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Evaluations des accélérations et spectres verticaux au sol et de plancher dans des
batiments élastiques en béton armé a ossature résistant aux moments situés dans ’est

du Canada

Shahabaldin MAZLOOM

RESUME

Alors que les dommages structuraux de batiments ont généralement été rares a la suite des
récents tremblements de terre modérés et séveres, les dommages associés aux composants non
structuraux ont été beaucoup plus répandus et peuvent entrainer des pertes économiques
supplémentaires. Dans la plupart des codes et normes, seul I'effet de la composante horizontale
a ¢été considéré en relation avec la conception et l'analyse sismique de la structure et des
composants non structuraux (CNS), et I'effet de la composante verticale a été moins pris en
compte ou complétement négligé. D’autre part, l'effet de I'accélération sismique verticale peut
étre significatif dans certains cas et affecter gravement les performances structurelles d'un
batiment et, par conséquent, ses composants non structuraux. Le Code national du batiment du
Canada (CNB, 2015) se limite principalement a un rapport empirique de 2/3 dans la relation
entre l'accélération verticale et horizontale. De plus, I'exigence de prendre en compte la
composante sismique verticale est limitée uniquement aux structures de longue portée, aux
structures précontraintes et aux structures avec des ¢léments fortement sollicités sous des

charges de gravité.

Dans ce projet, les caractéristiques de la composante verticale des mouvements du sol pour le
sol trés dense avec une catégorie d’emplacement C dans la région sismique de I'Est du Canada
a été étudiée, et une relation a été proposée pour établir 1'accélération spectrale verticale de
conception en utilisant les rapports d'accélération pseudo-spectrale verticale/horizontale. Pour
cela, 248 enregistrements sélectionnés de 67 séismes de cette région avec une magnitude Mw

3.0 et une distance épicentrale (Repi) 150 km ont été étudiés. En raison du manque
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d'enregistrements pour le sol ferme selon les critéres mentionnés dans cette région, les
enregistrements d'autres types de sol que le sol trés dense ont été convertis en enregistrements
correspondants a la catégorie d’emplacement C en utilisant le logiciel DEEPSOIL. Les
rapports V/H PSA calculés ont été calibrés avec ceux obtenus a partir des équations de
prédiction des mouvements du sol (GMPEs) compatibles. Les rapports V/H PSA moyens
calculés ont dépassé la valeur typique de 2/3 recommandée dans le CNB, en particulier pour
les courtes périodes allant jusqu'a 1,3 sec. Un profil des spectres de conception de 1'accélération
verticale (ADSver) a été proposé pour la catégorie d’emplacement C a Montréal et comparé a

ceux obtenus par les dispositions de I'ASCE/SEI 7-16 (2017) et de 'ASCE 41-17 (2017).

En outre, I'effet de la hauteur du batiment et de la flexibilité de la dalle sur la réponse verticale
du systéme de plancher, y compris a différents endroits du plancher et le long de la hauteur du
batiment en termes d'amplification verticale des accélérations maximales du plancher et des
accélérations spectrales du plancher, a été évalué a I'aide de simulations numériques en 3D.
Par conséquent, quatre batiments en béton armé réguliers de 3, 6, 9 et 12 étages a ossature
¢lastique résistant au moment avec une ductilité limitée pour la catégorie d'emplacement C a
Montréal et trois portées identiques de 7,0 metres dans chaque direction, congus conformément
au Code national du batiment du Canada (CNB, 2015), ont été sélectionnés pour cette
recherche. De plus, 65 ensembles d'enregistrements historiques relatifs a 31 tremblements de
terre séveres du monde entier en tant qu'accélérations temporelles ont été utilisés pour analyser

le comportement linéaire de ces structures.

L'amplification maximale de l'accélération verticale maximale au plancher (AMPv) a été
observée au centre de la dalle intérieure des batiments, avec des valeurs médianes normalisées
maximales allant de 4,0 dans le batiment de 3 étages a 1,24 dans le batiment de 12 étages. De
plus, I'amplification constante de l'accélération spectrale verticale de plancher (ASPv) a été
observée le long de la hauteur des batiments. L'impact significatif de la composante verticale
du tremblement de terre était plus visible a des périodes plus courtes puisque l'accélération
verticale maximale résultait a des périodes inférieures a 0,35 s. Enfin, le ASPv estimé

correspondant a 1'accélération verticale du sol d'entrée a été proposé pour les batiments types.
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Par conséquent, cette étude indique que le mouvement sismique vertical ne doit pas étre négligé

dans le processus d'analyse et de conception, en particulier dans les batiments de faible hauteur.

Mots-clés : Composant non structurel (CNS), mouvement vertical du sol, accélération
spectrale de conception verticale (ASCver), accélération maximale du plancher (AMP),

accélération spectrale du plancher (ASP), ossature en béton armé résistant au moment






Evaluation of vertical ground and floor accelerations and spectra in elastic RC frame
buildings located in Eastern Canada

Shahabaldin MAZLOOM

ABSTRACT

Whilst significant structural damage to buildings has generally been rare as a result of recent
moderate and severe earthquakes, destructive non-structural damage has been much more
widespread and can lead to additional economic loss. In most codes and standards, only the
effect of the horizontal component has been discussed in relation to seismic design and
analysis. The effect of the vertical component has been less considered or completely
neglected. However, the effect of vertical seismic acceleration can be more impressive in some
cases and severely affect a building’s structural performance and, consequently, its non-
structural components (NSCs). The National Building code of Canada (NBC, 2015) is mainly
limited to an empirical ratio of 2/3 in the relationship between vertical and horizontal
acceleration. Also, in this code, the requirement to consider the vertical seismic component is
limited only to structures with long spans, pre-stressed structures, and structures with highly

stressed elements under gravity loads.

In this project, the characteristic of the vertical component of ground motions for Site Class C
in the Eastern Canada seismic region was investigated, and a relation was proposed to establish
the vertical design spectral acceleration using the vertical-to-horizontal pseudo-spectral
acceleration ratios (V/H PSA) obtained from the selected 248 records of 67 earthquakes of this
region with a magnitude Mw = 3.0 and an epicentral distance (Repi) <150 km. Due to the lack
of enough records for very dense soil according to the mentioned criteria in this region, records
from other soil types than very dense soil and soft rock were converted to the corresponding
records on Site Class C using the software DEEPSOIL. The computed V/H PSA ratios were
calibrated with those obtained from compatible Ground Motion Prediction Equations

(GMPEs). The computed mean V/H PSA ratios exceeded the typical value of 2/3
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recommended in NBC 2015, especially for short periods of up to 1.3 sec. A profile of vertical
acceleration design spectra (ADSver) was proposed for Site Class C in Montreal and compared

with those obtained by ASCE/SEI 7-16 (2017) and ASCE 41-17 (2017) provisions.

In addition, the effect of building height and the flexibility of the slab on the vertical response
of the floor system, including different locations within the floor and along the building height
on the amplification of vertical peak floor accelerations and floor spectral accelerations was
assessed. To this end, four 3-D elastic regular RC moment-resisting frame buildings with
limited ductility for the location on Site Class C of Montreal. Therefore, 3-, 6-, 9- and 12-
storey regular RC buildings with moderately ductile moment-resisting frame systems and three
spans of 7.0 meters in each direction, designed in accordance with the National Building Code
of Canada (NBC 2015), were selected for this research. Moreover, 65 sets of historical records
relating to 31 severe earthquakes from across the world as input time history accelerations were

used to analyze the linear behavior of these structures.

The maximum amplification of vertical Peak Floor Acceleration (PFAv) was observed at the
center of the buildings’ interior slab, with the maximum median normalized values ranging
from 4.0 in the 3-storey building, to 1.24 in the 12-storey building. Moreover, the constant
amplification of the vertical Floor Spectral Acceleration (FSAv) was observed along the
building height. The significant impact of the vertical component of the earthquake was more
visible at shorter periods since the maximum vertical acceleration resulted at periods of less
than 0.35 sec. Finally, the estimated FSAv corresponding to the input vertical ground
acceleration was proposed for the typical buildings. Therefore, this study indicates that the
vertical earthquake motion should not be overlooked in the analysis and design process,

especially in low-rise buildings.

Keywords: Non-Structural Component (NSC), vertical ground motion, vertical design
spectral acceleration (DSAver), Peak Floor Acceleration (PFA), Floor Spectral Acceleration

(FSA), reinforced concrete moment resisting frame



TABLE OF CONTENTS

Page
INTRODUCTION ...ttt ettt ettt ettt e sste st enseeneenseenseeneenseenseeneenees 1
0.1 Context and problem StatemMent .............ccueeviieriieiiieiie et 1
0.2 General and SPECIfIC ODJECTIVES ....cuviieiiiieiiie ettt 3
0.3 Methodology of the reSearch ..........c.cooiiiiiiiiiiiiie e 4
0.4 Original contributions of the thesis ..........ccciieiiiieiiieeeec e 6
0.5 Structure 0f the thEeSIS ......eeviriiriiieeeee e 7
CHAPTER 1 LITERATURE REVIEW......oiiiiiiiiiiiiiieceteseee et 9
1.1 INELOAUCTION ..ttt ettt e e bt e eane s 10
1.2 Classification of Non-Structural Components (NSCS)......ccceeeveeriieriiiiieniienieenreeieene 11
1.3 Characteristics of the vertical component of ground motion ...........ccccceeevevveerveeennnenn. 15
1.4 Relationship of vertical and horizontal components of earthquakes.............c.c......... 16
1.5 Approaches in codes and standards for seismic design of NSCs subjected to
horizontal and vertical €XCItatioN .........c..ceoeriirieriiriinieeneeeee e 17
1.6 Codes approaches on deriving vertical design SPectra........cocvveeerveeecieeniieeniieeereens 20
1.6.1 NBC 2015, sttt 20
1.6.2 EUrocode 8-1 ... ..o e 20
1.6.3 ASCE/SEI 7-16 and NEHRP 2015 .....cocooiiiiiiiiniiniiieeeeeeeieeeene 23
1.7 Importance of the vertical ground acceleration ...........c.ceeeeveeeeieeeiiieccieesie e 25
1.8 Effect of the vertical ground acceleration on the response of structures and NSCs....28
1.9 Summary and CONCIUSION. .......cc.ieviiiriiiiiierieeie ettt eebe e s e eeseeneas 31

CHAPTER 2 ESTIMATE OF V/H SPECTRAL ACCELERATION RATIOS FOR

2.1
2.2
23

24
2.5

2.6

FIRM SOIL SITES IN EASTERN CANADA ......coceoiiiieieeeeeeeene 31
INEEOAUCLION ..ttt ettt et sttt sbe e 34
Collection of ground motions in Eastern Canada region...........cccccveevveeerciieenieeennnn. 38
Computation of the PGA and PSA ratios of the records ..........ceccevieniriiniininncneenne. 40
2.3.1 Geometric means of the horizontal components...........c.ccceeeeveeecvieerveeennee. 40
232 V/H PGA 1atios (PGAver/PGARor) «..eovverieniiiiieieiiesieeieceeeeieee s 41
233 V/H PSA ratios (PSAver/PSAhor) «...eoeveeniiiiiiiiiiieieee e 42
Comparison of the computed V/H PSA ratios with applicable GMPEs ..................... 46
Proposed Vertical Acceleration Design Spectra (ADSver) for Site Class C in
IMIOMET@AL. ...ttt ettt et ettt ettt nas 50
2.5.1 Using the converted reCOTdS........covuiiiiiiieiiieeiiieeie e 50

252 Using the equations proposed in ASCE/SEI 41-17 and ASCE/SEI 7-16.. 51
Summary and CONCIUSION. ........eeecuiieeiiiieeiie ettt et e et eeeae e seee e saeeessaeeeeseeenneas 55



X1V

CHAPTER 3 ESTIMATION OF VERTICAL PEAK FLOOR ACCELERATION
DEMANDS IN ELASTIC MOMENT-RESISTING FRAME

BUILDINGS ...ttt sttt s 55

3.1 INELOAUCTION ..ttt ettt et e st e st e enbeesneeenneens 58
3.2 General assumptions of the StUAY .........ccccoeviiiiieiiiiiieeeee e 61
3.2.1 Description of selected archetype buildings ..........ccccoeoeeiiiniiiniiiiiiiennne 61

322 Selection of input ground MOLIONS .........cc.eevuieriieriierieeiienie e eve e 65

33 Parametric study and discussion of the obtained results ...........cccccoeveeriiiiieniiiencennee. 67
3.3.1 Effect of location and height variation on amplification of PFA............... 68

3.3.1.1 Normalized Horizontal Peak Floor Acceleration profiles.......... 69

3.3.1.2 Normalized Vertical Peak Floor Acceleration profiles .............. 73

332 Proposed PFAv demands in the selected buildings..........c.cccceeienirennnene 83

333 Dispersion of the normalized Peak Floor Acceleration ..............cccueneeee. 85

34 Summary and CONCIUSION. ....c...evutiriiriiriiiie ettt ettt sae s 88

CHAPTER 4 VERTICAL FLOOR SPECTRA IN LOW AND MID-RISE ELASTIC

RC MOMENT-RESISTING FRAME BUILDINGS.........ccccoviiiiniaienne 87

4.1 INELOAUCTION ..ttt ettt et e st e st e enbeesneeenneens 91

4.2 Selection of Zround MOLIONS .......ccvieiieriieeiieiieeie et eee e e ebeeseaeeseeseae e 95

43 Building selected for the analysiS..........coocueeiiiiiiiiiiiiiieeeeee e 97

4.4 Results of elastic Vertical Floor Spectral Accelerations ............cccceeeeveecivereeeieennennnen. 99

4.4.1 The 3-storey building .........cceeviiiiiiiiiiiiieeee e 100

4.4.2 The 6-storey BUIIAING .......ccoviiiiiiiiieiieeiecee e 100

443 The 9-storey bUuilding .........cceevieiiiiiiiiiiiieeeeee e 101

444 The 12-storey building ........c.covieeiiiiiiiiieiieeie e 104

4.5 Conclusions on the amplification of median FSAv through the building height ......106

4.6 The effect of the mounting location on the floor plan...........cccocceveiiiiiiiiiinineenen. 108

4.7 Proposed FSAv based on obtained results from the selected buildings .................... 110

4.8 Parametric Validation of the Proposed Equations for FSAv.........ccccoeviiiiiiiiennnne. 113

4.9 Comparison of proposed FSAv with AC 156 provisions .........ccccceeeveereerieeeneeneeenes 118

4.10  Summary and CONCIUSION..........ccuieriiiriiiiieeit ettt ettt et e sere e e seae e 120

CONCLUSIONS .ttt sttt ettt ettt e e et e s st et e eseesseeneesseenseeneesseensesneenseensens 119

RECOMMENDATIONS FOR FUTURE STUDIES .......ccoiiiiiieteeeeeee e 123
ANNEX I SELECTED EARTQUAKES FOR THE EASTERN CANADA

SEISMIC REGION USED IN THE FIRST PAPER.........ccccceviniiiinene. 125

ANNEX II CONVERSION TECHNIQUE USING DEEPSOIL SOFTWARE........... 135

ANNEX III GROUND MOTION PREDICTION EQUATIONS.......cccceniiiiiiieneens 147



XV

ANNEX IV DESIGN DETAILS OF STUDIED BUILDINGS.........ccccooeviiiiienienen. 155
ANNEX V THE WORLDWIDE SELECTED STRONG GROUND MOTIONS

USED IN THE SECOND AND THIRD PAPERS........c.ccooeniiiiiiinens 161
ANNEX VI THE SITE CLASSIFICATION FOR SEISMIC SITE RESPONSE......... 169

LIST OF BIBLIOGRAPHICAL REFERENCES......c.c.cooiiiiiiiiineceeeeecceeee e 173






Table 1.1

Table 1.2

Table 1.3

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 2.8

Table 3.1

Table 3.2

Table 3.3

Table 3.4

LIST OF TABLES

Page
Seismic design force of NSCs subjected to horizontal and vertical
eXCItation 1N the COAES....c.uiriiiiiiiiiiiiiie e 17
Recommended values of parameters describing the vertical elastic
TESPONSE SPECETA ..eeenerieiitieiitieeitee et ee ettt e ettt e sbt e e st e esabeeesabeeesabeessabeesnneesans 21
Vertical cOefficient Cy .......occuieiiiiiiiiiieiiee e 24
Computed V/H PSA ratios for converted records to Site Class C
collected in Eastern Canada..........c.ceouevienieiiinienieieeeceeee e 43
Characteristics of the GMPEs used in this study.........ccccocevviienieeiieniennnnns 47
Considered M-R scenarios used for the selected GMPEs ..........c.ccccceeeenee 48
Computed mean V/H PSA ratios at different periods from converted
records and selected GMPES ..........ccooiiiiiiiiiii e 48
Vertical MCER elastic design SPeCtra .........ccceecuerierieriieneenienieneenienienieenns 52
Horizontal MCER elastic design Spectra.........coccecereenernienienieenieneenieeeennes 53
Values of vertical coefficient Cy.........cocuieiiiiiiiiniiiiieieeceee e 53
Equivalent seismic parameters corresponding to Site Class C in
IMIONET@AL ...ttt sttt et 53
Material properties of the selected buildings..........c.ccoeeveevveecieniiecieenieenen. 63
Load types and values used for the buildings design............cccceeveevveerreennnnn. 63
Cross-sectional dimensions of the buildings’ elements............c.ccccvevevreneenn. 63

Fundamental horizontal and vertical periods of the buildings...................... 64



XVII

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Table 3.11

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table-A I-1

Table-A I1I-1

Table-A I1I-2

Table-A III-3

Table-A I11-4

Normalized median and 84™ percentile PFAv values at slab nodes of

the 3-Storey DUILAING ....cveeeeiiiiieiicieeee e e 73
Normalized median and 84™ percentile PFAv values at beam nodes of

the 3-Storey BUIlding .......coceiiiiieiiiiiiee e 75
Normalized median and 84™ percentile PFAv values at slab nodes of

the 6-StOrey DUILAING ....c.veieiiiiiieiiieieeceeeee e e 77
Normalized median and 84™ percentile PFAv values at beam nodes of

the 6-Storey BUIlAING .......oovuiiiiiiiie e 79
Normalized median and 84™ percentile PFAv values at slab nodes of

the 9-Storey DUILAING ....cveeeviiiiieiiieieeceeeee e e 80
Normalized median and 84™ percentile PFAv values at beam nodes of

the 9-storey BUIldINg .......oooviiiiiiiiee e 81
Normalized median and 84™ percentile PFAv values at slab nodes of

the 12-storey BUilding ........c.cooiieiieiiieiieie e 82
Cross-sectional dimensions of the buildings’ elements.......................... 95
First 12 vertical periods of the selected buildings and floors.................. 96
Cross-sectional dimensions of the 6-storey buildings’ elements............ 110

Selected earthquake records for validating the proposed FSAv for the

flexible NOAES. .. ..o 110
Cross-sectional dimensions of the 6-storey buildings’ elements............. 112
Selected ground MOLIONS. .......c..eeeieiieeiiiieeiie e e 125

Coefficients and statistical parameters from the regression analysis of the

PGA and PSA. ... 149
Guidance on evaluating local site conditionSK. ...........co.evvvuivuinnennnnnn 150
Evaluation of faulting mechanism...............ccoooooiiiiiiiii . 150

Definition of the parameters..............coovvuiiiiiiiiiii i, 152



Table-A III-5

Table-A I1I-6

Table-A I1I-7

Table-A IV-1

Table-A IV-2

Table-A IV-3

Table-A IV-4

Table-A IV-5

Table-A IV-6

Table-A IV-7

Table-A IV-8

Table-A IV-9

Table-A IV-10

Table-A IV-11

Table-A IV-12

Table-A IV-13

Table-A IV-14

Table-A IV-15

Table-A IV-16

Table-A V-1

Table-A VI-1

Table-A VI-2

XIX

Constraints on the model parameters...............cocviiiiiiiiiiiiiiinan 153
Period-independent constants for the median V/H ratio...................... 153
Coefficients for the median V/H ratio and standard deviation................ 154
Beam flexural design of the 3-storey building.............ccooceeiiiniiiiinniinnnn. 155
Beam shear design of the 3-storey building............cccoeceeiiiiiiiniiniiiee. 155
Main reinforcement design of the columns for the 3-storey building.......... 155
Shear design of the columns for the 3-storey building...........cccccecveveriennne. 155
Beam flexural design of the 6-storey building.............ccooceiiiiniiiiinninnnnn. 156
Beam shear design of the 6-storey building............cccooceeniiiiiiiiniiineen. 156
Main reinforcement design of the columns for the 6-storey building........... 156
Shear design of the columns for the 6-storey building...........cccccoceeveriennnee 156
Beam flexural design of the 9-storey building...........c.ccooceeiiiniiiiinninnnnn. 157
Beam shear design of the 9-storey building.............cccocceeiiiiiiiiiininene 157
Main reinforcement design of the columns for the 9-storey building..........157
Shear design of the columns for the 9-storey building..........cccceeevvveennennnne. 158
Beam flexural design of the 12-storey building...........cccceeevevviinciieenieeennnn. 158
Beam shear design of the 12-storey building...........ccceevviievcieenciieenieeenee. 158
Main reinforcement design of the columns for the 12-storey building......159
Shear design of the columns for the 12-storey building.............cccccuvee..e. 159
Generic characteristics of the selected ground motions (PEER-NGA)........ 161
Site classification for seismic site response specified in NBC (2015).......... 169
Site classification provided in ASCE/SEI 7-16 (2017)........cccceevenenn..... 170



XX

Table-A VI-3 Ground types classification provided in Eurocode 8-1 (2004)..................

171






Figure 0.1

Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4
Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

LIST OF FIGURES

Page

Summary of the specific objectives and the links between the contributions

within the framework of this thesis..................oocoiiiiii 8
Non-structural components of a typical building ............cccceeevveviiecieennennnen. 12
Relative value of components for different building types ..........cccceevveneene 13

Recommended vertical elastic response spectra (Sve) and vertical design
spectra for elastic analysis (Sve) in the Eurocode8-1 (2004) for 5%

dAMPING TALIO c.eviiivieiiieiiecie ettt ettt sae e b e e staeebeesnseenseennnas 22
Design vertical response spectra for the Site Class C........ccceeevveeieeiieennnnnne. 25
Cumulative number of records taken from different site classes ................. 39

The mean and confidence levels of V/H PSA ratios for converted
records on Site Class C Eastern Canada ..........covveeeeneeeeeeeeeeeeieeeeeeeeeeeeeeenn. 44

V/H PSA ratios for available records on Site Class C in Eastern Canada....46

V/H PSA ratios from converted records and selected GMPEs for Site
CILASS € e 49

Proposed Sver(T) and calculated Vertical Acceleration Design Spectra
based on ASCE/SEI 41-17, ASCE/SEI 7-16 (Saum), and NBC 2015 for
Site Class C 1n Montreal ........c.c.ooiiiiiiiiiiiiiiiceceececeeeeeee 54

Plan and elevation views of the archetype RC moment-resisting frame
buildings used in this StUAY .........ccoeiiiiiiiiiiii e 62

Fundamental lateral and first vertical mode shapes of the exterior
BTAINES ..t sttt 65

Pseudo-Spectral Acceleration of the horizontal and vertical seismic
motion records with 5% damping ratio..........cceceeriiiiieniiiiienieee e 67



Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 4.1

XXII

Selected critical nodes on the beams and s1abs ......coevvveeeeeeeieiiieiiiieeeeeeeeeeen. 68

Proposed profiles of the normalized PFAm at all nodes of the floor in
(a) 3-storey, (b) 6-storey, (c) 9-storey, and (d) 12-storey buildings ............. 72

Profiles of the normalized PFAv at the center of the slabs of the 3-
StOTEY DUILAING ...t 74

Profiles of the normalized PFAv for the considered beam nodes of the
3-StOTCY DUILAING ..eevvieiieeiiieiiecte e e 76

Profiles of the normalized PFAv at the center of the slabs of the 6-
StOTEY DUILAING ... 78

Profiles of the normalized PFAv for the considered beam nodes of the
6-StOTCY DUILAING ..eevvieiieeiieiiecte e e e 79

Profiles of the normalized PFAv at the center of the slabs of the 9-
StOTEY DUILAING ... 81

Profiles of the normalized PFAv for the considered beam nodes of the
0-StOTCY DUILAING ...evvieiieeiiieiieeteeee e 82

Profiles of the normalized PFAv at the center of the slabs of the 12-
StOTEY DUILAING ... 83

Computed and suggested normalized PFAv profiles of the slabs’ node
demands and the normalized PFAm at the buildings’ rooftop versus the
number of floors per building ............ccceevieiiiiiiiiiie e 84

Profiles of the building height effect on PFAv/PFAn of the slab nodes
at the buildings’ rOOTtOPS ...coveieiieiieciieeee e 85

Dispersion of the normalized a) vertical, b) horizontal, and c)
PFAvV/PFAH of the 3-storey building ..........ccoceeveeviniiniininicniccceeee 87

Dispersion of the normalized a) vertical, b) horizontal, and c)
PFAV/PFAH of the 6-storey building ..........ccceeevievieniienieiiieieeieeeeeeee 88

(a) Horizontal and (b) Vertical response spectra of the selected ground
motion records for the 5% damping ratio ...........cocceeviiiiiiiiiiniienieieeee 96



XXIV

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.18

Figure 4.19

Proposed vertical response spectra of the selected ground motion
corresponding to 5% dampPing ..........cccueeeieriierienieeiienie e 97

Plan and elevation views of the archetype RC moment-resisting frame
buildings used in this study, along with the vertical period of the
structures’ first MOde .........eoiuiiiiiiiiiii e 98

Computed FSAv at the center of the interior slab of the 3-storey
DULLAING .ttt 100

Computed FSAv at the center of the interior slab of the 6-storey
DUILAING 1.ttt et aeesbeesaneenaen 101

Computed FSAv at the center of the interior slab of the 9-storey
DULLAING .t e 103

Computed FSAv at the center of the interior slab of the 12-storey
DUILAING ..ttt et e e e saseennaen 105

Median FSAv through the building height at the center of the interior
SIAD <.t e et e e e abeeeaaeeeans 107

Comparison of the median FSAv of buildings’ rooftops at the center of
the INLEriOr S1AD ...c..oiiiiiiiiiiiici e 108

Considered critical nodes on the building floors ...........ccceceeeviieiieeiiennnn. 109

Median FSAv of the 6-storey rooftop at different considered nodes: (a)
slab nodes, (b) beam nodes and (¢) column nodes...........c.ccceevveeeveeennennee. 109

Proposed FSAv for the calibrated results obtained for the considered
building types: (a) 3-storey, (b) 6-storey, (c) 9-storey, and (d) 12-storey
DULLAINES ...ttt e 112

Proposed FSAv of this study for the selected buildings’ floors with
respect to the proposed GSAV.......ooviriiiiiiieieeeeeeee e 113

Horizontal and Vertical Required Response Spectrum (RRS) for the
components at a 5% damping ratio.........ccceeeeriieerieniieinie e 119

Comparison of FSAv proposed in this study for rigid nodes of rooftops
with the one proposed in AC 156 ......occuiviiieiieiiiieiiee e 120



XXV






ASCE

AD Shor

ADSver

CSA

EC 8

FEMA

FSAn

FSAv

GMPE

MCEr

MD

MRF

NBC

NSC

OFC

PFAHn

PFAv

PGAn

PGAv

LIST OF ABREVIATIONS

American Society of Civil Engineers
Horizontal Acceleration Design Spectra
Vertical Acceleration Design Spectra
Canadian Standards Association
Eurocode 8

Federal Emergency Management Agency
Horizontal Floor Spectral Acceleration
Vertical Floor Spectral Acceleration
Ground Motion Prediction Equation
Risk-Targeted Maximum Considered Earthquake
Moderately Ductile

Moment-Resisting Frame

National Building code of Canada
Non-structural Component

Operational and functional component
Horizontal Peak Floor Acceleration
Vertical Peak Floor Acceleration
Horizontal Peak Ground Acceleration

Vertical Peak Ground Acceleration



XXVIII

PSAn Horizontal Pseudo-Spectral Acceleration
PSAv Vertical Pseudo-Spectral Acceleration
RC Reinforced Concrete

UHS Uniform Hazard Spectra



LIST OF SYMBOLS

ap The dynamic amplification factor as per ASCE/SEI 7-16

Ar The dynamic amplification factor as per NBC 2015

avg Design ground acceleration in the vertical direction as per Eurocode 8-1

Ax Height factor in NBC

Cp Seismic coefficient for mechanical and electrical equipment

Ec Young modulus of concrete

Es Young modulus of steel

Fa Acceleration-based site coefficient

Sem Mean compressive strength of concrete

Fo hor Component seismic design force applied horizontally at the center of gravity
of the component as per Eurocode 8-1

Fover Component seismic design force applied horizontally at the center of gravity
of the component as per Eurocode 8-1

Ju Ultimate strength of steel

f Yield strength of steel

h Average roof height of structure with respect to the base

hi Height above the base to level i

hx Height above the base to level x

IE Importance factor of the building as per NBC 2015

Ip Component importance factor



XXX

My

da
Ru

Ro

Rrup
S(T)

Su(0.2)

SaM

Sbs

Smi

Swus

Ss

Sve(T)
T

T

Vp, hor

Moment magnitude of an earthquake event

Behaviour factor of a non-structural element
Ductility-related force modification factor
Overstrength-related force modification factor

Component response modification factor

Distance from the fault

Spectral response acceleration value for a period T’
Spectral response acceleration value at the period of 0.2 sec

Site-specific MCERr spectral response acceleration parameter at any period
corresponding to the mapped maximum considered earthquake

Design, earthquake spectral response acceleration parameter at short periods
as per ASCE/SEI 7-16

Spectral acceleration parameter at a period of 1.0 sec corresponding to the
mapped maximum considered earthquake adjusted for site class effects

Spectral response acceleration parameter at short periods adjusted for site
class effects

Horizontal force factor for part or portion of a building and its anchorage

Spectral acceleration parameter at short periods corresponding to the mapped
maximum considered earthquake

Elastic vertical ground acceleration response spectrum
Fundamental building period defined by NBC 2015
Long-period transition period as per ASCE/SEI 7-16
Period of a non-structural component

Lateral seismic design force on a part of the structure as per NBC 2015



XXXI

Vp,ver Vertical seismic design force on a part of the structure as per NBC 2015
V3o Average shear wave velocity in the top 30 m of soil or rock

We Weight per unit volume of concrete

W Ext walls Uniform load of exterior walls

WFloors,Finishing
WL, Floor

WL, Roof
Wmechanical

Wy

Weartitions

WRoof, Finishing

Weight of floor finishing

Live load of the floor

Live load of the roof

Mechanical utility floor load
Weight of non-structural component
Weight of partitions

Weight of roof finishing

Wieis Seismic weight of building

Wsnow Snow load

- Height in structure at the point of attachment of component with respect to
the base

1) Measure of dispersion

& Crushing strain of concrete

Eu Ultimate strain of steel

% Importance factor of a non-structural component as per Eurocode 8-1

n Damping correction factor

Viscous damping ratio (in percent)






INTRODUCTION

0.1 Context and problem statement

In the past decades, significant progress was made in modelling and predicting the horizontal
performance or response of the structural and non-structural components (NSCs) during
earthquakes. However, too much damage has been reported as a result of the vertical vibration
of the floors or vertical seismic excitations. In most seismic design codes, the effects of the
vertical ground acceleration for typical structures are assumed small when compared with the
impact of the horizontal one. Recently, many researchers have emphasized the importance of
the significant role of a vertical component of ground motion, especially for near-fault areas
where buildings may experience a considerable vertical force (Papadopoulou, 1989; Bozorgnia
et al.,, 1995; Papazoglou & Elnashai, 1996; Elgamal & He, 2004). Reports of the 1994
Northridge earthquake indicate damage to structural elements and floor systems, as well as
damage to NSCs caused by the vertical component of ground motion, which in some cases was
even more than the damage caused by the horizontal component of the earthquake (Papazoglou
& Elnashai, 1996). The 1988 Saguenay earthquake is another example in Eastern Canada that
caused significant damage to NSCs (Foo & Lau, 2004).

