MODEL SETUP.........cooiiiiiiiiiiiiiicicctit sttt 159
2.8.6 PORE PRESSURE ESTIMATION......ccoovtiiiiiiiiiiiiiiiiiiiiciitic sttt sttt st e st 160
2.8.7 SETTLEMENTS ESTIMATION......cccoouiiiiiiiiiiiiiiiiiiiiic ittt sttt s 161
2.8.8 BUILDINGS DESCRIPTION......ccoovuiiiiiiiiiiiiiiiiiiiic ettt sttt st 162
2.8.9 L Y PP 162
2.9 RAPID RISK INDENTIFICATION OF SOIL LIQUEFACTION AND STRUCTURAL DAMAGE .................. 171
2.9.1 INTRODUCTION AND MOTIVATION ....cccoviiiiiiiiiiiiiiiiccsiiiic sttt 171

2.9.2 OVERVIEW OF PROCESSES OF THE METHOD FOR RAPID RISK IDENTIFICATION OF SOIL LIQUEFACTION
AND STRUCTURAL DAMAGE ..ottt bttt 172

2.9.3 SIMPLIFIED MODEL FOR SOIL-STRUCTURE INTERACTION WITH CONSIDERATION OF LIQUEFACTION 173

Overview 173

Model for prediction of pre-liquefaction foundation ultimate moment CAPACItY .........cccoueeeeevvreeeciieeesiiieeesienans 177
Model for prediction of foundation secant stiffness at 50% of moment CAPACILY ........occveeeeevereeecveeesiiieeesienennns 179
Model for prediction of time-dependent and ground-motion dependent triggering of liquefaction..................... 180
Model for prediction of post-liquefaction foundation moment CAPACILY ............ueeeevueeeeciueeeeciieeeecieeeeiieeeeesieaeeans 183
Model for prediction of strength degradation in case of liGQUEfaCLiON ............ccceeeeeevveeecieeeesiieeesiieeeecieeesieeaen, 184
Model for prediction of BUIldiNgG SETLIEMENT .............cccvveeeeeieeeeiieeeeeeee et ecee e e ettt e e et a e e st aeeestseseesssaaesssssaaans 186
2.9.4 CASE STUDY: APPLICATION OF RAPID RISK IDENTIFICATION METHOD TO A CODE-CONFORMING
BUILDING WITH CONSIDERATION OF LIQUEFACTION AND DIFFERENT LEVELS OF SEISMIC HAZARD ................... 188
STEP 1: DEfinition Of INPUL QOTQ .........eeveeeeeeieeeiee ettt e ettt e e e e e ettt e e e e e e e et tbesaaaesaasasssssaaaaeeasssssssasasansssnans 188
STEP 2: Simplified fragility analysis of the soil-structure configuration with consideration of liquefaction .......... 193
STEP 32 RiSK GSSESSMENT ...ttt ettt ettt st st st st e nt et et s e e s e nneenes 194
STEP 4: Risk-based decision making regarding the need for detailed analysis of soil liquefaction........................ 195
2.9.5 CONCLUSIONS. ..ottt sttt ettt ettt st st st e naeesneesneeaneeanens 196
REFERENGCES......ce ettt ettt ettt e e e s e e e e e e e s s e b e e e e e e e s e s mabeneeeeesesanannraneeeaseess 199
VULNERABILITY ASSESSMENT OF EMBANKMENTS USING FINITE ELEMENT MODELING................. 207
3.1 MODELING OF EMBANKMENTS ON LIQUEFIABLE DEPOSITS ...ttt eeieeeee e 207
3.1.1 INTRODUCGTION ...ttt ettt e e ettt e e+ e ettt et e e e ettt e e e e e eaassbeeeaeeeaaaassseneaaeeas 207
3.1.2 LITERATURE REVIEW ..ottt ettt et sne st it naeesne s eanenanenanens 208
3.1.3 METHODOLOGY FOR THE VULNERABILITY ASSESSMENT OF EMBANKMENTS ... 209
3.1.3.1 Methods for deriving fraGility CUIVE ...........o...uuueeeieeeeeeeeeeeee ettt e e ettt aa e e e e e ettt e e e e e e e essasasaaaaens 209



This project has received funding
from the European Union’s

LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

movmin " prosne v. 1.0
grant agreement No. 700748

3.1.3.2 [0 o g o [ [ (o (= PP 211
3.1.3.3 INE@NISIEY MEASUIES....ccoeeeaeeeeee ettt ettt e e e e ettt e e e e e ettt e e e e e ssaastb e e e e eessassssaeeaeeeas 214
3.1.34 L0 Tl =T g o o [ = 215
3.14 NUMERICAL PROCEDURE TO DEVELOP FRAGILITY CURVES FOR EMBANKMENTS ......oovvveeeeeeiiieeaann. 216
3.14.1 (V21 o ol 1o Ta I o o ol=Te [V -SRI 216
3.1.4.2  Description of the numerical model used for the derivation of fragility curves...............cccceecvvvveeennen.. 223
3.1.4.3  Results Of NUMEIICAI ANQAIYSES...........coovueeeieieeieieeeee ettt ettt et ettt s s aeeenea e 230
3.1.4.4  Multiple Stripe Analysis and few examples of fragility CUIVES............cccccevveeeveirsiiesiieseeeee e, 232
3.1.4.4.1  ROGA @MBANKIMENTS ...ttt ettt ettt et st sat e st ettt et e e st e sae e beenseeneeanes 236
3.1.4.4.2  RAIIWAY @MBANKMENLS ...ttt ettt sttt s e st e st e s s s saeesneenas 239
3.1.4.4.3  FUIREI CONSIARIALIONS .......eeeeeeeeeieieeeee ettt ettt st e e st s e st e st a st esneesaeesneeeas 240
3.1.4.5  The use of Artificial Neural Networks for the assessment of fragility CUIVes .............ccccccvuveeevivveeecnnnnn. 243
3.1.4.5.1 Training data and Pre-proCeSSiNg...........ecueereeesueeeseeeiieeesee et et et sitesiteesite e stteesateesreeesaeeesrneenaeeens 244
3.1.4.5.2 ANN simulations: Regression and Classification teChNIQUE ...............cceeeecueeeescieeeeiiieeesiieeeeiieeesciens 247
3.1.4.5.2. 1 ANN 1€GresSSioN tECANIGUE .............vveeeeeeeeeeiieeee e e eeeectt et e e e es ettt e e e e e e ee st tasteaseeesisssssesaseeesssssseaasaanssises 248
3.1.4.5.2.2 ANN ClQSSifiCQtioN tECANIQUE ..........evveeeereeeeeeie e et eett e e ttee e ettt e e e ettt e e e taae e e st aaestsaaeeasssasassanaan 253
3.1.4.5.3  CONCIUSIONS ON ANN SEUAY ..ot te et e et e e et e e ettt e e e sttt e esasseaesasstaassssesesanstassanseeean 259
3.1.5 CONCLUSION ...ttt ettt sttt ettt et e at e st e st e ae e e et s atesatesueenae e st easeeanens 260
3.2 APPLICATION TO A CASE STUDY OF EMBANKMENTS - TURKEY ..ccceiiiiiiiiieeeeeeeeeeeee e 261
3.2.1 CARK CANAL SITE ...ttt ettt ettt s e st satesaeentenenanens 261
322 POLICE STATION SITE ..ottt ettt st satesne st enesane s 271
3.2.3 CONCLUSION ...ttt ettt ettt ettt et et et et e s bt e e e st s atesatesaeenaeeteeaseeanens 275
REFERENGCES......ce ettt ettt ettt e e e s e e e e e e e s s e b e e e e e e e s e s mabeneeeeesesanannraneeeaseess 275
4. VULNERABILITY ASSESSMENT OF MASONRY BUILDINGS USING HISTORICAL DATA......cccevveencrennns 279
4.1 INTRODUCGTION ..ceiiiiiiiiiiiiiitteee ettt ettt e e e s et e e e e s s e et e e e e e s s s s ebeaeeeeeeesaannreeeeeeesens 279
4.2 EMILIA EARTHQUAKE ...ttt ettt ettt et e ettt e e e e e ettt e e e e e e s nnbeeteaeeeesannnneneeeaeeans 280
4.2.1 RECONSTRUCTION PROGCESS ...ttt ettt ettt sttt sae et ene e e aaeens 280
4.2.2 DATA COLLECTION ON DAMAGED BUILDINGS .........cocvereeseieiieiieieeeeesieeseeete ettt 280
4.2.3 LIQUEFACTION INDUCED DAMAGE ...ttt 283
4.2.4 EMPIRICAL DAMAGE: US VS. LS BUILDINGS ........cooveeieeeeee ettt ea e 283
4.2.5 EFFECTS OF STRUCTURAL VULNERABILITY ON EMPIRICAL DAMAGE ........oooveeirireeseeeeieeeenen 285
4.2.6 PREDICTION OF REPAIR COSTS ..ottt sttt ettt sttt saeesne e enenanennnens 287
4.3 EMPIRICAL FRAGILITY CURVES ...ttt ettt ettt e ettt e e e e e e st e e e e e e e e sennneeeeeeaeess 287
4.3.1 DAMAGE GRADES ...ttt ettt e ettt et e e e ettt e e e e e e ettt et e e e eesassseeeaeeens 288



LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

fThis proj:ct has received ~funding infrastructures: deSCfiption and case studies
rom the European Union’s
Horizon 2020 ?esearch and V. 1_0
innovation programme under

grant agreement No. 700748

4.3.2 LIQUEFACTION INDICES .......ooooiiiiiiiiiiiii ettt 288
4.3.3 LIQUEFACTION FRAGILITY CURVES .....oooiiiiiiiiicicctt ittt 294
4.4 CONCLUSIONS ...ttt sba e s s a e s s b e e s sba e e e s eabae e e saraeee s 295
REFERENCGES. ... .ttt ettt ae e s s a e e s bt e e s aba e e e saba e e e saabaaeesanbaeee s 296
5. VULNERABILITY ASSESSMENT OF PIPELINES USING HISTORICAL DATA ....ccccciirtmuiirmennniinnenenssnnenens 300
51 INTRODUCGTION ..ctiiiiiiiiiiiitteee ettt st e e e e s s e et e e e e s s s bbb e et e e e e s s snrreneeeeeseas 300
5.2 LITERATURE REVIEW ... .ttt ettt e e e e nnree e e e e e 301
5.21 EGUCHI ET AL., 1991 ...ttt st 301
5.2.2 HONEGGAR ET AL., 1992 .....ooooiiiiiiiiiectti ettt s s s 307
523 NIBS, 2004 ...ttt et 307
5.24 EIDINGER, 1998 ....ueooiiiiiiiiiiiictectit ettt s et 308
525 O’ROURKE ET AL, 1998 ..ottt sttt sttt sttt 309
5.2.6 ISOYAMA ET AL., 20000..........ccovuiiriiiiiiiiiiiiiiiiiit ittt sttt sttt 310
5.2.7 ALA, 2001ttt 312
5.2.8 TERZIET AL, 2006 .........oooouviiiiiiiiiiiiiicciiic ettt 313
5.2.9 TERZI ET AL., 20007 ....uoouveeenreieirieeeeeeetieetee ettt e e s enaes 315
5.2.10 O'ROURKE, 2012.....cuooueeiiiiiiiiieiisiieiietetee sttt sttt sttt sttt esa e st 316
5.2.11 O’ROURKE ET AL, 2014 ..ottt sttt sttt sttt nae s 319
5.2.12 TOPRAK ET AL, 2004 ..ottt 321
5.2.13 SHERSON ET AL, 2015 .....uuvioiiiiiiitiicticce sttt s 322
5.2.14 TOPRAK ET AL, 2015 ...ttt 324
5.2.15 TOPRAK ET AL, 2017 oottt s 326
5.2.16 D. BOUZIOU ET AL., 2017 ....uuviiiiiiiiitiiii ittt st 327
5.2.17 O'ROURKE ET AL., 2018 ...ttt 329
5.2.18 TOPRAK ET AL, 2018 ...ttt 330
53 CHRISTCHURCH CITY CASE STUDY ..ciiiiiiiiiiiniiiiciiiiic ittt sans s 331
5.3.1 THE 2010-2011 CANTERBURY EARTHQUAKE SEQUENCE CES ........oooviiiiiiiiiiciiciic e 331
532 WIDESPREAD LIQUEFACTION MANIFESTATIONS DURING CES.......ccoveviiiiiiiiiciiicciiciiiceiic e 332
5.3.3 INDICATORS OF LIQUEFACTION SEVERITY ...ttt 337
534 DAMAGE TO WATER SUPPLY NETWORK IN CHRISTCHURCH DURING CES........ccccoovueviiiiiiiiiiciiccas 338
5.4 METHODOLOGY TO DEVELOP EMPIRICAL FRAGILITY CURVES FOR PIPELINES ......cccccoieeiriieeenee 343
5.5 CONCLUDING REMARKS ..cciiiititiiiiiiit ittt s saas e s saras e ssnae e 370
REFERENCGES......citiiiiiiiii ittt b e s a e e e b e e e e s b b e e e saabae e e sabaaee s 371
6. FINAL REMARKS.....cttutiiiimuniiiiiiniiiniiiiiiniitaiiintinniiitimnisiiieeasietensssistensssistessssistesssssstesssssssessssssssnnss 374



LIQUEFACT
Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
This project has received funding infrastructures: deSCfiption and case studies

from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

6.1 NOTES OF ONGOING AND EMERGING STUDIES........ccocomiiieiiiiiiiiiieeeeenn,
REFERENGCES.... oottt et rare e e e e
APPENDICES. ......cicteiiiiiieiiiiieeiiiireeiiiireeiiiienesisiesessistenessssiesesssstenessssrsnsssssasnanes
A.1 APPENDICES TO SECTION 2.9 ....oiiiiiiiiiiiiiiiiciieicrntc et
A-1.1 CALIBRATION OF THE SIMPLIFIED MODEL FOR THE SOIL SPRING ........ccccceeuveueunne.
A-1.1.1 Description of the FLAC 2D model and reSults........coccueeeeeeevsueevceencieeneenieeeieens
A-1.1.2 Results of model COlIDIATION .......ocueeeeeerieeeiiesieeeee st
A-1.2 CALIBRATION OF INPUT MOTION FOR FRAGILITY ANALYSIS ....coovvvririeieieieinne,
A-1.3 VALIDATION OF THE SIMPLIFIED MODEL FOR THE SOIL SPRING............cccccceveuuunee
A-1.3.1 MEENOUOIOGY .ttt sttt s e
A-1.3.2 Results of model ValidGtioN .........cccueeeecveeeeeiie e et see e tree e e etvaa e
A.2 APPENDICES TO CHAPTER 3 - SECTION 3.2 ...

A-2.1 PROPOSED FRAGILITY CURVES TRAFFIC EMBANKMENTS WITH PGA AS INTENSITY

v.1.0



This project has received funding

LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

v.10

LIST OF FIGURES AND TABLES

FIGURES

Figure 2.1: Different modelling approaches for soil-liquefaction-foundation-structure interaction............. 29
Figure 2.2: Soil, foundation and structure response from centrifuge experiment SHD02-04 adapted from
DI d =] o | A 710 0 ) RSP TRURRRRRN 30
Figure 2.3: Displacement-based Assessment with SFSI (Millen. 2016).......cccceviiriiiineeneenienieeieeieesieeniee e 31
Figure 2.4: RSN3317_2 motion (a) Response of Elastic systems (b) Time series and significant duration (from
Y LT =T A | TR 70 ) < ) PSR 32
Figure 2.5: Occurrence of response displacement of elastic systems (from Millen et al. (2018)).................. 33
Figure 2.6: Shift in response spectra due to site effects......ccvvcciieiicciii i 34
Figure 2.7: Rigid-body and differential movements of the foundation (taken from Millen, 2016)................ 36
Figure 2.8: Expected influence of differential settlements on the pushover response of a building............. 36
Figure 2.9: Problem domain and numerical MOdEl..........cccueiiiiiiiiiiciie e e 38
Figure 2.10: Bivariate Gaussian copula correlating beam height and span.........ccccoccviiiiiiii e, 39
Figure 2.11: Example of physical model of the reference structure........ccccevieciiiiieciei e, 41
Figure 2.12: Foundation-soil systems: (a) rigid foundation on bedrock; (b) rigid foundation on compressible
soil; (c) isolated footings 0N comMPressible SOil..........cocuiiiiiciiieccee e e et rae e e 43
Figure 2.13: Numerical model for cases (a) and (b) and detail of the beam-column joints configuration..... 44
Figure 2.14: Numerical model for structure with isolated footings.........cccceveiiiiei i, 46
Figure 2.15: Case study building and soil Profile............cooiiiiiciie e e e 47
Figure 2.16: Example of linear elastic Model reSPONSE.........eiiiciiiiiieiii e 50
Figure 2.17: Example of linear spring-damper sySte€m r&SPONSE ......c.uueieeeiiieeeeiiieeeeeire e eetee e eeieee e e ebee e e e eanes 51
Figure 2.18: Example of footings settlements for a linear spring-damper system.........ccccoceeeecieeeeccrieeeennee, 52
Figure 2.19: Model for vertical stiffness degradation...........ccoecieiiiiiiii i 53
Figure 2.20: Example of non-linear spring-damper SyStem FESPONSE ......ccueeeeeeirieeeeeirireeeeirreeeeieeeeeereeeeeeaeens 55
Figure 2.21: Example of footings settlements in non-linear spring-damper system.........cccccceecveeeeecrieeeennee. 56
Figure 2.22: Results with equal incremental settlements..........ccvei i 58
Figure 2.23: Results with random factors applied to incremental settlements...........cccceecvieeeeeiierccciee e, 60
Figure 2.24. Equivalent Soil Profile: definition of the three governing parameters...........ccccceeecveieeecrieeeennee. 62
Figure 2.25. Different real soil profiles with distinct CRR profiles but identical LSN value...........c.ccccuueeenn.eee. 63
Figure 2.26. Different building widths and soil Profiles .........cccccuiiiieiii i e 63
Figure 2.27. Influence of crust properties on bearing Capacity ........ccoceeieeciieieeiiee e e 65
Figure 2.28. Parametric acceleration response spectra (ARS) ratios.......ccccueeveueeeirieerieeecie e cree e 66
Figure 2.29. Procedure to implement the CRR-fitted method..............cccooiiiiiiiii e, 68
Figure 2.30. Equivalent soil profile classification: a) range definition; b) classes.........ccccocviiiieciiiicciiecenee, 69
Figure 2.31. Example site, around Sullivan Park (Christchurch), where 100 CPTus were selected ................ 70
Figure 2.32. Case study single profile classified ... 71
Figure 2.33. Equivalent soil profile distribution for the example site.......cccccevviieiiiiciiicc e, 72

Figure 2.34.

Earthquake
location of

a) Epicenter locations and faults of the seismic events characterizing the 2010-2011 Christchurch
Sequence (as at June 2011). Projected surface locations of major blind faults in yellow and

mapped surface ruptures in red. (b,c,d) Example of liquefaction-induced damage on buildings,
9



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

road and networks. Major cracks with ejecta sands (b) affected residential houses and infrastruvture (c,d).

Figure 2.35. Summary scheme of the available investigations in the New Zealand Geotechnical Database.
Thanks to the data sharing between a huge number of data owners, who have approved the publication of

their factual geotechnical data, the NZGD is continuous updated. ...........cceecvieieiiiiieeciciiee e 74
Figure 2.36. a) Available specific scenario (the 22 FEB 2001 Mw 6.2 Christchurch Earthquake) Shakemap; b)
Map of the Groundwater Table depth (from the NZGD). ......coccviiiiiiiiieecee e e 75

Figure 2.37. a) The histograms show that the equivalent soil profile method is globally adequate in the
schematization of real profiles: in fact, of the 8 200 tests analyzed for the Christchurch case study, only 1.2%
need further engineering evaluations; b) Considering the Std_normed_error (evaluated as Std Normed Err=
Normed error*20/Max depth. ) the percentage of CPTs showing an error greater than 0.15 becomes around
L. e 76
Figure 2.38. The Map shows the position of the CPTs with an average error greater than 0.15. Most of them
are located in the South of the City, while no further assessment is required in the so called “Red Area” along
18 TS ANV T o I 1 V=Y PSR 77
Figure 2.39. The Map shows the position of the CPTs with an average error greater than 0.15. Most of them
are located in the South of the City, while no further assessment is required in the so called “Red Area” along

TNE AVON RIVET. ..ttt ettt ettt ettt e s bt e s bt e e s bt e s bt e e sabeesabeeesabeeeabae e abeesabaeesabeesabeesnteesabeeesneas 77
Figure 2.40. Example of CPT for which the equivalent soil profile method is consistent with the real soil profile
(INLCE.RDL05). teeueeeieesieeete et et e stee st e st st e b e ebeesbeesaeesaeesnteebeesaeesasesasesabeenbeenseesaeesaeesaseenteenbeesseesasesasesnseenseenseennns 78
Figure 2.41. Example of CPT profile showing a quite good agreement between the equivalent soil profile and
the real 0Ne (0.05<N.E.SO.15). woiiiiiiieiee ettt ettt ete e et e e et e e e tve e eate e eeteeesabeeebeeeesseesbeseasseeenteseaseeesbesenseeas 79
Figure 2.42. CPT_220 represents an example of profile where a specific engineering evaluation is required.
(028 2 V0 TSP RUPRRUPSP 80

Figure 2.43. Liquefaction-induced land damage observations across Christchurch after the February 2011
earthquake, with the February 2011 magnitude-weighted equivalent Mw = 7.5 PGA contours overlaid (van

Ballegooy, 2014 after Bradley & HUENES, 2012)....ccccuuuiiiiiiiiieciiieee ettt e e sivee e s e e e s savae e e araee s enres 81
Figure 2.44. Statistical distribution of each equivalent soil profile.........cccoeviiiiiiicciiie e, 82
Figure 2.45. General overview of the ESP spatial distribution. It can be observed that many of the weak and
moderate profiles are located along the two Rivers of the City. .......ccccoeeeiiiiiciiie e 83
Figure 2.46. Histograms of the ESP parameters and comparison of LSN from ESP and CPT............cc.cc........ 84
Figure 2.47. Digital Elevation Model (on the left) shows that the district of S. Carlo is located along f the old
Reno River Paleochannel. Geological features of San Carlo area (on the right). .........cccoeeiiiiiiiiiiccen e, 85

Figure 2.48. a) Summary scheme of the available investigations in the Emilia Romagna Region Geotechnical
Database; b) available CPTs (around 1000) and boreholes ( =200) in the whole S. Agostino and Mirabello

00T a1l T o 11 4 2SR 85
Figure 2.49. a) Available specific scenario (the 22 FEB 2001 Mw 6.2 Christchurch Earthquake) Shakemap; b)
Map of the Groundwater Table depth (from the NZGD). .....ccocuiiiiiiiiiiiecee e 86

Figure 2.50. a) Histogram of the ESP normal error; b) Histograms of the ESP Std_normed_error
(Std Normed Err = Normed error * 20/Max depth) show that the ESP_method performs well for all
18 1SIE L T 1LY AT =T I o SR 87
Figure 2.51. The Map shows the position of the CPTs available in the S. Carlo district .......ccccocoeviiriierennnnee. 88



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

This project has received funding

from the European Union’s
Horizon 2020 research and Vv 1 0
innovation programme under

grant agreement No. 700748

Figure 2.52. Liquefaction-induced land damage observations across S. Carlo district after the 20 May 2012
LT [ oo (U= LU 88
Figure 2.53. The statistical distribution of each equivalent soil profile is here shown; most of the analyzed
CPTs highlights the widespread presence of a thin/midsize, deep and law resistance three strata egivalent

SOIl Profile (48% Of @ll the CPTS). ..uviiiieiiiie et e e e e et e e e s et e e e e ebteeeeebteaeesstaeeesntaeeeaans 89
Figure 2.54. General overview of the ESP spatial distribution.........cccccoveiiiiiiii e, 90
Figure 2.55. LSN vs equivalent soil profile classes at different seismic demand levels..........ccccceeeeerierennnnee. 91
Figure 2.56. Liquefaction severity vs equivalent soil profile class for different levels of seismic hazard....... 92
Figure 2.57: Numerical model of Dashti centrifuge teSt......ccviveciiiiieiie e 95
Figure 2.58: Motions applied in the numerical model of centrifuge experiments.........cccoceeeeceriiccieeeenee, 96
Figure 2.59: Comparison between numerical and experimental values of settlements of the building........ 98
Figure 2.60: Comparison between numerical and experimental settlement for the experiment T3-30 ....... 98
Figure 2.61: Comparison between numerical and experimental values of pore pressure..........cccccecuveeennee. 99
Figure 2.62: Comparison between numerical and experimental pore pressure for the experiment T3-30 .. 99
Figure 2.63: Comparison between numerical and experimental response spectra of the surface acceleration
TR =1 T« ) USRIt 100
Figure 2.64: Surface acceleration (free-field) comparison for the experiment T3-30.........cccceevcveeeiveenneenns 100
Figure 2.65: Surface acceleration (free-field) comparison for the experiment T6-30.........ccceeevveeeiveerneenns 101
Figure 2.66: Pore pressure time series for two different Cases .......cccveeieciieeeeciiee e 102
Figure 2.67: Relationship between normalised dissipated energy and CSRy (Kokusho, 2013) ................... 106
Figure 2.68: Calculation of NSE graphiCally......cccueiiiiciiii ittt e e st e s s nrae e 107
Figure 2.69: CSR from element tests versus equivalent SPT blow count..........cceeeeeciieeieciiee e 109
Figure 2.70: Ground motion SDOF reSpONSE SPECEIA....uiiiicuiiiiiiiiieeiiiieeeeeiteeeeeetteeeessreeeeessrteeesssareeesssssaeeesans 111
Figure 2.71: Element tests results for the Cas@ 37 ..ot sree e s arae e 116
Figure 2.72: Equivalent number of cycles time series (a) and acceleration base record (b) for the case 37117
Figure 2.73: Normalised dissipated energy time series for the case 37 .......ccovciveeivciieiiccieee e 118
Figure 2.74: Normalised strain energy time series for the case 37.......cccoocveiieciiii e 118
Figure 2.75: Pore pressure ratio predicted by each method for the case 37 ......cceeecieiiecieec e, 119
Figure 2.76: Accuracy of the methods in terms of pore pressure ratio (r,) and time to liquefy (tig): a) SBM; b)
1] =12 120
Figure 2.77: 2D Flac Model CONSIAEIAtiONS .......uvuiieieiiiiiiieeee ettt e e e e e e e e ee e rre e e e e e e s ernrraeeeeaeeeas 124
Figure 2.78: Calibration of the factor in EQUAtiON (2.64) .....c.ueeccueiiiieiiieeeciee ettt esire s re e e eaaeeereens 126
Figure 2.79: Clay theoretical tau gamma backbone............oooiiiii e 129
Figure 2.80: Comparison between numerical and analytical results of total settlements...............ccuueee.... 130
Figure 2.81: Comparison between numerical and analytical settlements for Soil Profile: 8 — Foundation: 1 —
Ground motion: 2— Scale fAaCtor: 0.25 ......ooiiie e ee e e e te e e e e ae e s te e s re e e snbe e e reeerraeeenreeennaes 131
Figure 2.82: Comparison between numerical and analytical settlements for Soil Profile: 8 — Foundation: 1 -
Ground motion: 2—Scale factor: 0.25 .....oiiiiiiiiieiee ettt sba e e sate e sbeeenaae s 132
Figure 2.83: Natural seismic isolation due to liquefaction........ccccevivciiiiiiciiii e 133
Figure 2.84: Standing wave modes that cause site amplification........cccoecvvieiiriiiir e 134
Figure 2.85: Site amplification in liquefied dePOSit.......cccccuiiiiiiiiii i 135
Figure 2.86: Two a frequency harmoniC SIZNAl .......oocuiiiiiiiiiiiee e s srree e eans 137



This project has received funding

LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

v.10
Figure 2.87: Stockwell transform of two a frequency harmonic signal .........ccccovveiieiiiee e, 138
Figure 2.88: Stockwell transform of two a frequency harmonic signal .........ccccovveiieiiii e, 138
Figure 2.89: Two a frequency harmoniC SIZNAl ......coccuiiiiiiiiiii e aree e 139
Figure 2.90: Influence of liquefaction on surface acceleration.........ccceeeeciieeicciiee e 140
Figure 2.91: Transfer functions for Stockwell transfer function method ...........ccccoecieiiiiiiiii i, 141
Figure 2.92: Stockwell explain@d eXamPIE ....cciuiiii i st e e s s e e s s nraeeesans 142
Figure 2.93: Comparison of time series for STF Method.........cccuveiieiiiie e 143
Figure 2.94: Comparison of spectral quanties for STF Method.........ccceeeeciiii e 144
Figure 2.95: Comparison of time series for STF method - late liquefaction .........cccocvveiiiiiiiiiiiiicees 145
Figure 2.96: Comparison of spectral quanties for STF method - later liquefaction.........cccccoeeeiiiiriiinnnans 146
Figure 2.97: Location of Pieve di Cento: a) within Italy map; b) geological map of the region (in blue is
represented the fine-grained deposits and in yellow sand deposits from Appenninic rivers ...................... 147
Figure 2.98: Location of Pieve di Cento (indicated by a star) and 35 km long segment in the Po Plain where
deep downhole investigations were made (after Minarelli et al., 2016) ......cccceeeeiuvereeiivereecireeeeccreee e 148
Figure 2.99: Logic tree of inputs and modelling deCiSIONS ........ccviiiiiciiie i 149
FIUIE 2.100: CPTU FESUILS. ..vviiiieiiiee ettt e eecte e eette e e e ette e e eette e e e e bee e e e ebteeeeebteeesasteeeeassseeeeassesassassasassassanansnns 150
Figure 2.101: Soil profile 1 from CPTU L......uuiiiiiiiie ettt et e e et e e s s sate e e e ssareeeesbteeessneaeaesans 150
Figure 2.102: Soil profile 2 from CPTU 2......euiii ettt et e st e e e s sbte e e e s sata e e e ssbteeessntaeeesans 151
Figure 2.103: Soil profile 3 from CPTU 3.......eiii ettt ettt e et e e e e tte e e e e eate e e e seateeaeenreeeeensanaeeans 151
Figure 2.104: Soil profile 4 from CPTU 4. .....ueiiiieee ettt ettt e e et e e e s ebte e e e ssateeeesbtaeessasraeeesans 152
Figure 2.105: Soil profile 5 from CPTU 5. . ..uiiii ettt e e s e e e s sate e e e ssbtae e s sntaeeesans 152
Figure 2.106: Unit weight (Vary) for the 5 s0il Profiles .........ccueeecieiciiiceeeecece e 153
Figure 2.107: Maximum shear modulus (G=Gmax) for the 5 soil profiles........c.ccceecveeiiiercieiicieecee e, 153
Figure 2.108: Permeability (ki) for the 5 soil Profiles .........ccueeeciriiiieciee e 154
Figure 2.109: Relative density (Dr) for the 5 soil profiles.........cccveeieciiie e 154
Figure 2.110: Undrained strength (Sy=cy) for the 5 soil profiles. .......cccceeeciieciieciie e 155
Figure 2.111: Calibration of factor value to calculate the input shear stress in numerical models ............. 159
Figure 2.112: Histogram of the maximum pore Pressure ratio .........ccceeeecieeeeeciieeeecieeeeeereeeeesireeeeesareeeeeans 161
Figure 2.113: Settlement rESUILS ....cci i et eb e e e sbt e e e e e bte e e e earaeeesnsaeeesans 161
Figure 2.114: Physical model of the reference struCtUre.......coccuveeeeciiie et 162
Figure 2.115: Performance measures versus peak intensity MeasUres.........cccocveeeeecieeeeecieeeeecreeeeecreee e 163
Figure 2.116: Performance measures versus cumulative intensity measures..........cccccceevcviveeiecieeeeecivee e, 164
Figure 2.117: Fragility curves for peak intensity MEaASUIES........c..ceiieciiieieciiee ettt earee e 165
Figure 2.118: Fragility curves for cumulative intensity MEaSUIES...........ccccvieeieiiieeeeiieee ettt 165
Figure 2.119: influence of load redistribution MOdel ...........cooviiiiiiiiiii e 167
Figure 2.120: Influence of settlement MOEL..........coccuuiii i ittt e e e et e e e 168
Figure 2.121: Influence of pore pressure build-up Method..........ccooviiiiiiiiiii e 169
Figure 2.122: Influence of surface ground motion Method...........cccccuviiiiiiiii e, 170
Figure 2.123: INTlUENCE OF CPT ....eiiiiiiiiee ettt ettt e e ettt e e s sbe e e e s sbee e e s sbeeeessbeeeessastaeessassaeessnns 170
Figure 2.124: Influence of Sround Water I8VEl........oouiiii i sarae e eans 171
Figure 2.125: Processes of the method for Rapid Risk Identification (RRI) of soil liquefaction and structural
Lo F=Y 00 T (TR SEER 173

12



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

Figure 2.126: Schematic presentation of the simplified model for soil-structure interaction (SSI) with
(ool et [o [T FuToTa o) il [To TUT=Y =T u o o VAU 174
Figure 2.127:Pushover curve, idealized pushover curve and force-displacement relationship of the equivalent
SDOF model of the structure (left), and (right) the corresponding moment-rotation relationship of the
equivalent SDOF model of the STFUCTUIE. .........oi i e et e et re e e e aaeee s 176
Figure 2.128: Moment-rotation relationship of the inelastic SOl SPriNg. ......ccovciviiiriiieiiicie e, 176
Figure 2.129: Schematic presentation of the procedure for simulation of the degradation of strength in case
liguefaction is triggered for a given ground MOTION. .......cccuiiiiiciiie et e e e e earee e e e araeeeeans 176
Figure 2.130: Assumed distribution of forces for computation of foundation ultimate moment capacity. 178
Figure 2.131: Mechanism of bearing capacity of two-layer soils according to Meyerhof and Hanna (1978): a)
strong layer overlaying a weak layer, and b) weak layer overlaying a strong layer.........ccccceevveeeeivveecnnneenn. 178
Figure 2.132: Relation between elastic and nonlinear rotational stiffness of strip foundations according to
Y=y I A= | T 7 1 ) TS 180
Figure 2.133: Schematic presentation of the Kramer’s et al. (2016) procedure for time-dependent and

ground-motion dependent triggering of liquefaction. ........couoiiiiiii 181
Figure 2.134: Estimation of the equivalent number of cycles of a signal using the peak counting method and
the mean of the DSS+ and DSS- normalization curves according to Liu et al. (2001). ......cccceeecveeeviveerreenee, 183
Figure 2.135: Proposed model for the degradation of strength due to liquefaction. .......cc.ccccccvviiiiinennns 185

Figure 2.136: Example of (left) the relationship between the foundation moment capacity and the pore
pressure ratio in the liquefiable layer for different thicknesses of the non-liquefiable crust and (right) the
relationship between the pore pressure ratio and the degraded friction angle of the liquefiable layer..... 186
Figure 2.137: Cumulative rotation-settlement relationship based on FLAC analyses for liquefaction (blue
color) and non-liquefaction cases (red color). The proposed settlement — cumulative rotation relationships

are presented With dashed [INES. ......ooiiii e e e st e e e re e e e s bbae e s aaeeees 187
Figure 2.138: Geometry and characteristics of the investigated case study example. ........ccccoceveeeeiiienenns 189
Figure 2.139: Force-displacement relationship and the corresponding equivalent moment rotation
relationship of the SDOF model of the bUilding. .....ccccuvviiieiiiii e 190
Figure 2.140: Moment-rotation relationship of the inelastic sOil SPriNg. .......ccccvvvviieciiieiiecee e, 190

Figure 2.141: Comparison of seismic hazard curve from SHARE hazard data (Giardini et al., 2013) for the
selected locations: Benavente (red) and DUsseldort (BIUE). ......cccueeieeciiiee e e 191
Figure 2.142: Acceleration response spectra (5% damping) of the selected set of ground motions (GMs) used
Lo TR A 2= T4 1LV T T 1LY A 1P 191
Figure 2.143: Schematic representation of the definition of limit states related to structural damage...... 192
Figure 2.144: Fragility curves for designated limit states (left) and the liquefaction fragility curve (right)
obtained based on the assumption of lognormal distribution of the fragility function (thin lines) and based
on the empirical CDF (ThiCK [INES). ...eii ittt e et e e et e e e ta e e e e aae e e e e sreeeeennseeans 194
Figure 3.1: General procedure for deriving numerical fragility curves for road elements (SYNER-G, 2011).211
Figure 3.2: Naruse River Levee site location with damaged levees and epicentre marks (Takahashi and Sugita,
2009 - MOGITIEA). .reieieiiiee ettt ettt e e ettt e e e et e e e e e etbeee e e teeeeeeatreeeeeastaeaesassaeaesassaeaesassaeaesassanaesnns 217
Figure 3.3: Cross section of Naruse river levee and locations of sensors (Takahashi and Sugita, 2009)...... 218
Figure 3.4: Borehole data and SPT-N value distribution — Naruse river levee (Takahashi and Sugita, 2009).



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

This project has received funding

from the European Union’s
Horizon 2020 research and V. 1_0
innovation programme under
grant agreement No. 700748
Figure 3.5: Numerical model of Naruse rver IEVEES. .......cccuuuiiiccieie ettt e e e et e e e nraee e 219

Figure 3.6: Recorded acceleration time history at the top of base layer — Naruse river levee (Cubrinovski,
Figure 3.7: EPWP in the unimproved zone: recorded and calculated values by Cubrinovski (2011) and from
FLAC analysis (model: FLAC m1)
Figure 3.8: EPWP in the unimproved zone: recorded and calculated values by Cubrinovski (2011) and from
FLAC analysis (MOAel: FLAC M2). .ciiiiiiieieiiieeeetee ettt e e et e e e tte e e e etee e e e tee e e e eateee e eeataeeesnbaseeesnseneeeanseneeennsens 222
Figure 3.9: EPWP in the SCP zone: recorded and calculated values by Cubrinovski (2011) and from FLAC
analysis (model: FLAC m1)
Figure 3.10: EPWP in the SCP zone: recorded and calculated values by Cubrinovski (2011) and from FLAC

T A A N (g T Lo [ N o Y Ol ' O S 222
Figure 3.11: a) Crest settlement and b) horizontal displacement at left toe — Naruse river levee (FLAC models).
....................................................................................................................................................................... 223
Figure 3.12: Geometry variations for parametric study of embankment..........ccccevviiieiiniiee i 224
Figure 3.13: Spectra of used ground MOLIONS. .......coiiciiiiiiiiee e s esarae e eans 226
Figure 3.14: Numerical MOdel in FLAC. .......ouiii ittt ettt ettt e e et e e e e ebte e e e sata e e e sataeeesntaeeesntanaesans 228
Figure 3.15: Locations of time history POINES........ciiiiciiii i e sarae e e 230
Figure 3.16: Typical embankment displacements.........coiivuiiiiiiciiii e sarae e e eaes 230
Figure 3.17: a) Pore water pressure ratio (Ru) at final calculated state and b) maximum Ru during analysis.
....................................................................................................................................................................... 231
Figure 3.18: Correlations with vertical displacement at central top point of embankment. ...................... 232
Figure 3.19: Multiple stripe analysis procedure for derivation of »ds2« fragility curve — case H4B24-S5. .. 233
Figure 3.20: Fragility curves for different crest widths (road embankments). ..........cccceeeeiiiieeiieeecieecieenns 237
Figure 3.21: Fragility curves for different embankment height (road embankments). ......cc.ccovveervvrcirrnnnn 237
Figure 3.22: Fragility curves for different soil profiles (road embankments). .........ccccceereiiieeieciiee e, 238
Figure 3.23: Fragility curves for different relative density of liquefiable sandy layer (road embankments).238
Figure 3.24: Fragility curves for different crest width (railway embankments). .......cccccoovvveviieiieeecieecneenns 239
Figure 3.25: Fragility curves for different embankment height (railway embankments)..........ccccccecveeia. 239
Figure 3.26: Fragility curves for different soil profiles (railway embankments). ........c.ccccoveviieiiieeiieccneenns 240
Figure 3.27: Fragility curves for different relative density in sandy layer (railway embankments).............. 240
Figure 3.28: Crest deformation shapes for crest widthB=6mand B=24m. .....c.cccoeeeriiireeciiiieeeecieee e, 241
Figure 3.29: Fragility curves based on horizontal displacements - at crest and medium dense soil............ 242
Figure 3.30: Fragility curves based on horizontal displacements - at ground level and medium dense soil.242
Figure 3.31: Fragility curves based on horizontal displacements - at crest and loose soil. .........cccvvveeeeeen. 242
Figure 3.32: Fragility curves based on horizontal displacements - at ground level and loose soil................ 243
Figure 3.33: Predicted versus true results on the 20 % of the data as test set. .....cccccevvciiivieercencccieeriees 248

Figure 3.34:

percentage
randomly
Figure 3.35
percentage

Evaluation diagram for data set 1. Graphs show the performance of ANN with respect to the
of data included in training set (D:/D). Subdivision into training and testing data set is made

: Evaluation diagram for data set 1. Graphs show the performance of ANN with respect to the
of data included in training set (D:/D). Subdivision into training and testing data set is made

14



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

This project has received funding

from the European Union’s
Horizon 2020 research and Vv 1 0
innovation programme under

grant agreement No. 700748

randomly under condition that all data points from single FLAC analysis are included either in training or in

RS AT aY <o - = Y <) PSR 249
Figure 3.36: Fragility curve fitting parameters p and o for unseen geometry and regression technique. .. 250
Figure 3.37: Examples of fragility curves for unseen geometry and regression technique........c.ccccecvveennes 251

Figure 3.38: Examples of ANN predictions of embankment settlement by regression technique for unseen
F= =0 0 1= o Y75 252
Figure 3.39: ANN predictions of embankment settlement by regression technique for data sets 2 and 3 based
0N training With data SEE L. .....iii i e e e e e e et e e e s ta e e e e bree e e s breeeeaaaeees 252
Figure 3.40: ANN predictions of embankment settlement by regression technique for unseen geometry. Left:
prediction for data set 3 based on training with data sets 1 and 2. Right: prediction for data set 2 based on

training With data sets 1 and 3. ... e e e e e e e e s e e e e aree e e enrees 253
Figure 3.41: Fragility curve fitting parameters 1 and 6 — unseen random samples and classification technique.
....................................................................................................................................................................... 254

Figure 3.42: Examples of fragility curves p and ¢ — unseen random samples and classification technique.255
Figure 3.43: Fragility curve fitting parameters p and o — unseen geometry and classification technique. . 256
Figure 3.44: Confusion matrices for highway embankment damage states - predicting both new data sets
(oY= o A <) TSROt
Figure 3.45: Confusion matrices for railway embankment damage states - predicting both new data sets

(oY= o A <) TRt 258
Figure 3.46: The 10Cation Of the SITES. .....cicciiii it e et e e e et e e e eeate e e e eateeeeenraeaeeaes 261
Figure 3.47: Map of Adapazari showing the location of Cark and Sakarya Rivers, Cark Canal site and CPT Line
1 (Bray et al. 2001, Youd et al. 2009). .......eeeeeeiieeeeiiiee e 262
Figure 3.48: Plan view of the CPT tests and the boreholes (Bray et al. 2001). ........cccoeeeeeiiieeeeciiee e, 263
Figure 3.49: gc and Ic profile of SCPTU 1-24.........uiiiiiieie ettt ettt et e e e staee e e s sate e e e s ara e e s snraeeeeans 263
Figure 3.50: Section view of the river embankment and soil profile (Youd et al. 2009). .........ccccveeeecveeennnes 264
Figure 3.51: General cross section view with; soil stratification, soil type and the groundwater level (Bray et
Al 2000, ettt e e e e b e e e te e e bt e e eabe e st e e e bt e e e bee e b ae e hbe e e baeenabeesbaeeaateesbaeenaaean 264
Figure 3.52: A north to south view of the canalized river (Bay and Cox 2001, Photo by Brady Cox). .......... 265
Figure 3.53: Current (November 2018) view of canal from the bridge. ........cccceeeviiiiieici e, 265
Figure 3.54: Actual and idealized section and soil profile of the canal case.........ccccoveeirciieeiicciee i, 267
Figure 3.55: Fragility curve used for the Cark Canal Case. .......ccccueiiieciiie it 267
Figure 3.56: Numerical model of the Cark Canal Site.........ccveiieciiiiiiiiiie e 268
Figure 3.57: PM4Sand model results with the parameters given in Table 3.25...........cccocvviiiiiieiiciiieeens 269
Figure 3.58: ru values at the end of the dynamic model. ..........ccoeiiiiiiiiieiiie e 270
Figure 3.59: Vertical displacement profile at the embankment crest. .........cccoeciviiiiciiiicce e, 270
Figure 3.60: The effect of embankment slope (a) 1V:1H and (b) 1V:2H in terms of total displacements.... 271
Figure 3.61: Ground displacement map observed at the Police Station site (Cetin et al. 2004). ................. 272
Figure 3.62: Ground displacements in the will (embankment) (Cetin et al. 2004)........cccccoveeeiviieieeiineeens 272
Figure 3.63: Soil profile is presented by CPT-PS-2 and SPT-PS-2 (Cetin et al. 2004)..........cccceeeeviveeeriineeens 273
Figure 3.64: SPT-PS-2 borehole data (Cetin et al. 2004). .....c.ueeeieeieieecee e e e sree e ens 273
Figure 3.65: Fragility curve for crest of the embankment at loose sand. .......ccccvevieciiiiiiciiee e, 274
Figure 3.66: Fragility curve for the bottom of the embankment at loose sand.........ccccceeeeveeiiiiieeiicineeens 275

15



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

Figure 4.1: ShakeMap (http://shakemap.rm.ingv.it/shake/index.html) representing the spatial distribution of
peak ground acceleration (PGA) and the buildings affected by liquefaction (a); San Carlo (b) and Mirabello (c)

dataset With SE0I0ZICAl MAPS. ..cciiviiiiiiie e e e st e e s ta e e e s abae e e s s breeessnreee s 281
Figure 4.2: Distribution and cumulative percentage of the buildings as a function of the construction age (a),
number of stories (b) and average story surface area (C). .c.ccvvvecieeeieciiee e 282
Figure 4.3: Damage induced by liqUefaCtioN.........coiiiiiiii i e e 283
Figure 4.4: Section 4- AeDES form: Damage to structural elements and existing short term countermeasures
....................................................................................................................................................................... 284
Figure 4.5: Vertical structure C-DPMs: US class (a); LS class (D). .eeccveeiieeeiieecieeeieeccree e e 284
Figure 4.6: Mean empirical damage as a function of the vulnerability categories of buildings. .................. 286

Figure 4.7: Minimum, Zmin, and maximum, Zmax, depths of the uppermost saturated, potentially liquefiable,
011 I 51T ST 291
Figure 4.8: Minimum depth isolines of the first potentially liquefiable soil layer under the surface, zmin (in
meters), superimposed on the geological map, vs. the observed building damage induced by liquefaction (red
symbols) in the municipalities of S. Carlo (@) and Mirabello (b). ......cceeciieeciiiec e, 293
Figure 4.9: Iav index isolines superimposed on the geological map, vs. the observed building damage induced
by liquefaction (red symbols) in the municipalities of S. Carlo (a) and Mirabello (b)......c..ccccoeeveiereiieeineens 293
Figure 4.10: Geological map with Iam values adopted for the municipalities of S. Carlo (a) and Mirabello (b).

Figure 4.11: Lognormal and exponential fragility curves (solid lines) fitting observed fragility data (circles) for

all the buildings and the adopted regression techniques (MLE and LSE). ........ccceeeveeeciierieeciiee e 295
Figure 5.1: Earthquake vulnerability relationships for underground pipelines in liquefaction areas (Eguchi,
L i T USSP 307
Figure 5.2: Ground Deformation Damage Model for Cast Iron Pipes by HAZUS (NIBS, 2004) ..........c.cc....... 308
Figure 5.3: Pipe repair-rate fragility curve versus permanent ground deformation (Eidinger, 1998).......... 309
Figure 5.4: Distribution of Cl Repair Rate and Ground strain (T. O'Rourke S. T.-S., 1998) .......ccccvvevrvrerreenns 310
Figure 5.5: Correlation between Ground Strain and Cl Repair Rate (T. O'Rourke S. T.-S., 199) ......ccccceunene 310
Figure 5.6: Relation between PGA and damage rate of CIP (R. Isoyama, 2000)........cccccceeecveeeeecieeeeeiveeeennns 311
Figure 5.7: Relation between PGV and damage rate of CIPb (R. Isoyama, 2000).........ccccceeevvrercreeeiveerireenns 311
Figure 5.8: Relation between PGA and damage rate of DIP (R. Isoyama, 2000)........cc.ccceeeiveeeeecvereeecveeeennns 312
Figure 5.9: Relation between PGV and damage rate of DIP (R. Isoyama, 2000)........cccceceeeeireeeeesveeeeesveeeennns 312
Figure 5.10: Analytical fragility curve for different width of liquefied zone (V. Terzi M. A., 2006) .............. 315
Figure 5.11: Comparison of empirical and analytical fragility curves (V. Terzi M. A., 2006) ...........ccccvveennne. 315
Figure 5.12: Comparison of empirical and analytical fragility curve (V. Terzi M. A., 2007) .....ccccovveeecreeeenns 316
Figure 5.13: Repair Rate vs. angular distortion of AC, Cl and PVC pipelines for Christchurch earthquake (T.
O'ROUIKE 5.5, ., 2002) ettt ettt e e ettt e e e et e e e e e ttaeeeeaabaee e e staeeesasassasanssesasanssaeasanssaeasanssaeans 317
Figure 5.14: Repair Rate vs. lateral ground strain correlations for different pipe materials (T. O'Rourke S.-S.
ey 2002 ittt ettt ettt e st e e e b et e st e e e hee e e atee e b ae e s beeebee e atee e beeenabeeebeeenaeeesabeeenareenns 318
Figure 5.15: Repair Rate vs. lateral ground strain and Angular distortion of AC pipelines for Christchurch
earthquake (T. O'ROUIKE S.=S. J., 2012) ...ooi ittt ettt e et e e e et e e e e s aa e e e e e abee e e aaseeeeessaeasensaeans 318
Figure 5.16: Repair rate vs angular distortion of (a) AC, (b) Cl, (c) PVC water pipelines for the 22nd February
earthquake (T. O'ROUIKE S.=S. J., 2014) ...ooe et ettt ettt e e ettt e e et a e e e e e aa e e e e e aaee e e aaseeeeessaeasenseeans 319



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

Figure 5.17: Repair rate vs angular distortion of (a) earthenware(EW), (b) reinforced concrete rubber
ring(RCRR), (c) concrete(CONC) wastewater pipelines for the 22nd February earthquake (T. O'Rourke S.-S. J.,

2004) et e e e ettt e et e —eeeeeat——eeeaatbeeeeaat—aaeeaa—ataeeaatbaaeeaatbaeeeaatbaeeeaatbaeaeeattaeaeeaaraeaeeasraeeeanns 319
Figure 5.18: Repair rate vs lateral ground strain of (a) AC, (b) Cl, (c) PVC water pipelines for the 22nd February
earthquake (T. O'ROUIKE S.=S. J., 20L4) ...ooeieiiee ettt e et e e e et e e e e s bt e e e e bt e e e s asaeeeeaasreeesennreeens 320
Figure 5.19: Repair rate vs Lateral Ground Strain of (a) earthenware(EW), (b) PVC and UPVC wastewater
pipelines for the 22nd February earthquake (T. O'Rourke S.-S. J., 2014) .....ccoovciiieieiiiee e 320
Figure 5.20: Comparison of repair rate vs angular distortion and lateral ground strain UPVC wastewater
pipelines for the 22nd February earthquake (T. O'Rourke S.-S. J., 2014) .....ooouieeiiie e 321
Figure 5.21: Repair rate vs. lateral strain, and angular distortion for AC and Cl pipelines (T. O'Rourke S.-S. J.,
2004) . e et eeetbe e e e eet—— e e e et baa e e et baae e et aaaeeaatbaaeeaatbaeeeaatbaaeeaatbaeaeeatraeaeeaabaeeeeaaraeeeaans 321
Figure 5.22: Repair Rate values obtained from LiDAR and air photo measurements (S. Toprak E. N.-S., 2014)
....................................................................................................................................................................... 322

Figure 5.23: Christchurch water and wastewater pipes break rates for the different combinations of pipe
material and size, calculated for different shaking intensity levels and ground liquefaction susceptibilities.
Small wastewater pipes are smaller than 150mm and small water supply pipes are smaller than 100mm (A.K.

SIEISON, 2015 ) eiiiieieieiiieee ettt e ettt e ettt e e eette e e eeetaeeeeeetbaeeeeeabaee e e sbaeeeeatbaeeeeaataaeeeaaaeeeeaaaaeeeantreeeeatreeeeatreeenn 324
Figure 5.24: Repair Rate vs Lateral Strain relationships for AC pipes (S. Toprak E. N.-S., 2014) .................. 325
Figure 5.25: Repair Rate vs Lateral Strain relationships for Cl pipes (S. Toprak E. N.-S., 2014)................... 325
Figure 5.26: Repair Rate vs Angular Distortion for AC and Cl pipes (S. Toprak E. N.-S., 2014)...........ccc....... 325
Figure 5.27: Repair Rate vs LSN for Cl pipes (S. Toprak E. N., 2017) ...ccceeecieeiiieeeiiee e eeiee e esveeeciveesvee e 326
Figure 5.28: Repair Rate vs LSN for PVC pipes (S. Toprak E. N., 2017)..ccccccriieieiiiieeecieeeeecieeeeecireee e ecireee e 327
Figure 5.29: Repair Rate vs LSN for AC pipes (S. Toprak E. N., 2017)...cc.ceeciieiiieeiie et esree e 327
Figure 5.30: Repair rate vs. angular distortion for AC, Cl and PVC pipelines: a) Results with updated
measurements, b) Comparison of current and previous results (D. Bouziou, 2017).....ccccccceeeeeviveeeeiineeenns 328

Figure 5.31: Correlations of repair rate with lateral ground strain at 4-m and 56-m spacing for a) AC, b) Cl and
c) PVC pie materials for the 22nd Feb. 2011 earthquake and d) comparison of repair rate with lateral ground

strain at 4-m spacing with previous work by O’Rourke et al. (2014) (D. Bouziou, 2017) .....ccccceeecuvveeeennennn. 329
Figure 5.32: Repair rate vs. lateral ground strain and ground angular distortion for a) AC and b) Cl pipelines
(D. BOUZIOU, 2007) ceeeeiieeeeetiee e ettt e e ettt e e e ettt e e eetteeeeebteeeeeatsaeaeebsaeaeasssaeeassaaaeassasaesassasaesassesassassanaesassanansnns 329
Figure 5.33: Comparison Between Empirical and Analytical Fragility Relations for Various Cast Iron Pipe
Diameters. High Ground Strain Model (T. O'Rourke T. V.-L., 2018) ....cccueeeiriieiireiieeecieee e eetee e e eevreesvee s 330
Figure 5.34: RR vs. lateral ground strain for AC pipes (S. Toprak E. N., 2018) ......ccceeciiieeeeiiiiieeeiiiee e 330
Figure 5.35: RR vs. lateral ground strain for Cl pipes (S. Toprak E. N., 2018) .....c.ceeeeciieeeeiiieeeecieeeeecieee e 331
Figure 5.36. Map showing CES events (Cubrinovski et al., 2015) .......ccceeeiieeiiiieeiie e 332
Figure 5.37. Liquefaction Map of Christchurch as produced by Curbrinovski and Taylor , 2011 (Reproduced
from CUBFINOVSKI €1 @l., 2014) ..eoiieieeeeeeee ettt ettt ettt e ettt e e e et e e e e e abe e e e e abeeeeesseeesenbeeasesnsaeeeennseeeeennsees 333

Figure 5.38: Liquefaction map showing the areas of liquefaction and severity observed from different
earthquakes. 4th Sept 2010 (white contours), 22nd February 2011 (red, yellow, magenta areas; Cubrinovski
and Taylor, 2011) and 13th June 2011 (black contours; Cubrinovski and Hughes, 2011). ..........cccceeeeuunneenn. 334

17



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

v.1.0

This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

Figure 5.39: Liquefaction induced Land Damage observations across Christchurch after the February 2011
earthquake, with Feb 2011 magnitude-weighted equivalent Mw = 7.5 PGA contours overlaid based on
Bradley & Hughes (2012) (Reproduced from Van Ballegooy et al., 2014)
Figure 5.40: Field Photographs of sand blows at study site following (A) Darfield ML = 7.1 earthquake, (B)
22nd February 2011 MI 6.3, 5.8 and 5.9 earthquakes, (C) 16 April 2011 ML 5.5 earthquake, (D) 13 June 2011-
a ML 5.6 earthquake, (E) 13 June 2011-b ML 6.4 earthquake and (F) 23 December 2011 ML 5.8 and 6.0
earthquakes. All images were taken within 3 hours of the last inducing earthquake (Reproduced from Quigley
et al., (2013))
Figure 5.41: Observed liquefaction-induced land damage and dwelling foundation damage due to

Christchurch earthquakes: (a) Extensive liquefaction in low-lying Christchurch suburbs (23rd February 2011),
(b) Surburban Christchurch street covered with liquefaction ejecta (23 February 2011), (c) Pavement
completely buried by liquefaction ejecta and ponded water after liquefaction (24th February 2011), (d)
Surface water flowing over liquefaction ejecta with collapsed concrete block wall (22 February 2011), €
Liquefaction ejecta next to brick house that subsided (25 May 2011), and (f) Uplift of concrete floor inside
housw with liquefaction ejecta and water mark around base of walls (01 March 2011). (Reproduced from Van
Ballegooy et al., 2014)
Figure 5.42: Typical layout of watermains and submains in the carriageways and footpaths of Christchurch

(reproduced from Cubrinovski et al., 2011).Typical layout of watermains and submains in the carriageways
and footpaths of Christchurch (reproduced from Cubrinovski et al., 2011). ......cccoceeeriiiiieeiiiieeecceee e, 338
Figure 5.43: lllustration of backfill and pipe-laying details (units in mm) (Reproduced from Cubrinovski et.,
Figure 5.44: (a) Circumferential split on AC main, Rowan Avenue (Picture reproduced from Cubrinovski et
al., 2015), (b) AC main broken collar and longitudinal split (Reproduced form Cubrinovski et al., 2015).... 341
Figure 5.45: (a) Longitudinal split on AC main, (b) Broken Cl main (Reproduced from Curbrinovski et al., 2014)

Figure 5.47: (a) Compression effects in AC pipe joint, Sewell Street Kaiapoi, (b) Tension effects in AC pipe

joint, Sewell Street Kaiapoi (Reproduced from Toprak et., 2017) .....cccvueeeiiieiiieeeiie et eeee e ecieeeevee s 343
Figure 5.48: framework for development of the fragility model...........ccocoviiiiiiiiiicci e, 344
Figure 5.49: Water Supply Network of ChristChUrch ............ooooiiiii e 345
Figure 5.50: Water Supply Network of Christchurch with different pipe types ......ccccceevviviveeiiccieeicciieeens 346
Figure 5.51: Water Supply Network of Christchurch with different pipe materials.........cccccoeeveieiiecnnnns 346
Figure 5.52: Water Supply Network of Christchurch with repairs..........cccoviiiiiiiiicce e, 347
Figure 5.53: Sample LDP Map showing the data points where CPT tests were conducted. ...........ccccueee..e. 348
Figure 5.54: Sample 20m buffer superimposed with water supply pipelines. ........cccoeeeeiiiieieiiieeeeciieeens 349
Figure 5.55: Intersected LDP points with buffer superimposed with Total LDP data points.........cccccevveenne. 350
Figure 5.56: LDP points showing superimposed with LDP zonation ..........ccceeeeciiiiiiciiee e 350
Figure 5.57: Figure showing conversion of pipelines to POINtS.......ccccviiiiiiciiiiiiiciiee e 351
Figure 5.58: Sample Pipeline points superimposed with LDP zonation Map......ccccceevvveririiieeniiieeessiieeeenans 351
Figure 5.59: (a) RR vs Settlement, (D) RR VS LSN ....cciiiiiiiiciiiee sttt e e st e e e e ite e e e et ae e e sneaeaeeans 354
Figure 5.60: (2) RR VS LPlish, (D) RR VS LPI ....ccuiiiiiiieciee ettt s tee e site e st e v e e st e e snaeesnseesnaeesnneaens 354



This project has received funding
European

from the

LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

Union’s

ovaion " pcgrmame. i v.1.0
Figure 5.61: (a) RR vs Settlement, (D) RR VS LSN ....coiiiiiiiiiiiec ettt e et e e e tte e e s e sata e e e snraeeeeans 355
Figure 5.62: (a) RR VS LPlish, (D) RR VS LPl .....ciiiiiiiieieiiiie ettt ettt e e et e e e e sate e e e sata e e e entae e e entaeaeeans 355
Figure 5.63: (a) RR vs Settlement, (D) RRVS LSN ....ccoiiiiiiiicie ettt vre e st sare e e s naeesaree e 356
Figure 5.64: (a) RR VS LPlish, (D) RR VS LPl .....ciiiiiiiieiciiiee ettt e et e e e s vte e e e ssata e e e s arae e s enraeaeeans 356
Figure 5.65: (a) RR vs Settlement, (D) RR VS LSN ...cciiiiiiiiiiee ettt e et e e e tte e e e e arae e e enraeeeeans 357
Figure 5.66: (2) RR VS LPlish, (D) RR VS LPI ....ccuiieiiiieciee ettt ettt e tee e ste et e e sste e ste e e naeesnreesnaeesnneaens 357
Figure 5.67:Efficiency results for (a) Settlement, (B) LSN ......oooiciiiiieciiee et aree e 358
Figure 5.68:Efficiency results for (@) LPlish, (D) LP1 ......ueeeiuiieeeeieee ettt ettt e et e e e earee e e e nrae e 358
Figure 5.69: Efficiency results for (a) Settlement, (b) LSN ......ooiouiiiiiiicieee e 359
Figure 5.70: Efficiency results for (a) LPIish, (D) LPI ......ooiiuiiiiieieee ettt e et e e e irae e e et e e 359
Figure 5.71: Efficiency results for (a) Settlement, (b) LSN ......ooiiiriiiiicie e 360
Figure 5.72: Efficiency results for (a) LPlish, (D) LP1 ......ccuii ittt ettt et e eare e sane e 360
Figure 5.73: Efficiency results for (a) Settlement, (bD) LSN.......cccuiiiieiiiee et 361
Figure 5.74: Efficiency results for (a) LPlish, (D) LP1 .....cccuei ettt ettt e tve e e e aae e sre e 361
Figure 5.75: Sample Magnitude Sufficiency results for Settlement........cccouveeiviiiiiirci e, 362
Figure 5.76: Sample Magnitude Sufficiency results for Settlement..........ccoeeeieciiiiiecei e, 362
Figure 5.77: Sample Magnitude Sufficiency results for Settlement.........ccouveiiiiiiiiiiii e, 363
Figure 5.78: Sample Magnitude Sufficiency results for Settlement.........ccoveeiviiieiiiii e, 363
Figure 5.79: Distance Sufficiency results for (a) Settlement, (b) LSN.......cccoviiiiiiiie i 364
Figure 5.80: Distance Sufficiency results for (a) LPlish, (b) LPl.......ccuioiiereiiieecieeeee et 364
Figure 5.81: Distance Sufficiency results for (a) Settlement, (b) LSN.......cccvreriiiriie et 365
Figure 5.82: Distance Sufficiency results for (@) LPlish, (D) LPl........coccuiiiieiiieeeeiiee et 365
Figure 5.83: Distance Sufficiency results for (a) Settlement, (b) LSN.......cccovveriieiiie et 366
Figure 5.84: Distance Sufficiency results for (a) LPlish, (b) LPl.......ccueiiiireiieeeieeeee et 366
Figure 5.85: Distance Sufficiency results for (a) Settlement, (b) LSN.......cccovriieiiiie i 367
Figure 5.86: Distance Sufficiency results for (a) LPlish, (b) LPl.......ccuieiiireiiieeee et 367
Figure 5.87:.Architecture of the ANN network (Calabrese et al., 2013) .......cccoeciieiiriiiee e 368
Figure 5.88: Confusion Matrix of the ANN MOGEI ...............c..oeeeecuiieeeciiee et eectee et e et eestee e e eeataea e 369