The vertical component of ground motion is characterized by the short period and significant
acceleration-to-velocity ratio (a/v), which is mainly related to near-fault earthquake records.
In events with dominant P-waves, the peak vertical acceleration varies depending on the
earthquake magnitude, soil conditions, and distance from the fault (Bozorgnia et al., 2000). In
the near-field region, because the amount of peak vertical acceleration might be higher than
the horizontal one, or even the simultaneous occurrence of both components, it is necessary to
investigate the vertical component of ground motions in near-field records (Christopoulos et
al., 2000; Shrestha, 2009). The vertical component of the earthquake motion is not significantly
attenuated in the near-fault region, thus yielding a vertical Peak Ground Acceleration (PGAv)

value closer to the horizontal PGA. The increased distances from the fault causes P-waves to



attenuate and thus reduce the vertical PGA when compared with the horizontal PGA
(Christopoulos et al., 2000).

Canada has various active seismic zones, especially in the western and eastern regions. Due to
the high frequency of earthquakes in Eastern Canada, the acceleration-to-velocity ratio (a/v) is
usually high; therefore, the earthquakes in this region have a high-frequency content in the
short period range and can be assimilated to near fault zones. For instance, the Saguenay
earthquake in Eastern Canada in 1988 was confirmed with high a/v values for Eastern North
America (ENA) records. Therefore, an investigation of vertical acceleration could be necessary
and more challenging for this area. On the other hand, in Western Canada, this ratio is usually
small or close to unity, indicating low-frequency earthquakes (Christopoulos et al., 2000;

Atkinson & Boore, 2006).

In most building codes, the vertical component of the earthquake is introduced as a constant
ratio equal to two-thirds of the horizontal acceleration. Yet, the V/H relation is a function of
the site class condition, distances to the fault, and earthquake magnitude (Bozorgnia &
Campbell, 2004). For instance, for a rock site far from the fault, the V/H ratio is low, but this
ratio will be high on a firm soil site. These parameters indicate that in earthquakes with high-
frequency contents, the vertical ground motion could be stronger than the horizontal one
(Bozorgnia et al., 1996). Therefore, the V/H ratio of 2/3 is overestimated for higher periods
and underestimated for short periods, especially in the near-fault region (Bozorgnia et al.,
2000; Elgamal & He, 2004). However, to estimate the approximate vertical response spectrum,
the horizontal response spectrum at each period range could be calibrated and shifted with
more accurate ratios related to the characteristics of the seismic regions. Therefore, this could
be an effective method for calibrating the spectra of a large number of selected earthquake

records (Bozorgnia et al., 1996; Bozorgnia et al., 2000).

On the other hand, few studies have been conducted regarding the effect of vertical ground
acceleration and its corresponding floor acceleration on NSCs. The floor response spectrum or

Peak Floor Acceleration (PFA) is generally considered for the seismic analysis and evaluation



of NSCs and their response at different frequencies. The discussed PFA applies to NSCs that
are rigid (T < 0.06 sec) in the direction of investigation. Also, flexible components (T >
0.06sec), such as ceiling tiles and panels, mechanical and electrical piping, horizontal HVAC
risers, and other similar cases, are more susceptible to experiencing the vibration of floor
systems. In the case of vertical components of ground motion, the flexibility of the slabs and

beams will amplify the vertical floor acceleration that is transferred to the NSCs.

The amplification of the acceleration through the height of the building was primarily
evaluated for the horizontal components of ground motion, whilst the flexibility of the floors
was ignored for the vertical floor acceleration assessment. For instance, acceleration-sensitive
NSCs, such as ceiling panels, are susceptible to floor vibrations. Therefore, design
requirements for such components, which are subjected to strong vertical acceleration, should

be provided.

Moreover, there is no explicit method in NBC 2015 to estimate the vertical design spectra;
thus, the accuracy of the recommended ratio of 2/3 for the V/H spectra in the NBC should be
assessed. Estimating the suitable vertical Uniform Hazard Spectra (UHS) could be an essential
step in computing the vertical floor response spectra and improving the seismic design of the

NSCs.

0.2 General and specific objectives

The main objective of this research is to improve the seismic design requirements of NSCs
attached to reinforced concrete moment-resisting frame buildings subjected to near-field strong
vertical ground motion in Eastern Canada. This purpose is detailed into the following specific

objectives of the present manuscript-based thesis:

1. Developing an approximate vertical design spectral acceleration for the Site Class

C in the Eastern Canada seismic region using the V/H spectral acceleration ratios



of the moderate to severe earthquakes, recorded in very dense soil and soft rock

types according to the classification NBC 2015 (Table-A VI-1).

il. Identification and assessment of building parameters affecting the vertical peak
floor acceleration (PFAv) in the regular, moderately ductile and elastic RC
moment-resisting frame buildings and proposing an approximate normalized PFAv

through the building height.

iil. Assessment of the vertical floor response spectra applying the input near-field
strong vertical time history acceleration in the moderately ductile low and mid-rise
elastic RC moment-resisting frame buildings and proposing the vertical floor

spectral acceleration (FSAv) profiles through the building height.

0.3 Methodology of the research

In the first mentioned research objective, a series of 248 sets of records from 67 historical
earthquakes in the Eastern Canada region with a magnitude Mw = 3.0 and an epicentral distance
(Repi) <150 km, were collected to provide an estimate of V/H PSA ratio in the Eastern Canada
seismic region for the very dense soils (360 < Vs30 < 760 m/s) known as Site Class C in NBC
15. Then, a profile of vertical acceleration design spectra (ADSver) corresponding to a 2475-
year return period (at 2% per 50 years probability) for Site Class C in Montreal was proposed.
The mentioned return period is applied in this objective since it is similar to the one used for

standard structures in the current NBC 2015 edition.

Since there are no sufficient records on Site Class C in this region, the selected acceleration
time history records from other site classes were converted to the considered Site Class C in
NBC 2015 using DEEPSOIL software (Hashash et al., 2019). In this process, the equivalent
linear method, using the Pressure-Dependent Modified Kondner Zelasko (MKZ) model of

analysis in the frequency domain, was applied in this software. The process of using this



software was explained in detail in ANNEX II. Eventually, the corresponding PSA of the
available and converted records, considering a damping ratio equal to 5%, were computed
using the PRISM software (Jeong et al., 2011) and then validated by SeismoSignal software
(SeismoSoft, 2018). First, the V/H ratios of PGA and PSA and then their mean values were
computed. Finally, these ratios were calibrated with those obtained from compatible GMPEs
proposed in previous studies by Bozorgnia and Campbell (2004) and Giilerce and Abrahamson
(2011), and their proposed equations along with other information, were more

comprehensively presented in ANNEX III.

Also, a reliable vertical Acceleration Design Spectra (ADSver) was derived for Site Class C in
Montreal, and the proposed spectra were compared with those derived according to the
procedures proposed in the standards ASCE/SEI 7-16 (2017), ASCE 41-17 (2017) and the 2/3
V/H empirical ratio prescribed in NBC 2015.

In the second and third objectives, the effects of building height, the location of the mounted
NSCs in the floor plan and along the height of the building on the amplification of vertical
acceleration of the earthquakes were assessed. For this purpose, the vertical seismic
accelerations in four regular elastic RC moment-resisting frame buildings with limited ductility
were evaluated. Therefore, 3, 6, 9, and 12-storey RC office buildings with an overstrength
force modification factor, Ro, equal to 1.4 and a ductility-related force modification factor, Ra,
equal to 2.5 were designed according to the current provision of the NBC (NBC, 2015a) and
the standard CSA-A23.3-14 (CSA-A23.3, 2014) using the ETABS software. It should be
mentioned that a regular symmetrical plan with three-by-three 7.0 m spans in each direction, a
finished typical floor height of 3.0 m, and a 140 mm RC slab floor system were considered for
all the buildings. The selected buildings were supposed to be located on Site Class C in
Montreal. Therefore, the Montreal uniform hazard spectrum corresponding to this soil type,

with a 2475 return period at a 5% damping ratio, was used to design the buildings.



The buildings were subjected to 65 sets of time history accelerations recorded on Site Class C
from 31 strong near-field (Rmp < 25 km) earthquakes around the world with the earthquake
magnitude, Mw, greater than 5.5, and PGAver greater than 0.25 g. It is noteworthy that, Strike-
Slip (SS), Reverse (RV), Reverse Oblique (RVO), Normal (N), and Normal Oblique (NO) are
the types of the selected earthquakes’ fault mechanisms. The considered sets of records were

used as the input acceleration time history using ETABS software for analysis.

The quantification of the PFAn and PFAv through the heights of the mentioned buildings and
at the critical nodes at the center of the slabs, at the middle and quarter point of the beam spans,
were assessed in the second objective, and the corresponding profile of PFA normalized to the
PGA for both horizontal and vertical components were proposed. Moreover, the obtained
results of the PFAn were compared to recommendations provided in NBC 2015, ASCE/SEI 7-
16 (2017) and ATC 2018.

In the third objective, the amplification of the vertical floor spectra through the height of the
buildings, as well as the fluctuations of the FSAv at the critical nodes of a floor, were assessed
in order to accurately demonstrate the effect of out-of-plane flexibility level of the RC floor
systems on FSAv. Finally, an estimation of the FSAv corresponding to the input vertical
spectral acceleration of ground motion was proposed. The proposed profile curve of FSAv was
compared with those obtained through the AC 156 (2010) equations used to derive vertical

floor spectral accelerations.

0.4 Original contributions of the thesis

According to the author's knowledge, the original contributions of this thesis include as follow:

- V/H Pseudo Spectral Acceleration (PSA) ratios were computed for the Eastern Canada

seismic region using historical records and applicable GMPMs.



- It was demonstrated that the empirical V/H PSA ratio of 2/3 suggested in most codes is only

adequate for periods greater than 1.0 s for eastern Canada site Class C.

- A reliable vertical Acceleration Design Spectra (ADSver) was derived for Site Class C in

Montreal.

- The amplification of the PFAv and FSAv along the height and at different locations on a

floor of typical RC moment-resisting frame buildings was quantified.

- It was demonstrated that the PFAv/PFAn at the rooftop exceeds the empirical ratio of 2/3

and decreases as the building height increases.

- Conclusions and insights into the effect of the out-of-plane flexibility of slabs on PFAv and

FSAv were highlighted.

- Equations were proposed to derive PFAv and FSAv corresponding to the input vertical

ground spectral acceleration (GSAv).

- The approach proposed by AC 156 provisions to derive FSAv could be generally applied at

the rigid nodes of the supporting floor in RC moment-resisting frame buildings.

0.5 Structure of the thesis

This manuscript is presented in four chapters in addition to the introduction and conclusions:

- Chapter 1 covers a literature review of design methods and research carried out to date, on

NSCs and the effect of vertical acceleration of earthquakes.

- Chapter 2 presents the importance of the vertical acceleration of moderate to strong
earthquakes in the Eastern Canada seismic region. According to the V/H ratios obtained
from the spectral acceleration values resulting from the selected earthquakes, a relationship

proportional to the horizontal one given in the NBC 2015 was proposed in order to obtain



the vertical design spectrum for this seismic region. The derived paper from this study was

published in the Soil Dynamics and Earthquake Engineering journal.

- Chapter 3 focuses on the effect of vertical acceleration on reinforced concrete (RC)
moment-resisting frame buildings, analyzed and designed according to the NBC (2015) and
CSA-A23.3 (2014). Thus, the amplification of PFAn and PFAv in typical buildings was
investigated. The corresponding article of this study was published in the Journal of

Earthquake Engineering.

- In Chapter 4, the vertical spectral acceleration of the buildings’ floors was computed using
the earthquakes and buildings archetype of Chapter 3. Subsequently, the vertical Floor
Spectral Acceleration (FSAv), corresponding to the input vertical ground acceleration, was
proposed for this building type. Finally, the paper related to the studies of this section was

accepted for publishing in the journal of Engineering Structures.

Figure 0.1 illustrates the links between each specific objective, dealt with in the three scientific

articles, and the resulting contributions.
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CHAPITRE 1

LITERATURE REVIEW

This Chapter represents a brief description of the seismic importance of NSCs and
characteristics of the vertical ground motion and its impact on the seismic response of the
structural and NSCs. In addition, the proposed approach of different codes in generating the
ground vertical design spectra was presented. Therefore, the suggested equations for vertical
design spectra by the codes, including NBC 2015, ASCE7-16 (2017) and Eurocode 8-1 (2004),
were given and discussed here. Also, different code recommendations, involved in estimating
the horizontal and vertical seismic design force of acceleration-sensitive NSCs, were
introduced. Moreover, an overview of the studies conducted on the effect of wvertical

acceleration on the seismic response of structural elements and NSCs were made.

1.1 Introduction

Very few studies have been dedicated to the vertical seismic response of structures and their
NSCs, compared to the horizontal response. Generally, the conducted studies in this field can
be divided into two categories. One group investigated the seismic characteristics of the
vertical component of the earthquakes either alone or in comparison with the horizontal
components; and another assessed the structural behavior of the buildings or at least the NSCs
against the vertical components of earthquakes. In each case, the obtained results had a
significant effect on the advancement of seismic design relations in most codes and standards,
including Eurocode 8-1 (2004), American standards, such as ASCE/SEI 7-16 (2017) and
FEMA P-1050-1 (2015), which is a turning point in structural seismic design. In order to better
understand what was undertaken in the leading studies, the analysis and results of previous

research have been divided according to two categories here.
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In the first category, factors that are considered in most studies, related to the characteristics
of the vertical component of the earthquakes, with comparison to the horizontal component,
the effect of magnitude, the distance from the fault, and the type of soil are considered. The
second part, highlights the considerations of past research on the structure's performance
against the vertical component of the earthquake, the importance of the building height and the
location of the installed NSC in the floor plan. Therefore, greater attention was paid to these
cases in this present study. However, the PFAv and the vertical floor response spectra are the
items that have rarely been seen in them. It can even be said that research on the vertical
response of the floors has been neglected. Reference to some of the previous studies on this

topic are given in the following sections.

1.2 Classification of Non-Structural Components (NSCs)

The elements of a building that are not part of the lateral resisting systems or load-bearing
elements, such as piping, partition walls, electrical systems, and equipment, are known as Non-
structural Components and Systems (NSCs). These systems have been defined as the
Occupational Functional Components (OFCs) in the CSA S832 (CSA-S832, 2014) and
Secondary Structures (Gupta, 1984; Chen & Wu, 1999; Taghavi & Miranda, 2008). NSCs
provide a necessary operational and functional capability in buildings, which makes them
crucial to the seismic performance objectives of the facility (CSA-S832, 2014; NIST GCR 17-
917-44 (ATC), 2017).

According to CSA S832 (2014), NSCs are classified into architectural components (external
and internal), building services and utilities such as mechanical and electrical facilities and
building contents, including standard and specialized components such as elevator systems. A
typical building, as illustrated in Figure 1.1, shows different types of NSCs, such as plumbing,

electrical equipment, air condition systems, and ceiling panels (Wang, 2008).
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Figure 1.1 Non-structural components of a typical building
Taken from Wang (2008)

In strategic buildings such as fire stations, hospitals and emergency centers, failure of essential
services has become an important research topic among engineering communities, after
extensive damage to NSCs was observed and reported following recent earthquakes. Examples
include the damage of NSCs as a result of the Northridge earthquake in 1994 (Broderick et al.,
1994; Bozorgnia et al., 1995; Pekcan et al., 2003) and the Chile earthquake in 2010, resulting
in many buildings, including hospitals, fire stations and service centers, being entirely or
partially destroyed due to the damage of NSCs (Filiatrault & Sullivan, 2014). Therefore,
special attention should be devoted to the seismic design of NSCs in buildings. In general, the
experiences obtained from the consequences of recent earthquakes in the world indicate the

importance of the seismic design of NSCs, especially in relation to the following areas:
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a) Life safety: The failure of NSCs, especially the falling of heavy cladding panels, can
cause serious injuries and death. For instance, the failure of cladding panels caused many

fatalities in the 2012 earthquake in northern Italy. (Magliulo et al., 2014).

b) Economic loss: NCSs represent the most considerable portion of a building cost,
especially in high-importance buildings such as hospitals and museums. Therefore, the
failure of NSCs can lead to substantial financial losses. Figure 1.2 shows the economic
contribution of structural and non-structural components specified in three different

building types (Taghavi & Miranda, 2003).

100%
0,
80% O Structural
60%
62,0% O Non-structural
40% 48,0%
B Contents
20%
18,0% 13,0% 8.0%
0%
Office Hotel  Hospital

Figure 1.2 Relative value of components for different building types
Taken from Taghavi and Miranda (2003)

During the last decades, many studies have been conducted to investigate the seismic
behaviour of structural components and the NSCs attached to them. These studies mainly
focused on the horizontal components of ground motion. There is no extensive research related
to the vertical component of ground motion since it is generally assumed that buildings are
flexible laterally and rigid in the vertical direction (Newmark et al., 1973; Bozorgnia et al.,
1996; Christopoulos, 1999; N. N. Ambraseys & J. Douglas, 2003). For NSCs that are attached
to rigid vertical elements, such as reinforced concrete columns and shear walls which are

axially rigid, the amplification of the vertical acceleration of ground motion could be
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negligible. Still, the vertical acceleration amplification cannot be ignored for the NSCs that are
attached to the flexible structural elements, such as slabs and beams (Pekcan et al., 2003). It
was noticed that the amplification of vertical ground acceleration along the building height
varies, based on the location of the investigation; this is related to the out-of-plane flexibilities
of the beam and the slab, as well as the frequency contents of the ground motion, which may

cause resonance (Wieser et al., 2012).

From a structural viewpoint, NSCs are classified based on engineering demand parameters
affecting their response to seismic excitation (FEMA E-74, 2012):

a) Acceleration-sensitive components: The building's seismic inertial forces are the main
reason for seismic damage in this case. The suspended ceiling could be a prominent
example in this category.

b) Displacement-sensitive components: In this case, the building displacement or inter-
storey drift is the main reason for the damage. The cabins of elevators and windows
could be an example in this category.

c) Both acceleration and displacement-sensitive elements: A combination of the building's
seismic inertial force and displacement causes damage in this category. Heavy walls and

sprinklers are examples in this category.

NSCs are also divided into two categories based on their fundamental period. The NSCs with
a fundamental period of less than and equal to 0.06 sec are classified as rigid; otherwise, they
are classified as flexible (NIST GCR 17-917-44 (ATC), 2017). Furthermore, a NSC is
considered light when its mass doesn’t exceed 20% of the floor's total weight or 10% of the

total mass of the supporting structure (CSA-S832, 2014).

NSCs are exposed to the acceleration response of the floor or structural elements and are not
directly subjected to the acceleration of ground motion. Hence, depending on the location of
the NSC within the floor or different levels of the structure, the seismic response can be

different (Kumar, 2014).



15

1.3 Characteristics of the vertical component of ground motion

Some parameters of an earthquake, such as the PGA, the duration, the frequency content, and
the energy content are considered, when comparing the characteristics of its horizontal and
vertical components. Therefore, P-waves are dominant in earthquakes with a high a/v ratio,
mostly in sites close to the fault. That means that the vertical component of the earthquake
motion is not attenuated quickly in the near-fault region. As the distance from the fault
increases, the P-waves are weakened and thus cause a decrease in the vertical acceleration in
comparison with the horizontal acceleration (Christopoulos et al., 2000). Normally, the
predominant period range that defines the highest amplitude of vertical acceleration depends
on the earthquake's magnitude, the distance from the epicenter, and the soil type conditions. In
this regard, the shape of the vertical response spectrum is more different than the horizontal
response spectrum (Bozorgnia & Campbell, 2004). Therefore, the main parameters of the
earthquake, such as PGA, time duration, energy content and frequency content, should be
considered to compare the horizontal and vertical components of an earthquake (Bozorgnia et

al., 1996).

It was previously considered that floor systems were completely rigid in all directions, and that
vertical acceleration was not affected by changes in the building height or type of floor system.
However, floor flexibility can lead to resonance and significant acceleration amplification of
the NSCs, especially when the fundamental vertical frequencies of structures are in the range
of vertical pulses of ground motions (Lee et al., 2013). Therefore, the studies conducted to
investigate the effect of the vertical component of the earthquake on the floor system, including
slabs and beams, showed a behavior of the floor systems different from previously assumed
rigid one. In addition, in strong earthquakes, it was proved that the vertical displacement of
girders increases in the upper levels, which shows that the rigid diaphragm assumption is not
accurate in the presence of the vertical component of the ground motion due to the out-of-plane

deformations of the floor systems (Bas et al., 2016).
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14 Relationship of vertical and horizontal components of earthquakes

Most earthquake records consist of two orthogonal horizontal components and one vertical
component. The effect of intensity correlations between the three orthogonal components
recorded at a specific site on the vertical seismic hazard assessment has not received much
research attention (Boore et al., 2006; Campbell & Bozorgnia, 2007). However, since there are
common inherent features, such as the magnitude, soil conditions, and distance from the fault,
for horizontal and vertical components of an earthquake, then consideration of the dependent
and close relationships of the components is inevitable (Campbell & Bozorgnia, 2003; Shirai

et al., 2004).

This correlation was introduced much earlier in some studies by Newmark et al. (1973),
Campbell (1997), Collier and Elnashai (2001), and Kalkan and Giilkan (2004) through the
acceleration ratios of vertical and horizontal components. The vertical-to-horizontal (V/H)
ratio estimates the relative vertical component compared to the horizontal one (Giilerce &
Abrahamson, 2011). The maximum V/H acceleration ratio of some earthquakes was reported
to exceed unity in the near-fault zone (Bozorgnia and Niazi, 1993, Silva 1997, Bozorgnia et
al., 1999). For instance, the maximum recorded V/H ratio was equal to 1.79 in the 1994
Northridge earthquake for a site close to the fault. It has been noted that the maximum vertical
acceleration depends on the soil conditions, epicentral distance to the site, and earthquake
magnitude (Giilerce & Abrahamson, 2011). Investigations into several earthquakes have
shown that the V/H ratio for moderate and severe earthquakes with a magnitude between 6.5
and 7.0 is more significant than that of weaker earthquakes with a magnitude between 4.5 and

6.0 (Li et al., 2007).

On the other hand, the time history records show that the maximum horizontal and vertical
accelerations do not necessarily occur at the same time. Therefore, the V/H ratio estimates the

potential damage and failure to a structure by the combined effect of an earthquake's horizontal
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and vertical components, since the modes that are influenced by the vertical motion are at a

higher frequency than those affected by the horizontal component (Christopoulos et al., 2000).

1.5 Approaches in codes and standards for seismic design of NSCs subjected to
horizontal and vertical excitation

In general, most building codes have similarities in the definition of the lateral design force
equation of NSCs. For example, the equation of static horizontal force for acceleration-
sensitive NSCs is computed based on the following parameters (CSA-S832, 2014):
- Design PGA;
- Amplification of PFA over the building height relative to the PGA (PFA/PGA) known
as the height factor (4x);
- Amplification of the acceleration at the center of mass of the NSC relative to the PFA
known as the 4, factor;

- Ductility of the NSC;

Table 1.1 summarizes the different code equations for the seismic design force of the NSCs
subjected to horizontal and vertical excitation in Eurocode 8-1 (2004), NBC 2015) and
ASCE/SEI 7-16 (2017). The height factor parameter is based on the linearly increasing
acceleration over the building height (ASCE/SEI 41-17, 2017). Moreover, these criteria could
apply to the PFAv and its amplification to calculate the vertical seismic design force of the

NSCs.

Table 1.1 Seismic design force of NSCs subjected to horizontal and
vertical excitation in the codes

Code Seismic horizontal force Seismic vertical force
NBC 2015
(2015) Vphor = 0-3Fa5a(0-2)IESpVVp Vover = 2/3Vp,hor
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ASCE/SEI 7-16 0.4a,SpsipWp z
Fopor =—————(142-) E,per = 0.25psW,
(2017) p,hor Rp h b,ver p
Eurocode8-1 F — Sa,hor- Ya A E — Sa,ver-)’a W
(2004) p,hor 44 -V pver 4 Vp

No specific equation is provided for vertical seismic design forces in Canadian provisions, and
it is only limited to the empirical 2/3 of the horizontal one. In Canada, the design provisions of
NSCs were first published in 1953 in the NBC edition and have been gradually updated so that
with each edition, the design requirements for the horizontal seismic design force of the NSCs

are improved (Assi & McClure, 2015; Asgarian, 2017).

In the equations presented by NBC 2015, F. is the acceleration-based site class coefficient
which is a function of the site class condition, and Sa(0.2) is the response acceleration spectrum
at the period of 0.2 sec (based on a 2% probability of exceedance in 50 years). /x is the
importance factor of the building (1.0, 1.3 or 1.5); Sp is computed from Equation 1.1.

S, = CpAr Ay /Ry (1.1)

The maximum and minimum values of Sy could be 4.0 and 0.7, respectively. Cp is the
component factor and represents the risk to the life safety associated with the failure of the
component and varies from 0.7 to 1.5 for the low risk to high risk, respectively. 4, is the
component force amplification factor which is a function of the NSC and structure's natural
frequencies; Ax is the height factor which is a linear amplification of acceleration through the

height of the building computed from the following equation:

a,=A, =1+2h,/h, (1.2)

The component response modification factor, R,, represents the component's energy-

absorption capacity, which varies from 1.25 to 5.0. The vertical seismic force of the NSCs in
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NBC 2015 is based on the codified V/H acceleration ratio, which can lead to an unrealistic

response in the case of near-fault site conditions (Asgarian, 2017; Assi et al., 2017).

On the other hand, an almost similar formulation for the horizontal seismic design force of
NSC was suggested in ASCE/SEI 7-16 (2017). A height factor similar to that given in the NBC
2015 can be seen in this equation, in which z or 4« is the location of the attached component in
the height of the structure with respect to the base, and % or /x is the height of the structure. In
the presented equation, Sps is the spectral acceleration at the short period, which is computed
as FuSq(0.2). However, the vertical seismic design force of NSCs is just a function of Sps and

the component weight.

The method described in Eurocode 8-1 (2004) deals separately with horizontal and vertical
seismic action. Therefore, in the equations presented in the Table 1.1, the components are
qualified with similar importance and behavior factor in horizontal and vertical directions and
are generated based on the design accelerations, Ss, defined in equation 1.3 (Eurocode 8-1,

2004).

Sqv = — X Cgy (1.3)

Where Cav is the coefficient amplification of the floor spectrum, in particular depending on the
damping of the sub-system composed by the NSCs and its fixations, and a.g is the vertical

acceleration (Ministére du Logement & Ministére de 1’Ecologie, 2014).

The coefficient Cav=2.0 represents the maximum value of the amplification due to the floor
response spectra when the ratio between the natural period of the NSC and that of its supporting
structure is less than 0.5. The suspended ceilings on the underside of floors exemplify this case

(Eurocode 8-1, 2004).
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1.6 Codes approaches on deriving vertical design spectra

Suggested methods to derive vertical design response spectra are provided in the following

codes:

1.6.1 NBC 2015

There is no specified method to derive the vertical design spectra. The relationships between
the vertical and horizontal response spectra acceleration are indicated to obtain the vertical
design spectra, which should be more based on the site and soil conditions. Also, using the
empirical factor of 2/3 is designated for the V/H ratio and applied to the horizontal target

spectra to generate the vertical one was recommended in this code.

1.6.2 Eurocode 8-1

Due to the vertical component of ground motion, the elastic vertical response spectrum Sve(7),

is represented by equations 1.4 to 1.7 in Eurocode 8-1 (2004).

T

0<T<Tg Spe(T) = ayg [1 + = (3.0n — 1)] (1.4)
B

T, <T<T, Spe(T) = ayy % 3.07 (1.5)

T¢
T.<T<Tp Spe(T) = ayg X 3.0 [?] (1.6)
T..Tp
Tp <T <4.0sec Sye(T) = ayg X 3.07m [ T2 ] (1.7)

Where avg 1s designed ground acceleration in the vertical direction on the ground type A in the

determined category in Eurocode 8-1 (2004), in cases where the value of avg is greater than
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0.25g (2.5 m/s?), consideration of the vertical component of the seismic ground motion will be
essential. 7 is the damping correction factor with a reference value of #=1 for the 5% damping

ratio, &, of the structure that can be determined from equation 1.8:

n=410/(5+¢&) (1.8)

Tp and Tc are the lower and upper limits of the period of the constant spectral acceleration
branch, respectively, and 7p is the value defining the beginning of the constant displacement
response range of the spectra. The National Annex gives the values of 75, Tc, Tp, and avg for
each type of vertical spectrum to be used in each region. The use of two types of vertical
response spectra is recommended for five ground types A, B, C, D and E, as shown in Table
1.2, to account for the influence of local ground conditions on seismic action. It should be
noted that the site classification provided in the Eurocode 8-1 (2004) is presented in Table-A
VI-3.

Table 1.2 Recommended values of parameters describing the vertical elastic
response spectra

Taken from Eurocode 8-1 (2004)

Spectrum ayg/ag Tg Tc Tp
TYPE 1 0.9 0.05 0.15 1.0
TYPE 2 0.45 0.05 0.15 1.0

If the earthquakes have a surface-wave magnitude Ms, of less than 5.5, choosing the Type 2
spectrum is recommended. In other words, for the seismic surface magnitude equal to and
greater than 5.5, the Type 1 spectrum is recommended. The recommended elastic vertical
response spectra for the classified types of Table 1.2 is illustrated in Figure 1.3 (continuous

lines).

When the ductile behavior of the components is considered, the elastic analysis based on the

reduced response spectra is used. Therefore, a design spectrum, Svs(7), is defined for each
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direction of seismic ground motion according to equations 1.9 to 1.12 and shown for the

classified types in Figure 1.3 (dashed lines):

2 T 25 2
OSTSTB Svd(T)=avg §+ﬂ(7_§) (19)
2.5
Ty <T<T, Spa(T) = ayg X - (1.10)
25 [T,
T.<T<T, S,,d(T)za,,ngx[F] > B.a,, (1.11)
T..Tp
T, <T Spa(T) = yg X — X [ = ] > B.a,, (1.12)

The behavior factor, ¢, is an approximate ratio of the seismic forces the structure would
experience in accordance with elastic response and 5% damping. A value of 1.5 is considered

for concrete buildings and 1.5 to 2.0 for steel or composite steel-concrete structures.

3,0
2,5

----- S./2, (TYPE 1)

vd "g

2,0

- S,4/a, (TYPE 2)
~ 15

i ——S,/a, (TYPE 1)
1,0

S/, (TYPE 2)
0,5

0,0 —
0 0,5 1 1,5 2 2,5 3

Figure 1.3 Recommended vertical elastic response spectra (Sve) and vertical design spectra
for elastic analysis (Sve) in the Eurocode8-1 (2004) for 5% damping ratio



23

A behavior factor equal to or less than 1.5 could be generally adequate for structural and
nonstructural components when considering the vertical component of ground motion;
therefore, values greater than 1.5 should be justified for the analysis. The lower bound factor,
B, is generally used for the horizontal design spectrum, and the value of 0.2 is recommended

for both vertical and horizontal design spectra.

1.6.3 ASCE/SEI 7-16 and NEHRP 2015

The design response spectral acceleration for vertical ground motion, Sav, is computed as two-
thirds of the maximum considered for risk-targeted vertical response spectral acceleration,

San.

It should be mentioned that the prescribed seismic design requirements for the vertical ground
motions only apply to the structures located in site categories C, D, E, and F (ASCE/SEI 7-16,
2017). Therefore, where the site-specific methods are not used, the maximum considered risk-
targeted vertical response spectral acceleration, Samv, is developed according to different
vertical period of vibration (FEMA P-1050-1, 2015; ASCE/SEI 7-16, 2017) as provided in
equations 1.13 to 1.16.

T, < 0.025sec Sumy = 0.3C,Sws (1.13)

0.025 < T, < 0.05 sec Sumy = 20C,Sys(T, — 0.025) + 0.3C,Sys (1.14)

0.05 < T, < 0.15 sec Samv = 0.8C,Sus (1.15)
0.15

0.15 < T, < 2.0 sec Sum = 0.8C,Sys(——)°75 (1.16)

T
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Where Sws is the risk-targeted maximum considered earthquake response spectral acceleration
parameter at short periods, 7 is the fundamental vertical period. Cv is the vertical coefficient
defined according to the spectral response parameters at short periods and site classes in
accordance with Table 1.3 (ASCE/SEI 7-16, 2017). The linear interpolation is conducted for
the interstitial values. The information on the soil types category in these codes, presented in

Table-A VI-2, is similar to NBC 2015.

Table 1.3 Vertical coefficient Cv
Taken from FEMA P-1050-1 (2015) and ASCE/SEI 7-16 (2017)

MCER Response Spectral Site Class
Parameter at Short Periods A&B C D&E&F
Ss>2.0 0.9 1.3 1.5
Ss=1.0 0.9 1.1 1.3
Ss=0.6 0.9 1.0 1.1
Ss=0.3 0.8 0.8 0.9
Ss<0.2 0.7 0.7 0.7

For instance, the vertical design response spectra for Site Class C, according to the described

equations for different tabulated Cv and Swms, are shown in Figure 1.4.

2,5

2
——8,,,=02,Cy=0.7
C 1,5 Sy =0.3,Cv=0.8
z Sy =0.6,Cv=1.0

m“ 1
| ——8,,,=1.0,Cv=1.1
0,5 —S,,=20,Cv=13

0

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2
T, (sec)
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Figure 1.4 Design vertical response spectra for the Site Class C

Adapted from ASCE/SEI 7-16 (2017)

Equation 1.7 calculates the MCER response spectral acceleration parameters at short periods,

SMS‘ .

Sys = FySs (1.17)

Where S; is the mapped MCER of the response spectral response parameter for the short periods
and F, and Fy are the short-period and long-period site coefficients, respectively determined

as tabulated in part 11.4.4 of the ASCE/SEI 7-16.

Instead of using the above method, a site-specific study may be carried out for the period less
than 2.0 sec periods, but the obtained value should not be less than 80% of the values from the
presented equations. However, for the vertical period greater than 2.0 sec, the vertical response
spectrum must be extracted from the site-specific procedure (FEMA P-1050-1, 2015). In
addition, the value of the vertical design response spectrum should be greater than one-half
(1/2) of the corresponding components for the horizontal response spectrum, Saz, determined

in accordance with the general or site-specific procedures (FEMA P-1050-1, 2015).

All relations and definitions in NEHRP for design vertical response spectrum are almost
similar to those of the ASCE/SEI 7-16 standard with the difference in the applied symbols in
this provision (FEMA P-1050-1, 2015; ASCE/SEI 7-16, 2017).

1.7 Importance of the vertical ground acceleration

Bozorgnia et al. (2000) investigated comprehensive datasets of the near-field strong ground
motions with magnitudes ranging from 4.7 to 7.7 and distances less than 60 km from the fault.

Data consisting of more than 2800 PGA taken from 48 earthquakes and 1300 response spectra
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from 33 earthquakes were studied to develop an equation to estimate the relationship between
the vertical and horizontal PGA and PSA. Values of V/H spectral acceleration ratios greater
than 1.5 were obtained at periods less than 0.1 sec (short period range) in soft soil type. It was
then concluded that this ratio strongly depends on the fault distance, local site conditions and
periods, and a minor function of faulting mechanisms and magnitude. Therefore, the
attenuation models for both horizontal and vertical PGA and acceleration response spectra as
a function of the earthquake magnitude, distance from the epicenter, ground profile type and

fault mechanism were developed.

Campbell and Bozorgnia (2003) studied the relationship between the horizontal and vertical
components using more than 85 records sets of earthquakes with magnitudes of 4.7 to 7.7 and
consisting of up to 443 corrected and 960 uncorrected accelerograms. Based on the
characteristics of the earthquakes consisting of distance from the fault, earthquake magnitude,
faulting mechanism and site class condition, the PGA and 5% damped PSA for the horizontal
and vertical components and their relations in the form of equations were generated. Moreover,
it was observed that the events with reverse and thrust-faulting mechanisms have a large
amplitude at short periods. Subsequently, it was concluded that a vertical ground motion has
higher amplitudes at short periods and near the epicenter. Also, the vertical acceleration of the
earthquakes on the firm soil sites is relatively higher due to the less inelastic attenuation and
lack of non-linearity effects.

Bozorgnia and Campbell (2004) conducted comprehensive studies on the effect of earthquake
magnitude, distance from the fault, local site conditions and faulting mechanism for the V/H
acceleration ratio of the PGA and PSA from more than 400 earthquake databases. The results
show that earthquake magnitude and distance effect is much more prominent at short periods
for firm soil, and there is no significant effect for firm rock. However, the higher periods are
not sensitive to earthquake magnitude and fault distance. The V/H ratios were higher at a short
period range (less than 0.25 sec) for all mentioned parameters. Therefore, the effect of the
earthquake magnitude and distance from the fault and site conditions, especially for firm soil

sites, are significant, while the effect of the faulting mechanism is not important. On the other
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hand, the analysis of the Site Class condition demonstrated that the V/H ratio could exceed
unity at the firm soil sites. The ratio is amplified in short periods for earthquakes with large

magnitudes and near-field sites.

Different earthquake databases from the 1999 Chi-Chi, Taiwan and the 1999 Kocaeli and
Duzce, Turkey, were used by Elnashai et al. (2004) to study the characteristics of the vertical
ground motions. The strong vertical records from these three earthquakes were selected to
propose an equation which estimates the vertical response spectra at various damping ratios.
The maximum acceleration range in this equation was determined between 0.05 sec to 0.15

sec (corner periods) for near-field sites, and 0.05 sec to 0.20 sec for the far-field sites.

Ambraseys and Douglas (2005) used 595 data records of strong vertical ground motions from
European and Middle Eastern earthquakes to propose an equation to estimate the PGAv and
PSAv for 5% damping for periods between 0.05 and 2.5 sec. All records were chosen from the
shallow crustal earthquakes in the 5.0 to 7.6 magnitude range and distance from the fault less
than 100 km for different Site Classes. Then, the effect of the faulting mechanism and the local
site conditions and their role in deriving the ground motion equation were investigated. It was
concluded that the effect of the local site conditions is more prominently than other parameters.
In the study by Giilerce & Abrahamson (2011) on the characteristics of the vertical ground
motion, two main approaches for developing the vertical hazard spectra were assessed. In the
first approach, the vertical ground motion prediction equation (GMPE) and in the second
approach, the GMPE of V/H spectral acceleration ratio were developed. The first method is to
develop an independent equation for the vertical and horizontal components based on the
earthquake magnitude and distance from the faults. The second method generates an equation
to derive the V/H ratio directly, which can be applied to scale the horizontal acceleration
spectrum. Therefore, more than 2684 sets of recordings for vertical and horizontal components
from 127 earthquakes were used to investigate the parameters mentioned to derive the V/H

equation.
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1.8 Effect of the vertical ground acceleration on the response of structures and
NSCs

According to the research by Newmark and Hall (1982), columns and wall elements are
particularly vulnerable to the vertical component of ground motion in compression. Moreover,
the floor systems, including slabs, beams, or other horizontal and cantilevered elements, where
the amplification factors for vertical response may be relatively large and cause to amplify the

acceleration, which leads to an increase in the shear or moment force of the elements.

Mohit and Shimazu (1987) proved that the rotational stiffness of the beam ends would be
reduced, and deflection at the middle of the span would be increased due to the vertical
acceleration. This increase will continue approximately until the first yielding of the RC

section at the critical point of the beam, which is not addressed in code design provisions.

Broderick et al. (1994) concluded that the effect of vertical components of ground motions is
typically less pronounced in the perimeter and corner columns than in the interior columns.
Perimeter and corner columns receive more seismic forces from horizontal motions than those
in the interior area, as the perimeter and corner columns provide resistance to overturning
created by the horizontal acceleration of ground motion. In addition, the contribution of gravity
forces is larger for interior columns, since the effect of overturning is negligible at interior
columns. For the first vertical mode of vibration of moment frame buildings, the effects of the
vertical components of ground motion are less in the columns at the lower stories than in the
upper stories. That is because the relative change in the pre-existing static axial load is more
significant in the upper stories. In other words, the sensitivity of the columns to the vertical

component of ground motions is greater in the upper stories than in the lower levels.

Papazoglou and Elnashai (1996) investigated two modes of shear and compression failures
caused by the vertical component of ground motion for RC structures. They found that failure
in the RC structures subjected to the vertical component of strong earthquakes depends on the

amount of tension or compression force in the columns.
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Yamanouchi and Hasegawa (1996) conducted an analytical study on buildings ranging from
one to 8-stories. The most significant effect of the vertical acceleration was observed on the
interior columns, which are most heavily loaded, and the exterior columns were affected

mainly by the horizontal acceleration.

Christopoulos (1999) studied the non-linear behavior of a 6-storey steel moment-resisting
frame system subjected to near-fault vertical acceleration and found a significant effect of
vertical shaking on the rotational ductility, strain rate, and axial load. He concluded that the

strain rate increases, especially at the panel zone area of the beam-to-column connections.

Pekcan et al. (2003) conducted linear elastic time history analysis on two buildings with
flexible floor systems. The horizontal and vertical responses of the selected buildings were
assessed and compared with the experimental test guidelines, and the seismic response of
NSCs was evaluated. The obtained results showed that the imposed seismic acceleration affects
the floor systems due to the out-of-plane behavior of the slab. Also, the results indicated that
the peak vertical floor acceleration could be greater than the horizontal ones for the buildings

subjected to the near-field ground motions.

Kim & Elnashai (2008) conducted experimental and analytical tests with the simulated vertical
acceleration of ground motions to calculate the axial tension in vertical structural elements.
However, the interaction of the tension and shear strength in these elements could be more
disruptive. A numerical simulation of the same RC buildings showed that the axial tension in
vertical elements such as shear walls and columns is insignificant and only leads to decreased

shear resistance.

Wieser et al. (2012) investigated the influence of relative height within the building, ductility
levels, and out-of-plane flexibility of the floor system using the vertical acceleration of ground

motions. The mentioned study considered a 3-storey hospital building and three office
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buildings consisting of 3, 9 and 20 stories with steel moment-resisting systems. Both linear
and non-linear analyses were used to develop the finite element models. Elastic behavior was
assumed for the floor decks and steel frames, and the fiber section modelling was used to
investigate the non-linearity of beam-column connection elements. Despite the constant and
unchanged acceleration in the column joints, the significant vertical acceleration amplification
was observed away from the column supports due to the out-of-plane flexibility of the floor
system. In addition, a significant amplification of vertical acceleration was observed in the

middle of the floor bays as a result of the out-of-plane flexibility of the floor systems.

The results obtained from the experiments of Furukawa et al. (2013) at Tohoku University
show a strong influence of input vertical acceleration on the response of acceleration-sensitive
NCSs; this effect is particularly significant for elements located at open bays rather than those
located close to the columns. Therefore, vertical floor accelerations are greatly influenced by
the location of the component on a floor, along with the height of the building and the

characteristics and properties of the floor system.

Moschen et al. (2014) studied PFAv demands on NSCs and assumed them to be rigid in the
vertical direction. Steel moment-resisting frame buildings ranging from 1 to 21 stories were
analyzed by applying the recorded vertical acceleration of ground motions. It should be noted
that only the rigid NSCs mounted close to the columns and at the mid-span length of the regular
steel moment-resisting frames were evaluated. However, the effect of the vertical acceleration
of ground motion on the slabs was not evaluated. The obtained results demonstrated that

vertical acceleration is amplified through the height of buildings away from the columns.

Ryan et al. (2016) did an experimental test to study how the PGAv is amplified from the
column to the middle of the slab. They found that this amplification ranges from 3.0 near the
column to 6.0 at approximately the middle of the slab. Also, by increasing the vibration period
of the slab, the amplification factor increased. On the other hand, the results obtained from the

experimental tests and numerical simulation of the slab by Guzman Pujols & Ryan (2018)
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indicate that the single vertical mode at higher floors mainly dominates the slab response due
to the vertical vibration. Furthermore, it was demonstrated that the response of the NCSs is
highly dependent on the vibration and acceleration of the floor system and the deflection of

the slabs.

Marshall et al. (2017) studied the behavior of a 6-storey steel special moment resisting frame
of an office building by selecting a set of near and far field earthquakes, and the analysis was
done by applying the earthquake first in the horizontal direction only, then in both vertical and
horizontal directions. It was found that consideration of the vertical acceleration has little
impact on the lateral storey drift of the structure, while there is a significant impact on the
column axial forces. Furthermore, since the load tributary area for interior columns is larger
than the exterior columns, it is clear that the impact of the vertical acceleration on the interior

1s more than the outer columns.

1.9 Summary and conclusion

This chapter explains the importance of NSCs from the seismic point of view and their
responses to severe earthquakes. Also, the recommendation of code provisions such as
Eurocode 8-1 (2004), NBC 2015, and ASCE/SEI 7-16 (2017) for the horizontal, vertical
seismic design force of NSCs was presented. Although in these codes, most attention was paid
to the horizontal seismic design, the vertical component of the earthquake is less discussed.
For instance, the estimation of the vertical seismic design force of NSCs in the Canadian
standard is confined to 2/3 of the horizontal one. In some cases, such as at the middle of the
open bays, this amount could be underestimated. Furthermore, even the relationship presented
in ASCE/SEI 7-16 (201), which incorporates a dead load scale factor of 0.2Sps, indicates that
the effect of vertical acceleration is not taken into account to obtain the vertical seismic force

of NSCs.
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The previous studies indicated the importance of the location variation on the floor and along
the building height. Therefore, it is necessary to investigate the amplification of vertical
acceleration in both PFAv and FSAv, which are related to the rigid and flexible NSCs. In this
regard, this research is a path to address the shortcomings of the codes, especially NBC 2015,
in order to improve them. Accordingly, since limited studies have focused on vertical floor
response spectra, especially in a 3D building model, part of this study focused on developing
a method to define the vertical floor spectra for RC moment-resistant frame buildings. On the
other hand, to improve design requirements and NSCs subjected to vertical seismic loading,

proper design vertical spectra should be provided.

Moreover, in this chapter, it was highlighted that a few studies had been conducted on the
importance of the vertical component of earthquakes. Although a few codes, such as
ASCE/SEI 7-16 (2017) and Eurocode 8-1 (2004), developed some formulations to generate
the vertical design spectra for their seismic region, NBC has still not provided any relationship
or equation for obtaining the vertical design spectra in different seismic regions of Canada, and
it is just limited to the empirical value of 2/3 for V/H spectral ratio. As discussed in this
literature review, the previous research demonstrated that this ratio is underestimated for the
near-field and strong ground motions and might be overestimated for far-field areas. Also, due
to the importance of the vertical component of the earthquakes in the Eastern Canada seismic
region, this study proposed a solution to derive vertical design spectra for this region. Hence,
the importance of the vertical seismic ground motion in Eastern Canada was highlighted in the

first objective, and eventually, the vertical design spectra were proposed.
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Abstract

This study aims to provide an estimate of vertical-to-horizontal (V/H) pseudo-spectral
acceleration (PSA) ratios in the Eastern Canada seismic region for firm soils (360 < Vs30 <760
m/s) referred to as Site Class C in the National Building Code of Canada (NBC). According to
previous studies, the 2/3 V/H empirical ratio prescribed in NBC is deemed overestimated for
far-field areas and underestimated for near-field areas. In this study, the V/H PSA ratios were
computed for 248 records from 67 historic earthquakes in the Eastern Canada region with a
magnitude Mw = 3.0 and an epicentral distance (Repi) <150 km. Given the lack of available
records for Site Class C in this region, sets of records from other site classes, mostly Site Class
A (Hard rock), were selected and converted to the corresponding records on Site Class C. To
this end, the equivalent linear method, using the Pressure-Dependent Modified Kondner
Zelasko (MKZ) model of analysis in the frequency domain was selected using the software
DEEPSOIL. Computed V/H PSA ratios were then calibrated with those obtained from
available Ground Motion Prediction Equations (GMPEs) compatible with Site Class C of the

! Mazloom, S., & Assi, R. (2022). Estimate of V/H Spectral Acceleration Ratios for Firm Soil Sites in Eastern
Canada. Soil dynamics and earthquake engineering, 159, 107350. DOI:
https://doi.org/10.1016/j.s0ildyn.2022.107350
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studied region. The computed mean V/H PSA ratios were found to exceed the common value
of 2/3 recommended in most codes, especially for short periods up to 1.3 sec, and new V/H
ratios were proposed as a function of the fundamental period of the building. Finally, a profile
of vertical acceleration design spectra (ADSver) was proposed for Site Class C in Montreal and

compared with those obtained by ASCE/SEI 7-16 and ASCE 41-17 provisions.

Keywords: Acceleration Design Spectra (ADS), Site Class, Ground Motion Prediction
Equation (GMPE), Pseudo Spectral Acceleration (PSA), Eastern Canada seismic region

2.1 Introduction

The effects of vertical ground motions have generally been neglected in the seismic design of
typical structures and assumed to be minor compared with the effects of horizontal ground
motions, since buildings are typically considered stiff enough in the vertical direction
(Bozorgnia et al., 1998). Yet, structural damage to buildings and bridges due to the detrimental
effect of the vertical component of the ground motion was reported following major
earthquakes (Goltz, 1994; Papazoglou & Elnashai, 1996; Kim et al., 2011). For instance, the
Northridge Fashion Center building experienced shear cracking and total collapse of floors due
to vertical floor oscillations (Hilmy & Masek, 1994). Subsequently, it was concluded that the
induced shear and flexural failure resulted from the severe vertical motion of the quake, which
caused a significant reduction in the ductility and moment capacity of the reinforced concrete
columns (Papazoglou & Elnashai, 1996). In another example, the high acceleration of the
vertical ground motion generated during the 2012 Mw 5.8 Mirandola earthquake was
determined to lie at the root of the total or partially observed failures of structures (Breccolotti

& Materazzi, 2016).

Furthermore, several recent studies have highlighted the importance of considering the vertical
component of ground motions in the seismic design of non-structural components (N. N.

Ambraseys & John Douglas, 2003; Bozorgnia & Campbell, 2004; Shrestha, 2009; Giilerce &
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Abrahamson, 2011; Moschen et al., 2016; Assi et al., 2017), especially in the near-fault areas,
where the vertical component of the ground motion is characterized by a high-frequency
content and large acceleration-to-velocity (a/v) ratio (Tso et al., 1992; Christopoulos, 1999).
For instance, a high a/v ratio that reached 5.51 was recorded at Chicoutimi-Nord station during

the 1998 Mw 5.9 Saguenay earthquake (Tso et al., 1992).

It is thus clear that the vertical component of an earthquake affects the structural behaviour of
floor systems and, consequently, their non-structural components; therefore, its quantification
and characterization should be given thorough consideration in the analysis and design of
buildings (Pekcan et al., 2003; Wieser et al., 2012; Moschen et al., 2015). Most past studies in
Eastern North America (Haghshenas et al., 2008), including Eastern Canada, focused solely
on the horizontal components of ground motions. Consequently, developing vertical
acceleration design spectra based on the seismological characteristics of the region under

consideration becomes essential.

Two main approaches are proposed in the literature to derive the vertical design spectra for a
given site. The first approach consists of computing the vertical spectra independently from
the horizontal spectra using vertical Ground Motion Prediction Equations (GMPEs). This
approach is known as the independent vertical ground motion model approach and was
discussed and comprehensively applied in studies undertaken by Bozorgnia & Campbell
(2004, 2016b) and Giilerce & Abrahamson (2011). The vertical Uniform Hazard Spectra
(UHS) are constructed by estimating the spectral amplitudes at specific periods for a given
return period, using the Probabilistic Seismic Hazard Analysis (PSHA), and considering
earthquake events which are most likely to produce the target spectral amplitude for a given
period (McGuire, 1995; Baker, 2011). The main drawbacks of this approach are the lack of
available data necessary to develop vertical GMPEs as high-frequency records are needed,
while most processed data have a high-frequency cut-off of 40 Hz (Graizer, 2012). In addition,
since this approach does not consider the correlation of the three components for each

earthquake (Giilerce & Abrahamson, 2011), this could generate a possible mismatch between
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the horizontal and vertical controlling earthquakes. On the other hand, the second approach
consists of deriving the vertical design spectra by applying a scaling factor to available
horizontal design spectra often developed using the conventional 5% damping ratio (N. N.
Ambraseys & John Douglas, 2003; Bozorgnia & Campbell, 2004; Giilerce & Abrahamson,
2011; Bozorgnia & Campbell, 2016a). This approach is adopted in most codes due to its
simplicity and deemed appropriate to a great extent since it considers the dependent
relationships of the horizontal and vertical components of an earthquake, especially their
standard inherent features such as the magnitude, soil conditions, and distance from the fault,
(Campbell & Bozorgnia, 2003; Shirai et al., 2004). Therefore, this approach is used in this

study to derive the vertical acceleration design spectrum (ADSver) for Montreal.

Currently, the National Building code of Canada (NBC, 2015a) proposes to obtain the vertical
ADS by multiplying the available horizontal ones by a constant empirical ratio equal to 2/3.
Most studies focusing on deriving the V/H PSA ratios have concluded that this ratio is not a
constant value and could be higher at short periods and in the near-fault areas, especially on
the rock sites known as Site Class A (Bozorgnia et al., 1996; N. N. Ambraseys & John Douglas,
2003; Bozorgnia & Campbell, 2004; Giilerce & Abrahamson, 2011) Therefore, the empirical
ratio of 2/3 used for vertical design purposes in the nuclear industry was not recommended
(McGuire et al., 2001). For instance, an analysis by Bozorgnia and Campbell (2004) for the
V/H ratio in near-field sites demonstrated that this ratio can exceed unity at firm soil (Site Class
C) and could be amplified for earthquakes with large magnitudes, especially at the short period
range. In another example, a vertical Peak Ground Acceleration (PGAver) of 1.3g was recorded
in the 1976 Mw 7.0 Gazli earthquake, while the horizontal Peak Ground Acceleration (PGAnor)
was equal to 0.7g (Shteinberg et al., 1980). This high V/H ratio could be attributed to reduced
inelastic attenuation and a lack of nonlinear site effects (Campbell & Bozorgnia, 2003;
Ambraseys et al., 2005). The study by McGuire et al. (2001) for the Western United States
(WUS) and Central and Eastern United States (CEUS) seismic regions concluded that the V/H
ratio is independent of the fault distance for data recorded at rock sites located at distances

ranging from 20 km to 1000 km, while it is dependent on the earthquake magnitude for sites
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in the CEUS seismic region. On the other hand, the investigation of databases in the WUS and
CEUS region indicated large V/H ratios at higher frequencies and at very close distances (Rrup
< 50km) and strong earthquake magnitude (Mw > 5.5) for the hard rock site conditions
(McGuire et al., 2001). Meanwhile, no correlation was observed between the earthquake

magnitude and the increasing distance from the fault for both firm soil and rock sites.

In seismic events with dominant P-waves, the amount of peak vertical acceleration varies
depending on the earthquake magnitude, soil conditions, and distance from the fault
(Bozorgnia et al., 2000). The vertical component of the earthquake motion is not significantly
attenuated in the near-fault region, which yields vertical PGA values close to horizontal PGA.
On the other hand, an increase in the distance from the fault causes P-waves to attenuate, thus
reducing the vertical PGA compared to the horizontal PGA (Christopoulos et al., 2000).
Therefore, this study focuses on near-fault ground motions where the adverse effect of vertical

ground motions needs special attention.

In particular, this paper focuses on assessing the accuracy of the 2/3 V/H ratio proposed in
NBC for Eastern Canada and then proposing a profile of vertical acceleration design spectra
(ADSyver) corresponding to a 2475-year return period (at 2% per 50 years probability) for Site
Class C in Montreal. It should be noted this return period is adopted for this study since it is

similar to the one used for standard structures in the current NBC 2015 edition.

First, the records collected from different site classes were converted to very dense soil known
as Site Class C in NBC 2015 using the software DEEPSOIL (Hashash et al., 2019); then, the
V/H PGA and PSA ratios were computed for each record, and the mean values were used to
scale the horizontal design spectra (ADShor). Finally, these ratios were compared with those
calculated using compatible GMPEs proposed in previous studies by Bozorgnia and Campbell
(2004) and Giilerce and Abrahamson (2011). These selected reference models are deemed
largely compatible with the region of our investigation since they were developed based on

ground motions gathered from different sources around the globe. Eventually, the proposed
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ADSver was compared with those derived according to the procedures proposed in the standards

ASCE/SEI 7-16 (ASCE/SEI 7-16, 2017) and ASCE 41-17 (ASCE/SEI 41-17, 2017).

2.2 Collection of ground motions in Eastern Canada region

In this study, a database composed of 248 records culled from 67 earthquakes (1982-2015),
having a magnitude Mw greater than 3.0 and an epicentral distance (Repi) less than 150 km, was
selected. The earthquake records of events that occurred between 1992 and 2008 were
extracted from the Ground Motion Databases channel of the Engineering Seismology Toolbox,
while earthquake records for events that occurred from 2010 to 2015 were extracted from the
Interactive Ground Motion Maps for Southern Ontario presented by the Engineering
Seismology Toolbox in the Earthquake Data Auto-Processor (EDAP) Project (Seismotoolbox,
2019). The records for the Miramichi and Saguenay earthquakes that occurred in 1982 and
1988, respectively, were taken from the website of Natural Resources Canada (NRCAN,
2001). Also, some records were taken from the Pacific Earthquake Engineering Research
Center (PEER-NGA, 2018) for the Central and Eastern North American region and Strong-
Motion Cosmos Virtual Data Center (VDC, 2018), respectively. The selected records are
filtered and digitalized with high sampling rates of 40 Hz (67 sets), 100 Hz (164 sets), and 200
Hz (17 sets).

For each of the selected ground motions, the name, date, station name, magnitude, site class,
epicentral distance, focal depth, and average shear wave velocity at each station are presented
in Table-A I-1. Then, the attributed earthquake moment magnitudes were completed from the
USGS website (2018) and the Bent (2009) databases. The conversion expression used to
determine the moment magnitude scaling of earthquakes is based on the expressions given in
Macias Carrasco et al. (2010) and Sonley and Atkinson (2005). Some other supplementary
information for some earthquakes, such as event names and site classes, was extracted from

other references, including the Incorporated Research Institutions for Seismology (IRIS,
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2018), the U.S. Geological Survey (USGS, 2018) and Natural Resources Canada (NRCAN,
2015).

The selected earthquakes were recorded on 4 different site classes based on V3o criterion
according to the NBC 2015 (NBC, 2015a): class A (hard rock, Vs30 > 1500 m/s), class B (rock,
760 < Vs30 < 1500 m/s), class C (very dense soil and soft rock, 360 < V30 < 760 m/s), and class
D (stiff soil, 180 < V530 <360 m/s). Figure 2.1 shows the number of records per site class. It is
noteworthy that most selected data were recorded on bedrock (203 out of 248); therefore, the
lack of sufficient databases for Site Class C according to the given criteria is quite obvious.
For this reason, the DEEPSOIL software (Hashash et al., 2019) was used to convert all records
to their equivalent on Site Class C using the Pressure-Dependent Modified Kondner Zelasko
(MKZ) model (Kondner & Zelasko, 1963) implemented in this software. An average shear
wave velocity, Vs3o, of 450m/s was used in the conversion process since prescribed by NBC

2015 for Site Class C, and it is an average value typical of firm soil in Eastern Canada.
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Figure 2.1 Cumulative number of records taken from different site classes

Since very little soil nonlinearity is expected in Site Cass C, the equivalent linear method of

analysis based on Frequency Domain solution type (Hashash et al., 2019) was used. This
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simplified conversion approach is considered accurate enough for the sake of this study. Also,
the automatic profile generation proposed in this software was used in the conversion process
based on the reference shear wave velocity Vs3o taken equal to 450 m/s due to the lack of
precise details about the characteristics of the soil layers of the sites where data were recorded.
This assumption is considered acceptable for design purposes since in line with the current
NBC provisions that consider the column of soil made of a 1D single layer. Eventually, the
acceleration response spectra were computed for each record converted to Site Class C, called
converted records, considering a damping ratio equal to 5%. In this regard, the PRISM software
(Jeong et al., 2011) was used to compute the pseudo-spectral acceleration (PSA) for each

record, and results were validated by SeismoSignal software (SeismoSoft, 2018).

23 Computation of the PGA and PSA ratios of the records

2.3.1 Geometric means of the horizontal components

Most sets of records consist of three orthogonal components, two being in the horizontal
direction and one in the vertical direction. In this study, the geometric mean of the horizontal
components was used in the evaluation of V/H PGA and PSA ratios, as shown in Equations
2.1 and 2.2, respectively. In these equations, Hl and H2 correspond to the two orthogonal

directions of the horizontal components for PGA and PSA.

PGApor = \|PGAyy X PGAy, 2.1)

PSApor = /PSAy1 X PSAy, (2.2)

This method was recommended in Acerra et al. (2004), Picozzi et al. (2005), Boore et al.
(2006), Campbell & Bozorgnia (2007), Haghshenas et al. (2008), Pileggi et al. (2011), Stewart
et al. (2011), NBC (2015b), and ASCE/SEI 7-16 (2017).  In fact, the theoretical results by
Boore et al. (2006) and Albarello & Lunedei (2013) demonstrate that the correlated horizontal
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ground motion records have one rotation angle, which will be equal or close to zero when the
geometric mean is used. On the other hand, the minimum horizontal spectral value could occur
over a limited range of the rotation angles and will be a strong function of the correlation form.
Accordingly, the maximum value will not be a strong function of the component correlation
form, and thus, any fractal measurement represented by the geometric mean value will be
closer to the maximum than to the minimum value (Boore et al., 2006). In addition, this method
reflects the correlation between the acceleration components recorded at each station (Huang

etal., 2016).

Moreover, since the V/H PSA ratio represents the frequency-dependent characterization of the
components, and it inherently accounts for site class, fault distance, and earthquake magnitude
impacts, using two horizontal components separately was deemed non-practical (Bartosh &

Bouaanani, 2014).

2.3.2 V/H PGA ratios (PGAyer/PGAnor)

The peak ground acceleration (PGA) plays an essential role in stabilizing the zero period
ordinate of the response spectra (N. N. Ambraseys & John Douglas, 2003). The vertical-to-

horizontal PGAs of the considered records were computed using Equation 2.3.