19



LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies
from the European Union’s
Horizon 2020 research and V. 1_0
innovation programme under

grant agreement No. 700748

TABLES
Table 2.1: Probabilistic distributions for the geometrical properties of the structural model....................... 41
Table 2.2: Random distributions for the material properties of the structural model...........ccccveeeerinrannnnn. 41

Table 2.3: Random distributions for the gravity loads associated to the structural model for the design and
=11 g 1ol el 0 41 o 11 s F= 1 1o o -3 PR 42
Table 2.4: Example of three selected profiles showing respectively low, medium and high normed error.. 78

Table 2.5: Liquefaction severity classes for ESP classification from macro-zonation.......cccccceeecvvvveeeeeeinennns 92
Table 2.6: Mohr-Coulomb parameters in numerical model from Dashti centrifuge experiment .................. 97
Table 2.7: PM4Sand parameters in numerical model from Dashti centrifuge experiments ........cccccvevennee. 97
Table 2.8: Soil Profile PAramMELEIS .......cii it e e e ee e e e s e e e e sbee e e e srae e e earees 110
Table 2.9: INPUL SroUNd MOTIONS.........oii ettt e e e ebee e e e et e e e esabee e e esabeeeeesasaeeeeenseneeensens 112
Table 2.10: Conditions of the Selected CASE........ciiiiiiiii i e e 114
Table 2.11: Soil profile properties considered in parametric StUdY........ccccvvieeei i, 125
Table 2.12: Soil Profile ProPEITIES.......ccii it e e e e bte e e e e bte e e e e be e e e eeabaeeeeenseeeeensens 126
Table 2.13: Foundation properties considered in parametric StUdY .......cccceeveciieeinriiee e 127
Table 2.14: Mohr-Coulomb parameters for 2D parametric StUAY .......cccceeeeiiciieeecciiee e 128
Table 2.15: Parameters for the three soil profiles With 2 [ayers..........cooooeri e 155
Table 2.16: Parameters for the two soil profiles With 3 1ayers .......ccceviieviii e 156
Table 2.17: Additional ground motions considered in the case study........ccccccveeiiiiieiiicciee e 158
Table 2.18: Input parameters of the hysteretic damping model..........ccccoeviieiiiiiiciie e, 160
Table 2.19: Natural frequency of the liquefied Site .......cccveiiiciiiiic e 160
Table 2.20: Geometric parameters for the reference model..........ccoevireiiiiiiiii i 162
Table 2.21: Median and standar desviation of each intensity measure. .......ccccceeeecieeeeccieecccciee e 166

Table 2.22: Definition of limit state related to ground deformations, i.e. peak rigid-body foundation rotations
and settlements. Adapted after Bird et al. (2006). ........coovuieeirieeiiieciee e e s 192
Table 2.23: Comparison of the fragility parameters é‘g,LS and S5, annual probabilities of exceeding

designated limit states P, and probabilities of exceeding designated limit states in 50 years (Pss)

obtained for the building located in Benavente (Portugal) and Disseldorf (Germany), respectively.......... 196
Table 3.1: Damage state criteria by Maruyama et al (2010)........ccoociiiieeiiiie et 212
Table 3.2: Damage state criteria by RISK-UE approach (SYNER-G, 2011). ....cccoeeiirierirererreeeieeeeieeecieeesveens 212
Table 3.3: Damage state criteria by Argyroudis et @l (2018)........ccccueeeiieeriieeeiieeciee et esree e eetee e eree s 213
Table 3.4: Damage state criteria by Werner (2006) (summarized by SYNER-G, 2011).........ccccoeeeeerrreeennen. 213
Table 3.5: Damage state criteria by Lagaros et al (2009).........cccueeiiiieeiieeriee e eeree e et e eeteeeeveeeeaeeesreeens 214
Table 3.6: Soil properties — Naruse river levee (Takahashi and Sugita, 2009)........cccccceevereeeiieeciieeeieeeereens 218
Table 3.7: Material parameters used in numerical analyses — Naruse river Levee. ......cccccceeveccvivieeeeeeeeenns 220
Table 3.8: Soil profiles used in numerical calculations. .........cccuiiiiiiiii i e 224
Table 3.9: Material properties for numerical simulations — general parameters.......cccccccevvevcieeiiriieee e, 225
Table 3.10: Material properties for numerical simulations — PM4 parameters. ......cccccoecveveirieeeeniieeeennen 225
Table 3.11: Set of used Sround MOLIONS ......cccciiiiiiiiee e e et e e e sbre e e e aae e e e arees 227
Table 3.12: Matrices with all performed analyses in FLAC. ........cooviiiiiiiiiee e e 229
Table 3.13: Fragility curve parameters in terms of PGA — medium dense soil (road embankments). ......... 234

20



LIQUEFACT
Deliverable D3.2
Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies
from the European Union’s
Horizon 2020 research and V. 1_0
innovation programme under

grant agreement No. 700748

Table 3.14: Fragility curve parameters in terms of PGA — loose soil (road embankments). .........cc.ec........ 234
Table 3.15: Fragility curve parameters in terms of PGA — medium dense soil and crest width variations (road
LT aa] o T T o130 =T 415 S 234
Table 3.16: Fragility curve parameters in terms of PGA — medium dense soil (railway embankments)...... 234
Table 3.17: Fragility curve parameters in terms of PGA — loose soil (railway embankments). .................... 235
Table 3.18: Fragility curve parameters in terms of PGA — medium dense soil and crest width variations
(railway €mMbBDaNKMENTS).....cuiiii e e e e et e e e e bt e e e e ebteeeeebtaeeesbaaaeeeasteeeeestasaseastanaeanns 235
Table 3.19: Fragility curve parameters in terms of Arias intensity — medium dense soil (road embankments).
....................................................................................................................................................................... 235
Table 3.20: Fragility curve parameters in terms of Arias intensity — loose soil (road embankments). ........ 235
Table 3.21: Fragility curve parameters in terms of Arias intensity — medium dense soil (railway
=T aa] T 10140 =T a1 5 S 236
Table 3.22: Fragility curve parameters in terms of Arias intensity — loose soil (railway embankments). .... 236
Table 3.23: Additional numerical analyses data St 2.........ceiieiiiiiciee e 246
Table 3.24: Additional numerical analyses data SEt 3......c..ceiiiiiiiicee s 247

Table 3.25: Calibrate PM4Sand parameters for the liquefiable (3) Silt (NP) layer at the Cark Canal site. ... 269
Table 4.1: DG (EMS-98) and corresponding damage levels to VSs according to the AEDES survey forms (Baggio

L= 4010 TR OSSP RPRRPSRRTRIN 289
Table 5.1: List of Fragility FUNCLIONS .......cccuiiii ettt e e e tte e e e e tte e e e e bt e e e e eabae e e e e anaeeeenrens 302
Table 5.2: Damage algorithms for water pipelines (NIBS, 2004) ........cccueeecreeeiieeiiieeeiieesireeeieeesveessreeesveeens 307
Table 5.3: Damage algorithms for Qil pipelines (NIBS, 2004 ) .......ccccueeceeeeireeeiieesieeeireeereeesreeeseeeesreeesneeens 308
Table 5.4: Number of repairs for type of hazard (Eidinger, 1998) ........ccccveeeeeiiieeeciiee e 309
Table 5.5: Earthquake and Number of Points in PGD Database (Alliance, 2001) .........ccccceeevveevveeesiveesneenns 313
Table 5.6: Buried Pipe Vulnerability Functions (Alliance, 2001) ........cccoveeeceeeiieeiieeeceeeeree e ecveeesieeeenee s 313
Table 5.7: Constants for fragility curve (Alliance, 2001) .......cccciieieeiiiee e e e e 314
Table 5.8: Wastewater pipes break rates for the combined and averaged data (Both Feb and June) (A.K.
SEISON, 2015) ... icteieiiitieeeeeieee e ettt et e e eeetaeeeeeebae e e eeabtaeeesasbaeeesasbaeeesasbaeeesabbaeseeaabareesaaaaeeeeanbrareeebrreeeaaaeee s 323
Table 5.9: Break rates for water pipes in the February and June earthquakes (A.K. Sherson, 2015).......... 323
Table 5.10: Table showing CES events with their magnitudes and epicentral depths (Callaghan 2014;
CUBIINOVSKI €1 @l., 2005) ..iiiiiiiie ettt e e ettt e e e te e e e e eabeee e e abaeeeeaasaeee s asseeesanssaeeeanssaeesansseeans 332
Table 5.11: Types of Pipe Materials and its mode of failure..........ccoeeeeeieiieciii e, 340
Table 5.12: Repair Count for different Pipe Materials ........ccccueiiieiiiiiiciee e 340
Table 5.13: Repair Count for different Pipe DIameters.........cccueiieeiiiiiiieiiee ettt et e aae e e e 341
Table 5.14: Table showing (a) Lengths of different pipe types (b) Repairs conducted after each event of CES
(c) Lengths of different Pipe Materials. ......c.ueiiiciiiii ittt et e e e rarr e e s st e e e esntaeeeeans 345
Table 5.15: Results of Luco & Cornell Method (2002) ........ooeeeiieeeeiiee ettt 353
Table 5.16: Table showing pipeling attribULes. ......cccuviiiiiiiii e 368

21



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

EXECUTIVE SUMMARY

This report addresses the objective 3.2 of the Liquefact project to develop an efficient probabilistic numerical
procedure for the simulation of liquefaction-induced damage and fragility analysis of critical structures and
infrastructures. Different modelling strategies to simulate liquefaction-induced structural damage including
uncertain/random factors with relevant effects on the behaviour of liquefiable soils and of interacting
structure-soil systems, were developed and existing techniques were evaulated. Based on the studies
presented in this report, the key factors that contribute to the occurrence of liquefaction and its impacts on
critical structures and infrastructures were identified, to enable the development, evaluation and
implemention of the most appropriate mitigation strategies to improve community resilience to against
Earthquake Induced Liquefation Damage (EILD) event.

The complexity of soil-liquefaction-foundation-structure interaction (SLFSI) is a challenge for both
geotechnical and structural engineers. To cope with this complexity, both analytical and empirical
approaches were taken to develop practical models for different asset types that had an adequate balance
between complexity and accuracy specifically suited to probabilistic vulnerability analysis. The vulnerability
analysis forms a key step of the loss assessment procedure developed in the final deliverable of this
LIQUEFACT work package (Deliverable 3.3).

To adequately demonstrate the developed procedures, each approach was demonstrated on two different
asset types (point/individual assets and distributed assets). Figure below illustrates the asset types and
approaches covered in this report: (a) two analytical models, one for an individual asset (reinforced concrete
building) and another for distributed asset (a road embankment); while, (b) two empirical database models
were used, one for an individual asset (masonry structure building) and another for distributed asset (a road
embankment).
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> Point (reinforced concrete buildings) > Point (masonry structures Emilia-Romagna)

> Distribute (road embankment) > Distribute (pipelines Christchurch)

(a) (b)

Type of critical structures and infrastructures modelled during this workpackage: (a) analytical approches with calibrated numerical
simulations; (b) empirical approaches.

In this Deliverable the four major chapters will describe these novel approaches.

Chapter 2 presents the methodologies for considering the three factors that condition the behaviour of low-
rise structures (residential and public like governmental offices, heallth facilities like hospital, fire stations,
transport stations, terminals) during an EILD event. This work has involved both geotechnical and structural
engineers working together to develop a modular analysis framework based on the key mechanisms involved
in SLFSI (macro-mechanism approach): the first aspect covers the building structural/conditions (section 2.2),
the second is covers the soil profile classes (2.3) and, the third, the ground motion intensity (2.4). It is also
explained how the excess pore pressure time series — responsible for the development of this instabilty — can
be estimated by a simplified procedure (2.5), and also how settlements of buildings (2.6) and the modified
surface ground motions (2.7) time series generated under these conditions can be estimated with
expeditious and simplified methods. This numerical modelling approach is able to represent the damage and
the complex behaviour of interacting structure-soil systems and can be applied where the risk of soil
liguefaction and structural damagehas been evaluated as sufficiently high, through application of an initial
Rapid Risk Identification (RRI) procedure (2.9). A pilot case in Emilia-Romagna - Italy, in Pieve-di-Cento - has
been selected in view of the availability of sufficient data to apply the macro-mechanism apprach that was
developed in the last months in WP3, under UPorto team coordination (2.8).
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Regarding the specific modelling of Soil-Foundation-Structure Interaction (SFSI) effects, the advantages and
drawbacks of different types of approaches were analysed in an attempt to find the most efficient modelling
approach for probabilistic analyses. A novel mathematical technique for the simulation of site response
including liquefaction without needing a constitutive model was developed. A simplified strain-energy
liguefaction triggering procedure was developed for assessing the time of liquefaction. A substructuring
approach was developed for modelling differential settlements and soil-foundation-structure interaction,
overcoming some of the issues of super-position by considering rates of deformation rather than loads and
forces. A new classification system was developed for quantifying liquefaction susceptibility independent of
the ground motion demand. New settlement-vs-time relationships were developed for better accounting for
the rate of settlement development. A new modular framework and procedure (macro-mechanism
approach) was developed for vulnerability assessment of buildings considering liquefaction and shaking
related damage that incorporated all of these new techniques, as well as existing techniques from literature
and accounted for their uncertainties. Finally, a novel rapid risk assessment procedure was developed to
quickly assess liquefaction and shaking related damage using a single-degree-of-freedom system to
determine when the macro-mechanism approach should be applied. All of the methods were developed
inside a probabilistic framework such that the factors associated to sources of uncertainty were established
at a good level of confidence. Some of the factors that can condition the present framework are being further
developed and analysed.

Chapter 3 presents the work done on vulnerability assessment of transport embankments with an emphasis
on development of the fragility functions from extensive numerical simulations. This work used two-
dimension nonlinear fully coupled effective stress finite different analyses to evaluate the performance of
the embankments. Furthermore, a feasibility study on the possible use of artificial neural networks for
interpolation / extrapolation of numerical results to different geometrical situations. These fragility curves
were validated against two well documented case histories from Turkey.

In Chapter 4 empirical damage and liquefaction fragility curves are proposed based on Seismic Damage
Grades, resulting from the analyses of 1,000 private residential masonry buildings located in several
municipalities struck by 2012 Emilia earthquake,

Chapter 5 follows an empirical procedure to develop fragility models for earthquake-induced liquefaction
damage in pipeline networks, based on the extensive data collection followed by the 2010-2011 Canterbury
Earthquake Sequence CES in the city of Christchurch.
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SCOPE AND PURPOSE

The consideration that soil liquefaction is not exclusively in the problem domain of geotechnical engineering,
but also there is a clear interaction between liquefiable soil profiles and the superstructure loading systems,
provides the main focus of this report. The development of excess pore pressure and liquefaction can lead
to a change in the shaking demands on the structure, impacting in the soil-liquefaction-foundation-structure
interaction (SLFSI), also impact structural performance through further factors, like settlements, tilt, lateral
spreading, etc. This SLFSI is a challenge from both geotechnical and structural engineers. Regarding the
specific modelling of soil-structure interaction effects, the advantages and drawbacks of different types of
approaches were analysed in an attempt to find the most efficient modelling approach for probabilistic
analyses. Sub-structuring techniques were tested in order to use suitable modelling strategies for the
structures and for the ground where liquefaction effects can develop. Adequate modelling of the more
relevant sources of uncertainty for the vulnerability analysis problem have also been carried out by first
identifying those sources using suitable statistical techniques and sensitivity analyses. Probabilistic models
of the factors associated to those sources of uncertainty have be established and efficient statistical
simulation strategies were used to propagate these uncertainties to the structural damage measures used in
the vulnerability analyses.

The work developed aimed at investigating the vulnerability of critical infrastructures, specifically buildings
with shallow foundations, to the impacts of liquefaction, using suitable statistical techniques and sensitivity
analyses. A novel framework allowed to quantify settlement and soil stiffness as time series to allow SLFSI to
be considered in structural modelling in a simplified manner. Further studies were peformed on other
infrastructure including embankments, pipelines and masonry buildings following different modelling
techniques to evaluate a range of different approaches to assess vulnerability of buildings and infrastructure.

For the vulnerability analysis framework developed for buildings the framework offers a numerical efficient
approach for engineers to considering the impacts of liquefaction (Millen et al., 2019). The efficiency of the
procedure and the decoupling of the liquefaction analysis and structural analysis, allows engineers to
consider a variation of the material properties and of underlying assumptions to obtain the inputs for the
structural analysis. Using this probabilistic procedure, the liquefaction vulnerability analysis of selected case
studies representative of real critical structures and infrastructures were carried out using analysis
procedures which are typical of performance-based earthquake analysis. The selected cases studies have
focused on shallow-founded buildings and embankements for transportation network or protection leves in
free and no-free field conditions, but now focusing specifically in the two field trial tests at the two pilot sites
(in Emila Romagna, in Italy and in Adapazari, in Turkey), considering the parameters deduced from the
characterization tests conducted in the natural ground conditions. The first one was directly associated to
Pieve di Cento pilot test sites selected to conduct the activities in WP4, while the embankments were selected
in Adapazari sites where data from Kocaeli 1999 earthquake induced liquefaction damages were observed.
General archetypes of those case studies were defined, establishing different classes of structures for each
case study, with different soil profiles and with the two types of geotechnical solutions. The outcomes of the
vulnerability analysis were expressed in a set of fragility curves that were defined for specific performance
levels addressing the type of damage expected from earthquake-induce liquefaction.
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1. INTRODUCTION

1.1 REPORT LAYOUT

This report presents the development of procedures to perform vulnerability analysis of buildings and
infrastructure on liquefied soils, this report includes the following steps.

Chapter 2 presents the development of a numerically efficient modular approach for vulnerability for
buildings (macro-mechanism approach). An overview of soil, foundation and building performance on
liguefiable soil is presented, and how the consideration of an advance performance-based framework for
estimating the settlement of shallow-founded structures on liquefiable deposits for such a highly nonlinear
Soil-Foundation-Structure-Interaction (SFSI) requires robust numerical studies to evaluate SFSI effects and
changes in the seismic demand imposed on the foundation through a liquefiable soil deposit.

For that, numerical parametric studies have identified the structural and soil input parameters that most
influence foundation settlement of a single-degree-of-freedom (SDOF) building on liquefiable ground.
Seismic demand at the foundation level is compared with those at the free-field soil surface and at the elastic
bedrock level through time-frequency domain analyses of the accelerations. This analysis helps to evaluate
the timing of liquefaction and how it influences the frequency content and amplitude of free-field and
foundation accelerations, to control the demand imposed on the superstructure, and the timing and extent
of foundation settlement.

This chapter explicitly addresses the three main work package objectives and describe the advantages of the
adopted rational approaches:

o Development of an efficient numerical procedure for the simulation of liquefaction-induced damage of
buildings.
Macro-mechanism approach dramatically reduces analysis time through a modular assessment of the
major mechanisms, rather than performing fully coupled nonlinear dynamic analysis of a building soil
system

e Development of an efficient probabilistic framework for liquefaction vulnerability analysis of buildings.

Combination of building and soil profile classes with defined criteria allows an intuitive physics-based
approach to assess vulnerability where uncertainties and probabilities in inputs and in simplifying
assumptions can be explicitly assessed

e General framework procedure for users and owners of buildings to assess subsoil properties and evaluate
vulnerability.

Vulnerability analysis framework works for regional and building specific studies, the equivalent soil profile
that classifies liquefaction susceptibility independent of the hazard means rapid and physically consistent
vulnerability analysis can be performed. The modular design of the macro-mechanism approach means
additional accuracy or multiple approaches can be considered for each step

Existing and newly-developed simplified procedures and nonlinear effective stress analysis procedures using
FLAC2D (ITASCA, 2017) were implemented, calibrated against well documented centrifuge tests from Dashti
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and Bray (2010) and empirical functions from Boulanger and Idriss (2016), and evaluated to estimate pore-
pressure in free-field, settlements of buildings and surface ground motions.

A Rapid Risk Identification method was developed in section 2.9, and can be applied as an initial screening
tool to rapidly assess the risk associated with liquefaction to decide whether further more detailed analyses
are warranted. This is based on risk assessment of a simplified SSI model, allowing for a rapid risk assessment
without the need to perform time-consuming analyses. This method can be used as a screening tool in the
case of low- to mid-rise structures on shallow foundations.

Chapter 3 presents the work done on vulnerability assessment of traffic embankments with an emphasis on
development of the fragility functions for such facilities. It can be divided into the following parts —theoretical
background, presentation of numerical work and subsequent evaluation of sample fragility curves for traffic
embankments, feasibility study on the possible use of artificial neural networks for interpolation /
extrapolation of numerical results to different geometrical situations. Finally, the produced fragility curves
were validated against two well documented case histories from Turkey.

Chapter 4 proposed empirical damage and liquefaction fragility curves, based on Seismic Damage Grades,
resulting from the analyses of 1,000 private residential masonry buildings located in several municipalities
struck by 2012 Emilia earthquake. A thorough dicussion is made on which parameters should be used for the
interpretation of this extensive database of masonry buldings (several cases presented both typical damage
induced by inertial forces and settiments associated to liquefaction) and fragility curves were developed.

Chapter 5 propose new empirical fragility models for earthquake-induced liquefaction damage in pipeline
networks, based on the extensive data collection followed by the 2010-2011 Canterbury Earthquake
Sequence (CES) in the city of Christchurch. The extensive damage to infrastructures and lifelines regsitered
allowed to study the most appropriate liquefaction demand parameters. Correlations between repair rates,
pipeline network and liquefaction severity indicators (settlement, LSN, Liquefaction Potential Index (LPI) and
Liquefaction Potential Index as given by Ishihara (LPlish), were evaluated to propose the most appropriate
liguefaction demand parameters.
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2. MACRO-MECHANISM APPROACH FOR BUILDINGS ON
SHALLOW FOUNDATIONS

In this chapter a rational procedure to estimate the expected losses to a building on a liquefiable soil deposit
due to seismic activity is defined and developed in a soil-structure system approach (SSS approach),
considering the liquefiable soil deposit to be part of the topology rather than considering liquefaction directly
as a hazard.

Several Unique Interaction Issues (Ull) were considered to estimate losses in the presence of liquefaction:

(Ul 1) the extent of ground shaking is dependent on the extent and depth of liquefaction (it can dramatically
reduce or in some cases amplify ground shaking); (Ull 2) The extent of liquefaction is dependent on the
presence of the building (large static vertical stresses under the foundation can prohibit full liquefaction from
occurring); (Ull 3) Both ground shaking and liquefaction cause nonlinear deformation to buildings (differential
settlement can cause the premature yielding, modifying the dynamic response and extent of damage) (Ull 4)
The manifestation of liquefaction near a building can modify the dynamic properties of the building-
foundation-soil system.

By considering the liquefiable nature of the soil deposit as part of the typology this approach can account for
the above issues by modelling the performance of a building and soil profile to an upward propagating shear
wave and accounting for the interaction. It can also be applicable at both the individual building scale and
regional level, and can account for different levels of accuracy and criticality with more detailed models used
for assets of greater importance.

The alternative “liquefaction-as-a-hazard” approach requires a complex “interaction function” to reduce the
level of shaking in the presence of liquefaction to overcome each of the conditions in Ull 1. As for the Ull 2,
it is required to make some modification to the liquefaction hazard to account for different building
typologies. For issues Ull 3 & 4, an additional interaction function is needed to assess the modification of
buildings to each of the hazards in presence of others and further interaction function to account for the
damage from two different sources.

To account for liquefaction in this procedure, the influence of liquefaction compared to a conventional SFSI
problem can be considered through three aspects: (i) changes in the ground shaking hazard; (ii) changes in
the soil-foundation-structure system (modification to the effective stiffness properties of the soil-foundation
interface); and, (iii) increases in the soil-foundation permanent deformations (modification to local damage
and the structural yield and ultimate displacements due to differential settlement, changes in overall
performance due to rigid body tilt and settlement).

2.1 OVERVIEW OF DIFFERENT MODELING STRATEGIES AND KEY PARAMETERS

Figure 2.1 explores three different approaches to considering soil-liquefaction-foundation-structure
interaction (“SLFSI”). The building-soil system can either be assessed directly through modelling the soil and
the building in a single numerical or experimental model (Full model) or in a modular approach where
different macro-mechanisms are first quantified and then connected through consideration of their
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interactions (Macro-mechanism) or completely de-coupled where shaking and liquefaction damage are
assessed independently and then combined through an interaction function (Separate hazards).

Figure 2.1: Different modelling approaches for soil-liquefaction-foundation-structure interaction

The full model is advantageous in that the interactions between all the mechanisms are implicitly accounted
for. However, it is practically impossible to capture experimental a detailed soil model and a detailed
nonlinear structural model across a wide range of ground motions, even with a centrifuge, due to scaling
laws and costs of experiments. Numerically a direct model is possible although none of the widely used state-
compatible constitutive models exist in any widely used software that also contains suitable constitutive
models for structural model. Therefore, a trade-off must be made in reduced accuracy for the soil or
structure. The direct approach is computationally demanding as stiff structural elements often require a very
small time step, while the large soil domain means there are many elements to be assessed at each time
step. Also a direct approach does not benefit from generalising behaviour, in that a change in one assumption
would require the numerical model to be completely re-run. Finally it is difficult to assess uncertainties the
evaluation of uncertainties of the complete model would require extensive field or experimental data to
validate against.

The macro-mechanism approach that was adopted for the performance of buildings in this chapter is further
explained in section 2.2. The macro-mechanism approach captures the macro behaviour of the soil profile
and building using submodels (e.g. pore pressure model, settlement model), and the explicitly accounts for
their interaction.

The separate hazards approach, although numerical efficient and can make use of existing fragility curves for
shaking damage, suffers from some significant drawbacks. The use of an interaction function to combine
shaking and liquefaction damage is non trivial as well be explored in the next section when different
mechanisms are explored. Essentially liquefaction modifies the shaking demand and differential settlements
modifying the resistance capacity of the building which influences the shaking damage. Meanwhile the
liguefaction damange (settlement and tilt) is dependent on the inertial load (shaking) of the building.
Furthermore, liquefaction is directly dependent on the strength and therefore the shaking and liquefaction
damage are highly correlated.
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2.1.1 KEY MECHANISMS IN SOIL-LIQUEFACTION-FOUNDATION-STRUCTURE INTERACTION

The influence of earthquake induced liquefaction on settlements, tilting or lateral spreading of footings
resting on liquefiable and associated dynamic soil impedance (stiffness and damping) has high impact on the
performance of a building on liquefiable soil. Any procedure that aims to consider these induced damaging
factors will have to consider the change in shaking demand and changes to the natural vibration modes of
the systems due to liquefaction, and should use a displacement-based assessment procedure that considers
nonlinear SLFSI. The extension to the effects of liquefaction rely on several assumptions about the behaviour
of the soil, site response and the structure, which require extensive research to improve the robustness of
the performance assessment of buildings.

A strong focus on damage related to soil and foundation deformation is usually assumed, disregarding the
damage associated to strong ground shaking, justified by the natural isolation that can occur due to the
weakening of the soil during liquefaction (Millen et al. 2018). However, complete liquefaction does not occur
instantly at the beginning of shaking (e.g. Wildlife record from the 1987 Superstition Hills earthquake, Kramer
et al., 2011), and therefore the building can be exposed to intense shaking prior to liquefaction or while the
soil is in a semi-liquefied state. The partial development of liquefaction under a building causes modification
to the dynamic properties of both the soil deposit and soil-foundation-structure system and could potentially
amplify the response beyond the non-liquefied conditions. Centrifuge experiments (e.g. Dobry and Liu, 1994)
and numerical simulations (e.g. Karamitros et al., 2013a, b,c) have also highlighted that high vertical stress
from the foundation limits the build-up of pore pressure to the extent that negative pore pressures can even
develop directly under the foundation. As emphasized by Millen et al. (2018), the limitation of pore pressure
build-up under high vertical stress can result in buildings being subjected to strong shaking even though
liguefaction occurs in nearby free-field conditions. The strong shaking response is seen in the centrifuge
experiments by (Dashti et al., 2007, 2010) shown in Figure 2.2, for the centrifuge experiment titled SHD02-
04. The results show that even after pore pressure build up, the building still had a strong shaking response
as seen in Figure 2.2 (a).

Figure 2.2: Soil, foundation and structure response from centrifuge experiment SHD02-04 adapted from Dashti et al. (2010)
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Itis clearly not acceptable to disregard strong shaking when liquefaction occurs and there is a need to better
understand SLFSI, as well as to develop a framework to consider the combined damage of both soil-
foundation deformation and ground shaking. Furthermore, the development of liquefaction mitigation
techniques that focus only on limiting pore pressure development (e.g. several methods in MBIE (2016)),
should be re-assessed in regards to both soil/foundation deformation and ground shaking.

The numerical simulation of buildings on liquefiable soil that can simulate both the fully-coupled soil-fluid
effective stress behaviour of the soil and the degradation and collapse of the structure are still beyond the
capabilities of the majority of available engineering software. However, simple analytical and empirical
techniques can provide useful insights into the expected level of damage from soil-foundation deformation
and damage from ground shaking, which can help the engineer focus on the most critical parts of the building
(Millen et al. 2018).

As described in deliverable 3.1, the extension of the displacement-based assessment procedure (Figure 2.3)
to account for liquefaction relies on several assumptions about the behaviour of the soil, site response and
the structure, which require an extensive research to improve the robustness of the assessment (Millen et
al., 2018):

1. Assess the pushover response of the structure to determine the yielding and the ultimate force and
displacement

2. Determine the displacements from the foundation at the point of structural failure
Convert the soil-foundation-structure system to an SDOF with an equivalent mass, height, stiffness
and a factor to reduce the elastic displacement spectrum to account for energy dissipation

4. Reduce the spectrum and assess whether the displacement capacity of the SDOF is greater than the
spectral demand.

Figure 2.3: Displacement-based Assessment with SFSI (Millen. 2016)

The application of the displacement-based assessment framework highlighted current deficiencies in the SFSI
procedure (Millen et al. 2018), and the difficulties to examine the magnitude of their influence were
indentified as described in the following sub-sections:
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Changes in ground shaking hazard (modify the displacement spectrum and displacement reduction
factors)

The displacement-based assessment procedure is concerned with the maximum ductility demand of the
structure. If the strongest shaking occurs prior to the development of liquefaction, it could be expected that
the building performance in terms of maximum ductility demand would be similar to assessing the building
in non-liquefied conditions. However, the strongest shaking (at the base of the deposit) may occur after
liquefaction, meaning that the liquefied soil would modify the surface shaking. Liquefaction tends to reduce
high frequency ground shaking and can potentially increase low frequency shaking.

Deterministically, it is impossible to accurately determine the maximum shaking demand on the building as
the development of excess pore pressure is highly sensitive to the soil conditions, and the soil properties
after liquefaction are poorly understood. However, two simple studies can highlight the relative importance
of these two concepts (peak response before liquefaction occurs, and amplified low frequency content).

The first study uses the second set of 40 ground motions from Millen (2016) that were selected from site
with Vs,30 values of between 120-360m/s from the ground motion data from Ancheta et al. (2013). A series
of elastic SDOF analyses were conducted at various periods to determine when the peak displacement would
occur in relation to the significant duration of the record, determined using the cumulative acceleration
according to Trifunac and Brady (1975). The maximum response for two periods (0.5 seconds and 4.0
seconds) and a critical damping of 20% for the ground motion RSN3317_2 are shown in Figure 2.4(a), and
the corresponding input acceleration and significant duration are shown in Figure 2.4 (b).