1% 1 PGA,,,
(F) =2> 23)
H/pga MLa [PGAy, X PGAy,

PGAmn1 and PGAn2 were described previously, PGAver is the vertical peak ground acceleration,
and n is the number of selected records (248). The characteristics of the components for
different seismic zones were explored using this approach in past studies carried out by
Newmark et al. (1973), Abrahamson and Litehiser (1989), Campbell (1997), Collier and
Elnashai (2001), and Kalkan and Giilkan (2004). A mean PGA ratio of 0.78 was found for the

248 sets of records, which is 16.9% larger than the 2/3 empirical ratio recommended in NBC
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and other codes and standards. We can also note that the minimum V/H PGA ratio of 0.17
corresponds to the 1998 Mw 3.2 Lac-Ministuk earthquake at Repi 89.70 km. In comparison, the
maximum V/H PGA ratio of 2.53 corresponds to the 2000 Mw 3.7 Baie-Saint-Paul earthquake
at Repi 73.96 km. Therefore, the obtained ratios are unrelated to the magnitude and the

epicentral distance.

On the other hand, generating the vertical design spectra by scaling the horizontal UHS with a
constant PGA ratio assumes a constant relation throughout the shorter and higher frequency
levels (Bozorgnia & Campbell, 2004). Since the modes that are influenced by the vertical
ground motion are at a higher frequency level than those affected by the horizontal component,
this constant ratio does not properly reflect the potential damage and failure to a structure
caused by the combined effect of the horizontal and vertical components of an earthquake.

Therefore, this approach is inappropriate and will not be used in this study.

2.33 V/H PSA ratios (PSAver/PSAnor)

Generally, the V/H PSA ratios are represented as a function of fault distance, earthquake
magnitude, and soil conditions (Siddiqqi & Atkinson, 2002; N. N. Ambraseys & John Douglas,
2003; Bozorgnia & Campbell, 2004, 2016a). The peaks of horizontal and vertical spectra for
an earthquake recorded at a given station do not necessarily occur at the same time (US NRC,
2014). Therefore, the computed V/H PSA ratio at a station provides an approximate estimation
of the vertical component relative to the horizontal one (Christopoulos et al., 2000; N. N.
Ambraseys & John Douglas, 2003). However, in the absence of the target vertical spectra, the
V/H PSA ratios from the ground motion records for a given site class can be applied to define

vertical spectra as a fraction of horizontal design spectra (NBC, 2015b).

In the following, the mean V/H PSA relations will be deduced from the V/H ratios at specified
periods in the horizontal and vertical acceleration response spectra. Similar to the previous

method, this ratio is first computed for each record by using the geometric mean of the pair of
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horizontal spectral accelerations at specified periods of vibration, as shown in Table 2.1, and

subsequently, all of them are averaged out, as presented in Equation 2.4.

(V) _ 1 <Z PSAver )

Where (V/H)psa,i represents the mean V/H PSA ratio at the i period of vibration. PSAm1 and

(2.4)

PSAmn2 were described previously; PSAver and n are the vertical pseudo-spectral acceleration
and the number of selected records, respectively. The computed mean V/H PSA ratios with the

95% confidence levels are presented in Table 2.1 and Figure 2.2.

Table 2.1 Computed V/H PSA ratios for converted records to Site Class C collected in
Eastern Canada

Upper Lower Upper Lower
(szc) Bgosltzd V%e:aliio Bgosltzd (s:c) B905l:)2d V/II-/IIe:z:ltio B905l:)2d
Confidence Confidence Confidence Confidence

Level Level Level Level
0.01 0.88 0.82 0.77 0.8 0.91 0.86 0.81
0.02 0.94 0.86 0.80 0.9 0.89 0.84 0.79
0.04 0.83 0.77 0.72 1.0 0.89 0.84 0.79
0.05 0.79 0.74 0.69 1.1 0.88 0.83 0.78
0.06 0.78 0.74 0.69 1.2 0.87 0.83 0.78
0.075 0.78 0.73 0.69 1.3 0.87 0.82 0.77
0.08 0.79 0.74 0.69 14 0.86 0.81 0.77
0.09 0.80 0.75 0.70 1.5 0.85 0.80 0.76
0.1 0.81 0.76 0.70 1.6 0.85 0.80 0.76
0.15 0.89 0.83 0.77 1.7 0.85 0.80 0.76
0.2 0.88 0.82 0.77 1.8 0.85 0.80 0.76
0.26 0.89 0.84 0.78 1.9 0.85 0.80 0.76
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0.3 0.90 0.85 0.79 2.0 0.85 0.80 0.76
0.4 0.88 0.83 0.78 2.5 0.85 0.79 0.74
0.5 0.91 0.85 0.80 3.0 0.85 0.80 0.75
0.6 0.91 0.85 0.80 3.5 0.88 0.82 0.77
0.7 0.92 0.86 0.81 4.0 0.87 0.82 0.77
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Figure 2.2 The mean and confidence levels of V/H PSA ratios for
converted records on Site Class C Eastern Canada

As shown in Figure 2.2, the computed mean V/H PSA ratios for the studied events are greater
than 2/3 at all periods. For better interpretation and exploitation of the obtained results, the
obtained V/H PSA ratios were divided into four period intervals. A maximum mean value of
0.87 was obtained up to a period of 0.02 sec (T = 0.02 sec). This ratio decreased over the

interval period interval of 0.02 to 0.2 sec. It should be noted that since most recorded data used
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in the present study were digitized with 100 samples/sec, the results for the lower periods (T <
0.025 sec or even < 0.04 sec) may not be reliable, especially for the vertical components as
was reported by Graizer (2012). Therefore, the actual V/H ratios for this period range (the

orange box shown in Figure 2.2) could be higher than the obtained ratios.

Furthermore, the ratio is almost uniform (with a value of about 0.8) in the 1.30 < T < 3.0 sec
period range. Nevertheless, the V/H PSA ratio pattern is non-uniform at very short periods,
with increasing values observed for periods ranging from 0.2 to 1.3 sec, which highlights the
importance of the vertical ground motion component in the short period range for the Eastern

Canada earthquakes.

It can be concluded that a constant ratio of 0.86, which is equivalent to the mean value (0.83)
plus the standard deviation (0.03), is a reasonable estimate for the period ranges less than 1.0
sec (T < 1.0 sec) for Site Class C. Beyond that range, this ratio reaches an average value of
0.73, which is close to the empirical value of 2/3 recommended in NBC 2015; therefore, it is

suggested to keep this ratio unchanged for periods larger than 1.0 sec.

In order to validate the results obtained from the converted records, the V/H ratios from
available records on Site Class C (19 in total) were computed and shown in Figure 2.3. It can
be noted that the calculated mean ratios of these records are a little greater than the empirical
value of 2/3 at almost all periods. In this case, the ratio of 0.86, equivalent to the average ratio
(0.78) + the standard deviation (0.08), was concluded for T < 1.0 sec, which corroborates the
ratios obtained from the converted records (248 in total) on Site Class C. A decrease in the
acceleration ratio was also observed in the period range of 0.02 to 0.2 sec (Figure 2.3), thus
confirming the decreasing ratio pattern in this interval as previously explained and shown in
Figure 2.2. It can then be concluded from Figures 2.2 and 2.3 that the obtained results for

original and converted records are in good agreement.
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Figure 2.3 V/H PSA ratios for available records on Site Class C in
Eastern Canada

24 Comparison of the computed V/H PSA ratios with applicable GMPEs

Ground Motion Prediction Equations (GMPEs) relate ground motion intensity measures to
variables describing the earthquake source, path, and site effects. While horizontal GMPEs
were proposed in the studies by Atkinson (2004) and Atkinson and Boore (2006) for the
Eastern Canada seismic region, as yet, such equations are not available for the vertical

direction.

In order to validate the V/H PSA ratios computed previously from converted records (Section
2.3.3), results were compared to ratios resulting from two selected Ground Motion Prediction
Equations (GMPEs) proposed by Bozorgnia and Campbell (2004) and Giilerce and
Abrahamson (2011) that are deemed compatible with the Eastern Canada region. In fact, the
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GMPE of V/H ratios proposed by Bozorgnia & Campbell (2004) could be valid for shallow
crustal earthquakes in worldwide active tectonic regions with earthquake magnitudes greater
than 5.0 (Mw > 5.0), distances of less than 100 km from the fault, and Strik-Slip, Reverse,
Reverse Oblique, Thrust, and Normal fault mechanisms. In addition, this model is the basis for
the proposed Risk-Targeted Maximum Considered Earthquake, MCER, of the vertical response
spectral acceleration, Samv, in American standards such as ASCE/SEI 7-16 and ASCE 41-17,
as will be explained in more detail in Section 2.5.1. On the other hand, the proposed GMPE
for the V/H ratios proposed by Giilerce & Abrahamson (2011) was developed based on
earthquakes selected throughout the world and could be applied to distances from the source
of up to 200 km for the Western United States (WUS) and up to 100 km for other regions. This
model is also adequate for events with moment magnitude ranging from 5.0 to 8.5 for Strike-
Slip! and 5.0 to 8.0 for Normal? and Dip-Slip? faults. More details of the abovementioned
characteristics of the selected GMPEs are shown in Table 2.2.

Table 2.2 Characteristics of the GMPEs used in this study

. Epicentral Period .
GMPEs M;gal::tl;de Distance Range 5;?;;1122 D?;I:ipol:g
g Range (km) (sec)
Bozorgnia & Campbell 0
(2004) My, > 5.0 0-100 0-4.0 PSA 5%
Giilerce & Abrahamson | 'My 5.0 to M,, 8.5
0-100 0-10.0 PSA 5%
(2011) M, 5.0 to M, 8.0 ’

The selected M-R scenarios (Moment magnitude-fault distance) used for the chosen GMPEs
are based on those proposed by Atkinson (2004) and Atkinson and Boore (2006) for the Eastern
Canada seismic region. These include the moment magnitude of Mw 6.0 at the fault distances
from 10 to 15 km and 20 to 30 km, and the moment magnitude of Mw 7.0 at the fault distances
from 15 km to 25 km and 50 km to 100 km, as detailed in Table 2.3. It is considered that
earthquake magnitudes of 6.0 and 7.0 provide a high margin of confidence level to evaluate
results obtained from converted records of this study. Eleven sets of records per suite, as

recommended in NBC 2015, for Site Class C (Vs30 = 450 m/s) were considered. Therefore, a
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total of 44 V/H PSA ratios were computed for each selected GMPE, as shown in Table 2.3.

Eventually, for illustrative purposes, the proposed PSA ratios based on the GMPEs are

presented in Table 2.4 and Figure 2.4, along with those obtained from the 248 sets of converted

records.
Table 2.3 Considered M-R scenarios used for the selected GMPEs
M, Repi (km)
6.0 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
) 20 21 22 23 24 25 26 27 28 29 30
70 15 16 17 18 19 20 21 22 23 24 25
' 50 55 60 65 70 75 80 85 90 95 100

Table 2.4 Computed mean V/H PSA ratios at different periods from
converted records and selected GMPEs

s | ISsiey C?xﬁi%reglﬁ;(f&) Abrﬁﬁiﬁﬁﬁif‘zm 1)
0.01 0.82 0.77 0.72
0.02 0.86 0.82 0.72
0.03 0.85 0.87 0.84
0.04 0.770 0.93 0.96
0.05 0.74 0.98 1.04
0.075 0.73 0.99 1.02
0.10 0.76 0.88 0.89
0.15 0.83 0.70 0.74
0.20 0.82 0.58 0.65
0.26 0.84 0.52 0.56
0.30 0.85 0.48 0.53
0.40 0.83 0.46 0.49
0.50 0.85 0.43 0.47
0.75 0.86 0.42 0.50

1.0 0.84 0.44 0.54
15 0.80 0.45 0.57
2.0 0.80 0.51 0.60
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Figure 2.4 V/H PSA ratios from converted records and selected
GMPEs for Site Class C

As shown in Table 2.4 and Figure 2.4, the values of V/H PSA ratios obtained from the GMPEs
proposed by Bozorgnia and Campbell (2004) and Giilerce and Abrahamson (2011) are close,
particularly in the short period range up to 0.5 sec. Both models yield an average ratio of 0.84,
which is higher than 2/3, for short periods of less than 0.2 sec. Also, the conservative ratio of
0.90, including the sum of the average value and the standard deviation for the periods ranging
up to 1.0 sec (T < 1.0 sec), is concluded, which is very close to the proposed one (0.86) in

Section 2.3.3. On the other hand, lower ratios were obtained for periods greater than 1.0 sec.
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Therefore, to determine the vertical design spectra, for T > 1.0 sec, it is recommended that the
horizontal design spectra be scaled by the suggested ratio of 2/3 in the NBC.

Comparing the presented models’ results with those obtained from the converted records
shows the difference in the acceleration ratio in the period interval of 0.02 to 0.2 sec. Despite
the reduction in the acceleration ratio of converted earthquakes, the increase was observed in
the proposed equations (GMPEs), which could be due to the faults type or lack of sufficient

strong near-field earthquakes in the region of this study.

2.5 Proposed Vertical Acceleration Design Spectra (ADSyer) for Site Class C in
Montreal
2.5.1 Using the converted records

In this section, the vertical acceleration design spectra (ADSver) corresponding to a 2475-year
return period for Site Class C in Montreal are obtained according to the computed V/H PSA
of concerted records. In this case, the vertical design spectral response acceleration for a period
of T can be calculated by multiplying the horizontal acceleration design spectra (Shor(T))
proposed in the National Building Code of Canada (NBC, 2015a; NRCAN, 2015) by the mean
V/H PSA ratios computed in Section 2.3 at defined spectral periods, as given in Equation 2.5.

S0er(T) = (3) X S10r (T @)

It should be noted that the design spectral response acceleration (S(T)) at a specified period is
deduced from 5% damped spectral response acceleration for a period of T (Sa(T)), according

to the procedure described in NBC 2015 as presented through Equation 2.6.

S(T) = F(T) X Sy(T) (2.6)

Where F(T) is the site coefficient for spectral acceleration at each period determined in NBC

2015 for different site classes, that is equal to 1.0 at all periods for the reference Site Class C.
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However, for a period less than 0.2 sec, S(T) = F(0.2) Sa(0.2) or F(0.5) Sa(0.5), whichever is
larger.

It should be mentioned that the 5% damped horizontal spectral response acceleration for a
period of T, Sahor(T) were given in NBC 2015 for different regions in Canada. First, the
horizontal design response spectral acceleration, Shor(T), for Site Class C in Montreal is
computed using Equation 2.6, then the corresponding vertical design response spectral

acceleration, Sver(T), is obtained using Equation 2.5.

Since the computed mean V/H PSA ratios of the converted records exceeded the empirical
ratio of 2/3 recommended in the NBC 2015 and most codes, it is concluded that the vertical
component of ground motions at short periods is important for the Eastern Canada seismic
region, especially at periods less than 1.0 sec. In total, from an engineering standpoint, it
appears that for obtaining Sver(T), there is no significant difference between NBC 2015 (2/3 %
Shor(T)) and the proposed spectra ((average of V/H + standard deviation) x Shor(T)) for periods
T > 1.0 sec. Therefore, it is appropriate to suggest using Sver(T) = 0.86 x Shor(T) for T < 1.0 sec

and 0.67 otherwise for each location in the Eastern Canada seismic region.

The computed vertical acceleration design spectra, Sver(T), using the proposed coefficient
obtained from the V/H ratios converted records of this study and NBC 2015 (2/3 X Shor(T)),

were presented in Figure 2.5.

2.5.2 Using the equations proposed in ASCE/SEI 41-17 and ASCE/SEI 7-16

In order to develop the vertical and horizontal design spectra corresponding to the Risk-
Targeted Maximum Considered Earthquake, MCER, the American Standards (ASCE/SEI 7-
16,2017; ASCE/SEI 41-17, 2017) propose a series of equations for different period ranges. In
the absence of site-specific procedures, the Risk-Targeted Maximum Considered Earthquake
of the vertical response spectral acceleration, Sumv, is developed according to the vertical period

as provided in the form of equations. The corresponding MCERr vertical and horizontal
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response spectra for these standards are presented in Tables 2.5 and 2.6, respectively. Sus and
Sumi are the maximum risk-targeted considered earthquake response spectral accelerations for
the 5% damping ratio at short periods and at a period of 1.0 sec, respectively, and can be
adjusted to account for different site classes. 7v is the vertical period, and C, is the vertical
coefficient defined in terms of Ss (Table 2.7) according to the spectral response parameters at
short periods for different site classes. The values of the equivalent seismic parameters for Site
Class C in Montreal are available in SEAOC and OSHPD Seismic Design Maps
(SEAOC/OSHPD, 2019), as presented in Table 2.8. It should be noted that the DSAver
considered for the nonlinear design range of the building in these standards is determined as

2/3 of the MCER of the elastic one (FEMA P-1050-1, 2015; ASCE/SEI 7-16, 2017).

The MCERr for the vertical response spectral acceleration, Samv, in the first three equations is
known for a short period and can be defined by the amplitude of the 5% damped vertical
spectral acceleration at 0.1 sec and by the V/H spectral ratio. The first and third equations are
controlled by the vertical peak ground acceleration (PGAver) and the short-period V/H spectral
ratio at 0.1 sec, respectively. The second equation is the interface of the first and second period-
dependent equations (Campbell & Bozorgnia, 2009; ASCE/SEI 7-16, 2017). The period
domains of the V/H ratio are a function of the site condition and distance from the source of
the earthquakes. The last part of the vertical elastic spectra, as defined in the fourth equation,
is considered as the mid-period range and shows the decay of the spectrum inversely to the

vertical period (Campbell & Bozorgnia, 2009; FEMA P-1050-1, 2015; ASCE/SEI 7-16, 2017).

Table 2.5 Vertical MCER elastic design spectra
Taken from FEMA P-1050-1 (2015) and ASCE/SEI 7-16 (2017)

Period Range Vertical (Sun)
T, < 0.025 sec 0.3C,Sys
0.025 <T, <0.05 sec 20C,Sys(T, — 0.025) + 0.3C,Sys

0.05 < T, < 0.15 sec 0.8C,Sys




0.15<T, <2.0sec

0.8C,Sys(0.15/T,)%7>

Table 2.6 Horizontal MCER elastic design spectra

Taken from FEMA P-1050-1 (2015) and ASCE/SEI 7-16 (2017)

Period Range Horizontal (Suym)
0<T<T, [0.4+ 0.6 XT/Ty] X Sy
To=<T<=T;s Sus
Te<T<T, Sm/T

(5M1 ’ TL)/T2

Table 2.7 Values of vertical coefficient Cy

Taken from FEMA P-1050-1 (2015) and ASCE/SEI 7-16 (2017)

MCER Response Site Class
Spectral Parameter at
Short Periods A&B C D&E&F
Ss=>2.0 0.9 1.3 1.5
Ss=1.0 0.9 1.1 1.3
Ss=10.6 0.9 1.0 1.1
Ss=0.3 0.8 0.8 0.9
8s<0.2 0.7 0.7 0.7
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Table 2.8 Equivalent seismic parameters corresponding to Site Class C in Montreal

Taken from SEAOC/OSHPD (2019)

Codes Ss S F, F, Swus Sm1 Ty Ts Ty (G
ASCE 7-16 &
NEHRP 2015 0.418 | 0.099 1.3 1.5 0.543 |1 0.149 | 0.055 | 0.273 6.0 0.879
ASCE 41-17 0.453 | 0.107 1.3 1.5 0.589 | 0.161 | 0.055 | 0.273 6.0 0.902
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The horizontal and vertical design spectra with a 2% probability of exceedance in 50 years
were computed for Site Class C in Montreal based on the equations given in ASCE 7-16 and

ASCE 41-17 using equivalent parameters, as illustrated in Figure 2.5.

0,7

0,6

S(T), (g)

0,1

0,0
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0

T, (sec)
ver(T) = 0.86 xS, (T) for T < 1.0 sec, 2/3 x S,,(T) for T > 1.0 sec
S,er(T) = 2/3 x S,,(T) (NBC 2015)
S (ASCE/SEI 41-17)

Proposed: S

S..r, (ASCE/SEI 7-16)
Syor(T) (NBC 2015)
S, (ASCE/SEI 41-17)

S,v (ASCE/SEI 7-16)

Figure 2.5 Proposed Sver(T) and calculated Vertical Acceleration Design Spectra
based on ASCE/SEI 41-17, ASCE/SEI 7-16 (Sam), and NBC 2015 for Site Class
C in Montreal

As shown in Figure 2.5, the proposed vertical design spectra obtained from the converted
records of this study yielded higher values than those obtained from the American Standards

and even from NBC 2015 (2/3 Shor(T)).
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Comparing the NBC 2015 ADShor to those obtained using ASCE/SEI 41-17 standard (Figure
2.5), a close resemblance could be observed mainly at longer periods, greater than 1.0 sec
(Figure 2.5). Nevertheless, spectral acceleration values higher than 2/3 of the horizontal values
are observed at period ranges of 0.05 to 0.2 sec in ASCE/SEI 41-17. On the other hand, values
yielded by ASCE/SEI 41-17 are higher than NBC values for periods less than 0.15 sec.

2.6 Summary and conclusion

This paper constitutes an effort to develop an accurate estimate of the vertical acceleration
design spectra (ADSver) as a ratio of the horizontal acceleration design spectra, using a database
of 248 records of earthquakes in Eastern Canada (for years from 1982 to 2015). These records
were selected for moderate earthquakes with magnitude Mw ranging between 3.0 and 5.9 and
an epicentral distance of less than 150 km. Due to the lack of earthquakes recorded on reference
Site Class C of NBC, the selected records, mostly recorded on Site Class A, were converted to
Site Class C using the equivalent linear method of analysis based on Frequency Domain
Solution (Hashash et al., 2019) proposed in the DEEPSOIL software. In the conversion
process, the automatic profile generation based on the target shear wave velocity of 450 m/s

was used due to the unavailable specific soil characteristics of the sites.

The calculated V/H PSA ratios exceeded the empirical ratio of 2/3, suggested in most codes,
at all period ranges, which spotlights the importance of considering the vertical component of
ground motions in the seismic analysis of non-structural components located in the Eastern
Canada region. The accuracy of V/H PSA ratios for records converted to Site Class C was
validated by ratios obtained from the small number of earthquakes records available for Site
Class C (19 sets of records). The same ratio of 0.86 (average of V/H + Standard Deviation)
was obtained in both cases for the periods up to 1.0 sec (T < 1.0 sec). These findings were
corroborated with ratios (0.84) obtained using the GMPEs proposed by Bozorgnia and
Campbell (2004) and Giilerce & Abrahamson (2011). For the periods greater than 1.0 sec (T
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> 1.0 sec), this value reaches the average ratio of 0.73, considered very close to the empirical
value of 2/3. On the other hand, the average equivalent ratio for this period range (T > 1.0 sec)
using the selected GMPEs yields a value less than 2/3 (0.53 and 0.64 for the models by
Bozorgnia and Campbell (2004) and Giilerce & Abrahamson (2011), respectively), that is why
a ratio of 2/3 is suggested. Therefore, it was concluded that obtaining ADSyver, by scaling the
Shor(T) using the ratio of 2/3 (2/3 % Shor(T)) is appropriate for periods T > 1.0 sec. On the other
hand, it is proposed to use a ratio of 0.86 to determine the vertical design spectra (Sver(T) =

0.86 X Shor(T)) for T < 1.0.

Furthermore, the proposed vertical acceleration design spectra (ADSver or Sver(T)) for Site
Class C in Montreal at a 2475-year return period were compared with spectra derived using
the equations proposed by the ASCE 7-16 and ASCE 41-17 standards. While ADShor (Shor(T))
values of NBC 2015 are very close to (Samn) values obtained from ASCE/SEI 41-17 (Figure
2.5) at all period ranges, derived ADSver (Sver(T)) from the ratios proposed in this study yield
higher values than the aforementioned standards, especially for the shorter periods (Figure
2.5). Therefore, the outcomes of this study through the analysis done for the earthquakes in the
Eastern Canada seismic region allowed a reliable derivation of vertical acceleration design
spectra and highlighted the importance of considering the vertical component in the seismic

design process.
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Abstract

This paper assesses the vertical seismic accelerations in four 3-D elastic RC moment-resisting
frame buildings with limited ductility, designed according to the National Building Code of
Canada (NBC 2015). 65 near-fault strong motions recorded on dense soil were considered. The
greatest amount of amplification of vertical acceleration was observed at the center of the
buildings’ interior slab, with maximum median normalized values ranging from 4.0, in the 3-
storey building, to 1.24, in the 12-storey building. This study indicates that the vertical
earthquake motion should not be overlooked in the analysis and design process, especially in

low-rise buildings.
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3.1 Introduction

Reports from recent earthquakes, such as the 1994 My 6.7 Northridge earthquake, indicate that
structural elements and floor systems failures and damage to non-structural components
(NSCs) are triggered by the vertical component of ground motion. In contrast, there was minor
damage reported in association with the lateral resisting system of buildings exposed to the
horizontal components of the same ground motions (Papazoglou & Elnashai, 1996). The 1988
Mw 5.9 Saguenay earthquake is an example of an event in Eastern Canada that caused

considerable damage to NSCs (Foo & Lau, 2004).

While most codes and standards, such as ASCE/SEI 7-16 (ASCE/SEI 7-16, 2017), ATC 2018
(ATC, 2018), and Eurocode 8-1 (Eurocode 8-1, 2004), propose certain relationships to
compute vertical seismic design accelerations, others such as NBC 2015 (NBC, 2015a) in
Canada only propose a constant empirical value of 2/3 to relate vertical-to-horizontal (V/H)
accelerations. Therefore, the vertical seismic force of NSCs in NBC 2015 is based on the
codified constant V/H acceleration ratio, leading to an inaccurate evaluation of their response

in the case of near-fault site conditions (Asgarian, 2017; Assi et al., 2017).

Generally, the horizontal seismic forces for NSCs are estimated by considering three key
parameters: ground motions applied to the base of the building, dynamic amplification due to
the resonance between the supporting structure and NSCs, and the height factor related to the
filtering and amplification of input ground motion through the building height. The latter
parameter is based on the linearly increasing acceleration over the height of the structure (NBC,

2015a).

The vertical component of ground motions usually has high-frequency content, which leads to
the induction of very high fundamental vertical frequencies in the vertical direction
(Papadopoulou, 1989). Meanwhile, reinforced concrete structures are characterized by a high

stiffness in the vertical direction as their vertical period typically ranges from 0.05 sec to 0.25
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sec (Dana et al., 2014). Therefore, considering the out-of-plane floor flexibility could lead to
the resonance and to a significant amplification of structural and non-structural components
when the fundamental vertical frequencies of the structures are in the range of the vertical
pulses of ground motions (Papazoglou & FElnashai, 1996; Lee et al., 2013). In fact, the
flexibility of the slab and, consequently, its out-of-plane floor vibrations are generally the main
factors contributing to the vertical amplification of floor accelerations. Moreover, floor
accelerations are present at locations varying from areas close to columns to those at the center
of the slab (Furukawa et al., 2013), a fact which is currently overlooked in design codes. A
study by Bozorgnia et al. (1998) conducted on instrumented RC buildings during the 1994
Northridge earthquake showed an amplification of vertical accelerations ranging from 2.4 to
4.7 for the nodes close to the shear wall edges and for nodes at the center of the slabs,

respectively.

Several researchers have recently focused on investigating the amplification of vertical ground
motion through the building floor system, including slabs and girders (Papadopoulou, 1989;
Pekcan et al., 2003; Wieser et al., 2012; Guzman Pujols & Ryan, 2018). Floor systems,
including slabs, beams, or other horizontal and cantilever elements, can be affected by
amplified vertical accelerations, which lead to an increase in the shear force or moment of the

elements (Newmark & Hall, 1982).

A study by Pekcan et al. (2003) indicated that the elastic vertical floor response spectra in two
RC buildings with flexible floor systems are affected by the out-of-plane flexibility of the slab
as the maximum response was obtained at around 7.0 to 10 Hz (0.1 to 0.14 sec). Furthermore,
results demonstrated that the peak vertical floor accelerations could be amplified by as much
as five times the vertical peak ground acceleration and often greater than the horizontal peak

floor acceleration in buildings subjected to near-field ground motions.

Moreover, an analytical study by Moschen et al. (2015) conducted on regular steel moment-

resisting frames ranging from 1 to 21-storeys, subjected to recorded near-fault and strong
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ground motions, concluded that vertical acceleration is amplified through the height of
buildings away from the columns. An assessment of the amplification of vertical peak floor
accelerations for mounted rigid NSCs indicated that elements located at open bays, i.e., at
locations away from columns and relatively close to girders or at the center of slabs, are
subjected to vertical acceleration that could reach four times the acceleration of elements
located close to the columns. In addition, the out-of-plane flexibility of the floor systems
caused a significant amplification of the floor response spectra demands for NSCs located at
the center of the slab. Therefore, vertical floor accelerations are highly influenced by the
component's location on a specific floor, the element's location along the height of the building,

and the characteristics of the floor system (Moschen, 2016).

Similarly, Wieser et al. (2012) investigated the influence of the relative height within the
building and the out-of-plane flexibility of the floor system on the vertical acceleration
demands on NSCs. A 3-storey hospital building and three office buildings consisting of 3, 9,
and 20 storeys with steel moment-resisting frame systems were used in the study. An elastic
behavior was assumed for the floor decks and steel frames, while fiber sections were used to
model the nonlinearity in the beam-column connection. Notwithstanding the constant and
unchanged acceleration in the columns’ joints, a significant vertical acceleration amplification
was observed away from the column supports due to the out-of-plane flexibility of the floor
system, in which the amplification of the vertical acceleration for the selected 3-storey building

exceeded the value of 2.0 at the center of the slab bays.

In this context, an experimental test was conducted by Ryan et al. (2016) to assess the
amplification of peak vertical accelerations in a 5-storey steel moment frame building. It was
shown that the amplification ranged from approximately 3.0, near the column, to 6.0, at the
center of the slab bay, highlighting the significant amplification at the center of the slab away
from the column. Also, the amplification factor rose by increasing the period of vibration of
the slab. The current design procedure for NSCs presented in the seismic design codes is thus

inappropriate to accurately assess the amplification of vertical floor accelerations.



61

Additionally, Bas et al. (2016) noted a significant vertical displacement of the beams mainly
at the top storeys of structures subjected to strong earthquakes, such as the 1979 Mw 6.5
Imperial Valley, 1995 Mw 6.9 Kobe, and 1999 Mw 7.6 Kocaeli earthquakes, which indicates
that the out-of-plane deformation of the slab is must not be neglected in the presence of the

vertical component of a ground motion.

The present study aims to investigate the effects of building height and location of the mounted
NSCs, in floor plan along the height of the building, on the amplification of a vertical
earthquake component. Therefore, four low- to medium-rise RC frame buildings with 3, 6, 9,
and 12 storeys were designed according to the National Building Code of Canada (NBC,
2015a) and CSA-A23.3-14 (CSA-A23.3, 2014) provisions. The buildings were supposed to be
located in Montreal, which is a moderate seismic zone; therefore, they were designed for
seismic forces corresponding to a limited ductility. The buildings were subjected to 65 sets of
time history accelerations recorded on Site Class C from 31 strong near-field earthquakes
worldwide. To this end, different nodes on the floors were considered, and the corresponding
normalized vertical Peak Floor Acceleration (PFAv) profile and the vertical-to-horizontal
(PFAv/PFAm) ratio were drawn for each node. The Peak Floor Acceleration (PFA) demand to
Peak Ground Acceleration (PGA) ratio is referred to as the normalized Peak Floor

Acceleration.

3.2 General assumptions of the study

3.2.1 Description of selected archetype buildings

In this study, 3, 6, 9, and 12-storey archetype reinforced concrete office buildings with
moderately ductile moment-resisting frame systems were designed according to current
provision of the NBC (NBC, 2015a) and CSA-A23.3-14 (CSA-A23.3, 2014) standard, with an
overstrength force modification factor, Ro, equal to 1.4 and a ductility-related force

modification factor, R4, equal to 2.5. A regular symmetrical plan with three-by-three 7.0 m
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spans in each direction, a finished typical floor height of 3.0 m, and a 140 mm RC slab floor
system were considered for all the buildings, as shown in the elevation and plan views in Figure
3.1. The selected buildings were supposed to be located in Montreal on very dense soil known
as Site Class C according to the soil classification and criteria specified in NBC 2015, with an
average shear wave velocity between 360 and 760 m/sec. The Montreal uniform hazard
spectrum corresponding to Site Class C, with a 2475 return period at a 5% damping ratio, was

used to design the buildings.
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Figure 3.1 Plan and elevation views of the archetype RC moment-resisting frame buildings
used in this study

The input information, including material properties and the gravity load types of the different
floors, are presented in Tables 3.1 and 3.2, respectively. 3D finite element models of the
buildings were generated using the ETABS software (CSI, 2017). The diaphragm on all floors
was modelled using 500 x 500 mm meshes with finite element shells to account for their in-
plane stiffness in the horizontal direction and out-of-plane flexibility in the vertical direction.
For all the models, classical Rayleigh damping with a ratio of 5%, which is applicable for RC

buildings, was considered. This value is generally assigned to the fundamental mode and to



63

the higher modes where the total effective mass participation is over 95%. For the vertical

direction, a damping ratio of 5% was also considered.

Table 3.1 Material properties of the selected buildings

Material Material Parameter Values Used Units
Mean compressive strength, fen 35 N/mm?
Weight per unit volume, W, 24 kN/m’

Concrete ..
Modulus of elasticity, E. 30.5 kN/mm?
Crushing strain, & 0.003 -—-
Yield strength, £, 400 N/mm?

Steel Ultimate strength, f; 440 N/mm?

Young's modulus, E; 200 kN/mm?
Ultimate strain, &, 0.002 -—

Table 3.2 Load types and values used for the buildings design

LB WRMf WFIMrS Wmechanical WPartitions WL, Roof WL’ WSnow WExt. walls
Type Finishing Finishing Floors

Amount 1.2
(kPa) 0.7 0.5 0.5 1.0 1.0 2.4 2.48 KN/m

All elements were modelled with the effective stiffness, Eley, as a fraction of the gross stiffness,

Elg, as suggested in CSA-A23.3-14, with modifiers equal to 0.40, 0.70, and 0.20 for the beams,

columns, and slabs, respectively. The obtained optimum cross-sectional dimensions (in mm)

of the structural elements are presented in Tables 3.3 and A II-1 to A 1I-16 in Appendix II.

Table 3.3 Cross-sectional dimensions of the buildings’ elements

Structure Columns Beams (bxh)
Reference | ypternal External | X-direction Y-direction
3-storey 400%400 400x400 350400 350x400
6-storey 600x600 600600 400x600 400%600
9-storey 700x700 700x700 500%650 500%650
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12-storey 800%800 800x800 600%750 600x750

As shown in Table 3.4, the buildings' fundamental lateral periods, resulting from modal
analysis, increase with the number of floors or height of the building. Their values are greater
than those obtained using the NBC equations for low-rise buildings (3- and 6-storey), while
they exceed the NBC values for medium-rise buildings (9- and 12-storey). In contrast, the
variation in the vertical period is very negligible. Therefore, it can be concluded that the
vertical period for RC moment frame buildings is a function of the floor system type, i.e., slabs
and beams, rather than the number of storeys, which complies with observations resulting from

the studies conducted by Papazoglou & Elnashai (1996) and Lee et al. (2013).

Table 3.4 Fundamental horizontal and vertical periods of the buildings

NBCC 2015:
Building | 7, = 15 % 0.075(h)"" g B
(sec) (sec) (sec)
3-Storey 0.59 0.87 0.31
6-Storey 0.98 0.97 0.30
9-Storey 1.33 1.23 0.30
12-Storey 1.65 1.32 0.29

The lateral and vertical mode shapes for the exterior frame of the buildings are shown in
Figures 3.2.(a) and 4.2.(b), respectively. Obtained results indicate that the slab response due to
vertical vibration is mainly dominated by a single vertical mode on rooftops, which is similar
to the results obtained by Pujols & Ryan's (2018) experimental tests performed on a 5-storey

steel moment-resisting frame structure.
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3.2.2

Selection of input ground motions

Figure 3.2 Fundamental lateral and first vertical mode shapes of the exterior frames

A suite of 65 sets of ground motions resulting from 31 strong near-field earthquakes that

occurred worldwide was selected according to the following criteria:

Earthquake magnitude, Mw, greater than 5.5 (5.5 < Mw < 8.0);
Recorded at Site Class C (360 m/s < Vs30 < 760 m/s);
Distance to the fault is less than 25 km (0.0 < Rryp < 25 km) (near-field);

Peak ground vertical acceleration (PGAuver) is greater than 0.25 g (PGAver > 0.25 g);
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- Fault mechanism (FM): Strike-Slip (SS), Reverse (RV), Reverse Oblique (RVO),
Normal (N), Normal Oblique (NO).

The horizontal and vertical time history records retrieved from the Pacific Earthquake
Engineering Research Center website (PEER-NGA, 2018) are presented in Table-A V-1
(Appendix III).

Each set of records consists of three orthogonal components, two in the horizontal direction
and one in the vertical direction. Since two horizontal acceleration records are available for
each set, the horizontal components' geometric mean is used to get a single horizontal Peak
Ground Acceleration (PGAnor), as shown in Equation 3.1. In this equation, Hi and H»

correspond to the two orthogonal directions of the horizontal PGA components:

This method was recommended in ASCE/SEI 7-16 (2017) and by several researchers (Acerra
et al., 2004; Picozzi et al., 2005; Campbell & Bozorgnia, 2007; Haghshenas et al., 2008;
Stewart et al., 2011; Albarello & Lunedei, 2013; NBC, 2015b). Since the correlated horizontal
ground motion records have one rotation angle equal to or close to zero, the maximum value
may not be a strong function of the component correlation form. On the other hand, the
minimum horizontal spectral values could occur over a limited range of the rotation angles and
will be a strong function of the correlation form. Thus, any fractal measurement represented
by the geometric mean value could be closer to the maximum than to the minimum value

(Boore et al., 2006).

The corresponding acceleration response spectra for both horizontal and vertical components
of the selected seismic records are shown in Figure 3.3, where the gray curves represent the

Pseudo-Spectral Acceleration (PSA) for each single record, and the red curves shown are the
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median spectra. Also, the 16 and 84 percentiles of the spectra are represented in dashed line

curves, individually.
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Figure 3.3 Pseudo-Spectral Acceleration of the horizontal and vertical seismic motion
records with 5% damping ratio

3.3 Parametric study and discussion of the obtained results

To investigate the effects of building filtering on the amplification of the vertical earthquake
component, as compared to the horizontal component and compute the PFAv/PFAH ratio, the
archetype buildings were subjected to the time history acceleration records described in the
previous sections. A series of critical nodes were considered on the beams and slabs of the RC
floor system at all floor elevations, as illustrated in Figure 3.4. Specifically, the nodes were

selected at the center of the slabs (S1, Sz, and S3) and the at the middle and quarter point of the

beam spans (BL, Bm, and Br).
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Figure 3.4 Selected critical nodes on the beams and slabs

3.3.1 Effect of location and height variation on amplification of PFA

In this section, the amplification or attenuation of the horizontal and vertical PFA through the
height of each building was investigated separately. Individual, median, 16", and 84%
percentile results are shown in Figures 3.5 to 3.12. Since diaphragms above ground level are
rigid in the horizontal direction, a single horizontal peak floor acceleration value can be

concluded for all nodes of a typical floor.
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3.3.1.1 Normalized Horizontal Peak Floor Acceleration profiles

The normalized horizontal Peak Floor Acceleration profiles, PFAn, along each building height
are presented in Figure 3.5. The gray lines represent the results of the 65 pairs of horizontal
components computed as the geometric mean values. The bold and dashed lines constitute the
computed median, 16™, and 84 percentile values. In addition, the obtained median normalized
PFAm values and their corresponding 84 percentile values (median + standard deviation) are

presented in Table 3.5 for the selected buildings.

As presented in Figure 3.5.(a), a linearly increasing median PFAn was obtained for the 3-storey
building, with an amplification of 40% at the rooftop. The median normalized PFAn profile
for the 6-, 9-, and 12-storey buildings presented in Figures 3.5.(b), 3.5.(c), and 3.5.(d) display
an oscillating wave with no amplification along the height, except at the rooftop, where a 44%,

40%, and 34% amplification was respectively obtained.

The obtained results were compared to recommendations provided in NBC 2015 and
ASCE/SEI 7-16 (2017), as given in Equation 3.2. This equation shows a linear relationship
proportional to the location of the component, 4, relative to the height of the structure, /4», with

a maximum value of 3.0 at the rooftop.

A, =1+ 2h,/h, (3.2)

On the other hand, the results were also compared to the Applied Technology Council (ATC,

2018) provision based on observations from instrumented buildings, as given in Equation 3.3.

rors =1 +min{Yy 2k (", ) mar{[1- (04 Y] o] ()" 63
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where 7. is the fundamental period of the building, which is computed from Equation 3.4

specified in the ASCE/SEI 7-16 (2017).

T, = Cihy; (3.4)

Values of 0.0466 and 0.9 are assumed for the coefficients C: and x, respectively, in the RC

moment-resisting frame buildings.

In general, NBC 2015, ASCE/SEI 7-16, and ATC 2018 yield overly conservative results,
especially for low-rise buildings. However, the results of the NBC 2015 and ASCE/SEI 7-16
show a linear and constant amplification for all buildings. Compared to the results of this study,
it can be concluded that the amplification profiles of NBC 2015 and ASCE/SEI 7-16, shown
in Figure 3.5, are exaggerated, especially for the mid-rise buildings. On the other hand, it can
be seen that the ATC 2018 gives more reasonable results than the other mentioned codes,
especially for mid-rise buildings. However, it still gave a very conservative result for the 3-
storey building, even as compared to NBC 2015 and ASCE/SEI 7-16 (2017). The ATC 2018
profile almost coincides with the results obtained for mid-rise buildings, and is relatively
conservative on the upper floors, while ASCE/SEI 7-16 and NBC 2015 show excessive results

for all floor levels.

In view of the above results, an amplification profile which linearly increases from 1.0 at the
ground level to 1.5 at the floor before the rooftop was proposed, and then a constant factor of
2.0 at the buildings’ rooftops was deemed adequate, covering the 84 percentile values. To this

end, the relationship presented in Equation 3.5 can be provided:

1+405——,
Ax = hn—l

2, Rooftop

0<x<n-1 (3.5
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where 7 is the number of the building floors, 4x is the height from above the base to level x,

and /. is the total height of the building.



s3urp[ing A2103s-71 (p) pue ‘A2103s-¢ (9) ‘A21035-9 (q) ‘A21038-¢ (®)
ur JOO[J 9Y} JO SOpoU [[ 18 Hy Id Pazijewiou oY) Jo saqiyoid pasodoiq ¢ ¢ ain3i

72

Bvod /Hrdd Byod /%vdd Byod /Hydd Byod /#vad
pes0dolg ———— SE € STTSTTSOO0 SEESTTSTTSOO SEESTTSTITSOO SEESTTSTTSOO
0 0
ST0TOLY -=-~-~
91-L TASHDSY 7o 7o
¥ STI0TOAN ===~
0 0
[AWRORd 8 o
AMIRIR QYT -~~~ 90 90
JM[EA UBIPIJ] =———m 80 g0
Prody I[Bmg . .
I ! 00°0
60 80 80°0
L60 080 LT°0
el 860 70 I I 000
[4AN¢ 860 €0 160 780 7o
STl ¢80 oo FIT ¥6°0 o
or't 8L°0 0&°0 9t'l €01 £€0 I I 000
0T'1 880 8¢°0 Se'l 60 Laal) 060 8L0 LT0
611 L80 L9°0 9t'l 680 950 ¥T1 L60 £€0
or't 9L0 L0 eel 60 L9°0 evl 601 050 I I 000
PI'T $9°0 £8°0 171 080 8L0 YA 80 L9°0 9¢'l 1071 ££0
05T 960 60 oF'l £8°0 680 Pl 080 £8°0 651 LT1 L90
131 el 00°T £0T 0F'1 00°T L61 LA 00T LTT LET 00T
MUINIJ anjen QUG anep UG anjep QUG anjep
oy wapepy | MERE ois  wpapy | JEPH ors  wepapy | ERH ors  wepay | VUBPH
Laa0ys-71 pRzEmLIoN £3103s-¢ PIzIELION Aa103s-9 PIZIERLION Aa10)s-¢ PIZBULION

sopou 3uIp[ing 9y} Jo Hy I POZI[ewIou Jo sanjeA d[1uao1ad Y8 pue uerpow payndwo)) ¢ ¢ 9[qe].



3.3.1.2

The following sections will discuss the median and 84" percentile values of the normalized

PFAv profiles for each building at selected nodes.

3.3.1.2.1 The 3-storey building

A significant acceleration amplification through the height was observed at the slab nodes

(Table 3.6 and Figure 3.6), especially at the center of the interior slab, S3, where a rooftop

Normalized Vertical Peak Floor Acceleration profiles

amplification of 5.8 (84™ percentile) was reached, almost twice the value obtained at node S1

(2.81). The acceleration amplification increases linearly until the first floor, and then remains

almost constant up to the rooftop.

Table 3.5 Normalized median and 84" percentile PFAv values at slab nodes of the
3-storey building

. S1 S2 S3
Normalized - o - ™ - ™
Height Median 84 Median 84 Median 84
Value Percentile Value Percentile Value Percentile
1.00 2.18 2.81 2.73 3.70 3.96 5.82
0.67 2.34 2.97 2.80 3.79 4.45 5.79
0.33 2.23 291 2.78 3.72 4.22 5.66
0.00 1 1 1 1 1 1
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Figure 3.6 Profiles of the normalized PFAv at the center of the slabs of
the 3-storey building

As for the considered nodes for the beams, shown in Figure 3.7, a slight amplification based
on the computed 84" percentile PFAv was observed at nodes of beam B4 (B4., B4wm, and M4r)
and at the middle of beam B3 (B3wm), while the other beam nodes were not subjected to

acceleration amplification (Table 3.7).



Table 3.6 Normalized median and 84" percentile PFAv values at beam nodes of the
3-storey building

75

Normalized B3 D B3r
Height Median 84th . Median 84th . Median 84t .
Value Percentile Value Percentile Value Percentile
1.00 0.81 1.02 0.87 1.20 0.81 0.94
0.67 0.84 1.00 0.94 1.19 0.84 1.02
0.33 0.83 1.00 0.89 1.15 0.84 1.00
0.00 1 1 1 1 1 1
Normalized B B Bdr
Height Median 84 . Median 84t . Median 84t .
Value Percentile Value Percentile Value Percentile
1.00 0.94 1.23 1.23 1.69 0.94 1.23
0.67 0.89 1.13 1.24 1.56 0.89 1.13
0.33 0.92 1.12 1.17 1.54 0.92 1.12
0.00 1 1 1 1 1 1
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Figure 3.7 Profiles of the normalized PFAv for the considered beam nodes of the
3-storey building




3.3.1.2.2 The 6-storey building

As presented in Table 3.8 and Figure 3.8, the amplification of vertical acceleration for the node
at the center of the corner slab, S1, was reduced as compared to the 3-storey building, and a

constant normalized median PFAv equal to the unit value through the building height was

obtained. However, the 84" percentile values from 1.20 to 1.34 show that an amplification can

still be considered for this node. As mentioned earlier, a greater amplification is noted among

the nodes at the center of the interior slab, S3, than on other floor nodes, 3.30 times the values

at node S1.

Table 3.7 Normalized median and 84™ percentile PFAv values at slab nodes of the
6-storey building

. S1 S2 S3

Normalized ) b : . . o

Height Median 84! Median 84 Median 84

Value Percentile Value Percentile Value Percentile

1.00 1.00 1.31 1.45 1.92 3.30 4.21
0.83 1.02 1.34 1.51 2.11 3.55 4.66
0.67 1.00 1.29 1.46 2.02 3.47 4.47
0.50 0.99 1.27 1.43 1.97 3.43 4.44
0.33 0.99 1.24 1.39 1.92 3.38 4.33
0.17 1.00 1.20 1.34 1.84 3.30 4.22

0.00 1 1 1 1 1 1
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Figure 3.8 Profiles of the normalized PFAv at the center of the slabs of the 6-storey building

No significant changes in acceleration were found on the beams for the considered nodes.
However, a very slight amplification of vertical acceleration was noted on the mid-beam nodes
of the interior frame, B4, which for the node at the middle of the beam, B4wm, was a little greater

than for the side nodes, B4L and B4g, as presented in Table 3.9 and illustrated Figure 3.9.
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Table 3.8 Normalized median and 84" percentile PFAv values at beam nodes of the

6-storey building

) B4, B4y B4r
Normalized . N . o . o
Height Median 84¢ Median 84 Median 84
Value Percentile Value Percentile Value Percentile
1.00 1.04 1.08 1.08 1.14 1.04 1.08
0.83 1.03 1.06 1.07 1.11 1.03 1.06
0.67 1.04 1.06 1.07 1.12 1.04 1.06
0.50 1.03 1.06 1.07 1.11 1.03 1.06
0.33 1.03 1.06 1.07 1.11 1.03 1.06
0.17 1.04 1.06 1.07 1.11 1.04 1.06
0.00 1 1 1 1 1 1
1 T 1 —-
(B4y, & Big) (Bdyp) {
0.8 0.8 Single Record
_ 0.6 0.6 —— Median Value
. . 16th Percentile
0.2 0.2
/ S4th Percentile
” 0.8 0.8 1 1.1 12 ” 0.8 0.9 1 1.1 1.2
PFAy/PGAy PFAy/PGAr

Figure 3.9 Profiles of the normalized PFAv for the considered beam nodes of the
6-storey building

3.3.1.2.3 The 9-storey building

In this building, the computed median normalized PFAv at the slab nodes, shown in Table 3.10

and Figure 3.10, represents no amplification at node S1 and a slight amplification at node S2,

while a significant amplification is still observed at node S3. The amplification of 3.2, 1.5, and
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1.10 through the computed 84" percentile could be considered for nodes S3, S2, and S1,

respectively.

Table 3.9 Normalized median and 84" percentile PFAv values at slab nodes of the
9-storey building

Normalized 81 B2 83
Height Median 84th Median 84th Median 84th
Value Percentile Value Percentile Value Percentile
1.00 0.92 1.11 1.10 1.44 2.56 3.11
0.89 0.92 1.11 1.17 1.47 2.67 3.24
0.78 0.93 1.11 1.19 1.51 2.71 3.28
0.67 0.93 1.10 1.17 1.49 2.68 3.22
0.56 0.92 1.09 1.16 1.48 2.67 3.20
0.44 0.92 1.09 1.14 1.47 2.64 3.17
0.33 0.92 1.08 1.12 1.45 2.62 3.13
0.22 0.92 1.07 1.10 1.42 2.59 3.08
0.11 0.92 1.04 1.04 1.26 2.13 2.46
0.00 1 1 1 1 1 1
1 1 1 I
(S1) (52) X (53)
0.B 0.8 0.8
0.6 0.6 0.6
0.2 0.2 0.2
. l . B
0 1 2 4 0 1 2 3 a 1 2 3 4
PFJ‘.{IPGAI' PF}_{IPGAI' PFJ‘.{IPGAI'
Single Record ——DMedian Value 16th Percentile 84th Percentile




Figure 3.10 Profiles of the normalized PFAv at the center of the slabs of the
9-storey building

Accordingly, there was no amplification of vertical floor acceleration at the beam nodes of this
building, except at the mid-span beam of the interior frame, as shown in Table 3.11 and Figure

3.11, where a very low amplification was seen for the side (B4L, B4r) and mid-span (B4m)

nodes.

Table 3.10 Normalized median and 84" percentile PFAv values at beam nodes of the
9-storey building

X B4, B4y B4gr
N"}"I‘;‘i;lﬁfed Median 84" | Median 84" | Median 84
Value Percentile Value Percentile Value Percentile

1.00 1.02 1.04 1.04 1.07 1.02 1.04
0.89 1.02 1.03 1.04 1.06 1.02 1.03
0.78 1.02 1.03 1.03 1.06 1.02 1.03
0.67 1.02 1.03 1.04 1.06 1.02 1.03
0.56 1.02 1.03 1.04 1.06 1.02 1.03
0.44 1.02 1.03 1.03 1.06 1.02 1.03
0.33 1.02 1.03 1.03 1.06 1.02 1.03
0.22 1.02 1.03 1.03 1.06 1.02 1.03
0.11 1.01 1.02 1.02 1.04 1.01 1.02
0.00 1 1 1 1 1 1
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Figure 3.11 Profiles of the normalized PFAv for the considered beam nodes of the

3.3.1.2.4 The 12-storey building

9-storey building

For this building, the amplification of vertical acceleration was only observed at the center of

the interior slab, S3, as illustrated in Figure 3.12. According to the computed 84" percentile,

presented in Table 3.12, an amplification of 35% could be observed along the building’s floors.

On the other hand, no amplification of vertical acceleration was found for the other nodes.

Table 3.11 Normalized median and 84" percentile PFAv values at slab nodes of the

12-storey building

Normalized S1 52 53
Height Median 84th Median 84th Median 84t
Value Percentile Value Percentile Value Percentile
1.00 0.84 0.96 0.84 0.95 1.24 1.35
0.92 0.82 0.98 0.83 0.98 1.24 1.36
0.83 0.82 0.98 0.83 0.98 1.24 1.36
0.75 0.83 0.98 0.83 0.98 1.24 1.36
0.67 0.83 0.98 0.83 0.98 1.24 1.35
0.58 0.83 0.98 0.83 0.98 1.24 1.35
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0.50 0.83 0.98 0.83 0.98 1.23 1.34
0.42 0.83 0.98 0.84 0.98 1.23 1.34
0.33 0.84 0.98 0.84 0.98 1.22 1.33
0.25 0.84 0.98 0.84 0.98 1.22 1.32
0.17 0.85 0.98 0.85 0.98 1.21 1.31
0.08 0.85 0.98 0.85 0.98 1.21 1.30
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Figure 3.12 Profiles of the normalized PFAv at the center of the slabs of the
12-storey building

3.3.2 Proposed PFAv demands in the selected buildings

The predicted normalized PFAv for the slabs (continuous lines) illustrated in Figure 3.13 shows
that the amplification linearly decreases as the building height increases. The profiles presented
indicate how important it is to consider the vertical component of near-fault strong-motion

earthquakes, especially in the case of low-rise buildings. Since an almost constant acceleration
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amplification was experienced along the floors of each building, the following relations
(Equation 3.6) as a function of the number of the building floors (n) could be used to estimate
the amplification of the vertical floor acceleration of the slabs denoted as Aver in the low- and

medium-rise buildings (dotted lines in Figure 3.13):

3.5—-0.2n, for the corner slab node (S1) (3.6)
Aper =14.5—0.3n, for the side slab node (S2)
7.5 —0.5n, for the interior slab node (S3)
As shown in Figure 3.13, the effect of the location variation on the floor is also quite evident.

The vertical acceleration gradually increases from the center of the corner slab, S1, to the side

slab node, S2, and then rises strongly to the center of the interior slab, S3.

Horizontal
—Vertical, 51
Vertical, 52

— WVertical, 83

PRA/PGA

3-Storey §-Storey 8-Storey 12-Storey
Buildings

Figure 3.13 Computed and suggested normalized PFAv profiles of the
slabs’ node demands and the normalized PFAn at the buildings’ rooftop
versus the number of floors per building

Compared with input horizontal ground acceleration on the floors, the results once again
illustrate the importance of considering the vertical component of earthquakes in shorter
buildings. Regarding the height effect investigation, the vulnerability of the low-rise buildings
is still quite evident, as shown in Figure 3.14 for the PFAv/PFAn ratio at the buildings’

rooftops. The sensitivity of the selected 3- to 9-storey buildings to the vertical ground motion
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for the node at the center of the interior slab, S3, is quite apparent and outclasses the horizontal

component of earthquakes as the ratio exceeds 2/3 in all cases.

(93]

PFRApPFAy

3-Storey §-Storey 9-Storev 12-Storey
Buildings

Figure 3.14 Profiles of the building height effect on PFAv/PFA# of the
slab nodes at the buildings’ rooftops

333 Dispersion of the normalized Peak Floor Acceleration

Since the seismic peak ground acceleration response can be approximated by a lognormal
distribution (Kupper, 1971), the record-to-record variability of the normalized horizontal and
vertical peak floor accelerations could be quantified through the unbiased estimator of
dispersion (Shome & Cornell, 1999). In order to validate the normalized horizontal, vertical,
and V/H peak floor accelerations, the dispersion measure, ¢, was computed according to the
provided standard deviation of the natural logarithms of the data presented in Equation 3.7

(Shome & Cornell, 1999).

1
I, (Inx; — In®)*]?

n—1

5= (3.7)
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According to the basic parameters of this study, » is the number of ground motion records
equal to 65, x; is the normalized peak floor acceleration (PFA) demand due to the ith record
calculated from PFA/PGA for each node, and x is the median or central value computed from

Equation 3.8 given in Shome and Cornell (1999).

- iziInx;
X = exp T (3.8)

In this regard, the dispersion was estimated at slab nodes of the 3- and 6-storey buildings
subjected to the 65 sets of time history acceleration recorded on Site Class C, as illustrated in

Figures 3.15 and 3.16, respectively.

As can be seen, the dispersion of normalized horizontal PFA is almost identical in all nodes
for each building. The maximum horizontal dispersion, du, of 0.44 was obtained on the top
floor of the 3-storey building. The corresponding maximum amount of 0.54 was observed on

the fifth floor of the 6-storey building.

The estimated dispersion ranges are 0.29 < du < 0.44 and 0.14 < du < 0.54 from the first level
to the rooftop of the 3- and 6-storey buildings, respectively, which corresponds to the

oscillation margin due to variability records observed in earthquake response analysis.

On the other hand, the maximum vertical dispersion, dv, of 0.42 for the interior slab node, S3,
of the 3-storey building, and 0.41 for the node at the center of the side slab, S2, of the 6-storey
structure, was observed for all floors. In the 6-storey building, there is generally a considerable
vertical dispersion for the nodes at the center of the slabs. Only a negligible dispersion of
around 0.03 was obtained for the beam nodes, as shown in Figure 3.16.(a). However, the
vertical dispersion in the 3-storey building is much more variable, ranging from 0.06 to 0.42,
which is more significant for the slab nodes and the interior frame than for other nodes, as

shown in Figure 3.15.(a).



87

A value of 0.38 was obtained for the PGAv/PGAH ratio dispersion, dy/, and the maximum
dispersion for the nodes at the 3-storey building rooftop ranged from 0.48 to 0.58, as shown in
Figure 3.15.(c). A maximum dispersion value of 0.7 was observed for the interior slab node
for the fifth floor of the 6-storey building, as shown in Figure 3.16.c. The dispersions are almost

identical for the other nodes through the building height.
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Figure 3.15 Dispersion of the normalized a) vertical, b) horizontal, and c) PFAv/PFAn
of the 3-storey building
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Figure 3.16 Dispersion of the normalized a) vertical, b) horizontal, and c) PFAv/PFAn
of the 6-storey building

3.4 Summary and conclusion

In this study, the horizontal and vertical Peak Floor Acceleration, PFAn and PFAv, normalized
with respect to the corresponding Peak Ground Acceleration, PGA, were quantified in four
typical elastic low- and medium-rise multi-storey RC moment-resisting buildings. The
archetype structures were supposed to be located in Montreal on a Site Class C and designed
based on NBC 2015 and CSA-A-23.3-14 provisions. The buildings were subjected to 65 sets
of time history accelerations recorded on Site Class C that were selected from 31 strong
earthquakes based on specific criteria. The absolute peak floor accelerations were statistically

assessed along the building heights for the nodes at the center of the slabs and at the beams'

spans.

Significant amplifications of PFAv through the building height were observed, with a

downward trend at the center of the interior (S3), side (S2), and corner (S1) slabs. Also, an
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almost constant amplification was generally observed through the height of the buildings. In
contrast, practically no amplification was seen on the beam nodes for the exterior frame of the
buildings, except in the case of the 3-storey building top floor, where an amplification of 23%

was reached at the mid-span of the interior frame beam.

Results show that the normalized PFAv decreases as the structure's height increases along the
beam span or at the slab bay. In this regard, the median normalized PFAv at the rooftop interior

slab ranged from 4.45, for the 3-storey building, to 1.24, for the 12-storey building.

On the other hand, the normalized PFAn was assessed to emphasize how it differed from the
normalized PFAv demand as a function of the building height. A median amplification of
PGAumH, equal to 1.37, 1.44, 1.40, and 1.34, was found for the rooftop of the 3-, 6-, 9-, and 12-
storey buildings, respectively. This indicates that the linearly increasing NBC 2015 profile

resulting in an amplification of 3.0 at the rooftop is too conservative.

The computed PFAv/PFAmn at the rooftop exceeds the empirical ratio of 2/3 proposed in NBC
2015 and decreases as the building height increases. From the-modal analysis perspective, very
little change was observed in the first computed vertical periods of the buildings. In contrast,
the first horizontal periods increase as the number of floors or height of the building increases.
Moreover, the obtained results highlight the importance of modelling assumptions associated
with the distribution of active seismic masses at floor levels since the amplification of vertical

accelerations is closely linked to the location within the floor.

The equations proposed in this study for both horizontal and vertical normalized PFA profiles
were calibrated according to the results obtained with relatively simple and regular building
models. Therefore, the equations herein must be further assessed before being applied in the

design.
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Abstract

To examine how floor spectral accelerations affect the design force of flexible Non-Structural
Components (NSCs), the present study discusses the estimation of floor response spectra
resulting from strong vertical seismic motion. 3-, 6-, 9- and 12-storey reinforced concrete
buildings with moderately ductile moment-resisting frame systems, designed in accordance
with the National Building Code of Canada (NBC 2015) were selected for this research. 65
sets of historical records relating to 31 severe earthquakes from across the world were used to
analyze the linear behavior of these structures. A constant amplification of the Vertical Floor
Spectral Acceleration (FSAv) was observed along the building height. This amplification was
noticeably elevated for slab nodes, especially at the center of the interior slab and in shorter
buildings. Furthermore, the vertical component of the earthquake had a greater impact at
shorter periods, since the maximum vertical acceleration occurred at periods lasting less than
0.35 sec. Finally, equations to estimate FSAv corresponding to the input vertical ground

acceleration were proposed for typical code-conforming RC frame buildings.

3 Manuscript Number: ENGSTRUCT-D-22-06744
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4.1 Introduction

Non-structural components (NSCs) constitute the highest cost element in a typical building.
Statistical reviews show that in the United States, they account for 82, 87, and 92 percent of
the total construction costs for offices, hotels and hospital buildings, respectively (Miranda &
Taghavi, 2003). Reports indicate that during earthquakes, while many structures are spared
from damage, NSCs generally lose their function either partially or entirely due to seismic
events (Filiatrault & Sullivan, 2014). During many strong earthquakes, including the 1988 Mw
5.9 Saguenay Earthquake (Mitchell et al., 1989), the 1994 Mw 6.7 Northridge earthquake
(McGavin & Patrucco, 1994) and the 2011 Mw 6.2 Christchurch Earthquake (Baird et al.,
2014), losses related to NSC damage were much higher than those associated with structural

damage.