Figure 2.4: RSN3317_2 motion (a) Response of Elastic systems (b) Time series and significant duration (from Millen et al. (2018))
The results of the 40 ground motions for SDOF periods between 0.1-5 seconds and critical damping & of 20%

are shown in Figure 2.5 (Millen et al. 2018). It can be seen that short period structures typically experience
their peak displacement earlier in the motion, while for longer period structures the peak displacement
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occurs later. Figure 2.5 also highlights that for short period structures (less than 1.5 seconds), the peak
response typically occurs in the first 30% of the strong shaking.

Figure 2.5: Occurrence of response displacement of elastic systems (from Millen et al. (2018))

While this study uses only elastic systems and therefore may only be appropriate for low-ductility systems, a
study by Gazetas (2012) investigated the response of nonlinear systems. Gazetas (2012) showed that linear
systems typically develop their peak response through the cumulative excitation of shaking, while the peak
response of rigid-inelastic (sliding-block) systems develop their peak response due to the excitation of a single
pulse. Therefore, it could be expected that the peak response of a nonlinear system would occur earlier in a
record than for an equivalent linear system, since the cumulative excitation is less important if the
nonlinearity increases. However, the characteristics of the individual ground motion in terms of the
occurrence of pulses and the rate of pore pressure development in soil would govern the actual peak
response of the structure. This study highlights the importance of the time of liquefaction, as early
liguefaction may substaintally reduce the seismic displacement of a building if liquefaction sufficiently
reduces the amplitude of shaking.

The second study investigates how liquefaction can modify the amplitude of shaking. The study performs site
response analysis using simple assumptions of the change in soil stiffness and energy dissipation due to
liguefaction and modelled the response using linear elastic analysis following assumptions by Miwa and Ikeda
(2006). Liquefaction is a highly nonlinear phenomenon; however, the frequency content of the surface
motion is largely dependent on two parameters: the shear wave velocity and energy dissipation (or viscous
damping).

Ground motions are modified as they travel up through a soil deposit, and some frequency content is
amplified while other frequencies are de-amplified, largely based on the natural period of the site and the
standing waves that develop. The natural period of a site (T;¢e) can be determined through equation (2.1),
where Hyroriie is the height of the soil profile and Vs a. is the average shear wave velocity of the profile.

_ 4'Hprofile (2.1)
site = — v,
Vs,av.
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As the shear stiffness of the soil deteriorates, the site period increases and subsequently can amplify longer
period motion (Bouckovalas et al., 2016). In this study, a 20m soil profile is modelled over an elastic bedrock
(Vs=800m/s). In the first analysis, the soil is modelled with a shear wave velocity of 120m/s, a unit weight of
18kN/m3 and a critical damping ratio of 5% to simulate non-liquefied conditions. In the second study, the
shear wave velocity is reduced to 30% of the original value and the critical damping ratio is increased to 25%
over the lower 10 metres of the deposit to simulate liquefaction. The first five ground motions from the
previous study (motion codes: RSN3271 1, RSN3317_2, RSN3512_1, RSN3663_1, RSN3670_1) were first
scaled to match the design spectrum with a hazard factor of 0.3 and a soil class C and then were input at the
base of the soil profile. The response spectra of the surface shaking compared to the original scaled motions
are shown in Figure 2.6. It can clearly be seen that for the non-liquefied case the soil deposit amplifies the
response around the period range of 0.8 seconds and is relatively unchanged over the remainder of the
spectrum. The liquefied deposit shows a reduction in response in the low period range, due to the increase
in damping, however, there is strong amplification in the period range around 3 seconds. This analysis is
extremely simplistic and an elastic analysis is not suitable for simulating the highly nonlinear liquefaction
phenomenon, the main drawback being that an elastic analysis means that the standing waves are at a
constant frequency through the whole motion and therefore a strong amplification develops at these
frequencies. In a profile that is liquefying, the natural frequency of the deposit is constantly changing so
amplification does not develop at a single period. However, a recent proposal by Bouckovalas et al. (2017)
suggests the elastic design spectra can be obtained from the envelope of two equivalent linear analyses. The
first analysis considers the response of pre-liquefaction ground motion and site conditions and the second
analysis considers the ground motion after liquefaction using post-liquefaction site conditions and the
response spectra are combined based on the time of liquefaction.

Figure 2.6: Shift in response spectra due to site effects

Changes in the soil-foundation-structure system (modification to the effective stiffness properties of
the soil-foundation interface)

Once liguefaction has occurred, the soil has softened considerably, which alters the foundation impedance.
Karatzia et al. (2017) developed expressions to quantify the small strain foundation impedance (stiffness and
damping) for circular and equivalent circular surface foundations on liquefied soil deposits with a clay crust
(arigid footing lying on a three-layer liquefiable soil profile was numerically investigated, considering all three
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planar oscillation modes: vertical, horizontal and rocking). Notwithstanding the non-linear nature of the
liguefaction phenomenon, Karatzia et al. (2017) showed that elastodynamic analysis can be employed as an
engineering approach to the problem in the substructuring sense, assuming appropriate values for the shear
wave velocity and material damping of the liquefied soil stratum, and considering a kind of “permanent”
liguefied condition during the seismic event.

The results showed a decrease in the rocking stiffness of almost 40% for a shallow crust (foundation width to
crust depth ratio of 0.5). The nonlinear stiffness in terms of uplift behaviour and soil yielding would also be
expected to change. The nonlinear response at large strains is also expected to change as the strength of the
liquefied layer has also decreased. Among the parameters explored, the thickness of the surface non-
liquefiable soil layer is the one that seems to control the change in dynamic stiffness and damping. Based on
the boundary element results, regression formulae for the vertical, horizontal and rocking static stiffness
were obtained. These will be used for an initial assessment of the static stiffness of a surface foundation on
liquefied soil in the methodology described below.

Research by Argeri (2018) investigated the change in the load-settlement and moment-rotation behaviour of
a shallow foundation due to reduced stiffness and strength of a simulated liquefied layer under a surficial
non-liquefying crust layer in PLAXIS. Argeri (2018) demonstrated a significant drop in initial rotational
stiffness due to liquefaction, however, the maximum moment was similar to the non-liquefied case, since
the stress bulb at the peak moment response was largely contained within the surficial crust. Dynamic
analyses were also performed in PLAXIS using the liquefied and non-liquefied soil profiles and compared to
a displacement-based assessment procedure that used the moment-rotation behaviour obtained from push-
over based PLAXIS simulations, a sufficient match was obtained to suggest that assumptions could
adequately account for the dynamic assessment of simple structures.

Increases in the soil-foundation permanent deformations (modification to local damage and the
structural yield and ultimate displacements due to differential settlement, changes in overall
performance due to rigid body tilt and settlement)

Liquefaction produces a dramatic reduction in stiffness and strength which often results in settlement and
tilting of the foundation (See Figure 2.2(d) settlement results from Dashti et al., 2010). The level of
deformation depends on numerous factors ranging from pore water flow rates, to soil heterogeneity or stress
fields from adjacent buildings. Some of this deformation can occur in a uniform manner such as rigid-body
settlement and rigid-body tilting (Figure 2.7— upper schematics), which can cause health issues for building
occupants (Keino and Kohiyama, 2012). However, when the deformation happens in a non-uniform manner
it cannot only cause health-related effects but can also introduce additional stresses and strains in the
superstructure (Figure 2.7— lower schematics).
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Figure 2.7: Rigid-body and differential movements of the foundation (taken from Millen, 2016)

The additional stresses in the superstructure result in an earlier onset of yielding and failure of members.
Figure 2.8 shows the conceptual change in the push over response of a structure due to differential
settlements, where the yielding response is smoother due to earlier yielding of some members, while others
are delayed until the stresses are redistributed and eventually failure occurs earlier due to the higher strains
in the earlier yielding members (Millen et al., 2018).

Figure 2.8: Expected influence of differential settlements on the pushover response of a building

The level of shear demand on the beams due to the complete loss of bearing under one footing, compared
to the demands of seismic action, can be estimated using the Equation (2.2) from Gomez et al. (2018):

xB™nlL (2.2)

= Upy(n + f;) [L + an3aD) (T)( i)]

2n
Where,

e ¥ switches from the maximum free settlement to the real one (see Gomez et al.,, 2018 how to
calculate);
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e [}, suggested to be 1.02, corrrects the overestimation of seismic demand due to the “cantilever
effect” and the distortion of V; due to decompression of the settled column;

e U is the number of effective beams joining the settled column at each level, in any direction;

e fyaccounts for the presence of foundation beams (see Gomez et al., 2018 how to calculate);

e Ais the relative participating mass of the MDOF (see Gomez et al., 2018 how to calculate);

e n: number of storeys; L: beam span length; h: interstorey height; S.(T)/g: elastic seismic demand
spectral acceleration.

Equation (2.2) does not correspond directly to a reduction in yield and ultimate displacement capacity, and
requires a nonlinear analysis of individual buildings to assess how stresses and strains would be redistributed
within the structure.

2.1.2 VULNERABILITY ASSESSMENT OF CONCRETE FRAME BUILDINGS VIA MACRO MECHANISM
APPROACH

In the proposed modelling macro-mechanism modelling approach, the issues of time of liquefaction,
modification to surface acceleration, soil-foundation stiffness, differential settlement and load redistribution,
are considered in detail to better estimate the expected demands and deformations of the foundation and
the building. The modelling procedure developed in the workpackage 3 of Liquefact was based on a sub-
structuring approach and overcomes some of the issues of superposition by considering the rate of
deformation rather than imposing displacement and forces. It has been developed to provide an efficient
procedure to consider the impact of liquefaction on the performance of buildings.

The development of the model requires four sub-steps:

1. Quantify the liquefaction potential of the soil profile in terms of depth and thickness of the liquefiable
layer(s) and the resistance to liquefaction

2. Estimate the expected level of surface shaking considering the dynamic site response

3. Approximate the soil foundation stiffness using springs and dashpots that account for nonlinear soil
behaviour and the change in soil characteristics due to liquefaction

4. Estimate the expected load-settlement behaviour of each footing accounting for the build-up of pore
pressure

The four sub-steps can either be performed separately on in combination. The following sections describe an
approach to estimate the sub-steps using FLAC2D (ITASCA, 2017) and a series of simplified expressions.

The key aspects of the numerical model can be seen in Figure 2.9, where lumped plasticity is used to capture
the nonlinear behaviour in the beams, columns, joints, infills and soil. Distributed gravity load is used to
capture the expected static moment and shear demand on the elements.

The input motion is the expected surface motion from sub step 2 and the expected differential settlement
behaviour is captured through a combination of imposed settlement and changes in the stiffness of the soil
springs. The full details of the numerical model are described in the following sections.
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2.2 MODELLING OF BUILDINGS ON LIQUEFIABLE DEPOSITS

2.2.1 INTRODUCTION

Liquefaction impacts the seismic surface motion, it modifies the soil-foundation settlement and can cause
large settlement and tilt. The impact of these modifications requires a careful investigation of their
interactions during a shaking event. To achieve this, a nonlinear time history analysis procedure has been
developed that models the macro-mechanisms of the soil, foundation and structure. The procedure largely
follows the modelling approach by Millen et al. (2019) with further exploration of some details related to
settlement and load re-distribution.

The modelling procedure developed in this document is a sub-structuring approach and has been developed
to provide an efficient procedure to consider the impact of liquefaction on the performance of buildings. The
model presented here is for the problem domain prescribed in Figure 2.9, where the building is a Pre-1970's
European reinforced concrete building on shallow foundations on flat ground, and subject to a ground
motion only in one principle direction of the building.

The key aspects of the numerical model can be seen in Figure 2.9, where lumped plasticity is used to capture
the nonlinear behaviour in the beams, columns, joints, infills and soil. Distributed gravity load is used to
capture the expected static moment and shear demand on the elements. The input motion is the expected
surface motion from sub step 2 and the expected differential settlement behaviour is captured through a
combination of imposed settlement and changes in the stiffness of the soil springs.

Figure 2.9: Problem domain and numerical model
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The structural model was implemented in a numerical form using the open source software OpenSees
(McKenna et al., 2000). This software framework uses the finite element method for simulating the response
of structural and geotechnical systems subjected to earthquakes.

This section outlines the key aspects of the structural model and various validation and verification steps in
the development of the model.

2.2.2 KEY FEATURES OF THE PHYSICAL MODEL

A three-storey reinforced concrete (RC) building (with or without masonry infills) was considered as reference
class of structures for analysis. The structural model is composed of a 2D reinforced concrete frame (example
of a 3-storey 3-bay frame in Figure 2.11) and a specific configuration of the soil-foundation-structure
interface, described in the subsequent sections.

The building class variability has been represented using a random generation of the building characteristics,
and adopting a gravity-only design. Such design strategy is referred to as low-code design and it is based on
the consideration of static loads, neglecting the dynamic features of the structure, in order to obtain a
portfolio of non-seismic RC buildings.

The random building characteristics are referred to the geometric dimensions of the structural elements, to
the material (steel and concrete) properties, and to the distributed gravity loads used in the design phase
and associated to the seismic combination of actions. The probabilistic distributions from which the
characteristics are generated are reported in Table 2.1, Table 2.2, and Table 2.3, respectively. Truncation
levels are imposed to avoid extreme values. Beam height and beam span (or bay length) are correlated by a
bivariate Gaussian copula and the minimum value of the former is truncated to 1/10 of the value of the latter.
This correlation is as shown in the example of Figure 2.10, where 1000 values of the two variables were
generated. The generated dimensions of the sections of columns and beams were rounded at 0.05 m.
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Figure 2.10: Bivariate Gaussian copula correlating beam height and span
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A simulated design coded in Matlab generated a set of input design parameters (geometry, material strength,
gravity loads) from these distributions and then performed a gravity load (non ductile) design. The simulated
design was performed by running a static gravity analysis in Opensees on the building with the generated
characteristics and using agravity load for a design combination of actions uniformly distributed on the beams,
and a fixed base structure. The value of the gravity load for design was randomly generated from the
probabilistic distribution presented in Table 2.3. The moment and shear demand in the beams and columns
from the gravity analysis was used to size the reinforcing in the sections and joints and sized the foundation
footings. All columns have been designed with the same reinforcement; while a specific reinforcement was
designed for central and end sections of each beam. The properties of the sections corresponding to the
calculated reinforcement were used to develop an OpenSees model for seismic assessment.

A second gravity analysis was then performed on the same building with the updated elements, using the
value of uniform gravity load (also in this case uniformly distributed on the beams) associated to a seismic
combination of actions. The value of this load is calculated as a fraction of the correspondent load for design
combination. The ratio of the loads in seismic over design combination is randomly generated from the
distributions presented in Table 2.3. The additional weight of the infills (if present) are summed to this load,
in order to calculate the loads transmitted to the foundation and the nodal masses for the subsequent
calculation of settlement and dynamic analysis. The nodal masses were calculated according to the axial load
levels at the top of each column, by subtracting the total axial load of the above floors to the axial load at
the lower storey.

Opensees does not associate masses to gravitational load; thus, the uniform gravity load for seismic
combination of actions was statically applied in the subsequent dynamic analysis, in order to model the vertical
static load, prior and during the dynamic application of the horizontal ground motion. The P-delta effects
(second-order forces due to a displacement of the vertical load from its support), were explicitly modelled
with a leaning column (Figure 2.13). The leaning column has a very high axial stiffness, a very low bending
stiffness and it was linked to the structure by axially rigid truss elements, in order to not transfer relevant
bending moments to the frame structure. A concentrated vertical load was applied to the leaning column at
the level of each floor of the structure, equal to the weight of that floor.

The building mechanical and geometrical properties were stored in a file for subsequent analysis. By applying
this procedure for a specified number of buildings, a population of non-seismic RC buildings can be
generated.
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Figure 2.11: Example of physical model of the reference structure

Table 2.1: Probabilistic distributions for the geometrical properties of the structural model

Parameter Type of Mean Std. Trunc. Trunc Notes
distributio  value (u) deviation (min)
n (o) (max)

Number of bays Uniform 3 2 5

Bay length (m) Lognormal  4.37 0.11 Correlated to beam height
inv. cum. by bivariate Gaussian

copula

Ground floor height (m) Lognormal 3.21 0.13 2.75 4.00

Regular height (m) Normal 2.88 0.20 2.75 3.50

Beam height (m) Normal 0.44 0.01 Lbay/10 Correlated to bay length by
inv. cum. bivariate Gaussian copula

Beam width (m) Lognormal  0.27 0.16 0.25 0.40

Column depth (m) Lognormal  0.28 0.15 0.20 0.44

Column width (m) Lognormal  0.27 0.16 0.20 0.53

Table 2.2: Random distributions for the material properties of the structural model

Parameter Type of Mean Std. Trunc. Trunc. Notes
distribution value (u) deviation (min) (max)
(o)
Strength of concrete (MPa) Gamma 24 12 70 Shape=6
Scale=4
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Steel class Triangular 2 1 3 s1=25%
s2=50%
s3=25%

Yield strength of steel (class Normal 344 68.8 230 500

s1) (MPa)

Yield strength of steel (class Normal 495 22 400 550

s2) (MPa)

Yield strength of steel (class Normal 589 30 500 670

s3) (MPa)

Table 2.3: Random distributions for the gravity loads associated to the structural model for the design and seismic combinations

Parameter Type of Mean Std. Trunc. Trunc. Notes
distribution value (u) deviation (min) (max)
(o)
Gravity load for design Triangular 50 35 65
combination of  actions
(kN/m)
Ratio of gravity loads in Triangular 0.30 0.25 0.35
seismic/design combination
of actions

The soil-foundation-structure interaction was modelled with a complex non-linear dynamic model. The
different features of this model are presented in the next sections, where the generic benchmark structure
response has been studied in different foundation-soil configurations, from the simpler to the more
advanced, in order to study the influence of each aspect of the model.

Three examples of soil-structure interactions are shown in Figure 2.12. In case a, the building foundations
laid on a very stiff layer (bedrock), which prevented any displacement/rotation of the structure foundation.
In such conditions, the bedrock ground motions do not undergo any amplification or modification in frequency
content and intersect the soil surface unaltered. In case b, the soil beneath the foundation level corresponded
to a multiHayer soil profile with a granular liquefiable layer and two non-liquefiable layers. The foundation was
a very stiff continuous shallow foundation, which prevented differential settlements and/or base tilt. Case ¢
presents the same soil layers of case b. The foundation system was composed of shallow isolated footings,
which were prone to differential settlements/rotations.

Case c requires a complex soil-foundation-structure interaction model that includes a non-linear spring-
damper system and imposed settlement at the base of the foundation nodes, as explained in section 2.2.4.
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Figure 2.12: Foundation-soil systems: (a) rigid foundation on bedrock; (b) rigid foundation on compressible soil; (c) isolated footings
on compressible soil

2.2.3 GROUND MOTIONS

For the case of bedrock (Figure 2.12 a), motions should be recorded rock motions, whereas for cases where
the building is on liquefiable soil (Figure 2.12 b and c), a suitable site response analysis is required to obtain
the surface motion as input. For the rigid mat foundation, the input motion can be applied directly to the
base nodes of the structure, while for isolated footings the motion should be applied at the end of horizontal
springs that represent the soil-foundation interface shear stiffness. Two procedures for performing site
response analysis are detailed in section 2.7, the first is one-dimensional effective stress analysis. The surface
motions obtained from these analyses should be filtered using a 4" order Butterworth lowpass filter at 15Hz,
because the numerical noise due to rapid changes in stiffness becomes especially prominent above this
frequency. The second procedure is a simplified mathematical method, the Stockwell transfer function
method. Where a time-frequency filter is applied to the upward propagating motion in mimic the effects of
liguefaction.

2.2.4  SUPERSTRUCTURE MODEL

The general modelling strategy adopted for the frame elements involved an association of nonlinear springs
and elastic elements in series combined with a nonlinear moment-rotation joint model, following the main
assumptions and strategies proposed Elwood (2004), Ibarra et al. (2005), Lignos and Krawinkler (2011),
Baradaran Shoraka and Elwood (2013), Jeon et al. (2015) and Haselton et al. (2016).

BEAMS AND COLUMNS

The structure in elevation was modelled in OpenSees with a 2D model with 3 degrees of freedom (DOFs).
The configuration for the fixed-base case (without soil-structure interaction) is reported in Figure 2.13 for a
3-storey 3-bay structure. In each analysis, this model is the same used in the design phase. The RC frame was
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represented using 21 elastic beam-column elements (linear elastic), 9 for the beams and 12 for the columns
(referred to as elasticBeamColumn elements in OpenSees).

BEAM-COLUMNS JOINTS

The linear elements were connected by nonlinear beam-column joints (Joint2D elements), connecting the end
sections of beams and columns. The two-dimensional beam-column joints were modelled as parallelogram-
shaped shear panels (rotational springs) with adjacent elements connected to their mid-points (detail in
Figure 2.13). Each beam or column was connected to the shear panel through a shear and a rotational spring
(zeroLength elements). The system composed by the shear panel and the four spring elements at the external
nodes was able to reproduce the nonlinear response of the structure under monotonic and cyclic strain,
thanks to the specific properties of the materials associated to each component.

The central rotational spring was modelled with a hysteretic material (uniaxial Material Hysteretic), with
pinching of force and deformation, damage due to ductility and energy, and degraded unloading stiffness
based on ductility. The external rotational springs were modelled with a material (ModIMKPeakOriented)
that simulates the modified lbarra-Medina-Krawinkler deterioration model with peak-oriented hysteretic
response (Lignos and Krawinkler, 2012). The strength and stiffness associated to these materials was a
function of the physical characteristics of the sections of the corresponding elements (beams or columns), that
were determined in the design phase, where the reinforcement of the structural elements was calculated.

Figure 2.13: Numerical model for cases (a) and (b) and detail of the beam-column joints configuration

MASONRY INFILLS

Masonry infills were modelled with the equivalent strut approach, which is one of the commonly used
principles when developing nonlinear mathematical models of infilled frames for earthquake analysis (Zarnic and
Gostic, 1998).

The elements used were nonlinear truss elements that were assigned a nonlinear stress-strain material
model simulating the infill behaviour. Two diagonal struts (as shown in Figure 2.13) were used to simulate one

infill and were connected to the beam-column joints at the column level. The equivalent area of each strut
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was established based on the maximum lateral force of the infill (Zarnic and Gostic, 1997), transformed to the
direction of the diagonal, and on the masonry compressive stress f,,,. Maximum strength was assumed to be
reached at an inter-storey drift of 0.2% (Dolsek and Fajfar, 2008). The lateral displacement of each infill was
transformed into the diagonal displacement for the subsequent definition of the strain of the strut.

The parameters obtained, i.e. the maximum stress and strain, were used to define the masonry material with
zero tensile strength simulated by the Concrete01 material (Noh et al., 2017). The peak compression strength
fm was equal to 3.1 MPa and all infills had a thickness of 0.1 m. Additionally, a residual strength equal to 10%
of the peak strength was considered for numerical stability, which was reached at an inter-storey drift five
times the peak inter-storey drift.

Openings were modelled following the proposal of Tasnimi and Mohebkhah (2011), which consider a
reduction factor for the equivalent truss width and peak load capacity. Such factor is a function of the ratio
of the area of the openings of a panel to the area of the infilled panel. One door was considered in the central
panel of the ground floor and a window for each panel of all the storeys in the two external bays (each panel
between columns F1-F2 and F3-F4 in the model of Figure 2.13).

The infills were included in the structural model to involve realistic values of stiffness, strength and mass.
Nevertheless, the damage of the infills during the application of the seismic load was not explicitly considered as
aperformance criterion in the subsequent assessment of the performance of the structure, where only the
shear failure of beams, columns and joints, and inter-storey peak and residual drift and foundation tilt were
considered.

2.2.5 FOUNDATION MODEL

For soil-foundation configurations similar to those of Figure 2.12 a and b, foundations were modelled in
OpenSees as infinitely rigid in the two displacement directions and in the rotational component (Figure 2.13).
Thus, the nodes corresponding to the foundation level were constrained in the three components. Rock
ground motions (a) and the surface ground motions (b) were applied at these nodes as acceleration time series
(ii(t) and ii*(t), respectively).

In a configuration similar to Figure 2.12 c (isolated foundation on liquefiable soil), the more complex soil-
foundation-structure interaction required the model shown in Figure 2.14. The dimensions of the isolated pads
were determined for each building in the non-seismic design phase, along with the superstructure design. The
footings were designed to be all equal, by considering the most loaded column and applying Meyerhof (1963)
method to design a square section. In the numerical model, the base node of each column of the ground floor
was connected to the constrained node by means of a nonlinear spring-damper system acting along the three
degrees of freedom. The surface motions ii*(t) were applied at the fixed nodes.

The spring system was composed of a vertical, a horizontal, and a rotational component. The damping
(dashpot) system (not shown in Figure 2.14) acted in parallel with the spring system, and it was composed of
three components as the spring system. The system was modelled in OpenSees by two ZeroLength elements,
one for the spring and one for the dashpot element. The materials used for modelling the behaviour of these
elements in each of the three components are described in the following sections.
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2.2.6  ADDITIONAL ASPECTS FOR NUMERICAL MODELLING

As referred, a design phase was carried out for each building before the dynamic analysis, in order to calculate
the design properties of the structural elements, and to calculate the equivalent lumped masses. The lumped
masses for dynamic response calculated in the design phase were located in the nodes above the shear
panels, as shown in Figure 2.13.

For infilled structures, the extra masses and gravity loads due to the infills were added to the previously
calculated nodal masses and distributed gravity load. A unit weight of 6.87 kN/m® was considered for the
infills (Hak et al., 2012).

For the structures supported by the non-linear spring-damper system at the footings (Figure 2.14), a nodal
mass corresponding to a half the vertical distributed load acting on the tributary span of the ground floor was
placed in correspondence of each footing at the node between the spring-damper system and the column.
The remaining 50% of the load was supposed to be directly transmitted to the ground between the footings
and was not accounted in the structural analysis.

During the dynamic analyses, the gravitational loads for the seismic combination of actions was imposed as
a uniform distributed load on each of the nine beam elements, and a horizontal ground motion was applied at
thefoundation level.

After the end of analysis, the maximum shear force of the end sections of all the beams and columns was
checked against the Limit State of Near Collapse (NC) prescribed in Eurocode 8 — part 3 (CEN, 2005)
(expression A.12) to assess whether shear failure occurred during the analysis.

Figure 2.14: Numerical model for structure with isolated footings

2.2.7 CASE STUDY EXAMPLE

To demonstrate the difference in response for the different situations and different modelling assumptions,
a simple case study building is considered. The simple three-storey three-bay case study building and soil
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profile can be seen in Figure 2.15. The building had a first storey height of 3.2m and other storeys of 2.9m.
The beams were 0.45m deep and 0.25m wide and the columns were 0.3m deep and 0.25m wide. The design
concrete and steel strength were 16MPa and 230MPa respectively. The structural elements (beams, columns,
joints, foundation footings) where all sized using the simulated design process described in section 2.2.1
where the elements were designed using the factored gravity loads on the beams of 50kN/m. All columns
have been designed with constant reinforcement with 4 12 mm diameter rebars and 6mm stirrups with a
spacing of 0.15m to give a column yield moment of 35 kNm. A specific reinforcement was designed for central
and end sections of each beam. 16mm longitudinal rebars were used with 8 mm stirrups in all the sections
of all the beams. The yield moment of the beams was between 72 and 156 kNm at the end sections. The
footings were designed to be equal by considering the most loaded column and applying the Meyerhof (1963)
method to design a squared section of (B=L) 1.4 m with a depth of 0.55 m. A second gravity analysis was then
performed using a uniform load associated to the seismic combination of actions (15.5 kN/m) and additional
weight of the infills, in order to calculate the footing loads and nodal masses for the subsequent calculation
of settlement and dynamic analysis.

For the examples presented in the chapter, the ground motion recorded from Dinar station during the Dinar
Earthquake 1995 (Mw=6.4) in Turkey has been used. This motion is characterised by a site time-averaged
shear-wave velocity in the top 30 m (Vs30) of 220m/s, and was taken from the NGA2-west strong motion
database from Ancheta et al. (2013) number 1141.
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Figure 2.15: Case study building and soil profile
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2.2.8 VARIATIONS IN SOIL-FOUNDATION STRUCTURE INTERACTION MODELS
LINEAR ELASTIC MODEL FOR SPRING AND DASHPOT ELEMENTS

The initial soil-foundation impedance properties was determined using the formulations proposed in Gazetas
(1991) (Equation (2.3)-(2.5)). The proposal takes into account the properties of the supporting soil, the
geometry and inertia of the foundation and superstructure, and the nature of the dynamic excitation. The
foundation response in a 2D problem is composed of three degrees of freedom in the vertical, horizontal,
and rocking direction. Each degree of freedom associated to an elastic ("spring") and a viscous ("dashpot")

response.
K, = %(2 +2.50°85)k,, (2.3)
K, =22 (0.73 + 1.54°75)k, (2.4)
Ke = 1075 () (24 + 052) ki (25)
where:
. gl

e A, = 4blis the area of the foundation-soil contact surface

e b=B/2andl = L/2 are the foundation semi-width and semi-length, respectively

o [, = i(Zl)(Zb):" = L LB3 is the area moment of inertia of the foundation-soil contact surface
12 12

around an axis parallel to the direction of the foundation length

ky, k,, and k., are dynamic coefficients, depending on the frequency-dependent term a:

_ wb (2.6)
Vs

Qo
where w = 27 f is the circular frequency of the applied force (from the structure to the foundation soil),
and V; is the shear wave velocity of the foundation soil. The relation between the dynamic coefficient and
ay was provided by the author in form of graph. For the present case, imposing a period T = 1/f of 1s

itis

ky =ky = kpy =1 (2.7)

Vertical springs are unable to resist tensile actions. Therefore, the material adopted was an elastic no-tension
material (ENT material), with a constant stiffness modulus in compression (equation (2.4)), which drops to
zero if the spring is loaded in extension. The horizontal and rocking component are modelled with the linear
elastic material denominated “Elastic” in Opensees.

48



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

The dashpots were modelled in OpenSees with a ZeroLength element acting in the horizontal and vertical
components. As referred in the previous section, the rocking viscous component was coupled with the elastic
element of the same component, due to the particular material used. The rocking viscous component of
PyLigl material requires the definition of the damping coefficient. The materials associated to the ZeroLength
elements were two Viscous type materials, which require the definition of a damping coefficient and a power
factor (which was set equal to 1). The damping coefficients for the horizontal, vertical, and rocking
components were calculated according to Gazetas (1991):

Ch = pVsApcy (2.8)
C, = pVigApc, (2.9)
Cr = PVialpxCrz (2.10)

where:
e A, is the area of the footing
o .= \/G—/p is the shear wave velocity of the upper soil layer
o V= 3.4/(n(1 - v))VS is Lysmer's analog wave velocity of the upper soil layer
e pisthe density of the upper soil layer

Coefficient ¢, (ay), c;(ag), and ¢;x(ap) are the dynamic coefficients, which depend on the frequency-
dependent term a,. For the particular soil studied (imposing a period of 1s), it was:

cy=1c;=1¢, =01 (2.11)
An example of response of the structure using linear springs is shown in Figure 2.16, through the inter-storey

drifts of the superstructure and the global tilt of the foundation plane. For the i-th storey, inter-storey drift
B5s, is defined as the following time series:

Ai(6)=Ai_1(8)
ess,i(t) = n - (2.12)

Where A; is the horizontal displacement of the i-th floor and h; is the height of the i-th floor. The peak

and residual inter-storey drifts of the i-th storey are the maximum and the last element in absolute value of
this time series, respectively.