The seismic performance of NSCs in a building is crucial for its post-earthquake operation and
function. Obtaining an accurate estimation of the NSC seismic design force is one of the most
important design factors allowing to ensure optimal NSC performance (Kehoe & Hachem,
2003). The design force of NSCs is primarily a function of their ductility and seismic demand.
The seismic demand for its part depends on ground motion features. These amplify the ground
motion at the location where the component is mounted and subsequently amplify the motion
of the NSCs due to resonance with the building at a certain period (Freeman, 1998). The floor
response spectrum, also known as the floor spectral acceleration (FSA), provides a reasonable
and accurate estimate of the non-structural design force (Kehoe & Hachem, 2003). For this
purpose, considerable effort is required to collect the appropriate acceleration time history
records for the time history analysis process (Freeman, 1998). Floor response spectra have
been used for the seismic design of NSCs as one of the critical facilities in nuclear power plants

(Gupta, 1984; Kehoe & Hachem, 2003).
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Recent studies have considered the horizontal seismic response estimation of NSCs, including
Taghavi and Miranda (2012), Medina (2013), Petrone et al. (2016), Asgarian (2017), Anajafi
and Medina (2018), Kazantzi et al. (2020), Berto et al. (2020), and Filiatrault et al. (2021). On
the other hand, few studies have focused on the importance of the vertical acceleration
component along the building height and the vertical seismic response of floors; thus, the
vertical seismic design force of NSCs has been largely overlooked. Previously, it was assumed
that buildings were rigid enough in the vertical direction, and therefore, analysis of the vertical
acceleration response was ignored, even though there was concern that the out-of-plane floor
flexibility of floors could lead to resonance and significant amplification of spectral
acceleration (Pekcan et al., 2003; Lee et al., 2013). In fact, strong near-field earthquakes have
larger peak spectral acceleration values in the period range of 0.3 to 0.7 sec (Mase et al., 2018).
It turns out that the fundamental period of low- and mid-rise buildings is often included in this
period range, and severe damages to the low- and mid-rise buildings were reported during the
Tarlay earthquake in Northern Thailand (Mase, 2020; Mase et al., 2021). However,
observations during the Northridge earthquake showed a considerable effect of vertical
accelerations on sprinkler systems, which were damaged or destroyed due to a lack of vertical

seismic design force prediction (McGavin & Patrucco, 1994).

Codes and standards have not fully addressed the vertical seismic force, and building analysis
against the vertical component of an earthquake, and their main focus remains on the impact
of horizontal seismic components. Likewise, Canadian codes and standards, such as NBC
(2015) and CSA-S832 (2014), contain limited provisions related to the vertical seismic design
of NSCs; it is merely confined to the practical value of 2/3 for the vertical to the horizontal
spectral acceleration of ground motion, with the recommendation that all NSCs and their
connections must be designed to resist a vertical seismic force. Therefore, in the absence of
detailed data on vertical accelerations for the considered site, a vertical seismic force equal to

2/3 of the horizontal one could be regarded as (CSA-S832, 2014).
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In the Canadian code (NBC 2015) and American standard (ASCE/SEI 7-16), almost the same
path is proposed to calculate the lateral seismic design force of NSCs. The only difference is
that there is no relationship or ratio for the vertical acceleration of the floor in ASCE/SEI 7-
16. On the other hand, applying a V/H ratio of 2/3 to obtain the vertical acceleration of the
floor can still be considered in NBC 2015. The seismic design procedure for the lateral force
of NSCs prescribed in NBC 2015 pointed to the spectral response acceleration value at 0.20

sec, which shows the importance of the acceleration at this period.

In ASCE/SEI 7-16 (2017), a constant vertical seismic design force equal to 0.2SpsWp, is
suggested for components located above ground level. Here, Sps is the short-period site-
specific design response spectral acceleration, and Wy is the component weight. The floor
response spectrum can be used as a basis for determining the horizontal seismic design force
for NSCs by multiplying the acceleration by the component weight, Wy, and the Importance
Factor, Ip, and then dividing the product by the response factor, Rp, (ASCE/SEI 7-16, 2017).

In a study by Pekcan et al. (2003), the generated horizontal and vertical floor acceleration
spectra for two existing elastic reinforced concrete (RC) buildings (5 and 8 storeys) subjected
to near-fault strong ground motions led to a significant amplification of the vertical
acceleration, which exceeded the horizontal acceleration due to the out-of-plane flexibility of
the floor systems, especially at the short period range of 0.1 to 0.15 sec. Furthermore, the
obtained vertical pseudo-spectral acceleration of the floors for the two buildings showed a
significant acceleration at shorter periods that reaches a value of approximately 12.0g ata 0.15

sec period.

In the study by Wieser et al. (2012), the floor slab systems in four steel moment-resisting frame
buildings (a 3-storey office, a 3-storey hospital, a 9-storey office, and a 20-storey office
building), with fundamental vertical periods of 0.33 sec to 0.07 sec. The incremental dynamic
analysis method was used to evaluate the floor response of these buildings subjected to sets of

records from 21 ground motions. The normalized vertical floor acceleration spectra were
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compared at each of the buildings’ floor columns and open-bay locations. It was shown that
the columns only contributed to the transmission of vertical acceleration from the ground to
the upper floors of the building, and a minor effect on the vertical floor acceleration was
observed in the beam-column connections. However, a noticeable amplification in vertical
acceleration was also observed at the open-bay location of the floors. This influence indicates
what is up to a four-fold increase in the vertical acceleration at the open-bay locations versus
that at the column joints. It is worth noting that greater amplification was obtained at the open-
bay nodes for the shorter buildings compared to the taller buildings. Moreover, it was
concluded that the vertical acceleration of the NSCs depends on their fundamental periods as
well as on their locations on the building floor plan. Furthermore, it is independent of the

relative height of the building, structural period, and level of ductility.

In an E-Defense test by Ryan et al. (2016), the seismic response of a full-scale 5-storey fixed
base, steel moment-resisting frame building, including a suspended ceiling-partition wall-
sprinkler piping system, was critically assessed. As a result, a single vibration mode with
periods ranging from 0.07 to 0.13 sec was acquired for the floor slabs. Also, the vertical
spectral acceleration was amplified by an average value ranging from 3.0g to 6.0g from the

shake table to the center of the floor slab, which significantly damaged the mentioned NSCs.

The present study investigated the vertical response of NSCs’ demands on reinforced concrete
moderately ductile moment-resisting frame buildings. The research was thus conducted by
evaluating the vertical floor spectral acceleration (FSAv) in 3-, 6-, 9-, and 12-storey RC
archetype buildings located at Site Class C (Montreal), designed according to NBC 2015 and
CSA-A23.3 (2014). An elastic analysis was conducted using a total of 65 vertical acceleration
time history records from 31 strong, near-field earthquakes around the world, recorded on Site
Class C. Next, the amplification of the vertical floor spectra through the height of the buildings,
as well as the fluctuations of the FSAv at the critical nodes of a floor, were assessed in order
to accurately demonstrate the effect of out-of-plane flexibility level of the RC floor systems on

FSAv. Finally, an estimation of the FSAv corresponding to the input vertical spectral
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acceleration of ground motion was proposed, and the results of this study were compared with

those used in the Codes and Standards.

4.2 Selection of ground motions

Sixty-five sets of ground motion records resulting from 31 strong near-field earthquakes
worldwide selected from the PEER-NGA Database (PEER-NGA, 2018) were used for this
study. Details of these records and the criteria for their selection are presented in a previous
study by Mazloom and Assi (2022). However, only the vertical time history records were taken

into account for the investigation of the vertical response time history analysis of the floors.

A statistical analysis of the records selected, accounting for the record-to-record variability of
ground motion sets in the forms of median spectra, of 16™ and 84™ percentiles, for a damping
ratio of 5%, were shown in Figure 4.1. A comparison of the horizontal and vertical response
spectra obtained allows to prove the importance of vertical spectral acceleration in the short-
period range. The computed median values of the ground response spectra indicate a maximum
vertical acceleration of 1.012g at the 0.0833 sec (12 Hz) period. On the other hand, a maximum
horizontal acceleration (1.33g) was obtained at the 0.20 sec (5 Hz) period in the horizontal

acceleration spectra.
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Figure 4.1 (a) Horizontal and (b) Vertical response spectra of the selected ground motion
records for the 5% damping ratio

Equation 4.1 presents a proposed relationship according to the median vertical response
spectra, Sver(T), as obtained from the input earthquakes of this study, and the corresponding

spectral curve is illustrated in Figure 4.2:

((1+225T)PGA, T <0.067sec (f = 15 Hz) 4.1)
2.5PGA, 0.067 < T < 0.125 (8 < f < 15 Hz)
GSAy = Sper(T) = i0.43 PGA,/T®®5  0.125<T <0.67 (4 < f <8 Hz)
0.4 PGA, /T T > 0.67 sec (f < 4 Hz)

where T and PGAv denote the period and vertical peak ground acceleration in seconds and g,
respectively. In the equation, the proposed ground spectral acceleration (GSAv) was
established based on the PGAv. It is worth noting that the maximum acceleration in the 0.067
to 0.125 sec period range is prescribed as 2.5 times that of the PGAv. Also, the effect of the

maximum acceleration at the shorter period range was shown, considering a period limit of

less than 0.67 sec (f>4 Hz).
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Figure 4.2 Proposed vertical response spectra of the selected ground motion
corresponding to 5% damping
4.3 Building selected for the analysis

The current study focuses on low- to mid-rise concrete buildings, which constitute the majority
of structures in Canada. Four moderately ductile RC moment-resisting frame models of 3-, 6-
, 9- and 12-storey structures located on very dense soil (Site Class C in NBC 2015) in Montreal,
designed according to the NBC 2015 and CSA-A23.3-14, were considered. All the buildings
have the same symmetrical floor plan, with a 3-span frame and 7.0 m span length to minimize

torsion effects.

All buildings have a finished floor height of 3.0 m, and a 140 mm RC slab floor system, as
illustrated in the elevation and plan views in Figure 3. Shell elements were used to model the
slab in order to account for out-of-plane flexibility in the vertical direction. The buildings were
modelled according to the effective stiffness suggested in the standard CSA-A23.3-14, with
the modifiers equal to 0.4, 0.70, and 0.20 for the beams, columns, and slabs, respectively. It is
worth noting that all beams were modelled and designed as T-sections. The optimal cross-

sectional dimensions (in mm) of the buildings’ frames are presented in Table 4.1. More detailed
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information about the design and analysis of these prototype frames can be found in the study

by Mazloom and Assi (2022).

Table 4.1 Cross-sectional dimensions of the buildings’ elements

Taken from Mazloom & Assi (2022)

Structure Columns Beams (bxh)
Reference Internal External  X-direction Y-direction
3-storey 400x400 400x400 350%400 350%400
6-storey 600x600 600x600 400x600 400x600
9-storey 700x700 700x700 500x650 500%x650
12-storey 800x800 800x800 600x750 600x750

As shown in Figure 4.3, the computed first vertical modal period of the building indicates
almost the same values for all selected buildings, with a slight increase seen as the height or
the number of floors decreases. This is consistent with the studies by Papazoglou & Elnashai
(1996) and Lee et al. (2013). Therefore, the floor system reveals a more essential role in

affecting the vertical mode of the structure than does the number of floors in the building.
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Figure 4.3 Plan and elevation views of the archetype RC moment-resisting frame buildings
used in this study, along with the vertical period of the structures’ first mode
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Comparing the vertical periods for the first 12 modes of the selected buildings, presented in
Table 4.2, shows close period values to the first 12 vertical periods of the floors in the first
modes. The results indicate that the building response due to vertical vibration is mainly
dominated by a single vertical mode of the floor, which is consistent with the results of the
experimental tests by Guzman Pujols and Ryan (2018) carried out on a 5-storey steel moment-

resisting frame structure.

Table 4.2 First 12 vertical periods of the selected buildings and floors

Mode 3-Storey 6-Storey 9-Storey 12-Storey Floors
1 0.31 0.30 0.30 0.29 0.29
2 0.30 0.29 0.29 0.28 0.26
3 0.30 0.29 0.29 0.28 0.26
4 0.28 0.29 0.29 0.28 0.24
5 0.27 0.29 0.29 0.28 0.22
6 0.27 0.29 0.29 0.28 0.22
7 0.27 0.26 0.29 0.28 0.21
8 0.26 0.24 0.29 0.28 0.21
9 0.25 0.24 0.29 0.28 0.18
10 0.23 0.23 0.25 0.28 0.12
11 0.22 0.23 0.25 0.28 0.12
12 0.22 0.23 0.25 0.28 0.11
4.4 Results of elastic Vertical Floor Spectral Accelerations

In this section, the responses of the floors subjected to vertical acceleration time histories were
computed for each building. Hence, the corresponding FSAv with a 5% damping ratio at each
floor was computed with respect to the ground motions selected as the input GSAv. The
obtained FSAv of the buildings’ floors are illustrated in Figures 4.4 to 4.7. The grey lines
represent the FSAv corresponding to the input of 65 records of past earthquakes, and the
computed median spectra, the 16" and the 84" percentiles (median + standard deviation), are
plotted in bold, continuous and dashed lines, respectively. It is worth noting that the response
spectra of the floors were measured at the center of the interior slab. The reason for this node
choice is based on the results obtained in the study by Mazloom and Assi (2022) and the

explanation in section 4.6.
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4.4.1 The 3-storey building

The FSAv obtained for each floor of the 3-storey building is presented in Figure 4.4. Maximum
accelerations of 10.97g and 11.74g were found on the FSAv curve for the first and second
floors, respectively, at the 0.21 sec period. In addition, the maximum value of 10.42g on the
FSAv curve was obtained for the rooftop at the 0.23 sec period. A nominal decrease in
acceleration is observed from the second floor to the rooftop, which can generally be ignored.
The obtained results indicate that the maximum accelerations correlate to the higher modes of
the floors. On the other hand, the first eight modes of the floors are almost close to each other
from the period 0.29 to 0.21 sec. Therefore, only one maximum acceleration value is observed
in the obtained curve. This is consistent with the results of the experimental study by Ryan et

al. (2016), which found that the slab vibrations were dominated by the single-mode response.
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Figure 4.4 Computed FSAv at the center of the interior slab of the 3-storey building

4.4.2 The 6-storey building

The obtained FSAv for the 6-storey building floors shown in Figure 4.5 indicate the maximum
acceleration of 5.75g to 6.22g at the 0.20 sec period for the 1% to the 5 floors of the building.

A negligible decrease in this maximum acceleration to a value of 6.15g at the 0.20 sec period
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can be observed on the building rooftop. As in the case of the 3-storey building, since the
modes are close to each other, only one maximum value (single peak) can be seen in the

spectral curves of the floors.
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Figure 4.5 Computed FSAv at the center of the interior slab of the 6-storey building

4.4.3 The 9-storey building

The FSAv presented in Figure 4.6 for the 9-storey building floors shows a constant
amplification at all floors relative to the ground level. The maximum vertical acceleration on

the FSAv curves from the 1 to the 8" floors was slightly amplified in the ranged values from
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3.74gto 4.21g at 0.20 sec. However, this amplification decreases around this period (0.21 sec)
to a value of 3.56g. It should be noted that the maximum vertical acceleration value occurred
at the same period as the 3- and 6-storey buildings, which corresponds to the higher modes

(modes 6 and 7) of the floor.
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Figure 4.6 Computed FSAv at the center of the interior slab of the 9-storey building
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4.4.4 The 12-storey building

The obtained results, illustrated in Figure 4.7, demonstrate that there is almost no amplification
of vertical acceleration for the 12-storey building relative to the input vertical spectral
acceleration at the base of the structure. Yet, the FSAv and the maximum values on these
spectral curves indicate that the acceleration is slightly higher than the ground acceleration, but
only in the 0.23 to 1.0 sec period interval. Two maximum peaks were observed along the
spectral curve of the floors. The first maximum vertical acceleration was seen at the 0.083 sec
(12 Hz) period, with a value of 0.76g to 0.80g. It should be noted that the maximum vertical
acceleration of the median input ground spectra was obtained at this period, with a value of
1.012g; therefore, a partial attenuation at this period can be concluded. Moreover, the second
maximum vertical acceleration of the floors was observed at about 0.26 sec (second mode of
the floor) with the same range values obtained for the first peak (0.76g to 0.80g). Therefore, it
can be concluded that the first and second peaks (maximum vertical acceleration on the FSAv
curves) correspond to the maximum acceleration of the ground and second vertical mode of

the floor.
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4.5 Conclusions on the amplification of median FSAv through the building height

The median floor spectra for each building obtained through the building heights and rooftops
are presented in Figures 4.8 and 4.9, respectively. It can be noted that there is a significant
amplification of vertical acceleration from the ground to the first level, with a constant
amplification continuing throughout the height of the 3-, 6-, and 9-storey buildings.
Conversely, the amplification of FSAv increases with a decrease in the structures’ height such
that no amplification is observed in the 12-storey building, so that upper floor levels experience
FSAy values, which are almost equal to the GSAv. This difference in acceleration can clearly
be seen in Figure 4.9, which can affirm the importance of considering the vertical component
of an earthquake in low-rise buildings, especially in connection with resulting non-structural

damage from more severe earthquakes.

A comparison among the floor acceleration spectra for each building shows that the more out-
of-plane flexible nodes of the shorter buildings impose larger vertical acceleration to NSCs
than taller buildings, which low- to medium rise buildings have a frequency synchronized with
the fundamental vertical frequency of the floor. In fact, a higher number of floors provides
more potential for out-of-phase interaction of floor vibrations, which acts as a tuned mass
damper (Wieser et al., 2012). Furthermore, it was evident that the vertical acceleration of the
ground motion is transferred to each floor of the building through the columns and walls that
are axially rigid. Hence, due to the high rigidity of the columns, the vertical acceleration of
each floor at the column joints on the floor is equal to the vertical ground acceleration. The
findings obtained in this study are consistent with the research work conducted by Reinhorn et

al. (2010) and Wieser et al. (2012).
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Figure 4.9 Comparison of the median FSAv of buildings’ rooftops at the
center of the interior slab

4.6 The effect of the mounting location on the floor plan

In this research, the amplification of the FSAv for the considered nodes on the floor, as shown
in Figure 4.10, was investigated for the 6-storey building rooftop. The results presented in
Figure 4.11 demonstrate a significant amplification of vertical spectral acceleration at the
center of the slabs. Nevertheless, the greatest amplification was observed at the center of the
interior slab, S3, and no amplification was observed for the nodes that were considered on the
beams and columns. Unlike the horizontal floor spectral acceleration, FSAn, which shows
almost the same spectral curve for all of the points on the floor due to the in-plane rigidity of
the floor systems, the spectral curve of the vertical acceleration spectra varies at each node of
the floors. Moreover, the spectra were amplified from rigid out-of-plane locations, close to the
columns, to more flexible out-of-plane locations, at the center of the slab bays and even at the
middle of the beam spans. Therefore, the importance of the out-of-plane flexibility effect for
the floors, especially in the slabs, is further highlighted here for the vertical acceleration of

ground motions.
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4.7 Proposed FSAy based on obtained results from the selected buildings

In this section, relationships were proposed to estimate the FSAv of the buildings according to
the number of floors and the input vertical ground acceleration. As explained in Sections 4.5
and 4.6, although for a specific node, similar vertical floor spectra can be defined along the
height of the building for all floors, a single spectrum cannot be specified for all points of a
floor. On the other hand, the buildings demonstrate different behaviors according to their
overall height. Therefore, they were divided into two categories to generate the vertical spectra
of the floors. Firstly, the relationship for the critical nodes of the buildings shorter than 12
storeys generally includes the nodes located at the center of the interior bays. The second
category is related to the other floor nodes of all buildings, typically related to the nodes located
far from the center of the slabs, and also for all the floor nodes of the buildings exceeding 12
storeys in height. The relationships corresponding to the first and second categories are
presented in Equations 4.2 and 4.3, respectively. By categorizing the period ranges, a sub-
equation was generated for each period range according to the available acceleration
amplitude. Each sub-equation was derived based on the best-fitting curve such that by entering
the period, the acceleration obtained for each building could be close to the unsmoothed curve.
Both the graphical and numerical fit results were examined to determine the best fit, and the
suitable trend on a scatter plot that matched the initial curve was selected. Linear, exponential

and polynomial trendlines were used to this end.

For the node at the center of the inner slabs, in buildings shorter than 12 storeys (n < 12) with

a 5% damping ratio:

(a-T + b) X PGAy, T <0.167sec (f = 6.0Hz) 4.2)
_ J(0.11a + 1.34) x S,,,(0.2) 0.167 < T < 0.25
FSAy =4 ve
—PGAy + Sy (T) T > 0.25sec (f <4.0Hz)

T4-
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For other nodes of the floor (except the center of the slabs) in buildings shorter than 12 storeys
(n < 12), and for all floor nodes of buildings taller than 12 storeys (n > /2) with a 5% damping

ratio:

Sper(T) T <£0.067sec (f = 15Hz) (4.3)
FSAy, = 2.5PGAy, 0.067 <T <0.25
17.4 X 1073PGA, /T? + S,er(T) T = 0.25sec (f < 4.0 Hz)

In these equations, a, b, and c are the fixed values obtained according to the number of floors,

n, for each building, through the proposed Equations 4.4 to 4.6.

a=225—-85Inn (4.4)

b =5.0-0.25n (4.5)
1 1

- _ (4.6)

=604 1633

The vertical floor spectral curves for all buildings derived from the proposed relationships were
presented separately for each building in Figure 4.12. Additionally, the proposed FSAv relative
to the proposed input GSAv are illustrated in Figure 4.13, which shows the spectral
amplification and effect of the building height. The obtained smooth FSAv curves show almost
the same spectral values in all buildings for periods longer than 0.67 sec. Finally, it should be
mentioned that the proposed FSAv equations were used according to the median spectral
curves calibrated to the results obtained in the considered typical regular buildings. Hence,
further analytical investigations in this field may be required for other building types in order

to confirm these relationships.
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Figure 4.12 Proposed FSAv for the calibrated results obtained for the considered building

types: (a) 3-storey, (b) 6-storey, (c) 9-storey, and (d) 12-storey buildings
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Figure 4.13 Proposed FSAv of this study for the selected buildings’ floors with
respect to the proposed GSAv

4.8 Parametric Validation of the Proposed Equations for FSAy

In order to validate the proposed FSAv equation for the flexible nodes, the FSAv of the 6-
storey RC moment resisting frame buildings with different spans length of 5.0, 7.0 and 9.0 m
were computed considering the four near-field strong earthquakes shown in Table 4.4.
Secondly, the effect of floor height was also investigated by comparing the FSAV of the

reference 6-storey building using floor heights of 3.0 m and 4.5 m shown in Figure 4.15.

The buildings were designed according to the procedure outlined in Section 4.3. The buildings'
plans with elevation views and their corresponding details of sections were shown in Figure

4.14 and Table 4.3, respectively.



114

& E w w -
® @ @ @ l
@ .-—F'.ﬂn—-.-—?.ﬂn—-.-—?.ﬂm—- T
2,2.2.9 i o F———1—1
® g @ TI = m g 2
@E $ & T B n B n
: &) B o o g i
&) t &) TI = i o ] T m <] <] x|

Figure 4.14 Selected 6-storey buildings with different span lengths to apply the proposed
FSAv equation

Table 4.3 Cross-sectional dimensions of the 6-storey buildings’ elements
with (a) 5.0 m, (b) 7.0 m, and (c) 9.0 m span lengths

Structure Columns Beams (bxh)
Reference Internal External X-direction Y-direction
a 450%x450 450%x450 350x450 350%450

600x600 600600 400x600 400x600
700x700 700x700 500x700 500x700

Table 4.4 Selected earthquake records for validating the proposed FSAv for the flexible nodes

ij Rrup Site PGAV

Earthquake Date Mw Station (km) (km) Class (g)

Friuli, Italy-01 1976/05/06 6.5 Tolmezzo 1497 15.82 C 0.28

Nahanni, Canada  1985/12/23  6.76 Site 1 2.48 9.6 C 2.28

Tottori, Japan 2000/10/06  6.61 SMNHO1 583 5.86 C 0.64
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Niigata, Japan 2004/10/23  6.63 NIG028 046  9.79 C 0.44
The results presented in Figure 4.15 show that peak spectral values decrease with an increase

in span length. Multiple vibration modes contributed to the floor response in building with
larger spans length, as demonstrated by the multiple peaks in the FSAv profile, were
concluded. In this case, the period interval of successive modes increases, so the maximum
acceleration values also decrease. Moreover, the obtained FSAv profiles from the proposed

equation, for the flexible nodes, in all considered cases show an almost perfect match with the

selected earthquakes.
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Figure 4.15 Obtained FSAv from the proposed and considered input time-history
acceleration for 6-story buildings with (a) 5.0 m, (b) 7.0 m, and (c) 9.0 m span lengths

Moreover, to assess the effect of the floor height, the 6-storey building with the span length of
7.0 m was redesigned for the same building plan but with a finished height of the floors equal
to 4.5 m. The elevation views and section details of considered buildings are given in Figure
4.16 and Table 4.5, respectively. For this purpose, the same four earthquake records presented

in Table 4.4 were selected as the input vertical acceleration time histories.
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Figure 4.16 Selected 6-storey buildings with different floors height

Table 4.5 Cross-sectional dimensions of the 6-storey buildings’ elements
with (a) 3.0 m and (b) 4.5 m floors height

Columns Beams (bxh)
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Internal External X-direction Y-direction
Reference
a 600x600 600x600 400%x600 400%x600
b 700x700 700x700 500x700 500x700

The results indicate that changing the height of the floors does not affect the vertical spectral

accelerations of the floors, as illustrated in Figure 4.17.
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Figure 4.17 Comparison of the obtained FSAv for two 6-storey buildings with different

heights of the floors (a) 3.0 m, and (b) 4.5 m
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4.9 Comparison of proposed FSAv with AC 156 provisions

The results obtained from this study were compared with those obtained through the AC 156
(2010) equations used to derive horizontal and vertical floor spectral accelerations. Generally,
the solutions referenced in the provisions to obtain the vertical spectral acceleration of the
floors and seismic design force are based on the assumption of rigid floors at all mounting
locations (Wieser et al., 2012). While this assumption is only valid for the nodes near columns
and shear walls, which is not suitable for the nodes that can vibrate freely in the vertical

direction, such as the nodes located at the center of a slab.

The method suggested in AC 156 provisions, known as the Required Response Spectrum
(RRS), generates the seismic design force of NSCs according to the minimum requirements
for the seismic qualification shake table test. The method presented in this standard is
applicable for NSCs with a fundamental period of less than 0.75 sec, and is presented in

Equation 4.7, for the horizontal and vertical RRS, as illustrated in Figure 4.18:

(2_00% , —(2-29%, T <0.12 4.7
0.675
(0.1 + T) AFLX T 2 0.75

where T is the period, ArLx and AriG are the horizontal spectral acceleration for the flexible
and rigid components, respectively, and are defined by Equations 4.8 and 4.9 in the horizontal
direction. It should be noted that the value of ArLx is limited to a maximum of 1.6 times the

Sps.
AFLXH = SDS (1 + 23) (48)
’ H

Z
Apign = 04Sps (1+27) = 0.44pxm (4.9)
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Also, these equations could be applied to the corresponding ArLx and Aric in the vertical
direction. The difference is that in the vertical seismic design force of NSCs proposed in
ASCE/SEI 7-16 (2017), no amplification of acceleration is considered for the vertical response.
Therefore, z may be taken as zero, and as a result, Equations 4.10 and 4.11 could be presented

for the vertical spectral acceleration of the flexible and rigid components:
2

AFLX,V = §AFLX,H (4.10)
2
Agigy = §ARIG,H = 3 X 0.4ApLx 1 (4.11)

— FSAy

Floor Spectral Acceleration (gl

: :E'LFI_‘{H

0YAm x v

0 2 4 & 8 10

Tisec)

Figure 4.18 Horizontal and Vertical Required Response Spectrum (RRS)
for the components at a 5% damping ratio

Taken from AC 156 (2010)

Figure 4.19 presents a comparison of the results for the rigid nodes of the buildings’ rooftops,
such as column nodes on the floor plan, obtained from the proposed equation of this study with
considered code. As can be seen, maximum vertical accelerations equal to 0.724 was obtained

at the period range of 0.12 to 0.75 sec. In contrast, the maximum acceleration of the proposed
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spectra in this study is equal to 1.0 at the 0.067 to 0.25 sec period range. Also, it can be seen
that using spectra proposed in the AC 156 yields underestimated values for shorter periods (T

< 0.3 sec) and overestimated values for larger period ranges.

——Proposed (Rigid Nodes)
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—AC 156 (2010)
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Figure 4.19 Comparison of FSAv proposed in this study for rigid nodes of rooftops
with the one proposed in AC 156

4.10 Summary and conclusion

In this paper, the FSAv of four RC moment-resisting frame building archetypes designed
according to NBC 2015 for the moderate ductility level, and exposed to 65 vertical acceleration
time histories from 31 strong ground motions, were measured. The amplification of the FSAv
along the height of each building and at different locations on a floor was assessed. The results
show a high amplification at the center of the slabs, which was most critical for the interior
slab bay. The spectra were amplified from a place close to the columns to the center of the
slabs. Furthermore, a very intense spectral resonance was observed from the base to the first
floors, especially for shorter buildings up to 9 stories. Then, the amplification was near-
constant along the buildings’ upper floors at all periods for the slab nodes. Also, the
amplification of the FSAv from mid-rise to low-rise buildings increased drastically at the

center of the interior slab.
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Equations were proposed to derive the smoothed FSAv for conventional RC moment-resisting
frame buildings based on the median FSAv obtained from the studied buildings with respect
to the aforementioned input GSAv. In this context, the equations were divided into two
categories: one equation for the nodes at the center of the interior slab of the buildings lower
than 12 storeys, and another one for the rigid nodes of all buildings close to the columns, as
well as for all floor nodes of 12-storey and higher structures. The FSAv obtained from the
proposed equations for the studied buildings and corresponding to the selected GSAv were
presented as smoothed curves, in which the effect of the structure's height was also fully

considered.

In addition, parametric analysis was performed to validate the adequacy of the proposed
equations to derive FSAv by varying the span length and the height of the floor. The results
indicated that the proposed FSAv for the flexible nodes was almost consistent with those
obtained when the buildings with three different span lengths were subjected to strong
earthquakes. Furthermore, it was also proved that the height of floors does not cause a change

in the values of FSAv.