The global tilt of the foundation is:

Ayp—Ay,
0.(t) = 222N (2.13)
f( ) Lpuita

where Ay, and Ay, are the settlements of the footings relative to the most external columns (F1 and F4 in
the example of Figure 2.14), and L;,;;4 is the horizontal dimension of the building in the direction of the
applied motion (which is shown as a time series of the acceleration in the second plot of Figure 2.16).
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Figure 2.16: Example of linear elastic model response

The results show that the drift is maximum at the ground floor, and decreases for higher storeys. The
foundation tilt is comparatively low. A symmetric oscillation with respect to the initial configuration of the
structure is observed in the drifts of all storeys and in the global tilt of the foundation. In this example, the
intensity of the applied motion is not enough to cause permanent deformation in the superstructure or
permanent tilt in the foundation.

The force-displacement and moment-rotation response of the linear elastic spring-damper system for the
same analysis is shown in Figure 2.17. The unsymmetrical force of the vertical springs in compression and
extension is shown. The slight force in extension is due to the dashpot response. The horizontal and rocking
components are symmetrical in compression and extension. Their response is centred around the origin of
the axes, while the vertical component presents a pre-load due to the initial gravitational load imposed. It is
possible to note the higher role played by the dampers in the vertical and horizontal component than in the
rocking component. This is an effect of the different coefficients in expressions (2.11).

The settlements of the footings with time are shown in Figure 2.18. The footings relative to the external
columns (F1 and F4) are loaded with a smaller static vertical load than the internal springs (F2 and F3).
Therefore, the former deform less than the latter. On the other hand, during the shaking, the external nodes
undergo higher strain induced by the dynamic forces, while the internal springs are less prone to extreme
strain. The static load remains constant throughout the whole record (no load redistribution occurs).
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Figure 2.18: Example of footings settlements for a linear spring-damper system

NON-LINEAR MATERIAL MODELS FOR SPRING AND DASHPOT ELEMENTS

The behaviour of the soil-foundation-structure interaction laying on a liquefiable soil profile requires a more
advanced model. Thus, in the non-linear foundation model, the materials associated to the spring-dashpot
system were not linear and depended on the key variable 7;, accounting for the change of pore water
pressure in the soil. This parameter is calculated as a pore pressure time series (see section 2.4).

In order to input the 7;, time series in OpenSees, this should be transformed into a measure of the mean
effective stress. The r;, time series can be related to the mean effective stress if a normalized form of this is
considered:

, p' 2.1
Pnorm = ? (2.14)

where p; was the mean effective stress before the application of the ground motion. Adopting this definition,
Prorm depended on 1, through the following:

Prorm =1—1y, (2.15)
At the beginning of the analysis it was r;, =0 and py,-m = 1. When the pore pressure increased as an effect
of the applied dynamic load, 1, increased, p,,,m decreased, and the soil tended towards liquefaction for
1, =1and pyorm =0.

Horizontal spring was still modelled with a linear elastic material. Thus, the stiffness modulus Kj defined in
the previous section was kept as a constant.
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Vertical elastic component depended on the characteristics of the soil, which in turn varied with the mean
effective stress. The material adopted was an elastic no-tension material (ENT material), characterized by a
stiffness modulus K,,, dependent on the mean effective stress p'.

Vertical stiffness modulus assumed an initial value K, ; corresponding to pyo.-m = 1 and coincident with
Gazetas (1991) formulation expressed in equation (2.4). This value decreased linearly up to a residual value
Ky res = 1,K,,; when ppom = 0. Parameter 1, is a ratio of the initial over residual stiffness. The linear
relation was:

K, = Kv,i : [1 - (1 - p;wrm)(l - rv)] (2.16)

If prorm Was outside the interval [0, 1] (e.g. when the soil manifested dilatant behaviour), the stiffness
modulus did not exceed the interval between the initial and the residual value, as shown in Figure 2.19.
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Figure 2.19: Model for vertical stiffness degradation

The same behaviour is adopted for rocking stiffness (K, ,..s = 7;-K;- ;). The initial values of rocking stiffness is
expressed in equation (2.5).

Karadzia et al. (2017) presented the results for the dimensionless static stiffness ratio I?ij/l(ij of a multilayer
configuration with a shallow non-liquefiable layer (crust) and a second liquefiable layer (similarly to the
configuration shown in Figure 2.12 b and c). The stiffness ratio was presented as a function of the crust and
liqguefiable layer heights, foundation width, and ratio of shear wave velocity measured in the crust and in
the second layer in liquefied conditions. Term ﬁij indicates the post-liquefied dynamic stiffness matrix, while
K;j indicates the pre-liquefied stiffness matrix. This ratio (of the vertical components of the respective
matrices) was adopted as parameter 7, to be introduced in expression (2.16) (same procedure was adopted
for the rocking component, where ;. is the ratio of the rocking components of the matrices defined above).

In the OpenSees implementation, py,rm Was introduced as a time series and it was calculated from the 7,
time series, which was imported from the analysis results performed in FLAC. Hence, the value of K;, was
calculated at each analysis step through expression (2.16), and the corresponding updated value was input
in the analysis.
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Rotational springs were modelled in OpenSees using material PyLiql. This is an elastic hardening-plastic
material with ultimate capacity that incorporates liquefaction effects. It was described in Boulanger et al.
(1999). The constitutive response of PyLigl (in terms of ultimate capacity and stiffness) was scaled in
proportion to the mean effective stress time series. Both stiffness and ultimate capacity reduction were
modelled with the same linear interpolation of Figure 2.19. Nevertheless, the material definition prescribes
a zero value for the residual stiffness. Initial stiffness was calculated according to Gazetas (1991) proposal
(2.5). When py,orm =0, rotational ultimate capacity was considered to be coincident with:

B N 2.17
Mcap,i = M,y :Ng(l— ) ( )

Ncap
where Niqp, = BLqy,; is the foundation bearing capacity in static conditions, calculated with Meyerhof

(1963) method; and N is the vertical load due to the self-weight of the tributary area of each footing,
calculated in static conditions.

As aforementioned, ultimate capacity decreased linearly with pyopm, from Mgy, ; t0 Megy res, following
qualitatively the scheme of Figure 2.19. The ratio of the capacities was calculated following Karatzia et
al.(2017) formulation, although this was developed for stiffness reduction computation. Alternatively, the
moment-rotation backbone response can be obtained from push-over analyses of a fine element model using
degraded strength and stiffness for the soil (See Argeri, 2018).

PyLigl material incorporates a component for viscous damping. Thus, for the rotational component, only one
element was necessary in the model, as the material used accounts for both elastic and dashpot components.
The properties of the viscous damping are detailed in the next section.

It is worth noting that material PyLiql is a symmetric material (behaving equally in tension and compression)
which was designed to best behave in symmetric cyclic conditions (cycles around 0 shear stress). For this
reason, it is not suitable to be used for modelling vertical springs behaviour, which presented an initial
compressive stress due to the static vertical loads.

The response of the non-linear model is shown in Figure 2.20. The horizontal response is linear as the
precedent case, while the vertical and rocking response are now dependent on 7;, and therefore show a
decrease in stiffness as the pore water pressure increases. The rocking stiffness shows higher stiffness
degradation, due to the impossibility of imposing a residual stiffness higher than zero for material Pyliq1.

The footing settlements are shown against time in Figure 2.21. The response of the springs relative to the
static gravitational load is the same as in the linear case (Figure 2.18). During the shaking, the degradation in
stiffness due to the pore pressure build up causes an additional strain accumulating progressively during the
shaking. In the linear model, the final settlement of the footings was around 0.4 mm for external base nodes
and around 0.65 mm for internal base nodes. In the present non-linear model, the same settlements are
around 1.0 and 1.8 mm, respectively. Thus, the liquefaction induced settlements are not captured in the
springs, but provide a better characterisation of the dynamic properties of the building-soil system.
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Figure 2.21: Example of footings settlements in non-linear spring-damper system

2.2.9 ESTIMATING THE FOUNDATION LOAD-SETTLEMENT BEHAVIOUR

The seismically-induced dynamic settlement (S4y,) of a foundation is dependent on the vertical load and
bearing capacity as well as the cyclic shear and moment loads imposed on the soil from soil site response and
kinematic and inertia interaction between the soil and building. This settlement behaviour has been captured
in simplified models by Karamitros et al. (2013a) and by Bray and Macedo (2017). The two methods and their
adaptations are briefly described herein; they are described in detail in section 2.6.

Karamitros et al. (2013a) method is expressed in equation (2.18), where v is the velocity time series, Z;;, is
the height of the liquefiable layer, and FSg., is the degraded bearing capacity factor of safety calculated
according to Karamitros et al. (2013a). The integral of the velocity time series corresponds to the cumulative
absolute displacement (CAD).

3 3
S = [lw2ldt - (Zyg)"" (ﬁ) = CAD - (Zy;))"* (L) (2.18)

FSgeg

The simplified model is intended to estimate the final settlement value, while for modelling the interaction
between settlement and dynamic structural loads, a time series of settlement is required. The settlement
model from Karamitros et al. (2013a) quantifies the seismic demand through the integral of the absolute
velocity time series and therefore can produce a time series of settlement relative to the velocity time series.
However, the rate of settlement is not constant as it is dependent on the extent of pore pressure build up.
The pore pressure build up results in a reduction in the factor of safety that subsequently increases the rate
of settlement. While this increase is dependent on how close the foundation is to bearing capacity failure, an
arbitrary weighting factor equal to the pore pressure ratio was applied to the settlement equation to reflect
the change in settlement rate with pore pressure (equation (2.19)).
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The degraded bearing capacity factor of safety is taken as a constant in the approach presented in Karamitros
et al. (2013a), where the applied vertical load is the load transmitted from each column to the foundation
soil at the beginning of the ground motion. Nevertheless, such simplification does not take into account the
stress redistributions among the footings due to the non-linearity of the system and the applied load. This
could lead to undesirable detachments between the footing and the respective foundation soil.

A more thorough analysis would be achieved by considering F Sy, as being a time series and not a constant
value. Since the value of the vertical loads is analysis-dependent and cannot be known a priori, the factor of
safety time series should be built in an iterative manner. For each footing at each time step of the dynamic
analysis using the results of the previous time step, the factor of safety is updated, and the resulting
incremental settlement should be applied at each step to the respective footing. The degraded bearing
capacity can be kept the same as from Karamitros et al. (2013a), as the degradation was already partially
considered through the weighting factor based on the pore pressure, but the vertical load on the footing can
be taken from Opensees at each time step to recompute the factor of safety and the expected change in
displacement. Equation (2.19) was therefore modified to consider the differential of the settlement with
respect to CAD. The change in CAD, the pore pressure ratio and the vertical load at each time step were
then used to calculate the expected change in settlement over a time step. While these adaptions allow for
the consideration of load redistribution and settlement during a seismic event, the adaptions have not been
calibrated and were made in a way to best reflect the original work by Karamitros et al. (2013a).

The original formulation of the Bray and Macedo (2017) method (equation (2.20)) was intended to estimate
the final settlement value and not the settlement time series and therefore needed extension to produce the
time series, wich was defined as:

S = exp(c +In(CAV,,) + 4.59Ing — 0.421n(q)?) (2.20)

In this expression, ¢ indicated a constant value including different factors, g is the vertical stress transmitted
from the foundation to the soil, and CAVy, is a standardized version of the cumulative absolute velocity
(defined in Campbell and Bozorgnia, 2011), which in turn is the integral of the absolute value of acceleration.
As in the precedent method, the absolute acceleration time series can produce a time series of settlement
relative to the acceleration time series. The formulation can be applied in a simplified form by considering
the vertical stress as a constant, or in a more thorough and numerically demanding way by iteratively
calculating the vertical stress during the Opensees analysis, and using the result to compute the settlement
increment of the subsequent step. As mentioned before, the iterative method is more accurate because
takes into account load redistribution during the earthquake.

2.2.10 MODELLING SETTLEMENTS

For the structures with isolated footings, the imposed settlement time series S(t) was applied at each
constrained node, in order to take into account the liquefaction effects calculated in the FLAC analysis. The
time series was calculated using one of the two methods described in the previous section, selecting the
constant load or the varying load formulation. In the first case the settlement time series is pre-calculated
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and passed to the Opensees model, in the second case the time series is calculated at each analysis step as
expressed in the precedent section.

The results for the analyses performed with constant load settlement (pre-calculated settlement time series)
are reported in Figure 2.22. In the example, a 3-storey 3-bay building had been considered and settlement
was calculated using Karamitros et al. (2013a) method. In the case of the structure without infills (Figure 2.22
a), a soft storey is observed at the ground floor; in fact, the maximum value of drift 8, is approximately equal
to 4% (blue dots in figure), much higher than the drifts of the upper floors and the foundation tilt (<1%). Thus,
the distortion is located in the columns of the ground floor, which during and after the shaking are not
perpendicular to the foundation plane and to the beams of the first floor. The settlement time series show
that the contribution of the imposed settlement is much higher than the spring strain, which in the figures is
not significant. The flexibility of the structure is visible in the settlement of the footings, which is higher for
the central footings (F2 and F3), and smaller for the external footings (F1 and F4). This is the effect of load
redistribution: central footings, which initially take the higher share of the gravity load are subjected to a
higher settlement than the external footings. This causes the vertical load to be transferred from the central
to the external footings, until the load is equally shared among the four pads. The symmetry of the structure
and the homogeneity of the foundation soil cause the settlement to be equal for the two central footings
and for the two external footings. This, as expected, produces an almost nil global tilt of the foundation.

(a) Non-infilled structure (b) Infilled structure

Figure 2.22: Results with equal incremental settlements
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The analysis performed considering the structure equipped with the infills described in section 2.2.6 is
reported in Figure 2.22 b. The rigidity of the structure is clearly higher with respect to the precedent case.
The inter-storey drifts and the foundation tilt are in phase and present similar values. The maximum values
are less than 0.3%, ten times less than in the precedent case. The similar response of the inter-storey drifts
and foundation tilt produces rigid movements of the structure rather than angular distortions between
structural elements (e.g. the angles between columns and beams do not diverge significantly from the
perpendicularity). The footings settlements are around 50 cm as the previous case, but the rigidity of the
superstructure makes the settlements equal for all the footings. The analysis shows a small residual
foundation tilt (around 0.1%).

2.2.11 MODELLING SOIL HETEROGENEITY

In order to include the effects of soil heterogeneity, at each footing the settlement time series was multiplied
by a constant coefficient. A specific coefficient c¢; was assigned at each footing, selected from a uniform
distributionincluded intheinterval [0.7-1.2]:

with i = 1...4. The four randomly generated coefficients c; are [1.107, 1.153, 0.763, 1.157], for footings from
F1 to F4 (as in Figure 2.14), respectively. These values were used in all the analyses performed on structures
supported by the spring-damper systems. Future analyses could aggravate these coefficients in view of
additional factors like ejecta and sedimentation.

The results of the analyses performed imposing random coefficient to the varying load settlements
(settlement increment calculated at each time step) are reported in Figure 2.23. Also for this case, the
analyses were performed considering the superstructure with and without masonry infills. For each analysis,
the drifts of the superstructure are very similar to the corresponding drifts of the precedent case. The
foundation tilt in this case is not nil, being approximately equal to 0.2% in the negative (counter clockwise)
direction. The distortion of the ground floor in the case of structure without infills is aggravated by the
foundation tilt (which is in the opposite direction). As for the structure with infills, the rigid rotation of the
foundation plane is associated with a congruent rotation of the superstructure, which tilts without major
distortion between the structural elements.

As expected, the settlements of the four footings shows a higher dispersion than in the previous case. It is
interesting to note that the tilt of the foundation plane is in both cases in the counter clockwise direction,
although the coefficient of foundation F1 is lower than the coefficient of F4, which would suggest a rotation
in the opposite sense. Nevertheless, examining the vertical load on the footings at the end of shaking, one
can see that footing F3 is the most loaded, followed by F1, F2, and F4, respectively. This reflects the order of
the random coefficients from the minimum to the maximum. Since the superstructure has a certain rigidity
(with or without infills), its vertical reaction is governed by the two more loaded (i.e. prone to less settlement)
footings, F3 and F1. Footings F2 and F4 have a higher allowable settlement rate, thus, their load is
progressively redistributed by the superstructure to the F1 and F3. If the foundation tilt is calculated between
F1 and F3, a negative value (i.e. in the counter clockwise direction) is obtained. This reflects the fact that the
coefficient associated to F3 is lower than the coefficient associated to F1.
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The dashed lines in Figure 2.23 represent the settlement time series for the four footings calculated using
the Karamitros et al. (2013a) method as a pre-calculated time series, scaled with the four constant random
coefficients reported earlier. Thus, the dashed lines are calculated considering a factor of safety F S, , equal
to the degraded factor of safety in initial conditions (only gravity load applied). The continuous lines are
calculated at each time step, by considering the vertical load acting on each footing in the previous step. The
dashed lines present a higher dispersion than the continuous lines. This effect is due to the load redistribution
in the second case from the more loaded springs to the less loaded and the consequent change in factor of
safety. The average settlement calculated with constant FSg,, is approximately half the settlement
calculated at each analysis step. The first is calculated by considering only the static load acting on the
footings, while the second settlement considers the dynamic loads. The analysis of the results shows that the
dynamic load reached, in some cases, peaks equal to twice the corresponding static load. Hence, the reduced
factor of safety and the increased settlements in the second case.

(a) Non-infilled structure (b) Infilled structure

Figure 2.23: Results with random factors applied to incremental settlements

2.2.12 MODELLING RECOMMENDATIONS

This chapter has presented a viable option for modelling gravity designed European reinforced concrete
buildings. The model properties outlined in Table 2.1, Table 2.2, and Table 2.3 should be used as inputs into
a simulated design process if the actual design properties of a building cannot be directly obtained. The soil-
foundation structure interaction (springs, dashpots and settlements) should follow either the constant load
(pre-calculated settlement) or varying load (settlement increment calculated at each step) using the
nonlinear springs described in section 2.2.7 (second part).
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2.2.13 CONCLUSIONS

The framework and procedure presented in this section offers a numerical efficient approach for engineers
to considering the impacts of liquefaction on buildings. Although some of the inputs (e.g. rate of settlement)
are not yet well calibrated, the efficiency of the procedure and the decoupling of the liquefaction analysis
and structural analysis, allows engineers to consider a variation of the material properties and of underlying
assumptions to obtain the inputs for the structural analysis. A case study building that was investigated with
the above procedure did not suffer from large differential settlement and the infills provided significant
additional capacity to resist differential settlements and inter-storey drifts. The model required a
guantification of the modification of seismic shaking, settlement rate and soil-foundation impedance due to
liquefaction. In the following, all these different factors will be explored in greater detail.

2.3 SIMPLIFIED PROCEDURE TO CLASSIFY SOIL PROFILES

2.3.1 OVERVIEW

A key measure in the context of this research refers to the expected level of damage to a building on shallow
foundations after liquefaction. For this purpose, it is necessary to define a systematic process of classifying
liguefaction resistance of soil profiles, using a standard seismic hazard or independent of seismic hazard. The
hazard-independent classification of liquefaction resistance (e.g. the cyclic resistance ratio to liquefaction in
15 uniform cycles) is a key step in the context of performance-based design and assessment and loss
assessment frameworks, where a range of seismic hazard levels are considered. The ability to rapidly evaluate
the time of triggering for different ground motions would allow the development of more robust estimates
of liquefaction damage using pre- and post-liquefaction, ground intensity measures (Kramer et al., 2016). The
guantification of liquefaction, in terms of the key parameters that influence the performance of the building,
should also reduce uncertainty when considering the influence of liquefaction on building performance.

The two most important parameters identified in recent literature are the thickness of the crust and the
height of the liquefied (or liquefiable) layer. These two parameters are shown to influence building
settlement (e.g. Liu and Dobry, 1997; Shahir and Pak, 2010; Karamitros et al., 2013a; Bertalot and Brennan,
2015; Lu, 2017), the characteristics and intensity of ground surface shaking (Bouckovalas et al., 2017), the
manifestation of liquefaction at the surface (Ishihara, 1985; Ishihara et al., 1990) and the soil stiffness or
foundation impedance (Karatzia et al., 2017).

While liquefaction classification in terms of triggering is useful for mapping, the hazard-independent
classification does not preclude these assessments, since triggering can readily be obtained by applying the
seismic hazard. This has the distinct advantage of being independent of seismic hazard maps, many of which
are regularly updated. Furthermore, liquefaction triggering assessments that use different assumptions can
provide considerably different results. Recent investigations of the performance of soil deposits in
Christchurch during the 2011 earthquake by Cubrinovski et al. (2017) identified the role of pore water flow
and seismic isolation as key differences between the CPT-based simplified triggering procedure from
Boulanger and Idriss (2016) and nonlinear effective stress analyses. In turn, soil layers in terms of the
normalised cone tip resistance and the information criterion were readily identified and consistent across
both assessment procedures.
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In this section, a simple three criteria, hazard-independent liquefaction classification system is proposed for
performance and loss assessment of buildings on shallow foundations, using the height (Hiq) and depth to
the critical liquefiable layer (D), as well as the average cyclic resistance of the layer for 15 cycles of uniform
load (CRRn1s). Figure 2.24 schematically summarises the concept of Equivalent Soil Profiles (ESP), in which a
stratified multi-layered soil profile is converted into an simplified soil profile, with equivalent liquefaction
response, based on the three governing parameters.

Figure 2.24. Equivalent Soil Profile: definition of the three governing parameters

The influence of these properties on ground surface shaking and bearing capacity has been briefly explored,
however, further investigations on the impact of these parameters on liquefaction triggering, surface ground
motions, soil foundation stiffness and settlement can be found in sections 2.5, 2.7, 2.2, 2.6 respectively. The
generation of a simplified soil profile from a CPT record has implemented as an algorithm (available in the
next release of the open-source Python package Liquepy, at https://pypi.org/project/liquepy) and also
identifies difficulties in developing the equivalent profile, particularly in highly stratified soil. A set of criteria

for classification of soil profiles for regional scale loss assessment are also presented and demonstrated on
an example site in Christchurch, and subsequently implemented in two real case studies: Christchurch (New
Zealand) and San Carlo (Italy).

The classification is used to develop building-soil profile classes for vulnerability analysis. The main
advantages of this approach are:

e (Can be exactly determined from CPT, DMT, SPT seismic waves surveys or borehole data

e Captures the soil profile behaviour across the full hazard range using just three values

e Information is directly related to building performance

e Can capture complex system effects (e.g. vertical pore water flow)

e Intuitive parameters are used (soil layering vs foundation geometry and hazard level), rather than
strains or quality indexes (e.g. LPl or LSN)
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e Can provide a definition of the profile without knowing the seismic hazard at the site

To illustrate the limitation of existing approaches, an example is provided in Figure 2.25 for a series of
different soil profiles with distinct CRR at the liquefiable layer, but which result in the same LSN of 20, for a
PGA of 0.15g. While this value of LSN is indicative of a moderate superficial manifestation of liquefaction, it
fails to take into account the effects of liquefaction in the presence of buildings or the time to liquefaction.
This is clearly evidenced in Figure 2.26, where the two buildings of different width are located in two of the
previous soil profiles. Since the depth of influence of each building is different, the effects of liquefaction will
be distinct, despite the same soil profile.

Figure 2.25. Different real soil profiles with distinct CRR profiles but identical LSN value

Figure 2.26. Different building widths and soil profiles

The fact that existing methods provide information of non-unique soil profiles means that it is not possible
to directly estimate the expected level of damage to a building, for which a new approach is needed.

In short, the new classification for liquefaction potential provides a three-layered equivalent soil profile,
where three governing parameters are considered:

63



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s
Horizon 2020 research and V. 1_0
innovation programme under
grant agreement No. 700748
e Djg, depth of the liquefiable layer, also referred to as Hcust, height of the crust, which influences
ground motion characteristics, bearing capacity and settlement
o Hig, height of the liquefiable layer, which also influences ground motion characteristics, bearing
capacity and settlement

e CRRu1s, cyclic resistance ration, which influences timing of liquefaction

The use of a simplified geometry for the soil profile, based on well-selected parameters, also means that the
assessment of the performance of buildings on liquefiable soil becomes more intuitive and easier to
understand and predict.

2.3.2 RATIONALE FOR THE SELECTION OF THE GOVERNING PARAMETERS
Influence on bearing capacity

The bearing capacity of a foundation on a soil deposit in its liquefied state (degraded bearing capacity) is a
key indicator of expected settlement and tilt (e.g. Karamitros et al., 2013a; Bray and Macedo, 2017; Bullock
et al., 2018). According to Karamitros et al. (2013a) and Bray and Macedo (2017), the degraded bearing
capacity can be computed according to Meyerhof and Hanna (1978), for a strong soil crust underlain by a
weak soil layer. The degraded bearing capacity depends on the shear strength of the crust and the residual
shear strength of the liquefied sand (Karamitros et al., 2013a), at least for cases where the stress bulb of the
foundation does not reach deeper more resistant and non-liquefiable soils.

To demonstrate the importance of the crust height, Figure 2.27 shows a series of calculations performed
using Meyerhof and Hanna (1978) for different crust heights (Hcrust), different crust undrained or total stress
resistances — “cohesive” strengths (ccrust), different liquefied/degraded layer angle of shearing resistance —
“equivalent” angle (¢g) and different foundation widths (Bj).
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2.5B¢(3m) 2.5 B (5m) 2.5B¢(3m) 2.5 Bf(5m)

Figure 2.27. Influence of crust properties on bearing capacity

As illustrated in Figure 2.27, what is apparent is that for a strong crust and weak liquefiable layer strength,
the thickness of the crust has great influence on the degradation of the bearing capacity (quitdeq/quii). The
influence of the crust becomes less important with increasing strength of the liquefiable layer with respect
to the crust. Also shown in Figure 2.27 are the lines corresponding to 2.5 times the foundation width. This is
approximately equal to the point where the thickness of the crust no longer has an influence on the bearing
capacity. This influence is less than this limit for deeper foundations, if the liquefied soil is modelled with an
equivalent friction angle, since the strength of this layer increases with depth, whereas assuming an
equivalent cohesive strength (undrained or other derived in total stresses) would mean constant strength
with depth. While the liquefied shear strength is a key parameter in the estimation of bearing capacity, it
could also be expected to be highly correlated to the liquefaction resistance, as increased density typically
results in increased liquefaction resistance and increased dilative behaviour.

Influence on surface shaking

Bouckovalas et al. (2017) proposed the Spectral Envelope Method, for approximating ground surface
response spectra for a liquefied deposit where the liquefied and non-liquefied deposits are analysed with
equivalent linear analyses and the envelope of the response spectrum from the pre and post liquefaction
segments of the ground motion is considered the total surface response spectrum. This simple procedure
provides unique insights into how the thickness of the crust, liquefiable layer and post-liquefaction stiffness
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influence the surface ground motion. While the liquefied shear stiffness is an influential parameter for
estimation of the modification to the surface motion, it could also be highly correlated to the liquefaction
resistance. A simple study is presented in Figure 2.28, where a series of linear analyses using the python
package were performed using the python package Pysra (Kottke, 2018). The crust height, liquefiable layer
height and ratio of shear stiffness between the liquefied and non-liquefied layers were adjusted. The total
height of the soil profile was kept constant at 40 m and properties of the non-liquefied soil profile had all
layers with 3% damping, unit weight of 17.5 kN/m?3, and shear modulus of 30 MPa, 50 MPa and 70 MPa for
the crust, liquefiable layer and base layer, respectively. An additional 15% damping was added to the
liguefiable layer for the liquefied analyses.

Figure 2.28. Parametric acceleration response spectra (ARS) ratios

The ratio of acceleration response spectra is shown between the liquefied and non-liquefied soil deposits. As
expected, at low periods (high frequency) there is a strong reduction in the amplitude of shaking. For longer
periods, this reduction switches to become an amplification, and eventually tends to no change in amplitude.
The extent of periods that are amplified and de-amplified, as well as the magnitude of the amplification is
clearly a function of the height of the crust, height of the liquefiable layer and the stiffness of the liquefiable
layer. With a general shift to longer periods and for increasing crust and liquefied layer thickness, as well as
decrease in liquefied layer stiffness.
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Strength of the liquefiable layer

The definition of the liquefaction resistance of the soil layers can be made using a variety of liquefaction
triggering methods, namely with the computation of a factor of safety, in which the seismic hazard is
considered and directly applied. However, different assumptions form the base of those methods and,
therefore, considerably distinct results are to be expected. Examples from recent events also have shown
that there may be substantial differences from simplified approaches and non-linear stress (or energy)
analyses. In addition, seismic hazard maps are frequently revised, meaning that the derived liquefaction
triggering results would need subsequent updating.

In order to address this issue in detail, Gerace (2018) analysed three possible parameters for the definition
of the strength of the liquefiable layer, namely the factor of safety against liquefaction (FSiq), the normalised
clean-sand equivalent cone resistance (qcncs) and the cyclic resistance ratio to liquefaction in 15 uniform
cycles (CRRq15), based on Boulanger and Idriss (2014) method. Liquefaction risk indexes, such as LPl and LSN
were also studied and compared. After a preliminary analysis of the three strength parameters, and taking
into account the need to back-calculate the remaining parameters from the specific selected parameter, it
was concluded that the most appropriate parameter for correcting defining the strength of the liquefiable
layer was CRRn1s, in terms of processing accuracy and speed, and representativeness of the actual soil profile.
This parameter has the advantage of being independent of the seismic hazard, which is particularly
convenient in the context of performance-based design and assessment and loss assessment frameworks,
where a range of seismic hazard levels are usually considered.

2.3.3 PROCEDURE TO DEFINE ESP FROM CPT

The classification of a soil profile can be performed through cyclic element testing in the laboratory to identify
key layers, but to allow efficient classification, it is more convenient and reliable to use continuous field data,
namely through CPTu results. The procedure can be semi-automated by computing the CRR for a magnitude
7.5 earthquake using a simplified triggering procedure (e.g. Boulanger and Idriss, 2014), and fitting a three-
layered profile to the CRR values, using a specifically designed Python code. The procedure proposed here
consists of computing every possible three-layered profile so as to minimise the difference between the CRR
values of the computed and the equivalent three-layered profiles, as schematically illustrated in Figure 2.29.
The calculation of error is sensitive to the choice of value set to be the non-liquefying limit of CRR and the
maximum depth of the profile. The non-liquefying limit was set to CRR=0.6, as this is a common limit used in
simplified procedures (e.g. Youd et al., 2001; Boulanger and Idriss, 2014). Using a higher value means that
soil layers with high CRR would generate some error during fitting (Gerace, 2018). The maximum depth was
taken as 20 metres, since surficial consequences of liquefaction below such depths are negligible (Maurer et
al., 2015). The increment of depths and CRR should be set small enough that they are not influential on the
final results. The depth increment was set to 0.1m and the CRR increments were determined by setting the
equivalent cone tip resistance for clean sand to range from 0 to 175 kPa in increments of 5kPa to give a CRR
range from 0.061 to 0.6. The algorithm will be released in the next version of the open-source python package

(Liquepy).
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Figure 2.29. Procedure to implement the CRR-fitted method

The implemented algorithm (Figure 2.29) minimised the normalised difference 5 (Equation (2.16)), where
CRRaic and CRRyizeeq are the calculated and fitted CRR values, AH is the depth increment of the calculated
values, CRRqon-ligis the non-liquefiable limit and Hyowiis the total height of the profile, capped at the maximum
value of 20m.

Z (CRR(:r.rI(:.i - CRRf'H..',rid,;i) -AH

5 =
CRRnon—[iq ’ Htoﬁm'

(2.22)

The representativeness of the ESP with respect to the actual soil profile can be assessed by calculating and
comparing the respective LSN values.

2.3.4 DEFINITION OF EQUIVALENT SOIL PROFILE

The classification for loss assessment was developed in Millen et al. (2019), the justification has been
repeated here for completeness. The influence of the layer thicknesses and the liquefied soil strength and
stiffness are continuous relationships, whereas regional scale loss modelling requires classification of the soil
profile in discrete parts. The class limits for the cyclic resistance ratio are set to provide a reasonable split
between the different classes based on previously investigated CPT data presented in Boulanger and Idriss
(2016). The limits are therefore arbitrary, but provide an intuitive tool for discussion of the performance
buildings as well as the time of liquefaction and post-liquefaction stiffness and strength.
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The limits for delineating the depth and height of the liquefiable layer were proposed for the performance
of idealised upper and lower limits of low-rise buildings (less than six storeys) on shallow foundations. While
some aspects of the performance are independent of the building height, very tall buildings or buildings on
piled foundations may have less dispersion in performance if different criteria are chosen.

The minimum capacity of a soil deposit with a fully liquefied (zero liquefied strength) is approximately equal
to two times the crust thickness times the equivalent cohesive strength of the crust. Therefore, a 2m thick
50kPa cohesive strength could sustain a minimum load of a 4m foundation with 50kPa load and a 7m crust
could sustain 10m foundation of 70kPa. Thus, the majority of buildings would have bearing capacity factors
of safety less than one for the shallow liquefaction class and greater than one for the deep liquefaction class.
The 2m crust and 3m liquefiable layer also corresponds to a change from de-amplification to amplification of
surface spectral acceleration for periods greater than 0.25s, which represents approximately the maximum
first mode period for a low-rise building if the infills remain intact. Whereas the 7m crust and 7m liquefiable
layer corresponds to the change at 1s, which is approximately the upper limit for the first mode period for
low-rise buildings with damaged infills and limited ductility. Therefore, if the infills remain intact, then
liquefaction would generally decrease the shaking demand on the building for even the shallow thin
liquefaction classes, however, if the infill is damaged then significant amplification could be expected unless
the liquefaction is large. Obviously, because the relationships are continuous, each class is not homogenous
and no major change in behaviour should be expected when a slight change in depth resulting in a change in
soil class. The parameter definitions lead to 22 different equivalent soil profile (ESP) types (Figure 2.30).

Figure 2.30. Equivalent soil profile classification: a) range definition; b) classes

2.3.5 EXAMPLE SITE RESULTS

In the 2010-2011 Canterbury Earthquake Sequence, severe and widespread liquefaction occurred over nearly
half of the urban area of Christchurch (Cubrinovski et al., 2011). The liquefaction manifestation ranged from
low or moderate to severe across various suburbs, and often was non-uniform even within a given suburb.
Particularly severe liquefaction occurred in the eastern suburbs of Christchurch along the Avon River where
lateral spreading also occurred (Cubrinovski and Robinson, 2016). Subsequently, extensive damage
inspections and field investigations were carried out, especially where liquefaction occurred, providing a vast
database of CPTu results. Further research studies have also been performed for in-depth analysis of
particular aspects of soil liquefaction and its effects on buildings and infrastructure (Rhodes, 2017).
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One of the sites in Christchurch where liquefaction phenomena occurred was around Sullivan Park, along the
Avon River (Figure 2.31). At this site, more than 500 CPTu tests were performed and the data results are
available (via NZGD: www.nzgd.org.nz), from which 100 CPTu results have been randomly selected as the
example site.

Figure 2.31. Example site, around Sullivan Park (Christchurch), where 100 CPTus were selected

The procedure developed for ESP has been applied to these results, in order to assess the applicability of the
classification algorithm. An example of the algorithm output for a single soil profile from Christchurch is
provided in Figure 2.32. In this figure, the parameters representing the equivalent soil profile are also
indicated.
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Figure 2.32. Case study single profile classified

To assess the representativeness of the obtained ESP, the computed error is analysed and a visual
comparison of the actual and equivalent CRR profile is made. In addition, the LSN values of both profiles can
be computed and compared, as a means to check the quality of the fit.

From the analysis of the 100 CPTus database of the example site, the distribution of the soil profile
classification has been computed, as shown in Figure 2.33. Looking at this example site in Christchurch, this
leads to the following breakdown on equivalent profile types: 34% of weak soil profiles, 65% of mid-strength,
predominantly shallow, profiles and only 2% of strong soil profiles.
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Figure 2.33. Equivalent soil profile distribution for the example site

The statistical breakdown of Equivalent Soil Profiles (ESP) in a region can be used to inform macro liquefaction
maps as in region-level estimation (microzonation), enabling susceptibility to be connected to vulnerability
of buildings and critical infrastructures. At the region-level, a distribution of ESPs could be used to reflect the
variability of the soil across a large area.

Recognizing that this methodology has some limitations, particularly using just three layers, limits the ability
to investigate the influence of pore waterflow and effects such as lensing.

2.3.6  APPLICATION OF THE PROCEDURE TO REAL CASE STUDIES

The applicability of the above described procedure has been tested versus two real case studies, Christchurch
(New Zealand) and San Carlo (ltaly), struck by severe earthquakes that caused extensive liquefaction. The
large number of subsoil investigations performed in the two cases for reconstruction purposes coupled with
the reconnaissance of damages caused by liquefaction provide exceptional collections of real scale
experiments that enables to confirm or deny assumptions and more generally to validate the procedures
defined in the Liquefact project. For this application, data coming from CPT and CPTU tests have been
collected, their format homogenised and processed automatically to reconstruct the Equivalent Soil Profiles,
measure each time the error accompanying equivalence and calculate traditional indicators.
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Considering that the procedures are automatically applied on large scale analyses (districts, regions etc.)
treating each time large amounts of data, and considering the various uncertainties affecting geotechnical
investigations, the validation process has been carried out on a statistical basis.

Christchurch Earthquake Sequence 2010-2011

Christchurch (pop. 366.100, 2013) is an important industrial and agricultural centre in the South Island of
New Zealand and is the second largest city of the country. It is located on the eastern (Pacific) coast of the
South Island, in the Canterbury Region. From the geological viewpoint, the City is situated over recent
deposits of alluvial gravels laid down by the Waimakariri River, and fine marine sediments deposited on the
coastal margin of the floodplain and in estuaries and lagoons. The sediments are about 700 metres deep:
principally coarse-grained fluvial greywacke sands, gravels and silts, but with extensive sands in the eastern,
seaward part of the city and with intermingled estuarine deposits especially in the central, south, and south
eastern areas. The sediments lie on 200-300 meters of volcanic rock overlying greywacke basement at about
1000 m depth. To the south of the city, the sediments become shallower against the weathered volcanic
cone of Banks Peninsula. The Port Hills are mantled with loess soils over the basalt rock.

In 2010-2011, the Canterbury region suffered a severe earthquake sequence known as Christchurch
Earthquake Sequence (CES) that produced huge damage to buildings and infrastructural assets mostly caused
by liquefaction (Figure 2.34). The 2010 — 2011 Canterbury earthquake sequence includes several thousands
of events, four of them with Mw > 6. The event occurred on September 4™ 2010 (Mw?7.1), named Darfield
earthquake due to the location of the epicentre, and the subsequent earthquake of February 22" 2011 (Mw
6.2) named Christchurch earthquake as its epicentre was located just below the city, resulted in 185 fatalities.
Among all events, the earthquake of February 2011 was more devastating to central and eastern Christchurch
due to the close proximity of the fault rupture.

Figure 2.34. a) Epicenter locations and faults of the seismic events characterizing the 2010-2011 Christchurch Earthquake Sequence
(as at June 2011). Projected surface locations of major blind faults in yellow and location of mapped surface ruptures in red. (b,c,d)
Example of liquefaction-induced damage on buildings, road and networks. Major cracks with ejecta sands (b) affected residential
houses and infrastruvture (c,d).
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After the Christchurch Earthquake Sequence, the New Zealand Government (MBIE and EC) founded the
building of the Canterbury Geotechnical Database (CGD), which later became NZGD
(https://www.nzgd.org.nz). This database was primarily aimed at providing more efficient access to

geotechnical information, but it can also be used for more strategic purposes, such as assisting with natural
disaster recovery, increasing resilience around New Zealand, catastrophe loss modelling and informing land
planning and regulatory processes. It was designed as a tool for technical professionals to share and use
geotechnical data for the rebuilding of Christchurch. The information provided by the CGD is mostly a
collection of raw data including scientific and engineering characterisation of the ground conditions (because
the data is normally gathered, interpreted and conveyed to the client by a geotechnical engineer). Following
the success of the Canterbury Geotechnical Database (CGD), a bigger database (New Zealand Geotechnical
Database) was established that incorporated other data previously stored in the Auckland Geotechnical
Database. The databases are continuously updated with new investigations. In October 2018, the NZGD
included a huge number of: Cone Penetration Tests CPT (more than 30 000) and boreholes (16 000), 1 000
piezometric installations, more than 6 000 laboratory tests and around 10 000 other tests (Figure 2.35).

Figure 2.35. Summary scheme of the available investigations in the New Zealand Geotechnical Database. Thanks to the data sharing
between a huge number of data owners, who have approved the publication of their factual geotechnical data, the NZGD is
continuous updated.

Around 13 000 CPT profiles were available for the whole area of Christchurch City. Considering the Magnitude

and GNS strong motion Map of the 22 February 2011 earthquake and accounting for the specific event
Groundwater depth (Figure 2.36), these CPTs were processed applying the ESP methodology.
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Figure 2.36. a) Available specific scenario (the 22 FEB 2001 Mw 6.2 Christchurch Earthquake) Shakemap; b) Map of the
Groundwater Table depth (from the NZGD).

Representativeness of the equivalent soil profile

Out of 13 000 CPTs processed during the project, the analysis has been performed on 8818 CPTs considering
only those that reach a depth larger than 10m. The ESP procedure has been applied automatically on each
of these tests. As shown before, the ESP procedure finds from a CPT profile the combination of H crust, H iiq
and CRR that give the lowest normed error. Therefore, this parameter has been here used as an estimate of
the validity of this method. Figure 2.37 shows the frequency distribution of the normed errors. The fitting of
soil profiles with a three layers ESP model that gives errors lower than 0.05 is optimal; when error is contained
in the range 0.05-0.15 the fitting is acceptable; for errors larger than 0.15 the fitting with the three layers
model is not applicable, typically due to the presence of multiple liquefiable layers separated by large non-
liquefiable layers. The figure shows that over the 8818 processed CPT profiles, only 106 (1.2%) give errors
larger than 0.15. However, the scattered position of these tests over the map (Figure 2.38) shows that the
equivalence is rather affected by uncertainties linked to the execution and interpretation of the tests more
than by local systematic variations of the stratigraphy. In all cases, engineering judgement is needed to focus
on these tests and make a decision on the acceptance/rejection of the equivalence.
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Figure 2.37. a) The histograms show that the equivalent soil profile method is globally adequate in the schematization of real
profiles: in fact, of the 8 200 tests analyzed for the Christchurch case study, only 1.2% need further engineering evaluations; b)
Considering the Std_normed_error (evaluated as Std Normed Err= Normed error*20/Max depth. ) the percentage of CPTs showing

an error greater than 0.15 becomes around 15%.
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Figure 2.38. The Map shows the position of the CPTs with an average error greater than 0.15. Most of them are located in the
South of the City, while no further assessment is required in the so called “Red Area” along the Avon River.

Figure 2.39. The Map shows the position of the CPTs with an average error greater than 0.15. Most of them are located in the
South of the City, while no further assessment is required in the so called “Red Area” along the Avon River.
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In the following part, three representative profiles are analysed in detail to understand the meaning of
normed errors. In fact, Table 2.4 shows that the three selected profiles are representative of the above

defined classes (with normed errors respectively N.E<0.05, 0.05<N.E.<0.15, 0.15<N.E.).

Table 2.4: Example of three selected profiles showing respectively low, medium and high normed error.

LogID Max[;:: ]e pth (::]T GE:]T r/g;; H—[:;?St 1;: |]q CRR Class LSN_direct LSN_esp normed_error
912 38.1 1.71 1.71 0.50 1.71 8.20 0.161 MLS 336 36.6 0.016

2 40.5 2.51 2.51 0.54 7.51 4.80 0.371  SMX 11.2 1.1 0.111
220 24.3 1.06 1.06 0.45 9.26 10.60 0.131 WLD 55.2 18.6 0.175

As can be observed in Figure 2.40 showing a case with low error (0.016), the ESP method is very accurate and
the characterization of the soil profile with three layers is appropriate as there is only one and easily
recognizable liquefiable layer. In fact, the plot of the Factor of Safety against Liquefaction (FS) highlights the
presence of a continuous surficial sandy layer, having FS less than 1, extended up to a depth of 10 m. From
the same plot, points having FS less than 1 can be recognised, but they cannot be classified as a continuous
layer. This profile is adequately described through a crust thickness (H_crust) equal to 1.71 m, a thickness of
the liquefiable layer (H_lig) equal to 8.2 m and an average CRR of 0.16. Therefore, according to the equivalent
soil profile method, the CPT 912 is classified as MLS, since it is characterized by a large (thicker than 7 m)
shallow (less than 2 m deep) liquefiable layer, having an intermediate resistance (where CRRq1s in 0.15-0.25
range).

Figure 2.40. Example of CPT for which the equivalent soil profile method is consistent with the real soil profile (N.E.<0.05).
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The results are still acceptable but with a lesser extent, in the case of CPT_002, that gives a normed error of
0.111 (Figure 2.41). Here, two distinct liquefiable layers can be identified within the first 20 m, an upper one
at 7-12 meters depth and a lower at 15-20 metres depth. A non-liquefiable layer around 2-3 meters thick can
be recognised between them. In the ESP method, the second layer is not considered and the CPT_002 is
classified as SMX type: strong since it is characterized by a relatively high CRR (0.25-0.5) and midsize because
the liquefiable thickness H jiq is around 5 meters.

Figure 2.41. Example of CPT profile showing a quite good agreement between the equivalent soil profile and the real one
(0.05<N.E.<0.15).

Finally, an example of test where the ESP method needs further analysis is the CPT_220 (Figure 2.42). In fact,
the results of such CPT are characterized by an average error of 0.175. Even if the profile is classified as WLD
according to the presence of a large weak liquefiable layer, the method does not account for the presence of
a thick shallow liquefiable layer extended in the first 2-4 m of depth from the ground. Moreover, the same
CPT profile highlights the presence of a second liquefiable lens 5-7m deep.

On the contrary, the ESP method gives a thickness of the crust (H crust) larger than 9 m that implies a deep
liguefaction phenomenon. The large normed error clearly identifies a poor fit and engineering judgement
would be required to generate a suitable equivalent profile.

79



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

Figure 2.42. CPT_220 represents an example of profile where a specific engineering evaluation is required. (0.15<N.E.).

Preliminary validation

Following the major Canterbury earthquake events, a qualitative survey of land damage and dwelling
foundation damage was undertaken as part of the coordinated response by agencies of the NZ government.
Liquefaction-induced land damage mapping of residential properties was carried out immediately after the
September 2010, February 2011, and June 2011 earthquakes to assess the extent and severity of the surface
effects of liquefaction.

The map in Figure 2.43, also available from the NZGD, represents an example of the land damage distribution
from the February 2011 earthquake. Most of the ejected liquefied material was generally removed and major
cracks filled (but not repaired) between each of the events. Therefore, the qualitative land damage mapping
generally recorded the incremental effects of each earthquake. In particular, in the map of liquefaction
ground observations: the blue (level 1 of damage) and green areas (level 2, only shaking-induced damage)
represent zones where no liquefaction was observed; yellow areas are characterized by minor to moderate
liqguefaction and cracks, but no lateral spreading (level 3 of damage), while in the red zones (level 4 of
damage) severe liquefaction, including major cracks and lateral spreading, occurred.

80



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

Figure 2.43. Liquefaction-induced land damage observations across Christchurch after the February 2011 earthquake, with the
February 2011 magnitude-weighted equivalent Mw = 7.5 PGA contours overlaid (van Ballegooy, 2014 after Bradley & Hughes,
2012).

In addition to the land damage mapping, a more detailed land damage inspection program was undertaken
on each of some 65.000 insured residential properties by a team of engineers for insurance claim damage
assessment purposes. The CPT data processing allowed to evaluate, for each profile: the non-liquefiable crust
thickness, the thickness of the liquefiable layer, the average CRR and both the LSNesp and the traditional LSN.
Based on these parameters (h_crust, H_lig and CRR), each CPT can be classified with an equivalent soil profile
(ESP), accounting for the depth, the size and the resistance of the liquefiable layer. The distribution of the
obtained ESPs is plotted in the following graph.
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PWEARIIES viD | % | sTRONG % RESIST| %
Shallow WLS 2.15 MLS 11.59
LARGE Mid. WLM 1.00 MLM 6.87 SLX 14.84
Deep WLD 0.11 MLD 3.25
Shallow WMS 291 MMS 4.17
MIDSIZE Mid. WMM 1.98 MMM 4.52 SMX 4.56 RXX 0.51
Deep WMD 0.40 MMD 3.38
Shallow WTS 1.66 MTS 1.94
THIN Mid. WTM 1.92 MTM 2.54 STX 3.12
Deep WTD 1.34 MTD 3.20

Figure 2.45. General overview of the ESP spatial distribution. It can be observed that many of the weak and moderate profiles are

located along the two Rivers of the City.
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Figure 2.46. Histograms of the ESP parameters and comparison of LSN from ESP and CPT.

The classification using ESP also allows the distribution of key parameters to be investigated. Figure 2.46
shows that the liquefiable layer is typically shallow, consistent with the low ground water level in
Christchurch, while the height of the liquefiable layer is almost an uniform distribution, with a slight increase
for thin layers.The cyclic resistance was nearly always above 0.1 with the majority of values between 0.1 and
0.2. The LSN from the ESP was skewed to the left, in general the ESP would have a lower LSN value that the
CPT trace and in many cases would produce LSN equal to zero. Finally, the standard normalised error was
typically around 0.1 with a small number of values above 0.2.

San Carlo Emilia Romagna (2012)

The district of San Carlo in the municipality of Sant’Agostino (Italy), was hit by the May-June 2012 seismic
sequence. On 20th May a Mw 5.9 earthquake caused damages (186 buildings damaged at different levels
only in San Carlo district) and extensive soil liquefaction (sand boils and cracks) in the whole municipality of
S. Agostino and Mirabello. At that time, San Carlo district hosted: approximately 1500 inhabitants, housed in
660 buildings (ISTAT, 2018).

Reminding soil liquefaction occurs in areas with specific geological features, it is worth highlighting that Galli,
et al. (2012) showed the presence of hidden paleochannels in that district (Figure 2.47, left side) and the
topographical survey of the area (Figure 2.35, right side) evidenced the presence of hidden paleo-levees;

thus, the area was clearly susceptible to soil liquefaction.
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Figure 2.47. Digital Elevation Model (on the left) shows that the district of S. Carlo is located along f the old Reno River
Paleochannel. Geological features of San Carlo area (on the right).

The Emilia Romagna Region encouraged the collection of the existing data and their loading into numerical
archives that are constantly updated. After the May-June 2012 seismic sequence, a lot of new geotechnical
information and surveys have been added to the already existing information. The Geognostic Database

covers the entire regional plain territory and, at January 2018, more than 85 000 tests are publicly available
(Figure 2.48.a).

Figure 2.48. a) Summary scheme of the available investigations in the Emilia Romagna Region Geotechnical Database; b) available
CPTs (around 1000) and boreholes ( =200) in the whole S. Agostino and Mirabello municipality

Around 1 000 CPT profiles were available for the whole area of Sant’Agostino and Mirabello, 150 of them
located in the S. Carlo district. Considering the Magnitude and INGV strong motion Map of the 20 May 2012
earthquake and accounting for the specific event Groundwater depth (Figure 2.36), these CPTs were
processed applying the equivalent soil profile method. Moreover, the traditional Liquefaction Severity
Number LSN (van Ballegooy., 2014) was evaluated according to Boulanger and Idriss, 2014 procedure.
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Figure 2.49. a) Available specific scenario (the 22 FEB 2001 Mw 6.2 Christchurch Earthquake) Shakemap; b) Map of the
Groundwater Table depth (from the NZGD).

Representativeness of the Equivalent Soil Profile

Within the study area 150 CPTs, having a depth larger than 10m, were processed according to the ESP method
which define the best combination of (H crust, H i, CRR) as the one with the lowest normed error. In the
following histograms showing the average error are shown in order to estimate the consistency of this
method. The fitting of soil profiles with a three layers ESP model that gives errors lower than 0.05 is optimal;
when error is contained in the range 0.05-0.15 the fitting is acceptable; for errors larger than 0.15 the fitting
with the three layers model is not applicable. Looking at Figure 2.50, the normed error for all CPT profiles
distributed over the area, as shown in Figure 2.51, is lower than 0.15. Moreover, most of the analyzed CPT
show an average error smaller than 0.05. This result implies that the three layers model defined by the ESP
is well representative of the situation in San Carlo.
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Figure 2.50. a) Histogram of the ESP normal error; b) Histograms of the ESP Std_normed_error (Std Normed Err =
Normed error * 20/Max depth) show that the ESP_method performs well for all the analysed CPTs.
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Figure 2.51. The Map shows the position of the CPTs available in the S. Carlo district

Preliminary Validation

For the study area of S. Carlo, punctual liquefaction (sand boils) and extensive cracking observations were

merged to obtain a liquefaction-induced damage Map (Figure 2.52), built through a regular grid accounting

for the distance between each centroids from such observations.

Figure 2.52. Liquefaction-induced land damage observations across S. Carlo district after the 20 May 2012 earthquake.
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The CPT data processing allowed to evaluate, for each profile: the non-liquefiable crust thickness, the
thickness of the liquefiable layer, the average CRR.

Based on these parameters (H _crust, H lig and CRR), each CPT can be classified with an equivalent soil profile
(ESP), accounting for the depth, the size and the resistance of the liquefiable layer. The spatial distribution of
the obtained ESPs plotted in Figure 2.54 show a good consistency with the observation of damage on the
studied area.

Figure 2.53. The statistical distribution of each equivalent soil profile is here shown; most of the analyzed CPTs highlights the
widespread presence of a thin/midsize, deep and law resistance three strata eqivalent soil profile (48% of all the CPTs).
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POWEAKR NS mMID | % STRONG % |RESIST| %
Shallow WLS 0.00 MLS 0.00
LARGE Mid. WLM 0.00 MLM 0.00 SLX 0.00
Deep WLD 0.67 MLD 0.00
Shallow WMS 0.00 MMS 0.00
MIDSIZE| Mmid. WMM 18.12 MMM 0.67 SMX 1.34 RXX 9.40
Deep WMD 14.09 MMD 3.36
Shallow WTS 0.00 MTS 0.00
THIN Mid. WTM 0.00 MTM 2.68 STX 0.00
Deep WTD 14.77 MTD 7.38

Figure 2.54. General overview of the ESP spatial distribution.

Conclusions

The ESP method has been applied to CPT records from two case studies, Christchurch (15000 CPTs) and San
Carlo (150 CPTs). For the Christchurch study, the use of the normed error parameter suitably identified poor
fitting of the ESP to indicate the possibility of multiple liquefiable layers and that human intervention would
be required. Whereas for the San Carlo study all CPT records produced low normed error suggesting that a
single liquefiable layer was suitable for classifying the deposits. In both case studies damage reports from
recent earthquakes were used to evaluate the correlation between the ESP classification and reported
damage. The ESP which classifies a soil profile based on the liquefaction resistance of a liquefiable layer, as
well as the depth and thickness of the liquefiable layer provided a strong indicator of expected damage.

2.3.7 ARTIFICIAL EQUIVALENT SOIL PROFILES

An estimate of the correspondence between ESP classes and LSN values has been made to allow the
backward estimate of likely ESPs in a region given a liquefaction severity estimate from a macro- or micro-
zonation study. The study generated 200 random instances of each class, aggregated classes were sampled
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based on the number of aggregated classes (e.g. SLX was sampled 600 times, since the three thickness classes
(shallow, mid-height and deep) were aggregated). For each instance the LSN was computed for four different
hazard levels representing low moderate, high and severe seismicity (PGA values of 0.1g, 0.2g 0.35g and 0.5g
for a magnitude 7.5 earthquake). The LSN values were then binned and through Bayes theorem, the
percentage of each class in each bin represents the likely chance of that ESP given that LSN and PGA assuming
the uniform sampling distribution is representative (see Figure 2.55). Therefore given an equivalent
magnitude 7.5 PGA and LSN value the likely distribution of ESPs can be selected from the charts in Figure
2.55. The PGA values from different magnitude events can be converted to an equivalent magnitude 7.5
event using the magnitude scaling factor (ldriss and Boulanger (2008)). In fact, in cases where the soil is highly
stratified and the CRR-fitted method (section 2.3.3) provides a poor fit, then an alternative LSN-compatible
classification could be achieved by triangulation using the charts. The LSN value can be computed for the CPT
or SPT record at each of the four different equivalent PGA levels and then averaging the percentages for each
class from each chart to obtain the class with the highest percentage.

Figure 2.55. LSN vs equivalent soil profile classes at different seismic demand levels

The charts can be further simplified into severity classes where the original classes from Tonkin and Taylor
(2013) were aggregated to provide just four severity classes (Table 2.5). The simplified charts are shown in
Figure 2.56 for the different expected seismic and liquefaction severity.
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Table 2.5: Liquefaction severity classes for ESP classification from macro-zonation

Severity LSN range Tonkin and Taylor (2013) description

Low 0-10 “Little to no expression of liquefaction, minor effects”

Moderate 10-30 “Minor expression of liquefaction, some sand boils” to “Moderate
expression of liquefaction, with sand boils and some structural
damage”

High 30-50 “Moderate to severe expression of liquefaction, settlement can

cause structural damage” to “Major expression of liquefaction,
undulations and damage to ground surface, severe total and
differential settlement of structures”

Severe >50 “Severe damage, extensive evidence of liquefaction at surface,
severe total and differential settlements affecting structures,
damage to services.”
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Figure 2.56. Liquefaction severity vs equivalent soil profile class for different levels of seismic hazard

From Figure 2.56 it can be seen that in all cases there are many different ESP classes present. In the case
were seismic and liquefaction severity are provided at multiple return periods then average of multiple charts
can be used to be estimate the distribution of profiles. However, this still provides a poorly defined
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liguefaction classification as weak deep profiles gives very different response to shallow strong profiles.
Therefore it is highly recommended that further field testing (e.g. CPT or SPT) is performed to reduce the
uncertainty in any vulnerability analysis.

2.3.8 SUMARY

This section focused on introducing a new methodology for obtaining a simplified equivalent three-layered
soil profile based on the liquefaction assessment of the soil profile from CPT data. The equivalent soil profile
(ESP) is defined as a soil profile classification tool for the purpose of the seismic response of shallow-founded
buildings in liquefied soils. This methodology uses three governing parameters: the depth of the crust (Diy),
the thickness of the liquefied layer (Hiiq) and its shear strength (CRRa15). Typical ranges of values for each of
these variables have been defined, from which 22 different soil profile classes are derived.

The calibration of the methodology was based on the analysis of 8818 CPT tests at a site in Christchurch and
150 CPT tests in San Carlo, in which a majority of mid-strength shallow profiles were classified. The
comparison between the generated equivalent soil profiles and the respective LSN classification was
established to demonstrate the applicability of this new simplified approach to the assessment of severity
liguefaction-induced damages. The use of this ESP classification for bearing capacity analysis in liquefied soils
has the advantages of being capable of reproducing the actual response of the soil profile across the full
hazard range using just three intuitive parameters, while providing simple implementation for numerical
simulations, as the information can be directly related to the performance of shallow-founded buildings.

2.4 ESTIMATION OF SITE RESPONSE AND SOIL-STRUCTURE INTERACTION
USING EFFECTIVE STRESS ANALYSIS

2.4.1 INTRODUCTION

Numerical modelling can be employed to simulate the seismic response of buildings on liquefiable soils given
a suite of acceleration time histories for a specified earthquake scenario. This approach has been used in this
research to estimate the behaviour of structures founded on soils profiles containing three layers, a crust, a
liguefiable sand and a clayey deeper layer. This procedure requires the use of an advanced constitutive model
that is able to reproduce liquefaction stress-strain behaviour and pore water pressure generation.

The PM4Sand constitutive model (Boulanger and Ziotopoulou, 2017) was implemented in the commercial
software, FLAC 8.0 (Itasca, 2016) as a user defined material in a dynamic link library (DLL). This computer
platform uses the finite difference method to solve the equations of motion and uses an explicit Lagrangian
solution scheme, which allows large deformations problems to be solved (Itasca, 2016). The bulk modulus of
the fluid as well as drained, undrained, or fully coupled stress-flow conditions may be specified.

PM4Sand is a sand plasticity model for geotechnical earthquake engineering applications. This model follows
the basic framework of the stress-ratio controlled, critical state compatible, bounding surface plasticity
model for sand presented by Dafalias and Manzari (2004). Modifications to the model were developed and
implemented by Boulanger (2010) (version 1), Boulanger and Ziotopoulou (2012) (version 2), Boulanger and
Ziotopoulou (2015) (version 3), and further by Boulanger and Ziotopoulou (2017) (version 3.1) to improve its
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ability to approximate the stress-strain responses important to geotechnical earthquake engineering
applications.

The model parameters are grouped into two categories; a primary set of six parameters (three properties,
two flags, and atmospheric pressure) that are most important for model calibration, and a secondary set of
parameters that may be modified from their default values in special circumstances (Boulanger and
Ziotopoulou, 2017). The primary model input properties of soil are:

e Dr-anapparent relative density which affects the peak drained and undrained strengths and the
rate of strain accumulation during cyclic loading

e Go - the shear modulus coefficient related with the shear modulus (G, this one corresponding
Gmax = Vs2) which should be calibrated to the estimated or measured in-situ shear wave velocity

e hpo - the contraction rate parameter which is used to calibrate to the estimated in-situ cyclic
resistance ratio (CRR) after all other properties have been set.

A detailed description about the constitutive model characteristics can be found in Boulanger and
Ziotopoulou (2017).

To validate the efficacy of the numerical modelling, numerical platform and the constitutive model that will
be used in this study, centrifuge experiments involving soil-structure systems were replicated in the software
mentioned. Two cases of the centrifuge tests (T3-30 and T6-30) performed by Dashti et al (2010) were
selected to be simulated. The analyses were performed in the prototype scale. These centrifuge experiments
were already modelled numerically by Dashti and Bray (2013) and Ziotopoulou and Montgomery (2017).This
section outlines the key aspects of the numerical modelling that were taken in the development of the model.

2.4.2 OVERVIEW OF FLAC MODEL

A nonlinear dynamic SSI effective stress analysis of the response of one of the structures of the centrifuge
tests was performed. The structural models in the centrifuge experiments acted essentially as independent
systems because the distance centre to centre was approximately four times their widths.

Model construction

The considered soil profile has three distinguishable layers with a total model thickness of 26 m and width of
90 m, sufficiently large to capture free-field conditions, avoid wave reflections and reduce the influence of
the lateral boundaries on the response of the footing. In the T3-30 case, the first layer (surface) is 2.0 m thick,
the second layer is 3.0 m thick and the third layer is 21.0 m thick. In the T6-30 case, the first layer (surface) is
2.0 m thick, the second layer is 6.0 m thick and the third layer is 18.0 m thick. The water table was set at a
depth of 2.0 m. The considered numerical model is shown in Figure 2.57.
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Figure 2.57: Numerical model of Dashti centrifuge test

The finite difference mesh was refined in the region closer to the footing and gradually coarsened towards
the left and right boundaries to provide a better discretization in the area of interest. The lateral nodes at
each depth were attached so they moved together.

Input of an earthquake motion into this software is typically done using either a ‘rigid base’ or a ‘compliant
base (also referred to as absorbing)’. In this case, the base was considered as rigid to represent the base of
the centrifuge box. For a rigid base, a time-history of acceleration (or velocity or displacement) is specified
for grid points along the base of the mesh (Mejia and Dawson, 2006).