It was also found that FSAv demands on NSCs specified by AC 156 (2010) are unrealistic and
conservative for tall structures and underestimated for short (shorter than mid-rise) structures.
The vertical required response spectrum, defined by the AC 156 provisions, conservatively
estimates the vertical acceleration demands on the NSCs attached to the columns of the
building. Still, it fails to account for the acceleration amplification due to the out-of-plane
flexibility of floors located away from the columns. Therefore, it can be confirmed that the
approach proposed in the codes could be generally applied to the rigid nodes of the floor.
However, for the rigid nodes, using the empirical ratio of 2/3 for the vertical to the horizontal
spectral acceleration of the floors, proposed in this standard, provides overestimates spectral

values for periods greater than 0.3 sec and underestimates for less than this period.
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It is worth mentioning that the results from this study show the importance of accounting for

the vertical acceleration in the shorter period within the range of less than 0.67 sec (f> 1.5Hz).
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CONCLUSION

The conducted research in this thesis highlighted the importance of considering the vertical
component of earthquakes in the Eastern Canadian seismological region, most notably in the
analysis and design of NSCs attached to buildings. The key findings resulting from fulfilling

the three specific objectives can be summarized in the following:

The first objective of this research consisted of proposing an accurate estimate of the vertical
acceleration design spectra (ADSver) as a ratio of the horizontal acceleration design spectra
(ADShor) for Site Class C in Eastern Canada. To this end, 248 earthquake horizontal and
vertical time history records from moderate earthquakes of this region with a magnitude, Mw,
greater than 3.0, recorded on sites with an epicentral distance of less than 150 km, were
considered. Due to a lack of data on site Class C, the equivalent linear analysis, based on the
Frequency Domain Solution recommended by Hashash et al. (2019) implemented in the
DEEPSOIL software, was used to convert the accelerations recorded on a site with a specific
shear wave velocity to the target average shear wave velocity of 450 m/s suggested in NBC
2015 as a reference for Site Class C. The accuracy of the conversion technique was checked
by comparing the obtained V/H PSA ratios of the converted records with those from a small
number of earthquakes records (19 in total) available for Site Class C. A similar ratio of 0.86
(average of V/H + Standard Deviation) was obtained for both available and converted records
at a period range of less than 1.0 sec. According to the analysis done in this section, the
following keys outcomes were obtained:

- The calculated V/H PSA ratios exceeded the empirical ratio of 2/3, suggested in most
codes, at all period ranges, which highlights the importance of considering the vertical
component of ground motions in the seismic analysis of NSCs located in the Eastern
Canada region.

- The V/H acceleration ratio for periods less than 1.0 sec is almost consistent with the
obtained ratios using the GMPEs proposed by Bozorgnia and Campbell (2004) and
Giilerce & Abrahamson (2011).
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- The ratio for the periods greater than 1.0 sec reached an average value of 0.73, which
could be considered very close to the empirical value of 2/3. On the other hand, the
average of the obtained ratios by GMPEs of the models by Bozorgnia and Campbell
(2004) and Giilerce & Abrahamson (2011) yields a value of less than 2/3.

- For Eastern Canada seismic region, the ADSver (Sver(T)) for Site Class C was proposed
by scaling the Shor(T) using the ratio of 0.86 for the period less than 1.0 and 2/3 for
periods greater than 1.0 sec.

- The obtained ADSyver for Site Class C in Montreal, at a 2475-year return period, yielded
higher values than the spectra derived by the proposed equations in ASCE 7-16 and
ASCE 41-17 standards, especially for the shorter periods.

Second, the effect of the vertical ground motion on floor acceleration demands in typical RC
moment-resisting frame buildings floor was evaluated. To this end, four regular elastic, low-
to mid-rise multi-storey RC moment-resisting frame buildings, located in Montreal on Site
Class C and designed according to NBC 2015 and CSA-A-23.3-14 provisions were subjected
to 65 sets of time history accelerations recorded on Site Class C that were selected from 31
near field and strong worldwide earthquakes with magnitude greater than 5.5 (Mw > 5.5), a
distance of less than 25 km from the epicenter (Repi < 25 km), and PGAver greater than 0.25 g
(PGAver > 0.25 g). It is worth noting that the fault mechanisms are Strike-Slip (SS), Reverse
(RV), Reverse Oblique (RVO), Normal (N), and Normal Oblique (NO).

Both the PFAn and PFAv normalized with the corresponding PGA were statistically computed
through the building heights, at the nodes at the center of the slabs and at the beams' spans, and
the following main findings were concluded:

- An almost constant amplification of PFAv through the building height was observed with
an upward trend from the nodes near the columns to the center of the slabs. The most
considerable amplification was obtained at the center of the mid-slab.

- No amplification of PFAv was seen on the beams of the exterior frames, except in the 3-
storey building rooftop, where the normalized amplification reached the value of 1.23 at

the mid-span of the interior frame beam.
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By increasing the building's height, the amplification of PFAv at the beam span or at the
slab bay decreased. The median normalized PFAv at the interior slab node of the building
rooftops decreased from 4.45 for the 3-storey building to 1.24 for the 12-storey building.
The median amplification of PGAH, equal to 1.37, 1.44, 1.40, and 1.34, was found for
the 3-, 6-, 9-, and 12-storey building rooftops, respectively that confirms the NBC 2015
amplification profile, which has a linear trend and showed that the normalized
amplification of 3.0 at the rooftop is conservative.

At the rooftop of the buildings, the obtained PFAv/PFAn exceeds the proposed empirical
ratio of 2/3 in NBC 2015; however, as the height of the building increases, this ratio
decreases.

While the fundamental horizontal periods increased with the increase in the number of
floors, the modal analysis of the buildings showed very little difference in the first

vertical periods of the buildings.

Finally, the FSAv of the selected buildings exposed to the same 65 vertical acceleration time

histories from 31 strong ground motions were computed, and their amplification through the

height of buildings was assessed. The following conclusions were derived from the obtained

results:

High amplification of FSAv at the center of the slabs, especially in the interior slab, was
observed. Therefore, the spectra were amplified from a place close to the columns to the
centre of the slabs.

A severe resonance of the FSAv was observed from the base to the floors, especially for
the shorter buildings. The FSAv profile was constantly amplified along the buildings’
floors at all periods.

As the height of the building decreases, the PFAv amplification tends to increase
drastically.

Two equations were proposed to derive the smoothed FSAv curves for elastic regular

RC moment-resisting frame structures from the input GSAv. First, for the interior slab



128

nodes of the shorter buildings up to 9 stories, and secondly, for the nodes close to the
columns for all buildings, and also the slab nodes of 12-storey structures and higher.
The FSAv obtained using the equations proposed in this study is higher than the FSAv
obtained using the empirical ratio of 2/3, as suggested by NBC 2015 and ATC 156
(2010).

The importance of considering the vertical acceleration was highlighted at the shorter

period within the range of less than 0.67 sec (f> 1.5Hz).



RECOMMENDATIONS FOR FUTURE STUDIES

Extensive efforts were made in the current thesis to emphasize the importance of considering
the vertical component of an earthquake. However, more analytical studies are still necessary
for future investigations to confirm and expand the observations obtained. Therefore, to
complete this study and better investigate the subject, the author recommends the following

future studies:

- Expand the derivation of the vertical spectral acceleration and the V/H PSA ratio for

different Site Classes in the Eastern Canada seismic region.

- Derive the vertical spectral acceleration and the V/H PSA ratio in the Western Canada

seismic region and compare results with those in Eastern Canada.

- In the seismic design of structures and NSCs, the vertical acceleration response
assessment of the floors, including PFAv and FSAv, in different types of RC and steel
Seismic Force Resisting Systems (SFRS) can provide a better pattern for developing the

proposed PFAv and FSAv equations.

- Perform a parametric study to investigate the effect of the span length, the type of slab
and building irregularity on the amplification of PFAv and FSAv.

- Investigate the effect of floor height on the vertical acceleration response of the floor can
be a very interesting study, especially for low-rise buildings, i.e. to see whether
increasing the floor height increases the amplification of vertical acceleration. As the
floor height increases, the possibility of column buckling increases; therefore, an induced

vertical acceleration can probably be effective in buckling failure.

- Perform a non-linear time-history analysis of the slabs to evaluate of effect of

nonlinearity on the amplification of vertical floor accelerations and spectra.






ANNEX I

SELECTED EARTQUAKES FOR THE EASTERN CANADA SEISMIC REGION
USED IN THE FIRST PAPER
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“ontinued Table-A I-1

_ , , th Vsao  Site Repi
No. Earthquake Date E E M Dep Station STN STN

q Qut  EQoa Mw 4. lat 8 (mfs) Class (km)

14 Lac-Aubin 1996/03/14 4592 744 40 180 Glen Almond, QC 457033 -754783 2000 A  87.08

15 Lac-Quinn 1996/12/31 4649 7571 30 180 Glen Almond, QC  45.7033  -754783 2000 A 8938

16 Lac-Aubin 1997/0524 4591 7424 37 180 Glen Almond, QC 457033  -754783 2000 A 9881

mﬂ.wo&am.m.»cga, 472425 701978 2000 A 3384

. o o Riviére-Ouelle, QC 474706 -70.0064 2000 A 2268

17 Baie-Saint-Paul 199770820 4754 -70.29 32 7.5 M»u.Pb&HO.u OO 47.7036 -69.6897 2000 A 48.59

Misére, QC 474567 -704125 2000 A 13.07

Ste-Mathilde, QC 47.693 7009 2000 A 2270

mﬁ.won__am.m.»cseﬁ 472425 701978 2000 A 5229

Riviére-Ouelle, QC 474706 -70.0064 2000 A 2335

18 La Malbaie 1997/1028 4767  -6991 43 113 St-André, QC 477036  -69.6897 2000 A 1693

Misére, QC 474567 -704125 2000 A 44.59

Ste-Mathilde, QC 47.693 7009 2000 A 1373

St-Siméon, QC 478264 -69.8922 2000 A 17.46

mﬁ.wo&am.m.»cga, 472425 701978 2000 A 10502

19 Les Grands-Deserts  1997/11/06  46.8 7142 49 225 Riviere-Ouelle, QC 474706  -70.0064 2000 A 13051

Misére, QC 474567 -704125 2000 A 105.67

Ste-Mathilde, QC 47.693 7009 2000 A 14136

mﬁ.won__am.m.»cseﬁ 472425 701978 2000 A 11820

Riviére-Ouelle, QC 474706 -70.0064 2000 A 10475

St-André, QC 477036  -69.6897 2000 A  105.88

Ste-Mathilde, QC 47.693 7009 2000 A 8246

St-Siméon, QC 478264 698922 2000 A 8593

La-Malbaie, QC 475483  -703267 2000 A 83.67

21 Fort-Coulonge 1998/0226 4608  -7636 32  18.0 Glen Almond, QC 457033  -754783 2000 A 8016

2 Papineauville 1998/04/18 4558  -7497 36 180 Glen Almond, QC 457033  -754783 2000 A 4187
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Continued Table-A I-1

[ [ th Vs Site  Repi
No. Earthquake Date EQa E M o Station STN STN

1 : st EQon  Mw 4 lat o (m/s) Class (km)
m".wo&a%m»aﬁa, 472425 701978 2000 A 49.95

Riviere-Ouelle, QC 474706 -70.0064 2000 A  21.00

St-André, QC 477036 -69.6897 2000 A 1826

Ste-Mathilde, QC  47.693  -70.09 2000 A 1361

St-Siméon, QC 478264 698922 2000 A 1975

La-Malbaie, QC  47.5483  -703267 2000 A  32.56

3 Cap-Chat 20020120 4949 6695 36 300  IsletsCarbou, QC 495217 672719 2000 A 2354
) zoaw_m”““m:a.. 20020211 4606 7346 33 100 Montreal, QC 455025 -73.6231 2000 A 6334
Montreal, QC 455025 736231 2000 A 10859

Adirondack _ .

: b 4338 7366 12507 B 12469
33 Au-Sable-Forks 2002704720 4453 -73.73 51 18.0 mnboﬁM-.o MWMMBoEw 43.70 7228 3756 c 142.95
Lisbon, NH 4424 7192 1043 B 14308

Newcomb, NY 4397 7422 1503 A 7301
34 AuSableForks 200200420 4458 7373 36 180 Montreal, QC 455025 736231 2000 A 103.04
35 Port.Cartier 200000723 4959 6695 35 180  IsletsCaribou,QC___ 495217 672719 2000 A 24.46
mﬁ.wosa%m.yaﬁa“ 472425 701978 2000 A 2551

Riviere-Ouelle, QC 474706 -70.0064 2000 A 4105

St-André, QC 477036 -69.6897 2000 A 7439

36  Baie-SaintPaul 20020817 4733 7051 33 133 Miskee, OC 114567 704135 2000 A 1590
Ste-Mathilde, QC  47.693  -70.09 2000 A 5129

St-Siméon, QC 478264 698922 2000 A 7215

La-Malbaie, QC 475483  -70.3267 2000 A 27.95

Glen Almond, QC 457033  -754783 2000 A 148.69
Keeseville, NY 445524  -73.6861 2000 A 54.74
Montreal, QC 455025  -73.6231 2000 A 114.46
Ottawa, ON 453942  -75.7167 1914 A 136.61

37 Saint Regis Falls 2003/04/08  44.62 -7437 32 11.9
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“ontinued Table-A I-1

No. Earthquake Date EQat EQum My UAM“W' Station STNiat STNion lelu.v Om-mnn”u A—““v
Alfred, ON 456283 748842 1000 B  82.87
Glen Almond, QC 457033 754783 2000 A 12295
42 Val-David 200503/03 4506  -742 30 180
Montreal, QC 455025 -73.6231 2000 A 66385
Morin-Heights 45887  -742127 2000 A 92,07
wvra@nw.amro 472425 701978 2000 A 6656
Riviére-Ouelle, QC 474706 -70.0064 2000 A 3739
St-André, QC  47.7036  -69.6897 2000 A 598
43 Riviére-du-Loup 200503/06 4775 6973 470 133 Misére, QC 474567 -704125 2000 A 60.75
Ste-Mathilde, QC ~ 47.693  -70.09 2000 A 2770
St-Siméon, QC  47.8264 -69.8922 2000 A  14.82
Les Eboulements, QC  47.5485  -703258 2000 A  50.00
HQ.CHAR QC 4769  -7025 1026 B 3944
Alfred, ON 456283 748842 1000 B 9136
) . ) Glen Almond, QC 457033 754783 2000 A  64.03
44  Notre-Dame-de-Pomtmain 20050525 4627  -7562 32 180
Morin-Heights, QC ~ 45.887  -742127 2000 A 11673
Ottawa, ON 453942 757167 1914 A 9778
AlgonquinPack, ON 459544 -780509 354 D 9473
Glen Almond, QC  45.7033  -75.4783 2000 A 12570
45 Fort-Coulonge 200507/04 4625  -769 31 145 Ottawa, ON 453942 757167 1914 A 13230
Pembroke, ON 456773 -772466 591 C  69.16
Plevna, ON 450396 770754 2000 A 13543
Alfred, ON 456283 748842 1000 B  78.04
. ] o Glen Almond, QC 457033 754783 2000 A 6475
46 LaMinerve 2003/09/06  46.27 -7529 3.0 19.5 ] )
Morin-Heights, QC  45.887  -742127 2000 A  93.48
Ottawa, ON 453942 757167 1914 A 10296
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Continued Table-A I-1

No. Earthquake Date EQat  EQua My UA"-—"M— Station STNiat STNion AM-\E“V Q_wwo:. AMHV
St-Roch-des-Aulnaies, QC 472425 2701978 2000 A 12527
Riviére-Ouelle, QC 474706 -70.0064 2000 A 12375
-André 47.703 6897 y 27
53  EagleLake 20060714 4685 6865 3.5 5.0 mﬁwzﬂnﬁooooo P %mwa awwooww wm% w mw Mm
Saint-Siméon, QC 478264 -60.8922 2000 A 14351
La-Malbaie, QC 475485 -703258 2000 A 14870
Kapuskasing, ON 494504 -825079 2000 A  71.04
. Smooth Rock . ) McAlpine Lake, ON 500244 -79.7635 2000 A  139.32
5 " 2 .01 -31. . )
4 Falls et UESS  EE Otter Rapids, ON 50.1818 816286 500 C  75.12
Timmins, ON 484659 -813032 2000 A 11741
. Lac Saint- e . Belleterre, QC 47.398 -786874 2000 A 14171
5 L T
3 Torepin 0071001 4706 7688 36 170 Val-dOr, QC 431901 777573 2000 A 141.98
Riviére-Ouelle, QC 474706 -70.0064 2000 A  36.04
St-André, QC 477036 -69.6897 2000 A 553
56 Hw_:__ﬂr&. 2008/11/15 4774  -69.74 37 13.3 Misére, QC 474567 -704125 2000 A 59.52
N Saint-Siméon. QC 478264 698922 2000 A 14.90
La-Malbaie, QC 475483 703267 2000 A 4890
_ Brownsburg- | L Alfred, ON 456283 -748842 2000 A  34.08
A. / (PA 4 - 404
7 " Chathem 01V 45715 -M464 32 175 Potsdam, NY 4457 749819 6536 C  133.79
Alfred. ON 456283 748842 2000 A 57.99
58 ValdesBois 20100623 4591 7549 51 164 Q_ﬁﬁwmowwm, ON mmww .ﬂw.ww_ow _mwow M mu%m
SUNY Potsdam, NY 446634 -749732 555 C 11407
Alfred. ON 456283 -748842 2000 A 2633
59 Hawkesbury 20110316 45581 -74553 36 128 Flat Rock, Altona, NY 44835 735883 12006 B 11234
SUNY Potsdam, NY 446634 749732 555 C  107.35
N 45. 74, J .
60  Thurso 20110918 45578 -75213 35 125 mczw_meMﬁﬁ mmw o MMW Nuoww w _Nﬂmuuu
N 45. 74 J .
61  Verchres 201210110 45711 73257 37 14 - wwom&?mﬁﬁ Mww 0 MMW _W%oa w wa”
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ANNEX II

CONVERSION TECHNIQUE USING DEEPSOIL SOFTWARE

Detailed explanations about the instruction and operation of this software are given in the
tutorial note prepared by Hashash et al. (2019). In addition, a brief explanation of the method

of using this software related to this study was provided in this section as the following steps:

» Step 1:
In the following, all analytical items considered at this step were presented as well as Figure-

A Il-1:

- Analysis Method:

The linear method does not give precise and correct results, and since there were not enough

soil databases, the Equivalent Linear Method of Analysis is applied.

- Solution Type:

Time and frequency domains as the Solution Types were considered in this software, and

Frequency Domain Solution is just applicable to the Equivalent Linear Method.

- Default Soil Model:

Whether in equivalent linear or nonlinear methods, the shear stiffness and damping of the soil
are related to the developed shear strains in the soil sample with the aid of a constitutive soil
model. The model used in DEESOIL is the pressure-dependent hyperbolic model, which
defines the interrelationship between the stresses and strains developed in soil subjected to a
cyclic loading-unloading phenomenon. Generally, the development of cyclic shear stress due
to the cyclic strains or vice versa is governed by Massing and Extended Massing rules (Park,
2003). The hyperbolic model is defined as a strain-dependent model and as a modification on

the original strain-independent hyperbolic Kondner and Zelasko model, popularly known as
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the Pressure-Dependent Modified Konder Zelasko (MKZ) (Kondner & Zelasko, 1963)
backbone curve, which defines the stress-strain relationship for loading-unloading and this soil

model was considered in this software (Kumar et al., 2014).

- Profile Generation Type:

Because the details of the soil layers for the site were not completely available, it was
reasonable to consider the Automatic Profile Generation to get precise results for the
conversion purpose. On the other hand, since the Equivalent Linear method was adopted as the
solution type, which mainly involves the nonlinearity of the soils, the Automatic Profile

Generation could be the best option according to the thickness of the layer.

- Frequency Type:

In the part Maximum Layer Thickness, the required Maximum Frequency is specified. In this
study, the maximum frequency of 50, 100, and 200 Hz were selected. A frequency of 100 Hz
was considered for the precise and logical progression of this operation, as shown in Figure-A

II-2. Also, the software could automatically find the frequency of the input earthquake.
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Analysis

= DEEPSOIL

Motions

Profiles

| New Profile

| Open Profile

Stage

Step 1

File InputSummary Convert Units Options Help

- O X
| Analysis Type Definition
Analysis Method
Equivalent Linear .
Soluticn Type
Frequency Domain v

Default Scil Model

Mote: The selected default scil model will be assigned to all newly generated layers,

Pressure-Dependent Modified Kondner Zelaske (MKZ) =

Default Hysteretic Re/Unloading Formulation
Masing Re/Unloading V

Automatic Profile Generation
® On O Off
Unit System

) English @ Metric

Complementary Analyses
| Equivalent Linear - Frequency Domain
Linear - Frequency Domain (Under development)

Linear - Time Domain (Under development)

Analysis Tag

DS-ELT

Figure-A II-1 Considered analysis type definition in the conversion of time history

acceleration
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< DEEPSOIL — | *
File Input Summary ConvertUnits Options Help

Analysis | Motions | Profiles

| MNew Profile | Maximum Layer Thickness

| Open Profile | Specify Maximum Frequency: 100 =1 Hz

Stage

Randomization

Step 1

) On @ Off

Thickness Randomization Control - Toro (1995)
Randomized Layer -

Min Thickness [m):

(]
&=

Max Thickness (m):

(]
[=8]

Welocity Randemization Control - Toro (1995)

g Rho :
Input Parameter Method
Delta : Rho200 :
b hi
Dynamic Curve Randomization Contral
pl: pd: o Randomization Bound :

Cutput Contral

Mumber of Random Profiles to be Generated:

Figure-A 1I-2 Maximum considered frequency in the conversion process

> Step 2:

- Soil Profile Definition

In the next step, the layer properties of the soil profile, including thickness, unit weight, and
Effective Vertical Stress, are entered to the software. In this process, the thickness of the layer
was given as a focal depth of the earthquake, and the soil unit weight of the layer could be

approximately estimated knowing its shear wave velocity (Look, 2007). The corresponding
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shear wave velocity and shear modulus, the soil's density, could be calculated according to the
online reference by Dhari (2019). It should be mentioned that the Effective Vertical Stress
could be automatically computed by entering the thickness and unit weight of the layer.

In addition, the target shear wave velocity (450 m/s), indicating the soil type in the surface
layer, is also entered into the software.

The sand and clay are two options for the Mean Layer Reference Curve that should be defined
in the following process. The Seed and Idriss (Mean) (Seed & Idriss, 1970), and Vucetic and
Dobry (Vucetic & Dobry, 1991; Vucetic, 1992) reference curves were selected as the Mean
Layer Reference for the sand and clay, respectively. The Mean layer properties of the soil with
layer reference curve of the sand and clay were illustrated in Figure-A II-3 and Figure-A 11-4,

respectively.

Layer Properties | Advanced Table View
Layer 1 - "Layer 1" T [Previous Layer| [ Nextlayer ||
Mean Layer Properties [ Tep Middle [] Bottom
Layer Name |Layer 1 e
Parameter Value 0e- . .
Thickness (m) 1500 ~h
Unit Weight (kN/m*3) 1950 o6 .
Effective Vertical Stress (kPa) 14551425 5 N
5
& 04+
N
0.2
0] —
30
Shear Wave Velocity (m/s) | Constant Value v
25
450,00 = e
VE
15
<
g
5104 o
. 5
o
140000
Mean Layer Reference Curve
120000
sand | Clay =
& 100000
Reference Curve | Seed and Idriss, 1970 (Mean) v i
% 80000+
Strain (%) G/Gmax Damping g
0.0001 1 048 Z 60000
5
0.0002 0.92 08 2 40000
0.001 096 15 v
0003 09 3.2 Bl g &
001 076 57 0 i —— . |
003 057 9.5 00001 0,001 001 01 1 10
0.1 03 152 Shear Strain (%)
0.3 015 a0 M Reference curve at middle
! - ad Reference curve at top
2 1004 127 Reference curve at bottom
Water table st top of layer: | 1 = [Add Layer(s)| [Remove Layer(s)
Next

Figure-A II-3 Mean layer properties of the soil and the mean layer reference curve of the sand



147

Layer Properties | Advanced Table View

Mean Layer Properties

Layer Name |Layer 1

Layer 1 - "Layer 1"

Parameter

Thickness (m)

Unit Weight (kN/m*3)
Effective Vertical Stress (kPa)

Value
1500
1950
143514235

Shear Wave Velocity (m/s) | Constant Value
450,00

Mean Layer Reference Curve

Sand | Clay

Reference Curve: | Vucetic and Dobry, 1991

Plasticity Index:

Strain (%) G/Gmax
0.0001 1

0.0003 0.998
0.001 0.962
0.003 0.885
0.01 0719
0.03 0498

0.1 0.25

03 0113

Damping
E

;

145

277

521

944
1494
1937

] Water table at top of layer: Add Layer(s)| [Remove

Shear Strength (kPa)

[ Tep Middle [] Bottom
17 ——
08 R
.
- ™
=064 \\
g N\
£ AN
3 pN
504 <
\\.
0.2 e
o]
25+
-
204 A
g 7
&£ -
o /
215 -
2 Ve
= yd
‘2104 /
] e
o yd
54 <
o] N
15000~
N\
/ AN
\
10000 N
N
5000 -
e
e
0 —— T T T 1
0.0001 0.001 001 01 1 10
Shear Strain (%)
B Reference curve at middle
Reference curve at top
Reference curve at bottom
Next

Figure-A II-4 Mean layer properties of the soil and the mean layer reference curve of the clay

For the bedrock layer known as the input record layer base, the semi Elastic Half-space

behavior was considered, as shown in Figure-A II-5. The bedrock properties, including shear

wave velocity and unit weight, were applied in this part.
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Layer Properties | Advanced Table View

Halfspace Definition - "Bedrock” T Next Layer ||
Forward Analysis
® Elastic Halfspace ) Rigid Halfspace
Bedrock Properties Information Regarding Rock Properties
Bedrock Name Original
The selection of bedrock is related to the type of input
Shear Wave Velocity (m/s)  2.000.00 m;ﬁsoenec ion of bedrock type is related to the type of inpu
Unit Weight (KN/m*3) 18,00
Damping Rati : ?
amping Ratio (%), 200 If an outcrop motion is being used (most common situation), the
Elastic Halfspace option should be selected.
Save Bedrock

Use Saved Bedrock

If a within metion is being used (e.g. from a vertical array), the

Load Rigid halfspace option should be selected.
Halfspace Porewater Pressure Options
® Use Cv of last layer Specify halfspace Cv: m*2/sec
Deconvolution
Motion recorded at top of layer: Input motion treated as a within motion.
Output motion for selected layers: '@ Within Equivalent Cutcrop

Water table at top of layer: 1 - |Add Layer[s}l |Remove L,ayerl:s)|

Next

Figure-A II-5 Definition of the bedrock layer known as the original soil information

- Generated Soil Profile Definition

In the next step, according to the recommended references, a defined soil profile is generated,

as can be seen in Figures-A II-6 and Figures-A II-7, respectively.
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Layer Properties | Advanced Table View

Halfspace Definition - "Layer 1"

Current Soil Properties Reference Curve

Layer Name | Layer 1

| . Sand | Clay |User Defined

Basic Soil Properties

Reference Curve | Seed and Idriss, *

Parameter Value - .
Thickness (m) | 1.12443778110¢ Strain (%) | G/Gmax | Damping
Unit Weight (kN | 1950 0o 1 048
Shear Wave Velc | 450 0.0003 099 08
Effective Vertical| 1090.811469265 0.001 0.98 15
0.003 09 32
Soil Model Properties 0.01 078 57
0.03 0.57 9.5
Parameter Value 01 03 15.2
Ref. Strain {%) 0.06580000000C 1 0.06 246
Ref. Stress (MPa: 018 3 0.04 27
Beta 1.345 10 0.03 285
5 0.855
b 0
d 0
Reduction Factor Formulation:
MRDF with Darendeli Reductic Curve Fitting
Parameter Value Fitting Procedure: Fit
P1 0816 Paramet Value Strair G/Gr Dam
P2 0.08 Dmin (%] 03906 | |0.000(0.994| 048
Ref. Strai | 0.0658 0.000 |0.984 | 0.624
o Ref. Stres|0.18 0.001 |0.958 | 1.035
Beta 1.545 0.003 |0.800 | 1.978
Saved Materials 5 0.855 001 |0.764|4384
b 0 0.03 |0.558|866
d 0 01 |0311/15.34
P1 0.816 03 |0130 21.24
P2z 0.08 0.7 |0078 2437
1 0.059|25.23
3 0.024|26.32
7 0.011|26.09
10 |0.008|25.81

Other Material Files

Select File...

Single Element Test

Shear Strength (kPa)

T

Previous Layerl | Mext Layer |1

1

=]
o
|

G/Gmax (-)
[=]
i

=]
Fa
|

ra ra L
= (5] =] =
| 1 | |

Damping Ratio (35)

60000

40000

20000+

0.0001 0.0 1
Shear Strain (%)
M Current Curve
B Reference Curve
M Fit Curve

Water table at top of layer: 1 E |Add Layer[s]| |Rem|we I_ayer(s}l

Figure-A I1-6 Generated soil profile according to Seed and Idriss (1970) (mean) reference

curve for the sand
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Layer Properties | Advanced Table View
Halfspace Definition - “Layer 1" T |previous Layer| [ Next Layer ||
Current Soil Properties Reference Curve
Layer Name |Layer 1 | . | Sand| Clay |User Defined |
Basic Soil P rti
asic Sor Troperties Reference Curve: | Vucetic and Dol ~
Parameter Value — -
Thickness (m) | 1.12443778110¢ Plasticity Indexc | 0 [¢] %
Unit Weight (kN [ 1950 Strain (%)  G/Gmax Damping @%
Shear Wave Velc | 450 0.0001 1 1 =
Effective Vertical | 1090.811469265 0.0002 0.008 1
0.001 0.962 145
Soil Model Properties 0.003 0.885 277
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Figure-A 11-7 Generated soil profile according to the proposed curve by Vucetic and Dobry
(1991) for the clay
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- Selection of Input Motion

In this step, the original acceleration time history record was entered. As shown in Figure-A
II-8, the software automatically recognizes the type and format of the data and draws the

initially recorded acceleration and time graph.

Input Motion Selection
Generate Motion Plots 0.1 Frequency (Hz)
=2 100 10 1 0.1 0.01
CAUsers\AP30630M\Do... S 0054 01 L ! I )
1992,322.03.58.M44, E
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Figure-A II-8 Input time history acceleration recorded on the primary site

- Output results

Finally, the converted time history record for the target site class with the specific shear wave
velocity was generated, and an example of the converted record was shown in Figure-A 11-9.
It is worth noting that results such as response spectra, stress-strain and other items related to

the converted record can also be obtained in the output results.
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Figure-A 11-9 Output time history acceleration converted for the target soil type






ANNEX III

GROUND MOTION PREDICTION EQUATIONS

» The proposed vertical-to-horizontal pseudo-spectral acceleration ratio in Ground Motion
Prediction Equation (GMPE) by Bozorgnia and Campbell (2004) is given in the following
equations. The proposed model of V/H spectra is a strong function of the natural period,
distance from the epicentre and local site conditions and a weak function of earthquake

magnitude and fault mechanism.