Ground motions

Three shaking events were applied in the centrifuge experiments. The input motions consisted of a sequence
of scaled versions of the North-South, fault-normal component of the ground motion recorded at a depth of
83 min the Kobe Port Island down-hole array during the 1995 Kobe Earthquake. The moderate and large Port
Island events were used for this numerical study. The peak acceleration PGAs of the moderate and large
motions is approximately 0.15 and 0.55 g, respectively (Dashti et al, 2010). Figure 2.58 shows the input
acceleration-time histories.
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Figure 2.58: Motions applied in the numerical model of centrifuge experiments

Structure

The structure A in Dashti et al (2010) was selected to be used in the numerical model. The height and width
of the structure was 6.0 metres. The building elements were modelled as beam elements available in the
software (Figure 2.57). The building contact pressure (q=80kPa) in the experiments was distributed in four
elements, 40% for the foundation, 5% for each column and 50% for the top element, allowing calculate the
density of each beam element. The stiffness of the columns was adjusted to obtain the fundamental period
for the structure (T=0.21 sec) in the experiments by means of Equation (2.23) and (2.24) where K is the
stiffness of a portal frame deforming only in shear, L is the length of the columns (6 metres), | is the moment
of inertia, m is the mass and T is the period of the structure. The top and bottom beams were 100 times
stiffer than the column elements.

£ K - L3 (2.23)
C2-12-
4-72-m (2.24)
K:T

Unglued interface elements were applied between the footing and the surrounding soil to account for the
frictional interaction between the two. A friction and dilation angle of 33 degrees and 0 degrees respectively
were assigned and slip was allowed. Within the code, the interface is represented as a series of normal and
shear springs that connect the opposing surfaces at interacting nodes. The corresponding normal and shear
stiffnesses of the springs were both set to 20 MPa.
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Material models

All the layers are composed of sandy material. Both, static and dynamic parameters were taken from
Ziotopoulou and Montgomery (2017). Mohr-Coulomb constitutive model was used in the three layers to
calculate the initial stresses in the soil profile before the dynamic load to be applied. Table 2.6 gives the list
of input parameters for the static phase.

Table 2.6: Mohr-Coulomb parameters in numerical model from Dashti centrifuge experiment

Parameter Unit Layer 1 Layer 2 Layer 3

Density (0cry) kg/m? 1927 1669 1978

Shear modulus (tt) kPa 1.11x10°  5.35x10*  1.18x10°

Friction angle (¢) ° 33.0 33.0 33.0
Cohesion (¢) kPa 0.0 0.0 0.0
Porosity () - 0.270 0.375 0.259

Permeability ( ku ) m/s 1.7x10°° 1.7x10°° 1.73x10°

The permeability of any material should be set by the mobility coefficient (coefficient of the pore pressure
term in Darcy’s law) required by FLAC and designated by k (m2/Pa.sec) (Itasca, 2016).

This mobility coefficient could be related to hydraulic conductivity, designated by kn (m/s), usually termed as
“coefficient of permeability”, by means of:

_ kn (2.25)
9 Pw
where g is the gravitational acceleration and py, is the water density. It could also be specified an anisotropic

k

permeability related to the components kxx, kyy and kxy.

The PMA4Sand constitutive model (Boulanger and Ziotopoulou, 2017) was adopted to simulate the three
layers in the dynamic phase. Table 2.7 gives the list of the input primary properties, while the secondary set
of parameters were kept default.

Table 2.7: PM4Sand parameters in numerical model from Dashti centrifuge experiments

Parameter Unit Layerl Layer2 Layer3
Relative density (Dr) - 0.86 0.30 0.90
Shear modulus coefficient (Go) - 1092 427 1162
Contraction rate parameter (hpo) - 0.56 0.055 0.06
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2.4.3 VALIDATION IN 2D ANALYSIS

Results between the numerical simulations and centrifuge tests were compared in terms of settlements of
the building and the pore pressure generation in the centre of the liquefiable layer (under the building and
in free-field). The settlements results for the centre of the footing are shown in Figure 2.59. The time history
of building settlement from the numerical simulation is compared with the centrifuge results in Figure 2.60
for the experiment T3-30 using the Moderate ground motion.

Figure 2.59: Comparison between numerical and experimental values of settlements of the building

Figure 2.60: Comparison between numerical and experimental settlement for the experiment T3-30
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The comparison between the numerical and experimental values of pore pressure under the building and in
free-field is shown in Figure 2.61. The time history of pore pressure from the numerical simulation is
compared with the centrifuge results in Figure 2.62 for the experiment T3-30 using the Moderate ground
motion.

Figure 2.61: Comparison between numerical and experimental values of pore pressure

Figure 2.62: Comparison between numerical and experimental pore pressure for the experiment T3-30
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The surface acceleration in free-field were also compared through the response spectra (Sa). Figure 2.63

shows the comparison between acceleration response spectra at the surface of the model for the recorded

motions in the centrifuge experiment and the calculated in the numerical analyses for both experiments and

ground motions. The Moderate ground motion was captured reasonably well but the Large ground motion
is significantly underestimated. Figure 2.64 and Figure 2.65 show the acceleration signal in the surface (free-
field) and the Stockwell transform.

Figure 2.63: Comparison between numerical and experimental response spectra of the surface acceleration (free-field)

Figure 2.64: Surface acceleration (free-field) comparison for the experiment T3-30
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Figure 2.65: Surface acceleration (free-field) comparison for the experiment T6-30

2.4.4 CONCLUSIONS

A procedure for modelling pore pressure, site response and settlement using effective stress analysis with
FLAC and PM4Sand was presented and validated against centrifuge tests. Settlement results are in relatively
close agreement with the centrifuge test for both experiments and ground motions. The validation results
show that pore pressures in the free-field are in more close agreement than the pore pressures under the
building, but these validation results were considered satisfactory for the scope of this study.

2.5 SIMPLIFIED PROCEDURE TO ESTIMATE PORE PRESSURE IN FREE FIELD

2.5.1 INTRODUCTION

Earthquake-induced liquefaction can cause significant damages to buildings as seen by recent events in
Christchurch (Diaz, 2016) (Bray et al., 2017). Although important technical achievements in understanding
and mitigating liquefaction have been accomplished in the last decades, significant damage still occurs in
seismic areas around the world. The generation of excess pore water pressure and liquefaction can
dramatically change the dynamic response of a soil deposit and interacting structures. Thus, the time at which
liguefaction occurs, may have a significant influence on the performance of a structure during a seismic event
(Kramer et al., 2016). In fact, the amplification or reduction of the surface shaking due to liquefaction, in
terms of peak values, as well as the frequency content of the modified motion and the geotechnical
specificities of the site affects the ground motion arriving at the surface (Kramer et al., 2011). For that reason,
liquefiable soils may result in bearing capacity degradation and seismic settlement accumulation of shallow
foundations (Jafarian et al., 2017).

For that reason, the value of estimating the pore pressure evolution during an event is recognized. First, this
allows the definition of the time to liquefaction (tiq), i.e., the point when there is a change in state from solid
to liquid. The information of whether liquefaction happens early or late in a particular ground motion can be
invaluable for estimating surface damage. On the other hand, the pore pressure time series will allow the
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estimation of flow rates between layers and also the extent of pore pressure build up whether it reaches a
state of liquefaction or not. In fact, a partially liquefied soil can still experience considerable softening
behaviour that can alter the dynamic properties of soil-structure systems as well as modify the upward
propagating shear waves. While liquefaction triggering depends on the liquefaction criteria (for example, the
achievement of a certain pore pressure ratio defined by the ratio between the excess pore pressure and the
initial effective stress) the pore pressure time series shows to what extent liquefaction occurs. As an example,
Figure 2.66 presents two different pore pressure time series, in terms of the pore pressure ratio defined as
the ratio of the excess pore pressure by the initial effective vertical stress (r,=Au/c’v). While the second
clearly liquefies no matter which liquefaction criteria is applied, the first has a slower pore pressure build up
that does not reach ru=1. Still, there is a significant pore pressure ratio (r,=0.7) which may result in partial
liquefaction, liquefaction of part of the layer or even the supply of pore water to other layers that may liquefy.

There are advanced nonlinear effective stress analysis techniques for evaluating the time of liquefaction.
Unfortunately, these approaches require an extensive number of soil parameters, and non-trivial decisions
about constraining the domain of the analysis (e.g. depth of the model). Whereas, simplified methods that
have been developed for the assessment of liquefaction triggering, often have biases or simplifications that
are suitable for triggering assessment, but provide a significant drawback for the more sensitive assessment
of the time of triggering. In this section different approaches to estimate pore pressure from the simplified
methods to the more complex numerical analysis will be discussed in terms of their advantages, limitations
and uncertainties.

Figure 2.66: Pore pressure time series for two different cases

2.5.2 BACKGROUND

The prediction excess pore pressure has been extensively studied in the past decades due to its importance
in triggering liquefaction and several simple empirical methods have been developed. These can be divided
in three main groups: stress based, strain based and energy based. Stress-based methods were the first to
be developed resulting from observations made on stress-controlled cyclic triaxial tests where an uniform
shear stress is applied measuring the build- up of pore pressure with increasing number or cycles. It was
shown that the build- up of pore pressure is more accurately predicted by cyclic shear strains and therefore
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strain controlled cyclic simple shear tests have been used to measure pore pressure build-up. In addition,
strain based methods from numerical analysis have been proposed (Dobry et al., 1985) (Ivsi¢, 2006). On a
different perspective, several energy based methods have been presented, following the assumption made
by Nemat-Nasser et al. (1979) that pore water pressure generation can be uniquely related to the cumulative
energy dissipation per unit volume of soil up to the onset of liquefaction. The stress based method will be
described in detail due to its wide application, as well as the energy based methods that have some promising
advantages.

Stress-based methods

The stress based method started with Seed et al. (1975), proposing equation (2.25) for the pore pressure
model, which was simplified by Booker et al. (1976) with equation (2.27):

11 N\YB
no=5+ Earcsin [2 <N_L) - 1] (2.26)
2 N\/%F
T, = Earcsin [(N—L) ] (2.27)

where,

ru is the pore pressure ratio

N is the equivalent number of uniform cycles

N, is the number of cycles required to cause liquefaction
B is an empirical parameter

N. and B, can be determined by cyclic triaxial tests. For a given soil, N, increases as relative density increases
and decreases as the magnitude of loading increases, with the magnitude of loading expressed in terms of
Cyclic stress ratio (CSR). The use of N has its drawbacks as it can only be applied to liquefiable soils (Polito et
al., 2008). However, “nonliquefiable” soils, such as dense sands and soils with plastic fines, can still undergo
significant pore pressure increases and deformations as a result of cyclic softening (Boulanger et al., 2006).
Booker et al. (1976) proposed a value of 0.7 for B, while Polito et al. (2008) proposed the following empirical
equation:

B =c1FC + c;Dr + c3CSR + ¢y (2.28)

where FC is the fines content, Dr is the soil relative density, and c1, c2, c3 and c4 are regression constants
which vary with the fines content. For FC<35%: ¢1=0.01166; c2=0.007397; c3=0.01034; and c4=0.5058; and
for FC>35%: c1=0.002149; c2=-0.0009398; c3=1.667; and c4=0.4285.

The number of uniform cycles (N) equivalent to an irregular earthquake ground motion can be obtained by
the weighting scheme proposed by Seed et al. (1975) which was later used by Idriss (1999), Liu et al. (2001),
Boulanger et al. (2006), Kishida et al. (2014). The Seed stress based model considers a power relationship
between the cyclic stress ratio and the number of cycles — equation (2.29):

CSR=a.N7P (2.29)
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where a and b are fitting parameters

Therefore, for two individual stress cycles with CSRa and CSRg, the relative number of cycles to cause failure
at these two stress ratios is easily obtained (equation (2.30)). Assuming a reference value of uniform cycles
for the magnitude of 7.5 (Nwm=7s), the obtained ratios of CSR correspond to the definition of a magnitude
scaling factor (MSF) used in the Seed simplified procedure to calculate the seismic demand of liquefaction
potential with equation (2.31). Also the MSF can be calculated using equation (2.32) from Idriss et al. (2008)
or material dependent equations for MSF can be found in Boulanger et al. (2016). There have been several
proposals for the b parameter such as b=0.34 for sands (ldriss, 1999) and b= 0.135 for clays and plastic silts
(Boulanger et al., 2006).

N CSRy\ /P CSR Ny c\?
Ny _ \CSR, CSRy—7s Ny
CSRyrs = 0.65 - PGA - 220 7, — (2.31)
M=75 - . O_I‘U0 rd MSF .
MSF=69-¢ /4 —0.058 <18 (2.32)

where
PGA is the peak ground accelerationin g

rq is parameter related with the depth

Oyo

p- is the overburden stress ratio
v0

More recently a simple approach by Kramer et al. (2016) adapts the stress-based procedure from Boulanger
et al. (2016) to obtain a time dependent, magnitude corrected peak ground acceleration that could be used
to estimate the time of liquefaction.

To avoid the evaluation of the equivalent number of cycles corresponding to an earthquake of given
magnitude, other formulations were proposed within the framework of the “endochronic theory” (e.g., Finn
et al., 1982) expressing the pore pressure build up as a function of the so called “damaged parameter” which
can be computed for both uniform or irregular time histories. Following Finn et al. (1982) other authors
proposed additional formulations: Ivsi¢ (2006), Park et al. (2015), Chiaradonna et al. (2018)

Energy-based methods

Energy based methods are formulated on different set of assumptions to stress based methods and therefore
have some unique advantages:

o  While stress based methods typically rely on instantaneous quantities such as peak ground
acceleration (PGA), energy based methods use cumulative intensity measures, which typically have
lower dispersion.

e Energy based methods are typically load amplitude independent, and therefore can quantify
liguefaction resistance as a single value, compared to stress based methods which use a relationship
between amplitude and number of constant stress cycles.

104



LIQUEFACT

Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and

This project has  received funding infrastructures: description and case studies

from the European Union’s

Horizon 2020 research and V. 1 _0
innovation programme under

grant agreement No. 700748

e For constant amplitude input motion, stresses decrease as pore pressure increases, whereas energy
is conserved;

The development of an energy-based liquefaction triggering method was first proposed by Davis et al. (1982)
following the assumption made by Nemat-Nasser et al. (1979) that the pore pressure build-up is linearly
correlated to the amount of dissipated seismic energy per unit volume of soil, which is a function of the
standard penetration value, the initial effective overburden stress and the energy arriving at a site. The full
expression for the pore pressure increase is the following:

— M 101-5M

Au > \/0_,0 (2.33)
where,

M is the earthquake magnitude

r is the distance of a site from the centre of energy release

o’ is the initial effective overburden stress

C(N)) =c;+ ¢y - A(N;y) - 108 determined empirically from a study of liquefaction case histories being Ny
the average corrected standard penetration value

Later on, Berril et al. (1985) have proposed another relationship:
T, = ﬁ . Ws (2.34)

where W is the energy dissipated per unit volume of the soil normalized by the initial effective confining
pressure, defined as follows:

1 t

W =— f’[-dy (2.35)
0o0Jo

being t the shear stress and y the shear strain. For undrained cyclic triaxial test loadings W is the cumulative

enclosed area of the shear stress—strain loops, which can be computed by:

n-1
1
W= o Z(Gd,i+1 +04)(Eqiv1 — Ea,i) (2.36)
To -

where og4 is the applied deviator stress at a load increment and g, is the axial strain at a load increment.
Green et al. (2000) proposed a simplified relationship to estimate pore pressure based on the dissipated

energy and PEC the “pseudoenergy capacity”:

| w

L (2.37)
"w= IpEc =
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where, PEC is basically the dissipated energy at liquefaction and it can be determined from cyclic test data
by simply dividing the value of W at r,=0.65 by 0.4225. In 2008, Polito et al. (2008) proposed a new equation
to calculate PEC.

More recently, Kokusho (2013) proposed a simplified liquefaction triggering procedure. For the estimation
of the soil capacity, CSRy is evaluated with correlations with SPT blow counts and then normalised dissipated
energy is estimated as indicated by Figure 2.67 for two different liquefaction criteria defined by double
amplitude axial strains of 2% and 5%.

Figure 2.67: Relationship between normalised dissipated energy and CSRyo (Kokusho, 2013)

The dissipated energy (AW) is then converted to the strain energy (W) by the following equation:

K, = 5.4 x 101251g(aW/or) (2.38)

o c
From the strain energy, the strain capacity of the soil is computed by multiplying the strain energy by the
thickness of the layer, which is compared to the upward energy.

In fact, in this method the demand is estimated by the upward energy density calculated by equation (2.39)

E, = pVs j(u)2 dt (2.39)

where,

U is the particle velocity of seismic waves propagating in the upward direction, obtained by integration of
base acceleration;

p is the soil density;

Vs is the S-wave velocity.

To identify liquefaction triggering the energy ratios of individual layers are numbered sequentially starting
from the lowest ratio and summed up. According to Kokusho (2013) liquefaction occurs in that sequence and
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in those layers for which the sum is lower than 1, because the upward energy can liquefy individual sand
layers in the mentioned sequence until it is totally used by the energy capacities.

Methods that adopt dissipated energy have two major drawbacks, one is that the estimation of the dissipated
energy within a soil profile from a seismic shear wave is far from trivial and very dependent on soil
characteristics and changes as pore pressure increases. Secondly, the dissipated energy rapidly increases as
the soil approaches liquefaction, and therefore a small change in the criteria for liquefaction triggering (e.g.
change the limiting pore pressure ratio from 0.95 to 0.98), can have a large impact on the evaluated capacity.
In order to overcome this problem, Millen et al. (2019) proposed a new method to estimate pore pressure
development based on the principles of conservation of energy. The liquefaction resistance is measured in
terms of normalised cumulative absolute strain energy (NSE), which is shown to be constant with loading
amplitude but sensitive to soil properties. On the estimation of demand, the intensity measure selected was
the cumulative absolute kinetic energy, used to provide an exact solution for the NSE at any depth in a
homogenous purely linear elastic soil deposit using the nodal surface energy spectrum (NSES). NSE was
calculated as the cumulative change in absolute elastic strain energy divided by the vertical effective stress
— equation (2.42). Graphically it can be obtained as the sum of the absolute change in elastic strain energy
between two peaks in the response (Figure 2.68). The peak points (local maxima and minima) were
determined as the intercepts of the derivative shear strain using equation (2.40). Before applying equation
(2.40) the derivatives equal to zero were removed from the time series to avoid flat peaks. NSE was then
calculated as the average absolute stress multiplied by the change in strain between the peak points or the
area enclosed between the peak points using equation (2.42).

peak; = Ay; - Ayjy1 >0 (2.40)
|51 + 7] Tjy1 +7;>0
|tav.j| =4 .2 2 (2.41)
av.Jj Tj+1 + Tj
k2|Tj+1 il
Npeaks
NSE = " [taui|-Iver = vil/0%0 (242)
j=0

Figure 2.68: Calculation of NSE graphically

The cumulative absolute kinetic energy (KE) is the total kinetic energy given and taken from a soil element.

It is computed as the sum of the cumulative absolute change in kinetic energy or for a continuous function it
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is the integral of absolute power —equation (2.43). As a ground motion intensity measure, it can be computed
as the unit kinetic energy (UKE), where the soil mass density (p) is taken as 1.0.

S du,?
KE=p -y G0, lib) =p [ 5
i=1

The strain energy which can be accurately predicted at any depth with the nodal surface energy spectrum

dt (2.43)

(NSES). The upward and downward motion are converted into a time shifted motion at a particular depth,
where the time shift corresponds to two times the travel time from the surface. For each time shift
increment, the unit kinetic energy of the time shifted motion can then be computed to produce the strain
energy at a particular travel time from the surface and can be repeated to obtain a spectrum. Since the strain
energy and kinetic energy are complimentary, the spectrum gives the strain energy at the ground surface.
Currently there are no predicting equations are available for UKE, however, Millen et al. (2019) suggests
conditionally selecting ground motions based on the earthquake magnitude, distance and either expected
cumulative absolute velocity after application of 5 cm/sec threshold acceleration (CAVs) (Kramer et al., 2006)
or Arias Intensity.

The pore pressure time series can be computed by the square root relationship presented in equation (2.44)
where the NSE at liquefaction (NSE;q) can be obtained by equation (2.45):

NSE;

ru,i = WEUCI . Tu,liq (2.44)
2-CSR? -0’ o 1y

NSEiq = SR\ (2.45)
Gi: (1 - sin(%))

Where k is a calibrating parameter that can be taken equal to 3 for PM4sand model and njiq is the reference
number of cycles at liquefaction corresponding to the cyclic stress ratio (CSR).

2.5.3 DIFFERENT APPROACHES TO ESTIMATE PORE PRESSURE BUILD UP

In this section different approaches to estimate the pore pressure time series from a specific ground motion
will be compared in terms of complexity, advantages and limitations but also on the uncertainties and
simplifications involved in each step. The following approaches are considered:

e 1D nonlinear dynamic analysis performed using the commercial software FLAC® with the PM4Sand
constitutive model (Boulanger et al., 2015)

e Simplified stress based method from Seed et al. (1975)

e Simplified dissipated energy based method adapted from Kokusho (2013)

e Simplified strain energy based method from Millen et al. (2019)
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Numerical analysis

The results from a series of 500 soil profiles that were generated and analysed using equivalent linear, and
nonlinear analysis in Millen et al. (2019) are described in this section. The nonlinear analysis were performed
in a 1D model to simulate the free field condition, but it followed the same procedures as the 2D model
described in section 2.4. Two different non linear calculations were performed: effective stress analysis (ESA)
and also non linear analysis (NLA) assuming the bulk modulus of the water to be null. This latter intends to
simulate the case where the soil does not liquefy to compare assumptions related to stresses and dissipated
energy. The soil profile consisted of three soil layers: two non-liquefiable layers made of hard clay located at
the top and at the bottom while the middle layer, was made of sand. The water table was assumed at the
interface of the first and second layers. In the numerical analysis the input upward propagating motion was
used at the bottom of the model. The properties were randomly generated within the ranges shown in Table
2.8. The same random number was used for sampling the undrained strength, shear modulus and void ratio
of layers 1 and 3, to account for the correlation between these parameters. By keeping the same ratio
between these parameters the soil could be considered as a clay with a plasticity index of 30% and the shear
modulus reduction curves used for this layer were based on the expression from Vardanega et al. (2013) for
plasticity of 30%. The soil relative density, normalised shear modulus, and the PM4Sand contraction rate
parameter (hgo), were also correlated through the calculation of an equivalent normalised SPT blow count
((N1)eo). Equation (2.48) was developed through a regression analysis where the hyo, relative density and
shear modulus were systematically varied with a confining stress of 100 kPa, and the CSR for 15 cycles was
obtained through element tests. The equation provided a fast way to set the hy within realistic bounds
(Figure 2.69). The CSRtarget Was randomly sampled between a lower limit of 55% of the cyclic resistance ratio
from Boulanger et al. (2014) using the equivalent normalised SPT and an upper limit of equation (2.48).

Figure 2.69: CSR from element tests versus equivalent SPT blow count
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Table 2.8: Soil profile parameters

Go = 1674/ (N;)go + 2.5 - [0.7 — 1.5] (2.46)

!

G =Gy Popy |~ (2.47)
Patm
CSRigrget - (2.05 — (2.4 D
hpo _ target ( ( ) (2.48)
1= CSRearger - (120 — (125 % D))

Each of the 500 profiles was evaluated against one of 49 ground motions selected from the NGAWest ground
motion database (Ancheta et al., 2013) to select the ground motions the database was filtered by the
following criteria, and then one motion was randomly selected as the closest to a set of 49 equally spaced
PGA values between 0.1 and 0.49, so that an even distribution of PGA values would be present in the
database. No other criteria were used for the selection to attempt to provide a wide unbiased selection of
ground motions. The two horizontal components were combined together to obtain the maximum rotated
Arias intensity (Arias, 1970) considering 100 potential angles. The following ground motion selection criteria

were used:

1. Vs30range: 180 - 400 m/s
2. Not a foreshock or aftershock event
3. From earthquake events with a magnitude larger than 5
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Ground motion has a PGA higher than 0.10

Have a usable frequency less than or equal to 0.25
Are available from the PEER ground motion database
Have the start of the earthquake record

© N v e

Did not suffer from excessive disturbance during recording

The list of ground motions can be seen in Table 2.9 and the acceleration and displacement single degree-of-
freedom (SDOF) spectra of the motions is shown in Figure 2.70. No deconvolution was performed as the
characteristics of the site where the recording was taken were unknown, therefore the energy in these
records at the depth of the base of the model may be slightly lower than expected for the same distance and
magnitude of earthquake.

Figure 2.70: Ground motion SDOF response spectra
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Table 2.9: Input ground motions

LIQUEFACT
Deliverable D3.2

Methodology for the liquefaction fragility analysis of critical structures and
infrastructures: description and case studies

v.1.0

ID Record E[.k(rj:it Mw [Vn':’ 7?] P[Ef Earthquake Year Station
1 148 9.6 5.74 350 0.26 Coyote Lake 1979 Gilroy Array #3
2 159 2.6 6.53 242  0.32 Imperial Valley-06 1979 Agrarias
3 175 32.0 6.53 197 0.14 Imperial Valley-06 1979 El Centro Array #12
4 240 2.8 5.7 382 0.55 Mammoth Lakes-04 1980 Convict Creek
5 313 19.9 6.6 361 0.35 Corinth, Greece 1981 Corinth
6 449 43.6 6.19 289 0.14 Morgan Hill 1984 Capitola
7 457 38.2 6.19 350 0.26 Morgan Hill 1984 Gilroy Array #3
8 461 3.9 6.19 282 0.32 Morgan Hill 1984 Halls Valley
9 558 14.3 6.19 316 0.42 Chalfant Valley-02 1986 Zack Brothers Ranch
10 592 9.9 5.99 368 0.31 Whittier Narrows-01 1987 Arcadia - Campus Dr
11 626 21.3 5.99 301 0.40 Whittier Narrows-01 1987 LA - 116th St School
12 692 11.7 5.99 339 0.43 Whittier Narrows-01 1987 Santa Fe Springs - E.Joslin
13 767 314 6.93 350 0.55 Loma Prieta 1989 Gilroy Array #3
14 770 39.9 6.93 334 0.32 Loma Prieta 1989 Gilroy Array #7
15 802 27.2 6.93 381 0.48 Loma Prieta 1989 Saratoga - Aloha Ave
16 803 27.1 6.93 348 0.42 Loma Prieta 1989 Saratoga - W Valley Coll.
17 838 94.8 7.28 370 0.14 Landers 1992 Barstow
18 848 82.1 7.28 353 0.38 Landers 1992 Coolwater
19 960 26.5 6.69 326 0.48 Northridge-01 1994 W Lost Canyon
20 1035 38.7 6.69 352 0.17 Northridge-01 1994 Manhattan Beach — Man.
21 1082 12.4  6.69 321 0.37 Northridge-01 1994 Sun Valley - Roscoe Blvd
22 1115 421 6.9 256 0.15 Kobe, Japan 1995 Sakai
23 1155 95.0 7.51 290 0.10 Kocaeli, Turkey 1999 Bursa Tofas
24 1158 98.2 7.51 282 0.40 Kocaeli, Turkey 1999 Duzce
25 1513 7.6 7.62 364 0.59 Chi-Chi, Taiwan 1999 TCUO079
26 1605 1.6 7.14 282 0.48 Duzce, Turkey 1999 Duzce
27 2007 54.6 5.31 196 0.14 CA/BajaBorder Area 2002 El Centro Array #11
28 3636 68.2 6.32 315 0.19 Taiwan SMART1(40) 1986 SMART1 104
29 3643 69.2 6.32 307 0.22 Taiwan SMART1(40) 1986 SMART1 M02
30 3653 70.0 6.32 285 0.20 Taiwan SMART1(40) 1986 SMART1 002
31 4066 15.1 6 227 0.55 Parkfield-02, CA 2004 PARKFIELD - FROELICH
32 4146 122 6 342 0.38 Parkfield-02, CA 2004 PARKFIELD - UPSAR 10
33 4159 423 6.63 306 0.19 Niigata, Japan 2004 FKS028
34 4169 425 6.63 365 0.35 Niigata, Japan 2004 FKSH21
35 4210 136 6.63 332 0.64 Niigata, Japan 2004 NIG020
36 4212 30.1 6.63 193 0.33 Niigata, Japan 2004 NIG022
37 4866 8.5 6.8 338 0.35 Chuetsu-oki 2007 Kawanishi lzumozaki
38 4889 58.1 6.8 315 0.37 Chuetsu-oki 2007 Joetsu Otemachi
39 5263 226 6.8 274 0.26  Chuetsu-oki 2007 NIGO17
40 5495 39.2 6.9 288 0.25 Iwate 2008 AKTH19
41 5616 88.6 6.9 364 0.20 Iwate 2008 IWT007
42 5664 32.1 6.9 361 0.43 Iwate 2008 MYGO005
43 5669 75.3 6.9 275 0.11 Iwate 2008 MYGO10
44 5814 51.2 6.9 248 0.34 lwate 2008 Furukawa Osaki City
45 5827 18.8 7.2 242 0.54  El Mayor-Cucapah 2010 MICHOACAN DE OCAMPO
46 5829 324 7.2 242  0.41 El Mayor-Cucapah 2010 RITO
47 5836  55.3 7.2 265 0.45 El Mayor-Cucapah 2010 Meloland Geot. Array
48 6927 338 7 263 0.42 Darfield, New Zealand 2010 LINC
49 6962 269 7 296 0.45 Darfield, New Zealand 2010 ROLC
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Finally a series of numerical constant stress cyclic simple shear element tests were performed in FLAC on the
liqguefiable soil at the stress state corresponding to the stress state at the centre of the liquefiable layer. The
soil was assessed at a large range of cyclic stress ratios from 0.04 to 0.6.

Simplified stress based method (SBM)

This method was implemented using equation (2.27) suggested by Booker (1976). The N/N, ratio was
calculated by equation (2.49) assuming an N equal to 15 cycles. The CSR was calculated with equation (2.50)
where a peak counting method was used to identify the acceleration peaks (accpeaks), counting the largest
peak between successive zero crossing. The stress-based method uses the surface acceleration, however, in
this case only the upward propagating motion at the base was available and therefore the acceleration peaks
were from two-times the upward base motion assuming that upward energy is half the surface motion due
to the outcropping effect. The CRR was CSRs (i.e., the cyclic stress ratio that the sand can sustain until it
liguefies with 15 constant stress amplitude cycles) obtained from the element tests. There are several
equations in the literature for the rg parameter but in this work equations (2.51), (2.52) and (2.53) were used,
being M the magnitude and z the depth.

1/b

N, CRR
== N . [— (2.49)
N ref (CSR)
Oypo
CSR = |accpeqrs| - —— Ta (2.50)
0 vo
ry = ef@+a@ M) (2.51)
f(@) = ~1.012 — 1126 - sin (= + 5.133) (2.52)
11.73
g(z) = 0.106 + 0.118 - sin( Z_, 5.142) (2.53)
11.28

Simplified dissipated energy based methods

In this work the dissipated energy based method from Kokusho (2013) was adapted to provide the estimation
of the pore pressure time series. The demand was estimated by computing the strain energy in the layer of
interesting from equivalent linear analysis using an open-source python package, Pysra v0.3.0 (Kottke, 2018).
The clay layers were modelled with the Modified Hyperbolic Soil Type using the expressions from Vardanega
et al. (2013) and a minimum damping of 2%. The sand layer was modelled using the Modified Hyperbolic Soil
Type where the curvature factor was set to 1.0 and the reference strain, yr.r, was set so that the maximum
shear stress was reached at 20 times the reference strain. The strain energy (W) was calculated from the
shear stresses and strains obtained in the equivalent linear analysis, being then inserted in equation (2.54)
from Kokusho (2013) to obtain the dissipated energy (AW). The original formulation from Kokusho (2013)
used the energy density of the upward propagating motion to estimate the strain energy. However, this
resulted in a large discrepancy with the effective stress results, since the strain energy is highly dependent
on frequency content and the interaction with the downward wave (Millen et al., 2019). The strain energy
corresponds to four times the area of the triangle in Kokusho 2013 as indicated in Figure 2.68. This method
is identified as EqLin+Kok
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log(W /o' ,0)-log(5.4)
AW 1o W/o'se) (2.54)

o' vo
To evaluate the influence of equation (2.54), this relationship was compared to the hysteretic damping ratio
(€) definition (€ =AW/(W*m)). In this method the equivalent linear analysis is used again to calculate the strain
energy which is then converted to the dissipated energy by the damping relationship, and so this was called
EgLin+Damp. The damping ratio used in this relationship is the one from the equivalent linear analysis.

AW
=— 2.55
¢ W (2.55)
In both methods, a simple pore pressure model, inspired in Green et al. (2000), was used since it does not
need any calibrating parameters:

AW
AWliq

= (2.56)
Additionally, the strain energy based method (SEBM) presented recently by Millen et al. (2019), was also
implemented for comparison following the assumptions indicated before. In equation (2.45) k was
considered equal to 3, the njiq was 15, and the angle of shearing resistance at critical state equal to 33°.

2.5.4 COMPARISON OF THE METHODS FOR A SINGLE CASE

The methods presented above were first compared just for one soil profile and corresponding ground
motion, selected from the 500 database, so that a direct view of the differences provided by each method
could be clear. Table 2.10 summarised the main parameters of the selected case. There are several cases
where the results provided by the methods are very similar, and therefore the impact of the underlying
assumptions are not obvious. For that reason, the case herein presented was selected so that the impact of
the assumptions and simplifications considered implicitly or explicitly in each method can be analysed and
discussed.

Table 2.10: Conditions of the selected case

Case ID 37
Ground motion record number 5836
Maxim shear modulus of the sand layer (MPa) 186
Relative density of the sand layer 70%
hpo 0.11
Thickness of top layer (m) 5
Thickness of centre layer (m) 8
Thickness of bottom layer (m) 13

First, the results of the element tests are presented together with some parameters used by the methods
such as the b and B values used by the SBM (equations (2.26) to (2.29)), and also the liquefaction criteria
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defined by Kokusho (2013) in terms of the double amplitude axial strain (DA) for a given cyclic stress ratio at
20 cycles as indicated in Figure 2.67. In Figure 2.71a) the element tests results for a liquefaction criterion of
r.=0.98 are plotted against equation (2.29) using an upper and lower bound for b of [0.2-0.45]. The data
obtained by Okamura et al. (2003) show that the most dense and strongest sands had b values of 0.45, 0.50,
and 0.54, whereas the looser and weaker sands had b values of 0.13, 0.15, and 0.21. Since the sand of the
present case has an intermediate Dr=70%, the upper value of the weaker sands and the lower value of the
dense sands was used. The b value obtained from fitting a curve to the element tests results at a r,=0.98 was
0.36, close to the value of 0.34 proposed by Idriss (1999). All the curves cross at the point (n=15; CSR3s) and
the impact of different b values is explored in Figure 2.71a) as this parameter is often poorly characterised
unless a significant number of laboratory tests are performed. It was shown that the CSR;s did not change
significantly with the pore pressure criteria. For this case, the following CSR15 values were obtained 0.1685,
0.1689, 0.1708 for a limit pore pressure ratio of 0.9, 0.95 and 0.98 respectively.

In Figure 2.71b) the element tests results were plotted in terms of the pore pressure ratio against the number
of cycles normalized by the number of cycles required to liquefy that layer. The same plot shows the Booker
et al. (1976), equation (2.27) with two different B values. The value of B=0.7 is suggested as a generic value
by the author, while the value of 1.02 was obtained by equation (2.28) for the sand layer using CSR=
CSR15=0.17. In fact, the trend defined by numerical results has higher curvature than the simplified proposals
which reflects the different base assumptions between the simple empirical equations by Booker et al. (1976)
compared to the numerical analyses.

In Figure 2.71c) the normalized dissipated energy obtained from the element tests for different liquefaction
criteria is compared to the same parameter obtained by the equations proposed by Kokusho (2013), for a
CSR20=0.16 obtained in the element tests. It seems that the 2% double amplitude axial strain results obtained
by Kokusho (2013) agrees well with the data. However, using the 5% double amplitude axial strain
dramatically increases the perceived resistance capacity of the soil. The use of different pore pressure ratios
had minor impact on the calculated capacity in this example, but larger differences were observed for large
pore pressure ratios in other cases, since the hysteresis loops tend to increase with increasing pore pressure.

In Figure 2.71d) the pore pressure ratio is plotted against the ratio of the normalized dissipated energy by
the same parameter at liquefaction. Although this relation is usually assumed to be hyperbolic (Liang et al.,
1995), potential ((Berril et al., 1985) (Hsu, 1995)) or exponential ((Davis et al., 2001), these laws do not
provide a good fit as indicated on Figure 2.71d) for an hypothetical hyperbolic law, which may be source of
error in the simplified methods.
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Figure 2.71: Element tests results for the case 37

As mentioned before, stress based method needs a conversion to the equivalent number of cycles, which is
dependent on the soil capacity through the CSRis and b value, and limits the efficiency of this method. In
Figure 2.72 the equivalent number of cycles obtained by the simplified stress based method (SBM) is
compared to the numerical analysis (ESA and NLA). The equivalent number of cycles from the numerical
analysis was calculated by converting the shear stresses into cyclic stress ratios and then applying equation
(2.30). Both the SBM and the numerical analysis were calculated for the same range of b values [0.22-0.45]
so that the uncertainty associated to this value could be observed. This equivalent conversion procedure has
several uncertainties related to rd equation, and to the estimation of surface acceleration. In this work, rd
was calculated by equation (2.51) but there are several other proposals in the literature. The surface
acceleration was assumed as the double of the input upward energy but this is also a source of uncertainty.
Finally, this equivalent cycle procedure assumes the shear stress to be constant throughout the earthquake,
whereas typically shear stresses reduce due to softening of the soil with increased excess pore water
pressure. According to the stress based method an equivalent number of cycles of 15 corresponds to
liguefaction. As can be seen in Figure 2.72 the variation in b value has a large impact on the calculation of
number of cycles and time of liquefaction. The b value of 0.22 gives 262 equivalent number of cycles
compared to 24 for the b=0.45. However, a b around 0.22 was obtained by several authors for clean sands
with relative densities around 65-70% (Silver et al., 1976) (Carraro et al., 2003). In any case, it should be
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pointed out that for many other cases out of the 500 database this b value of 0.22 did not give such high
number of cycles. From now on the SBM for this example will be calculated with the best fit b=0.36.

Figure 2.72: Equivalent number of cycles time series (a) and acceleration base record (b) for the case 37

Since there are several simplified energy based methods based on the evaluation of the dissipated energy, it
is interesting to compare the dissipated energy from the numerical analyses (ESA and NLA) with the simplified
method adapted from Kokusho (2013) - EqLin+Kok - and the one using the damping equation (EqLin+Damp).
In Figure 2.73 those methods are presented together with the normalized dissipated energies at liquefaction
proposed by Kokusho (2013) based on CSRy, for the two liquefaction criteria as presented in Figure 2.67. The
EgLin+Damp method and NLA are very similar with a slight overprediction of the NLA. None of the presented
simplified methods predicts liquefaction as they are below the DA=2% threshold, conversely to the ESA that
stand above the threshold. The dissipated energy from the ESA is similar to the EqLin+Kok up until the onset
of liquefaction (approximately 40 seconds according to Figure 2.73), but increases further due to liquefaction
weakening the soil.
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Figure 2.73: Normalised dissipated energy time series for the case 37

In addition, since both Kokusho (2013) and (Millen et al., 2019) use the strain energy, this parameter
normalised by the effective stress was compared to the numerical analysis (Figure 2.74). Again the equivalent
linear analysis plots very close to the NLA while the SEBM provides a bit higher energy. However, the energy
estimated by the simplified methods did not achieve the values obtained in the ESA after liquefaction
triggering.

Figure 2.74: Normalised strain energy time series for the case 37

Finally, Figure 2.74 compares the simplified methods with the ESA in terms of the estimation of the pore
pressure time series. For the SBM the B value was calculated with equation (2.28) obtaining 1.02 and for b
the optimum fit was assumed (0.36). The SBM predicts liquefaction at 32.2 s, and the SEBM at 38.5 s, where
for ESA it is approximately 40 s. As mentioned before none of the equivalent linear methods predicts
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liquefaction for this case. However, it should be noted that from the 500 cases generated in this work there
are some cases where the equivalent linear methods predict liquefaction together with ESA, being the
EglLin+Kok apparently more accurate than EqLin+Damp as also recognised by the author (Kokusho, 2013).

Figure 2.75: Pore pressure ratio predicted by each method for the case 37

2.5.5 COMPARISON OF THE METHODS FOR THE 500 CASES

In this section the results obtained for the 500 cases are presented in terms of the comparison between the
effective stress analysis (ESA) and the simplified methods that performed better, namely the stress based
method (SBM) and the strain energy based method (ESBM). The SBM was calculated using a b value of 0.34
and a B of 0.7. In Figure 2.76 the top graphs represent the cases that did not liquefy in ESA and for which the
maximum pore pressure ratio was calculated for both ESA and the simplified methods. The bottom graphs
represent the cases that liquefied in ESA and for which the time of liquefaction was obtained both for ESA
and the simplified analysis. The triggering of liquefaction was determined when the vertical effective stress
dropped to below 5kPa, this was considered near complete collapse of the soil. From these analyses and
assuming the non-linear effective stress analysis as reference, the SBM has an accuracy of 79% while the
SEBM has an accuracy of 86%. The accuracy of the simplified methods was measured as the ratio between
the number of analysis that did not give the same estimation as ESA (in terms of triggering or no triggering)
by the total number of analysis.
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a) b)

Figure 2.76: Accuracy of the methods in terms of pore pressure ratio (ry) and time to liquefy (tiq): a) SBM; b) SEBM

2.5.6 MODELLING RECOMMENDATIONS

From the four methods explored in this chapter, three methods have provided viable options for efficiently
assessing the build-up of pore pressure.

Nonlinear effective stress analysis has the advantage of implicitly considering the shear demand and site
response, without the need for simplifying assumptions, as well as considering pore water flow and can be
expanded to two-dimensional and three-dimensional models. However, the model is the least computational
efficient method. The pore pressure build-up also relies on the underlying assumptions and calibration of the
constitutive model, where discrepancies between empirical curves by Booker et al. (1976) for the build-up of
pore pressure with number of cycles provided a different relationship when using the model calibration
approach from Millen et al. (2019). For this approach, it is recommended to use the PM4Sand with the default
parameters, and set the contraction rate parameter using (equation (2.48), hp0). The remaining aspects of
the model should follow the procedure outlined in section 2.4.

The stress-based method should follow the steps outlined in section 2.5.3. In the absence of laboratory tests,
the b value should be taken as 0.34 to be consistent with Boulanger et al. (2016) and the pore pressure build-
up should use the beta value calculated for each specific case using equation (2.28) based on the relative
density, cyclic stress ratio and fines content. If no information is available the value of 0.7 proposed by Booker
et al. (1976) is a valid option.

The strain energy method from Millen et al. (2019) should be used with the normalised strain energy being
calculated using equation (2.45) in the absence of laboratory tests.
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The dissipated energy method is not recommended due to the large variation in the capacity with changes
in the liquefaction criteria and the lack of formal validation of the complete method.

2.5.7 CONCLUSIONS

A key aspect of the proposed macro-mechanism approach is the estimation of the build-up of pore pressure.
This section 2.5 investigates the existing literature for estimating excess pore pressure and presents four
methods based on different underlying assumptions. One approach is nonlinear effective stress analysis
which implicitly considers the dynamic response of the soil deposit and the resistance capacity is considering
through a constitutive model. The other methods (stress-based, dissipated energy based, strain-energy
based) are simple models that use analytical or empirical equations to estimate the demand and capacity.
There are other simplified methods based on damage parameters but they were not considered as they
either require specific software or more complex implementation than the other simplified methods
assessed here. The assumptions for the inputs of the methods were first evaluated to understand their
impacts and then the methods were evaluated against each other. Three methods were proposed as viable
models for estimating pore pressure build up, whereas the dissipated energy model was not recommended
due to a lack of formal validation.

2.6 SIMPLIFIED PROCEDURE TO ESTIMATE SETTLEMENTS OF BUILDINGS

Settlements and tilting of structures that are not supported by deep foundations are the main types of
liguefaction-induced damages, because those deformations can significantly affect the building operability
(Yoshimi and Tokimatsu, 1977; Tokimatsu and Seed, 1987; Acacio et al., 2001). Due to that, several
methodologies have been developed to study their effects on building with shallow foundations (Yoshimi
and Tokimatsu, 1977; Liu and Dobry, 1997; Karamitros et al., 2013a). These methodologies have been based
on field observations, centrifuge experiments, numerical simulations, or a combination of them.

2.6.1 EXISTING METHODOLOGIES FOR ESTIMATING SETTLEMENTS

Several attempts to provide simplified procedures able to estimate liquefaction-induced building settlements
during seismic shaking have been proposed so far, especially in the last decade. In this section, a selection of
three main procedures is shown.

Karamitros et al. (2013a)

The authors proposed an analytical method with strong physical basis whose main advantage is to account
for each relevant influencing parameter separately. This methodology can only be used to calculate the total
seismic settlement of isolated buildings during shaking.

Following a thorough review of numerical predictions, along with observations from relevant centrifuge and
large-scale experiments published in the literature, Karamitros et al. (2013a) demonstrated that the majority
of liquefaction-induced settlements is not due to an accumulated sand densification, but associated to a
Newmark-type “sliding block” mechanism.

The sliding-block settlement accumulation mechanism proposed by Karamitros et al. (2013a) allows the
identification of the following two groups of basic problem parameters:
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a) Loading and strength parameters, related to the activated failure mechanism, namely: the
average foundation bearing pressure g, the normalized thickness H/B and the undrained shear
strength Sy(or cu) of the clay crust, as well as the normalized thickness of the liquefiable sand
layer Zliq/B and the relative density Dr of the underlying liquefiable sand layer.

b) Excitation characteristics, which control the amount of settlement accumulated when the above
failure mechanism is activated, namely: the peak bedrock acceleration ama, the peak bedrock
velocity vmax (0r, alternatively, the excitation period T) and the number of significant loading
cycles N.

The proposed expression for the dynamic settlement pgyn (i.e. the settlement during shaking) is shown in
Equation (2.57), being c a foundation aspect ratio correction (Equation (2.58) where ¢’=0.003), amax the peak
bedrock acceleration, T the representative period of the motion, N the number of cycles of the excitation, Zjq
the thickness of the liquefiable sand layer, B the structure width and FSqes the degraded static factor of safety
of the foundation due to liquefaction.

o e AR UAY (2.57)
Pdayn = € Qmax B FSaeg
L
c=c (1 + 1.65 E) <11.65-¢’ (2.58)
N-T 2.59
max *T?*N = 1? f lv(t)|dt (2:39)
t=0

FSaeg can be calculated through of the static loading ratio, the degraded bearing capacity (qui,deg) divided by
the bearing pressure (q).

The foundation bearing capacity failure mechanism is simulated by the Meyerhof and Hanna (1978) model
for a crust on a weak layer using the degraded friction angle in Equation (2.60) where U is the average excess
pore pressure ratio of the liquefied sand and @, is the initial friction angle. Superficial crust is beneficial and
there is an upper bound beyond where failure occurs entirely within the crust and does not get affected by
the liquefiable layer.

Paeg = tan"'[(1 = U) - tan @] (2.60)

Even though the methodology is based on theoretical concepts and principles, it remains empirical. Hence,
its application should respect the range of problem parameters considered in the numerical analyses. In this
sense, this expression is strictly relevant to an infinitely extending and purely cohesive crust, as well as to an
adequately thick liquefiable sand layer which will heavily modify the seismic motion at the foundation level.
The variables corresponding to the input motion refer to an equivalent sinusoidal excitation but any
heterogeneous seismic record can be used by relating those variables to the velocity time-history.

Bray and Macedo (2017)

The simplified procedure proposed by Bray and Macedo (2017) is the result of an extensive in-situ,
experimental and analytical work. As a result of it, a numerical procedure has been satisfactorily calibrated
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for the evaluation of liquefaction in soil below buildings; and simultaneously, it has been identified which
intensity measures provide better prediction of total settlements.

Consequently, a parametric set of over a thousand numerical analyses was conducted, and the influence of
the different parameters on the deviatoric settlement was disaggregated, showing rather consistent trends.
The influence of the degraded bearing capacity was shown to be very important: buildings near to the
liguefaction-induced bearing collapse show a dramatic increment of settlement. Hence, the authors suggest
that, for low bearing capacity factors of safety, the evaluation of settlements is not applicable.

A purely empirical expression for the deviatoric settlement (see Equation (2.61)) is obtained as a best-fitting
regression of the results of the parametric analyses.

In(Ds) = c1 +4.59 -1In(Q) — 0.42 - In(Q)? + c2 - LBS + 0.58 - (2.61)
In(tanh(H;)) — 0.02- B + 0.84 - In(CAVdp) + 0.41 - In(S,) + ¢
N i (2.62)
CAVdp = ) (H )| dt
p Z( ) fi_lla( )l de)
(2.63)

&
LBS:fW-Mdz
Z

where c1 and c2 assume values of -8.35 and 0.072 for LBS smaller than 16, respectively, and -7.48 and 0.014
otherwise; Q is the foundation contact pressure, Hy is the liquefiable layer thickness; B is the building width;
Sa is the spectral acceleration at a period equal to 1 second and € is a normal random variable with 0.0 mean
and 0.50 standard deviation in In units.

For determination of CAVdp, the standardised Cumulate Absolute Velocity as defined in Campbell and
Bozorgnia (2012), Equation (2.62) was used where N is the number of discrete 1 second time intervals, x is
PGA;-0.025 (PGA, is the value of the peak ground acceleration (g) in time interval i, inclusive of the first and
last values) and H(x) is O if x<0 or 1 otherwise.

Equation (2.63) was used for determination of LBS, an index of equivalent liquefaction-induced shear strain
on the free-field (&snear), defined as the integration along the soil column of the strain estimated by means of
the CPT-based procedure proposed in Zhang et al. (2004), weighted by the depth in order to provide more
importance to the soil close to the foundation). &snear is calculated based on the estimated Dr of the liquefied
soil layer and the calculated safety factor against liquefaction triggering (Fs.). z(m) is the depth measured
from the ground surface (> 0) and W is a foundation-weighting factor wherein W = 0.0 for z less than Df,
which is the embedment depth of the foundation, and W= 1.0 otherwise.

FLAC (Itasca, 2016)

In section 2.4 was demonstrated that Flac (ltasca, 2016), a numerical modelling software for advanced
geotechnical analysis is able to get liquefaction-induced settlements. Settlements time-series obtained using
2D numerical models in this software were in relatively close agreement with centrifuge experiments results
(see section 2.4). A description about the construction of the model in Flac can be found in section 2.4.1.
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2.6.2 PARAMETRIC STUDY

A parametric set of over a thousand nonlinear dynamic SSI effective stress 2D numerical analyses was
performed to identify the key parameters controlling liquefaction-induced settlement for buildings with
shallow foundations and compare the results in terms of settlement of the footing with Karamitros et al.
(2013a) and Bray and Macedo (2017) approaches. Nine soil profiles, five foundations types and ten ground
motions for three different scale factors were used to perform the 1350 analyses. The commercial software,
FLAC 8.0 (Itasca, 2016) was used to perform the analyses (see section 2.4).

Model construction

The considered soil profile has three distinguishable layers with a total model thickness of 32 m and total
width of 150 m, sufficiently large to capture free-field conditions, avoid wave reflections and reduce the
influence of the lateral boundaries on the response of the footing (Figure 2.77). The first layer (crust) and
third layer are composed of clay and the second layer (liquefiable layer) is composed of sand. Several
parameters in the soil profile and foundation element were systematically varied in this study. Table 2.11
shows the nine soil profiles considered. The water table is always located at a depth of 2.0 m.

Figure 2.77: 2D Flac model considerations

The finite difference mesh was refined in the region closer to the footing and gradually coarsened towards
the left and right boundaries to provide a better discretization in the area of interest. The lateral nodes at
each depth were attached so they moved together and a compliant (also referred to as absorbing) base was
used in the bottom boundary (Mejia and Dawson, 2006).
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Table 2.11: Soil profile properties considered in parametric study

Soil Profile Layer 1 Layer 2 Layer 3 Layer 2 Llayer1l

height [m] height [m] height [m] Dr strength [kPa]
1 3.88 4.85 23.27 0.55 50.0
2 1.94 4.85 25.21 0.55 50.0
3 7.76 4.85 19.39 0.55 50.0
4 3.66 4.57 23.77 0.55 50.0
5 4.41 5.52 22.07 0.55 50.0
6 3.88 4.85 23.27 0.55 30.0
7 3.88 4.85 23.27 0.35 50.0
8 4.00 2.00 26.00 0.55 50.0
9 4.00 8.00 20.00 0.55 50.0

Since a compliant boundary was used, a shear stress is specified for grid points along the base of the mesh
(Mejia and Dawson, 2006) by converting the velocity time series using Equation (2.64) where s is the applied
shear stress, p is the mass density of the bottom layer, C is the velocity of shear wave propagation velocity
and vs is the input shear particle velocity.

o, = —factor-p-Cs - v (2.64)

Note that the factor in Equation (2.64) accounts for the input energy dividing into downward and upward
propagating waves. The factor required calibration so that the input stress wave would produce the
appropriate velocities at the bottom of the model that corresponds to the input velocity (Itasca, 2016). In
the calibration procedure followed (Mejia and Dawson, 2006), an elastic analysis was conducted in DeepSoil
(Hashash et al., 2016) and in FLAC, where the surface accelerations were compared to ensure that they
matched. In Deepsoil the ground motion was applied as an acceleration time-history signal, and in FLAC the
motion was input as a shear stress time-history corresponding to the same acceleration. The computed
acceleration time series at top of the soil profile is shown in Figure 2.78. To obtain the same record in the
surface, the factor was set to 1.1.
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Figure 2.78: Calibration of the factor in Equation (2.64)

Ground motions

The European Ground Motions Database (Ambraseys et al., 2002) was used to select the ground motions.
From this database, it was computed the error comparing the displacement spectra of each ground motion
and the design spectra, according to Eurocode 8 — Part 1 (CEN, 2004a). The ground motions were selected
according the following criteria:

e Vs measured at bottom between 250 and 400 m/s
e Magnitude between 5.5 and 7.6
e Distance greater than 20 kms to epicentre

Scale factors set to a range of values from 0.3 to 3.0. The range period of interest was set from 0.6 to 2.0
seconds. 10 ground motions were selected with an error smaller than 0.6. For the analyses in total were use
40 ground motions, the 10 in Table 2.12 for three different scale factors (0.1, 0.25 and 0.4).

Table 2.12: Soil profile properties

id Record Time [sec] SF Error Magnitude  Name
1 EURO127 1 41.33 30 0.23879 6.4 Friuli
2 EURO197 1 34.98 24 01397 74 Tabas
3 EURO531 2 28.185 1.4 0.46361 6.6 Pasinler
4 EURO844 2 22.99 1.8 0.26955 6.7 Spitak
5 EURO935 1 29.505 2.3 0.1338 7.4 Manijil
6 EURO5684 1 33.87 1.9 031591 7.1 Duzce
7 EURO5687 2 53.96 0.5 0.42016 7.1 Duzce
8 EUR09289 2 46.455 3.0 0.40616 6.5 Avej

9 EURO17405 1 68.25 3.0 0.46154 5.9 Simav
10 EURO174231  73.864 1.7 0.09369 7.1 Van
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Foundation

For this study only a mat footing was modelled to represent the building. The five foundations in Table 2.13
were considered. The width of the foundations and the building contact pressure were varied.

Table 2.13: Foundation properties considered in parametric study

Foundation Width [m] Load [kPa]

1 10.0 80.0
2 3.0 80.0
3 16.0 80.0
4 10.0 40.0
5 10.0 130.0

The mat footing was modeled as a RC structure, for which the density of the concrete was assumed to be
2500kg/m? and the elastic Young’s modulus (E) is 3.3E7 kPa. The structural element was modeled as a beam
element available in the software. The footing bearing pressure was applied as a distributed force to the
nodes along the beam element.

Unglued interface elements were applied between the footing and the surrounding soil to account for the
frictional interaction between the two. A friction and dilation angle of 33 degrees and 0 degrees respectively
were assigned and slip was allowed. Within the code, the interface is represented as a series of normal and
shear springs that connect the opposing surfaces at interacting nodes. The corresponding normal and shear
stiffnesses of the springs were both set to 20 MPa.

Material models

Mohr-Coulomb constitutive model was used in the three layers to calculate the initial stresses in the soil
profile before the dynamic load to be applied. Table 2.14 gives the list of input parameters for the static
phase. The shear modulus for the sandy layer was calculate from the normalised shear modulus (Go), the
atmosphere pressure (patm), and the effective confining pressure (p’) in the middle of the layer.
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Parameter Unit Layer 1 Layer 2 Layer 3
Density(pary) kg/m3  Gs-1000 Gg - 1000 G, - 1000
1+e 1+e 1+e
G, - 2.70 2.65 2.70
e - 0.7 €max — Dr 0.6
€max — €min
emax - - 0.8 -
emin - - 0.5 -
Shear modulus(G,qx) MPa Undrained strength*1000 p' 1/2 Undrained strength*1000
GopA <_)
Pa
Constant volume ° 0 33 0
friction angle (¢cv)
Permeability (ku) m/s 8.00x10-8 1.60x10-5 1.00x10-9

The permeability of any material should be set by the mobility coefficient (coefficient of the pore pressure
term in Darcy’s law) required by FLAC and designated by k (m?/Pa.sec) (see section 2.4).

During the dynamic load in the clayey layers (crust and bottom layer), the Mohr-Coulomb model was kept
and a hysteretic damping was added. The models were combine to provide suitable modelling of the site-
response and bearing capacity. The site-response is sensitive to the shear stiffness and strain-based
degradation of stiffness, and therefore was captured using the hysteretic damping option. The bearing
capacity is sensitive to the soil strength capacity and therefore the Mohr-Coulomb constitutive model was
used to achieve this. Using the MC model also had the added benefit that when the yield criterion is met
than the hysteretic damping becomes inactive in those zones (page 83 Dynamic Analysis - FLAC Manual).

The hysteretic damping curves were based on research by Vardanega and Bolton (2013), however, the
proposed shear modulus reduction curves from Vardanega and Bolton (2013) could not be directly
implemented into FLAC as the exact functional form is currently not available. Therefore the model was fitted
to the default functional form in FLAC (Figure 2.79). The Mohr-Coulomb failure criterion was set as 10% lower
than the ‘failure’ point of the hysteretic model, defined as the stress that is required to reach the strain set
by the L, parameter. The limit from hysteretic damping is required because the hysteretic damping option
does not have suitable behaviour beyond the L, range. The model was initialised with the Mohr-Coulomb
model with no hysteretic damping applied. This allowed for a quick convergence. However, it means that the
static stresses from the foundation do not affect the nonlinearity from the hysteretic damping (page 83
Dynamic Analysis - FLAC Manual).
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Figure 2.79: Clay theoretical tau gamma backbone

The PM4Sand constitutive model was adopted to simulate the behaviour of the second layer in the dynamic
phase (See section 2.4). The shear modulus coefficient (G,) was taken in PM4Sand Manual (Boulanger and
Ziotopoulou, 2017) for the sand with Dr=35% as 476 and for the sand with Dr=55% as 677. The contraction
rate parameter (hpo) was always assumed as 0.5. The secondary set of parameters were kept default.

Rayleigh damping

A small amount of Rayleigh damping was used in the numerical model to provide stability and simulate
energy loss at small strain, consistent with other uses of the PM4Sand model (e.g. Luque (2017)). The
parameters for the Rayleigh damping were input by setting the damping as both stiffness and mass
proportional and then defining the &min and fmin parameter using Equation (2.65) and (2.66), which correspond
to the minimum point in the damping versus frequency relationship. f; and f, correspond to the lowest and
highest frequencies of interest in the model, and €1, is the ratio of critical damping set at those frequencies.

$min = Vva: p (2.65)
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foo= 2-fifr (2.66)
min —
Vé-fi fa
2-wg-w, (2.67)
od=——"5 (W2é12 — w1é12)
Wy =W
(2.68)

B = m(wzﬁz —wié12)

The lowest frequency of interest (f1) is typically governed by the lowest natural frequency of the soil deposit
or the lowest frequency of soil-structure system. The lowest frequency of the soil deposit corresponds to
the first mode of the liquefied site, which was estimated by performing an elastic site response analysis fi=
0.56 [Hz] using the software Deepsoil (Hashash et al., 2016). The highest frequency of interest was governed
by the 2" mode frequency of the soil-structure system f,=5 [Hz]. §1, was set as 1%.

2.6.3. SETTLEMENTS OF BUILDINGS RESULTS

Figure 2.80 shows the settlements in the centre of the foundation obtained from numerical analyses
(parametric study) compared with settlement values calculated from Karamitros et al. (2013a) and Bray and
Macedo (2017) equations. Some discrepancies can be observed and an overestimation trend is observed in
comparison to the latter empirical proposals, but in general these approaches provided reasonably consistent
estimates of settlement compared to the results from FLAC.

Figure 2.80: Comparison between numerical and analytical results of total settlements

The time history of foundation settlement from the numerical simulation is compared with the Karamitros
et al. (2013a) and Bray and Macedo (2017) approaches in Figure 2.81 for soil profile 8 and foundation 1
(B=10 and contact pressure=80kPa) using the ground motion #2 (Tabas, Mw=7.4) with scale factor of 0.25.
Karamitros et al. (2013a) and Bray and Macedo (2017) can only be used to calculate the total seismic
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settlement of isolated buildings. A time series of the settlement was constructed using the integral of velocity
for each dt in Karamitros et al. (2013a) and the cumulative CAVdp in Bray and Macedo (2017).

Figure 2.81: Comparison between numerical and analytical settlements for Soil Profile: 8 — Foundation: 1 — Ground motion: 2—

Scale factor: 0.25

Based in Karamitros et al. (2013a) approach, another methodology (Karamitros modified) is proposed in this
study to improve the time-series settlement results. The method consists in multiply the total settlement
calculated from the original equation (See section 2.6.1) by a “weight” that depends on the Pore pressure
ratio (Ru) time-series (See section 2.5). The time-series settlement can be calculated using the Equation (2.69)

and Figure 2.82 shows the comparison with the original Karamitros et al. (2013a) methodology.

— 2.
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(2.69)
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Figure 2.82: Comparison between numerical and analytical settlements for Soil Profile: 8 — Foundation: 1 — Ground motion: 2—
Scale factor: 0.25

2.6.4. MODELLING RECOMMENDATIONS AND CONCLUSIONS

Karamitros et al. (2013a) and Bray and Macedo (2017) methodologies, provided viable options for efficiently
assessing the total dynamic settlement of a building compared with nonlinear effective stress numerical
calculations results.

The numerical model was validated against centrifuge experimental results in section 2.4 and a description
about the construction of the model in Flac (Itasca, 2016) can be found in the same section. This method
captures more of the response than the analytical methods as the shear demand, site response, water flow
and soil-structure interaction are all directly modelled, but it requires a high computational effort
(approximately 3 hours for a 40 second ground motion and a 2D foundation-only model) and therefore 2D
modelling is not justifiable for vulnerability analysis unless the building is deemed critical and susceptible to
liguefaction.

Karamitros et al. (2013a) results showed a good fit with Flac estimation when the excess pore pressure ratio
was calculated with the energy based method in section 2.5. The pore pressure ratio time series can also be
used to obtain the settlement time-series using the Karamitros modified method.

Bray and Macedo (2017) requires to perform a liquefaction triggering assessment, and calculate the safety
factor against liquefaction triggering (FS.) for each potentially liquefiable layer preferably using a CPT-based
method. It showed an underestimation of the settlements when compared with Flac modelling. In this study
a CSR for 15 cycles was obtain through element tests to calculate FS, from Boulanger and Idriss (2014)
method.
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2.7 SIMPLIFIED PROCEDURE TO ESTIMATE SURFACE GROUND MOTION

2.7.1 INTRODUCTION

The primary damage to buildings during earthquakes is shaking damage, therefore the modification to the
ground shaking due to liquefaction is extremely important in the context of qua