InV/H =1InY, —InYy (A III-1)

InY =c; + fi(My) + calny fL(Myy. Tpis-S) + f5(F) + fu(S) + fs(HW.F. My, Tepis) + € (A 1II-2)

Magnitude scaling factor:

£i(My) = c;My, + c5(8.5 — M,,)? (A TII-3)

Distance scaling factor:

2
fZ(MW' Tseis» S) = rszeis + g(S)Z(exp[CgMW + C9(8-5 - Mw)z]) (A HI'4)

Near-source effect of local site conditions:

9(S) = cs5 + c(Syps + Ssr) + ¢7SkR (A III-5)

Effect of faulting mechanism:

f3(F) = cioFry + c11Fry (A I11-6)

Far-source effect of local site conditions:
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f4(S) = ¢12SyFrs + €13Ssr + C14SFr

(A 1II-7)
- Effect of the hanging wall (HW):
fs(HW,F, My, Tseis) = HW f3(F) fuw (Mw) faw (Tseis) (A III-8)
. 0 forry = 5kmoré > 70° (A TII-9)
W= (Surs + Sor + Ser) (5 = 135)/5  forry, < Skmand § < 70°
(i) = {6‘15(7"531'5/8) for Tgeis < 8km (A 11I-10)
fraw (Tseis) = Cis for re,is = 8km
0 for My, < 5.5 (A TII-11)
1.0 for My, > 6.5
- Standard deviation:
GnY T e, — 0518 for My, = 7.4
c17 +0.351 for PGA £ 0.07g (A 1II-13)
Oy =13 €17 — 0.132In(PGA)  for0.07g < PGA < 0.25¢g
c17 +0.183

for PGA = 0.25g
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Table-A III-2 Guidance on evaluating local site conditions

Taken from Bozorgnia and Campbell (2004)

) ) . Site Parameter Approximate Approximate site category
site classification 2
Sves | Ssr | Ser Vsso(m/s’) NEHRP | NBCC 2015
Firm Soil 0 0 0 298492 (210-390) D D
Very firm soil 1 0 0 368+80 (290-490) C&D C&D
Soft rock 0 1 0 421+109 (310-530) C&D C&D
Firm rock 0 0 1 830£339 (490-1170) B&C B&C
Generic soil 0.25 0 0 =310 D D
Generic rock 0 0.5 | 05 =620 C C

Table-A I1I-3 Evaluation of faulting mechanism

Taken from Bozorgnia and Campbell (2004)

Faulting Parameter
Faulting Category

Frv Fru

Strike-slip and normal 0 0

Reverse 1 0

Thrust 0 1
Reverse or thrust 0.5 0.5
Generic (unknown) 0.25 0.25
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» The proposed vertical-to-horizontal pseudo-spectral acceleration ratio in Ground Motion

Prediction Equation (GMPE) by Abrahamson and Giilerce (2011) is given in the following

equation. The V/H ratio model depends on the magnitude, distance from the fault, faulting

mechanism type, and site conditions and is applicable for earthquakes with a magnitude of

5.0 and above.

ln(V/H) = fl(M- Rrup) + agFry + a;Fyy + fs(Vsso-PﬁAnoo)
- Magnitude and distance dependence:

a; +a,(M —c;) +ag(85—M)?+[a, + a;(M —c;)]In(R)  forM < ¢,

f:(M-Rrip) = {a1 +as(M —cy) +ag(85—M)* + [a; + as(M — c)]In(R)  for M > ¢,

R= |RZ, +ci

- Site amplification dependence:

~ . Vs
fs(PGA1100-Vs30) = dy9ln <V 30) -
LIN

(b In[PGAy100 + ] + bin lPGAnOO +c 530 l for Viso < Vin
LIN

V*
(b-n)in (VS3O) forVszo = Vi
LIN

Ve = {Vsso forVszo <V;
S30 Vl fOT' V530 > Vl

(1500 forT < 0.5 sec

exp[8.0 — 0.795 In(T/0.21)] for0.5sec <T < 1.0 sec

V, =< exp[6.76 — 0.297 In(T)] for1.0sec < T < 2.0 sec
700 forT = 2.0 sec

862 for PGV

(A TII-14)

(A TII-15)

(A 111-16)

(A TII-17)

(A TI1-18)

(A T11-19)



159

- Standard deviation:

o= ’05 + 1 (A I11-20)

Si forM <5

S,—S
0y = 51+<22 1)(M—S) for5<M<7
S, forM >7

Ss forM <5

Sy —S
Ty = 53+(42 3)(1\/1—5) for5<M <7
Sa forM >7

Table-A I11-4 Definition of the parameters
Taken from Abrahamson and Giilerce (2011)

Parameter Definition
M Earthquake moment magnitude
R Rupture distance (km)
Ry Joyner-Boore distance (km)
R, Horizontal distance (km) from the top edge of rupture and measured perpendicular to
the fault strike
Fry Flag for reverse faulting earthquakes:1.0 for reverse or reverse/oblique earthquakes defined
by rake angles between 30 and 150 degrees, 0 otherwise
Fnym Flag for normal faulting earthquakes: 1.0 for normal earthquakes defined by rake
angles between -60 and -120 degrees, 0 otherwise
Vsso Shear-wave velocity over the top 30 m (m/s)
Viiv Period-dependent cutoff shear-wave velocity
Vi Second period-dependent cutoff value
PGA;00  Median peak acceleration (g) for Vsso=1100 m/s
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Table-A III-5 Constraints on the model parameters

Taken from Abrahamson and Giilerce (2011)

Parameter Description Estimation
Viiv Linear scaling for Vs3o > Vi Constrained by 1-D site simulation
a; Constant Regression
a; Distance slope Regression
as Magnitude-dependent distance slope PGA regression
ay Linear magnitude scaling, M < ¢; PGA regression
as Linear magnitude scaling, M 2 ¢; Constrained to full saturation for PGA
as Quadratic magnitude scaling Regression
amp Linear site response scaling Regression
b Slope of non-linear soil response Constrained by 1-D site simulation
c Non-linear soil response term Constrained by 1-D site simulation
¢ Break in magnitude scaling Constrained by hard-rock simulations and empirical data
c4 Fictitious depth PGA regression
n Non-linear soil response term Constrained by 1-D site simulation

Table-A III-6 Period-independent constants for the median V/H ratio
Taken from Abrahamson and Giilerce (2011)

C1 Cq as

ay as n C

6.75 10 0.0147

0.0334 -0.034 1.18 1.88
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Table-A III-7 Coefficients for the median V/H ratios and standard deviations
Taken from Abrahamson and Gulerce (2011)

Period "L b a; a, ag a- ag aygy Sy S5 53 Sy
PGA 865.1 -1.186 0.140 -0.160  -0.105 0.000 0.003 -1.230 0.422 0.333 0.213 0.161
0.010 865.1 -1.186 0.140 -0.160  -0.105 0.000 0.003 -1.230 0.450 0.330 0.230 0.150
0.020 865.1 -1.219 0.140 -0.160  -0.105 0.000 0.003 -1.268 0.450 0.330 0.230 0.150
0.029 898.6 -1.269 0.335 -0.185 -0.140 0.000 0.003 -1.366 0.450 0.330 0.230 0.150
0.040 994.5 -1.308 0.562 -0.238  -0.160 0.000 0.003 -1.457 0.450 0.341 0.230 0.150
0.050 10535  -1.346 0.720 -0.275 -0.136 0.000 -0.001 -1.533 0.450 0.351 0.230 0.150
0.075 10857  -1.471 0.552 -0.240  -0.019 0.000 -0.007  -1.706 0.450 0.370 0.230 0.150

0.10 10325  -1.624 0.214 -0.169 0.000 0.017 -0.010  -1.831 0.450 0.384 0.230 0.150
0.15 877.6 -1.931 -0.262  -0.069 0.000 0.040 -0.008  -2.114 0.450 0.403 0.230 0.150
0.20 748.2 -2.188  -0.600 0.002 0.000 0.057 -0.003 -2.362 0.450 0.416 0.230 0.150
0.26 639 -2.412  -0.769 0.023 0.000 0.072 0.001 -2.527 0.450 0.429 0.230 0.150
0.30 587.1 -2.518  -0.861 0.034 0.000 0.080 0.006 -2.598 0.450 0.436 0.230 0.150
0.40 503 -2.657  -1.045 0.057 0.000 0.097 0.015 -2.685 0.450 0.449 0.230 0.150
0.50 456.6 -2.669  -1.189 0.075 0.000 0.110 0.022 -2.657 0.450 0.460 0.230 0.150
0.75 410.5 -2.401 -1.250 0.090 0.000 0.133 0.022 -2.265 0.450 0.479 0.237 0.150
1.0 400 -1.955 -1.209 0.090 0.000 0.150 0.022 -1.685 0.450 0.492 0.266 0.150
1.5 400 -1.025 -1.152 0.090 0.029 0.150 0.022 -0.570 0.450 0.511 0.307 0.150
2.0 400 -0.299 -1.111 0.090 0.050 0.150 0.022 0.250 0.532 0.520 0.337 0.150
3.0 400 0.000 -1.054 0.090 0.079 0.150 0.022 0.460 0.648 0.520 0.378 0.213
4.0 400 0.000 -1.014 0.090 0.100 0.150 0.022 0.460 0.700 0.520 0.407 0.258
5.0 400 0.000 -1.000 0.090 0.100 0.150 0.022 0.460 0.700 0.520 0.430 0.292
7.5 400 0.000 -1.000 0.090 0.100 0.150 0.022 0.460 0.700 0.520 0.471 0.355
10.0 400 0.000 -1.000 0.090 0.100 0.150 0.022 0.460 0.700 0.520 0.500 0.400




ANNEX IV

DESIGN DETAILS OF STUDIED BUILDINGS

Table-A IV-1 Beam flexural design of the 3-storey building

Dim A&D B&C
Storey ) Bars loc.
(mm) 1-2 2-1 2-3 32 1-2 2-1 2-3 322
Top Bars 2 I5SM 2 1I5SM |2 I5SM 2 I15SM |2 1I5M 2 15SM |2 15M 2 1I5M
3 350 x 400
Bottom Bars |3 20M 3 20M |3 I5M 3 I5M |3 20M 3 15M |3 15M 3 15M
Top Bars 4 20M 4 20M |3 20M 3 20M |3 25M 3 25M |3 25M 3 25M
2 350 x 400
Bottom Bars | 4 20M 4 20M |4 20M 4 20M |3 25M 3 25M |3 25M 3 25M
Top Bars 3 25M 3 25M |3 25M 3 25M |4 25M 4 25M |3 25M 3 25M
1% 350 x 400
Bottom Bars |3 25M 3 25M |3 25M 3 25M |4 25M 3 25M |3 25M 3 25M
Table-A IV-2 Beam shear design of the 3-storey building
All Beams
S, Beam's end Middle Beam's end
torey 7 7 I
s s s
Num. Bar td) (o) Num. Bar ) ) Num. Bar ) ()
-3 1 oM 75 800 1 1I0M 200 5000 1 10oM 75 800

Table-A IV-3 Main reinforcement design of the columns for the 3-

storey building
Storey Dim. (mm) All Columns
-3 400 x 400 8 20M

Table-A IV-4 Shear design of the columns for the 3-storey building

All Columns
Storey Location  Stirrup Type s L
Num. Bar
(mm) (mm)
squared 1 10M
top end 135 450
lozenge 1 10M
4 . squared 1 10M
- 3" middle 135 1700
lozenge 1 10M
squared 1 10M
bot. end 135 450
lozenge 1 10M




Table-A IV-5 Beam flexural design of the 6-storey building
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Storey LU Bars loc. A&D B&C
(mm) 1-2 2-1 2-3 3-2 1-2 2-1 2-3 3-2
P 400 X 600 Top Bars 3 I5SM 3 ISM|3 I5SM 3 I5SM |2 15M 2 15M |2 1I5M 2 1I5M
Bottom Bars | 4 15M 4 15M |4 15M 4 15M |3 20M 3 20M |3 20M 3 20M
st 400 x 600 Top Bars 3 20M 3 20M |3 20M 3 20M (4 20M 4 20M |4 20M 4 20M
Bottom Bars | 4 20M 4 20M (4 20M 4 20M |4 20M 4 20M |4 20M 4 20M
4 400 X 600 Top Bars 5 20M 5 20M |5 20M 5 20M |4 25M 3 25M |3 25M 3 25M
Bottom Bars | 4 25M 4 25M |4 25M 4 25M |4 25M 4 25M |4 25M 4 25M
3rd 400 X 600 Top Bars 5 25M 4 25M |4 25M 4 25M |5 25M 8 20M |5 25M 5 25M
Bottom Bars | 5 25M 5 25M |5 25M 5 25M |5 25M 5 25M |5 25M 5 25M
qnd 400 x 600 Top Bars 6 25M 5 25M |5 25M 5 25M |6 25M 6 25M |6 25M 6 25M
Bottom Bars | 6 25M 6 25M |6 25M 6 25M |6 25M 6 25M |6 25M 6 25M
1z 400 X 600 Top Bars 5 25M 5 25M |4 25M 4 25M |5 25M 5 25M |5 25M 5 25M
Bottom Bars | 5 25M 5 25M |5 25M 5 25M |5 25M 5 25M |5 25M 5 25M
Table-A IV-6 Beam shear design of the 6-storey building
All Beams
Storey Beam's end ; Middle ; Beam's end ;
S S S
Num. Bar ol ) Num. Bar ) () Num. Bar tord) ()
% - 6™ 1 I0OM 125 1200 1 10M 250 4000 1 IOM 125 1200

Table-A IV-7 Main reinforcement design of the columns for the 6-storey building

Storey Dim. (mm) Al1-B1-C1-D1-A4 | A2-B2-C2-D2-A3
—B4-C4-D4 -B3-C3-D3
6" 600 x 600 16 20M 16 20M
5™ 600 x 600 16 20M 16 20M
4" 600 x 600 16 20M 16 25M
3 600 x 600 16 20M 16 25M
2m 600 x 600 16 20M 16 25M
I 600 x 600 16 20M 16 25M

Table-A IV-8 Shear design of the columns for the 6-storey building

All Columns
Storey Location  Stirrup Type Num.  Bar s L
(mm) (mm)
squared 1 10M
o g top end lozenge 1 10M 100 600
. squared 1 10M
middle T 1 10M 100 1200
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bot. end ~ S1Hared P IME 60 600
lozenge 1 10M
Table-A IV-9 Beam flexural design of the 9-storey building
Dim. A& D B&C
Storey | umy Bars loc. 12 21 23 32 12 21 23 32
91 500 x 650 TopBars |3 20M 3 20M |3 20M 3 20M |4 20M 4 20M |4 20M 4 20M
Bottom Bars | 4 20M 4 20M |4 20M 4 20M |4 20M 4 20M |4 20M 4 20M
g 500 x 650 Top Bars 3 20M 3 20M |3 20M 3 20M |4 20M 4 20M |4 20M 4 20M
Bottom Bars | 4 20M 4 20M |4 20M 4 20M |4 20M 4 20M |4 20M 4 20M
th 500 x 650 Top Bars 5 20M 5 20M |5 20M 5 20M |4 20M 4 20M |4 20M 4 20M
Bottom Bars | 6 20M 6 20M |6 20M 6 20M |6 20M 6 20M |6 20M 6 20M
P 500 x 650 Top Bars 5 25M 5 25M |5 25M 5 25M |5 20M 5 20M |5 20M 5 20M
Bottom Bars | 5 25M 5 25M |5 25M 5 25M |5 25M S5 25M |5 25M 5 25M
S 500 % 650 TopBars |6 25M 6 25M |6 25M 6 25M |5 25M 5 25M |5 25M 5 25M
Bottom Bars |7 25M 7 25M |7 25M 7 25M |7 25M 7 25M |7 25M 7 25M
4 500 x 650 Top Bars 6 30M 6 30M|6 30M 6 30M |5 30M 5 30M|5 30M 5 30M
Bottom Bars | 6 30M 6 30M |6 30M 6 30M |6 30M 6 30M |6 30M 6 30M
3ra 500 x 650 Top Bars 7 30M 7 30M |7 30M 7 30M|6 30M 6 30M |6 30M 6 30M
Bottom Bars |7 30M 7 30M |7 30M 7 30M |7 30M 7 30M |7 30M 7 30M
o 500 x 650 Top Bars 7 30M 7 30M |7 30M 7 30M |7 30M 6 30M|6 30M 6 30M
Bottom Bars | 8 30M 8 30M |8 30M 8 30M (8 30M 8 30M |7 30M 7 30M
st 500 x 650 Top Bars 6 30M 5 30M |5 30M 5 30M|6 25M 6 25M |6 25M 6 25M
Bottom Bars | 6 30M 6 30M |6 30M 6 30M |6 30M 6 30M |6 30M 6 30M
Table-A IV-10 Beam shear design of the 9-storey building
All Frames
Beam's end Middle Beam's end
Storey
Num. Bar s 1L Num. Bar S 1L Num. Bar s 1L

(mm) (mm) (mm) (mm) (mm) (mm)

4™ _ gt 1 10M 145 1300 1 10M 300 3700 1 10M 145 1300

15 - 31 2 10M 145 1300 | 2 10M 350 3700 | 2 10M 145 1300

Table-A IV-11 Main reinforcement design of the columns for the 9-storey building

S 1 () A1-B1-C1-D1-A4 | A2-B2-C2-D2-A3
—B4-C4-D4 -B3-C3-D3
9 700 x 700 20 20M 20 20M
8™ 700 x 700 20 20M 20 20M
7 700 x 700 20 20M 20 20M
6" 700 x 700 20 20M 20 20M
5 700 x 700 20 20M 20 25M
4" 700 % 700 20 20M 20 25M
3 700 x 700 20 20M 20 25M
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2nd 700 x 700 20 20M 20 25M
I 700 x 700 20 20M 20 25M
Table-A IV-12 Shear design of the columns for the 9-storey building
All Columns
Storey Location  Stirrup Type Num.  Bar s L
(mm) (mm)
squared 3 15M
top end lozenge 0 15M 150 700
st _ oth ] squared 3 15M
r-9 middle [— 0 15M 150 950
squared 3 15M
bot. end lozenge 0 15M 150 700

Table-A 1V-13 Beam flexural design of the 12-storey building

Dim. A&D B&C
Storey Bars loc.
(mm) 1-2 2-1 2-3 3-2 1-2 2-1 2-3 3-2

12 600« 750 TopBars |5 20M 5 20M | S 20M 5 20M | 7 20M 7 20M |7 20M 7 20M
Bottom Bars | 5 20M 5 20M | 5 20M 5 20M | 5 20M S5 20M| 5 20M 5 20M

11" 600x750 TopBars |5 20M 5 20M | S 20M 5 20M| 7 20M 7 20M|7 20M 7 20M
BottomBars | 5 20M 5 20M |5 20M 5 20M |5 20M 5 20M| 5 20M 5 20M

10" 600750 TopBars |5 20M 5 20M|'S 20M 5 20M | 7 20M 7 20M| 7 20M 7 20M
BottomBars | 6 20M 6 20M| 6 20M 6 20M| 5 20M 6 20M| 6 20M 6 20M

gth 600 x 750 Top Bars 7 20M 6 20M | 7 20M 7 20M| 7 20M 7 20M | 7 20M 7 20M
Bottom Bars | 5 25M S5 25M | 5 25M 5 25M | 5 25M 5 25M | 5 25M 5 25M

8% 600x7s0 TopBars | 6 25M 6 25M |6 25M 6 25M | S 25M 4 25M| 5 25M 5 25M
Bottom Bars | 7 25M 7 25M | 7 25M 7 25M | 6 25M 6 25M | 7 25M 7 25M

Jh 60750 | TepBars | 8 25M 7 25M | 8 25M 8 25M| 6 25M 6 25M | 6 25M 6 25M
BottomBars | 8 25M 8 25M | 8 25M 8 25M |8 25M 8 25M | 8 25M 8 25M

6" 600x750 TepBars |7 30M 6 30M| 7 30M 7 30M|6 30M 5 30M| 6 30M 6 30M
Bottom Bars | 7 30M 7 30M| 7 30M 7 30M| 7 30M 7 30M| 7 30M 7 30M

sth 600 x 750 Top Bars § 30M 8 30M |8 30M 8 30M| 7 30M 7 30M| 7 30M 7 30M
Bottom Bars | 8 30M 8 30M | 8 30M 8 30M| 8 30M 8 30M| 8 30M 8 30M

4 600x7so TopBars | 9 30M 9 30M |9 30M 9 30M| 8 30M 8 30M| 8 30M 8 30M
Bottom Bars | 10 30M 9 30M | 9 30M 9 30M| 9 30M 9 30M| 9 30M 9 30M

31 00 x7s0 TepBars |10 30M 10 30M |10 30M 10 30M| 9 30M 9 30M| 9 30M 9 30M
Bottom Bars | 10 30M 10 30M | 10 30M 10 30M |10 30M 10 30M | 10 30M 10 30M

gnd oo 750 TopBars |10 30M 10 30M | 10 30M 10 30M | 9 30M 9 30M| 9 30M 9 30M
Bottom Bars | 11 30M 10 30M |10 30M 10 30M |10 30M 10 30M |10 30M 10 30M

It 600 x 750 Top Bars § 30M 7 30M| 7 30M 7 30M| 7 30M 6 30M| 6 30M 6 30M
Bottom Bars | 8§ 30M 8 30M | 8 30M 8 30M| 8 30M 8 30M| 8 30M 8 30M

Table-A 1V-14 Beam shear design of the 12-storey building
Frames A, B, C & D: Beam 1-2 & Beam 2-3
Storey

Beam's end | Middle | Beam's end
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s L s L s L
Num. Bar G () Num. Bar G () Num. Bar G ()
6" - 12th 1 1I0M 150 1500 1 10M 300 3200 1 1I0M 150 1500
- 5™ 2 10M 150 1500 2 10M 300 3200 2 10M 150 1500
Table-A IV-15 Main reinforcement design of the columns for the 12-storey building
Storey 1 () Al1-B1-C1-D1-A4—- | A2-B2-C2-D2-A3-
B4 - C4 - D4 B3 -C3-D3
12 800 x 800 24 20M 24 20M
11" 800 x 800 24 20M 24 20M
10™ 800 x 800 24 20M 24 20M
[ 800 x 800 24 20M 24 20M
8™ 800 x 800 24 20M 24 25M
7L 800 x 800 24 20M 24 25M
6" 800 x 800 24 20M 24 25M
5t 800 x 800 24 20M 24 25M
4™ 800 x 800 24 20M 24 25M
3 800 x 800 24 20M 24 25M
2 800 x 800 24 20M 24 25M
I 800 x 800 24 20M 24 25M

Table-A IV-16 Shear design of the columns for the 12-storey building

Al1-B1-C1-D1-A4-B4-
Storey Location  Stirrup Type C4 - D4s .
Num Bar (mm)  (mm)
squared 1 15M
top end lozenge | iy 125 200
st _ 1 oth . squared 1 15M
1-12 middle lozenge ) 15M 125 650
squared 1 15M
bot. end lozenge X iy 125 200
A2-B2-C2-D2-A3-B3-
Storey Location  Stirrup Type C3- D3s .
Num Bar (nm)  (mm)
squared 1 15M
top end lozenge ) 15M 125 800
th _ 7-th . squared 1 15M
5*-12 middle lozenge X iy 125 650
squared 1 15M
bot. end lozenge | I 125 800
st _ gth squared 1 15M
I'-4 top end lozenge ) 15M 100 800




middle

bot. end

squared
lozenge
squared
lozenge

15M
15M
15M
15M

125

100

650

800
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ANNEX V

THE WORLDWIDE SELECTED STRONG GROUND MOTIONS USED IN THE
SECOND AND THIRD PAPERS
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Continued Table-A V-1

) . s Ry Vs Site ... PGA PGAuw/
No. Earthguake Date Mw Mechanism Station nw_Ev _,#E_w (m/sec) Class Dir @ PGAu,
HI 02213
Cabazon 684 702 137691 C H2 02041 16863
V03584
N. Palm Reverse Morongoe Valley Fire 02205
8 v ralm 1086/07/08 6.06 : : _ 362 1203 39641 C H2 02172 15157
Springs, USA Oblique Station —_—_—
V03332
. HI 04811
ﬁﬁnﬂﬁm Trout 0 604 42502 C H2 06296 07469
V04111
Baja California o . i} _HI 12803
9 Coa | 108702107 55  Strike-Slip Cerro Prieto 343 446 47153 C H2 00046 06282
V06760
HI 03741
mﬁ,%m%wm.nﬁﬁH 036 145 46818 C H2Z 04762 0.8563
Whittier o - Reverse Vo 03614
10 Narows, Usa 19871001 589y hiue o Gl £ Grand HT 02623
e e %0 152 40137 € _H2 02125 10950
V02586
HI 04564
BRAN 385 1072 47654 C H2 05023 1.0565
V05058
HI 06447
Corralitos 016 385 46224 C H2 04828 08205
V04578
_ HI 0.5700
11 wﬁmmhmm" 1080/10/18 6.03 wﬂwan LGPC 0 388 5048 C H2 06074 15220
que vV 0.8060
) . HI 04601
w%mmmwwnh 1204 1841 71350 C H2 04168 (8487
L V03716
HI 03732
WAHO 1103 1747 38833 C HZ 06540 05494
V02714




HFED A

I — . . } o ATey] e
16080 1¢8€0 TH D 8Tk T6% 608 EJQUI[) BI2DON TEWION 9 OT/60/L66T e 91
€740 TH
008€0 A
o180 €90 TH D 609  80L 80 TYSEY-TYSIN dig-ayimg 69 OU/10/6661  uede[aqoy Gl
TE8F0  TH
LOOFD A
O ——— : : Py UL
90190  $5€50 TH 0D TFLSS TFET 0 ~ o
£+08°0 IH
0$9T0 A
e T oo i i : . ) o |
SPUMNOI - SEIDNA PO & 3,
TOEL0  geib0 TH D THFS6E 6FIT 8El  SPUNOID VDN -V N 699 LUTOMEEL <o gy Pl
6LLT0  TH
8STE0 A
€OT9°0  G6bb0 TH 0D 99°SkS  GEBT 6E I FoHImI
. o 0TETI - ST Apl2aRg
60790 TH
OI8EL0 A .
16650 €8€0T TH D 895 969 0 our0puY 2de) dRAN [0, STHD/TEET  Comdopuly €1
—_— ade
LSE6FT  TH 2
08£50 A
0T 696t0 TH D SEETL  SSTT SEEI EQQY dig-ayms e 0T90/0661  wes] THuEpy 71
OFIS0  TH
TIyog (8) sse[D)  (vasym) (ump) (woy) :
ot TSTUEY )2 Ly ol enh i L]
rovnd vod 0 apg sy duwy  ay nels ey Ay a ayenbyp.rey N

172

[-A V-9]qeL ponunuo)




Continued Table-A V-1

173

. . Rp By Vs Site . PGA PGAw/
No. Earthquake Date Mw Mechanism Station (km) (km) (m/sec) Class Dir @© PGAp,
Hl 0.6364
CHYO28 312 312 34261 C H2 07604 04935
Vo 03434
H1 0.8092
CHYORO 011 269 49621 C H2 084601 08732
Vo 0.7302
H1 05286
TCUD71 0 58 624385 C H2 06513 07231
Vo 04243
Hl 04771
TCUD72 0 708 48814 C H2Z 03799  (0.6590
Chi-Cha, . Reverse V02808
. Taiwan IS9RAR20 7.6 Oblique H1 05964
TCUDT4 ] 1346 34943 C H2 03797 03802
V02781
H1l 05822
TCU07g ] 1097 36399 C H2 04244 0.7818
V03919
H1 1.0089
TCUDE4 0 1148 6632 C H2 04311 04859
Vo 03204
Hl 1.0040
TCU129 183 183 31118 C H2 06240 04317
Vo 03418
Chi-Chi H1l 04792
18 L 1999/09/20 359 Reverse TCuUn7g 816 1041 36399 C H2 02123 08348
Taiwan-02 —_
V02662
Chi-Chi H1 05216
19 Taiwr : 1990/09/20 6.2 Reverse TCUD76 1304 1466 61498 C H2 01611 08761
aiwan-03 _—
Vo 02539
Chi-Chi H1l 07757
20 Tai T 1000/09/25 63 Reverse TCUo7g 104 1005 34399 C H2 06283 (.8250
arwan-06 T

VvV 0.5757
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Continued Table-A V-1

; ; . v Site . PGA PGAyu/
No. Earthquake Date Mw Mechanism Station _”_WH"_ _”NH_W ( EL__MM__& Class Dir @ —...ﬂ”“q
H1 0.6200
EH%WH%MWW@Z 383 457 37890 C  H2 04924  0.5568
V03076
Hl 05187
25 PRGN 20040028 6 swikeStp RO CROlmE o5 555 30736 ¢ 2 07905 05078
V03270
H1 05982
wawmnawwu%mcum 312 4 54173 € H2 11304 08730
V07186
H1 13264
NIGO19 021 988 37233 C H2 11660 0.6442
V08015
H1 05171
NIG028 046 079 43071 C H2 08467 0.6645
26 Niigata, Japan 2004/10/23 663  Reverse V. 04397
H1 0.6698
NIGHO1 040 046 4804 C H2 08370 0.5061
V03780
H1 03501
NIGH12 003 1072 56425 C H2 04175 0.8480
V03245
N Hl 03621
mwwwﬂﬁf CTY  j03g 2003 56156 € H2 07260 07902
Chuetsu-Oki, o yanagicho V04054
27 Japan 2007/07/16 68  Reverse — T oeos
ZEMM_MMH%EE 0 1263 65545 C H2 08519 0.6604
V05766
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ANNEX VI

THE SITE CLASSIFICATION FOR SEISMIC SITE RESPONSE

Table-A VI-1 Site classification for seismic site response specified in NBC (2015)
Taken from NBC (2015)

Average Properties in Top 30 m, as per Note A-4.1.8.4.(3) and

Table 4.1.8.4.-A

Site Class | , Ground A
Profile Name | Average Shear Wave verage Sta.n dard Soil Undrained Shear
Velocity, V30, m/s Penetration Strength, S
> T Resistance, Ngo > =
A Hard rock V0 > 1500 n/a n/a
B Rock 760 < Vg < 1500 n/a n/a
Very dense soil -
C 360 < V30 <760 Neo > 50 Sy > 100 kPa
and soft rock
D Stiff soil 180 < V30 < 360 15 <Ngo <50 50 kPa < S, <100 kPa
\7530 <180 Néo <15 Sy <50 kPa
. Any profile with more than 3.0m of soil with the following
E Soft Soil characteristics:
e Plasticity index: P1 > 20
e Moisture content: w > 40%, and
e Undrained shear strength: S, < 25kPa
F Other soils Site-specific evaluation required
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Table-A VI-2 Site classification provided in ASCE/SEI 7-16 (2017)
Taken from ASCE/SEI 7-16 (2017)

Site Class Ground Type |28 N or N, S
A Hard rock > 5,000 ft/s NA NA
B Rock 2,500 to 5,000 NA NA
ft/s
C Very dense soil and 1,200 to 2,500 > 50 blows/ft 2,000 Ib/f2
soft rock ft/s
D Stiff soil 600101200 fs | 15t0 S0 blows/ft | 00} 10209
<600 ft/s < 15 blows/ft < 1,000 1b/ft?
Any profile with more than 10 ft of soil that has the
E Soft clay soil following characteristics:
- Plasticity index PI > 20,
- Moisture content w > 40%,
- Undrained shear strength 5, < 500 Ib /ft2
F Soil requiring site Soils requiring site response analysis

response analysis
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Table-A VI-3 Ground types classification provided in Eurocode 8-1 (2004)

Taken from Eurocode 8-1 (2004)

Ground
type

Description of stratigraphic profile

Parameters

Vs,30 (M/s)

Nspr
(blows/30cm)

cu (kPa)

A

Rock or other rock-like geological
formation, including at most 5m of
weaker material at the surface.

> 800

Deposits of very dense sand, gravel, or
very stiff clay, at least several tens of
meters in thickness, characterized by a
gradual increase of mechanical
properties with depth.

360 — 800

> 50

> 250

Deep deposits of dense or medium
dense sand, gravel or stiff clay with a
thickness from several tens to many
hundreds of meters.

180 — 360

15-50

70 - 250

Deposits of loose-to-medium
cohesionless soil (with or without some
soft  cohesive layers), or of
predominantly soft-to-firm cohesive
soil.

< 180

<15

<70

A soil profile consisting of a surface
alluvium layer with vs values of type C
or D and thickness varying between
about 5 m and 20 m, underlain by stiffer
material with vs > 800 m/s.

S

Deposits consisting, or containing a
layer at least 10 m thick, of soft
clays/silts with a high plasticity index

(PI > 40) and high-water content

< 100
(indicative)

10-20

Ry

Deposits  of liquefiable soils, of
sensitive clays, or any other soil profile
not included in types A — E or S)
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