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ABSTRACT

Every year, thousands of people were lost their lives in buildings that were collapsed
due to the earthquake. However, the buildings should at least not collapse during the
earthquake and ensure the safety of life. Therefore, countries are published earthquake
codes with rules and instructions to design buildings earthquake-resistant. However,
although these earthquake codes seem to be sufficient, they need to be built up in
parallel with the developments in science and engineering. In this context, at the end
of 2018, Turkey published a new earthquake code. In this new earthquake code, many
sections of the previous earthquake code have updated. Also, many new rules have
published. Therefore, in this thesis to examine the impact of these developments on
building performance, it is aimed to compare the new Turkish Building Earthquake
Code 2018 (TBEC 2018), the previous Turkish Earthquake Code 2007 (TEC 2007)
and Eurocode 8 (EC 8) in terms of the performance of buildings. Firstly, the seismic
design principles and seismic analysis steps of the earthquake codes were compared in
the context of general information. Then, in the selection of the residential buildings,
the types of irregularities mentioned in TBEC 2018 were taken into consideration.
Accordingly, different types of plans were designed under six main headings. These
are regular building and A1, A2, A3, B1 and B2 type structural irregular buildings.
Afterwards, the design has been expanded with three different storey numbers (5, 10
& 20-Storey) to examine the behaviour of these buildings at different storey numbers.
Furthermore, major changes observed on the previous Turkey Earthquake Zones Map
with the publication of the New Turkey Earthquake Hazard Map. Therefore, to
examine the effect of the location-based design, two locations (Atasehir & Izmit)

which were in the same earthquake zone in the previous Turkey Earthquake Zone Map



but which had different spectral values were selected in the new Turkey Earthquake
Hazard Map. In the numerical application part of the study, a total of 108 residential
buildings were designed and analysed by linear dynamic analysis method. Then, multi-
mode pushover analysis was performed to determine the performance levels of
residential buildings which were designed according to three earthquake codes.
Finally, the analysis results were evaluated by TBEC 2018 criteria to determine the
performance level of residential buildings. In this study, base shear forces, maximum
horizontal displacements, construction costs, damage rates of columns and beams and
performance level of the buildings were compared. According to the pushover analysis
results of the buildings, the controlled damage performance level targeted by the
earthquake codes was achieved at a rate of 95%. In the buildings designed according
to the spectral data of Atasehir, analysis according to EC 8 was found to be the worst
in terms of column damage rate. However, in buildings designed according to spectral
data of 1zmit, analysis according to TEC 2007 has the worst column damage rate. The
most ineligible results in terms of construction cost were obtained from the analysis
according to EC 8. In terms of building costs, minimal differences have been observed
between TBEC 2018 and TEC 2007; The reason for this difference is that the concept

of earthquake zone used in TEC 2007 was abandoned in TBEC 2018.

Keywords: TBEC 2018, TEC 2007, Eurocode 8, Mode Superposition Method, Multi-

Mode Pushover Analysis, and Nonlinear Dynamic Analysis
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Her yil binlerce insan deprem nedeniyle yikilan binalarda hayatin1 kaybetmektedir.
Ancak, binalar en azindan deprem sirasinda yikilmamali ve can giivenligini
saglamalidir. Bu nedenle, iilkeler depreme dayanikli binalari tasarlayabilmek adina
kurallar ve talimatlar iceren deprem yonetmelikleri yayimlanmaktadir. Bununla
birlikte, bu deprem yonetmelikleri yeterli gorinse de bilim ve miihendislikteki
gelismelere paralel olarak yenilenmeleri gerekir. Bu baglamda, 2018 sonunda, Tiirkiye
yeni bir deprem yonetmeligi yayinladi. Bu yeni deprem kodunda, dnceki deprem
kodunun birgok boliimii giincellenmistir. Ayrica, bircok yeni kural da yaymlanmistir.
Bu nedenle, bu gelismelerin bina performansina etkisini incelemek amaciyla yapilan
tez caligmasinda, yeni Tiirkiye Bina Deprem Yonetmeligi 2018 (TBDY 2018), bir
onceki Tirkiye Deprem Yonetmeligi 2007 (DBYBHY 2007) ve Eurocode 8 (EC 8)'in
bina performansi agisindan karsilastirilmasi amaglanmistir. Calismada, ilk olarak
genel bilgi baglaminda yonetmeliklerin sismik tasarim esaslar1 ve hesap adimlariin
karsilastirmast yapilmistir. Daha sonra, konut binalarinin seciminde TBDY 2018
yonetmeliginin diizensizlik kriterlerine baglh kalinmistir. Buna gore binalar, diizenli
binalar ve Al, A2, A3, B1 ve B2 tipi diizensiz binalar olarak toplamda 6 farkli ana
baslik altinda siniflandirilmistir. Daha sonra, bu binalarin farkli kat sayilarindaki
davraniglarin1 da incelemek adina tasarim {i¢ farkli kat sayisiyla (5, 10 ve 20 Kat)
genisletildi. Ayrica, onceki Tiirkiye Deprem Bolgeleri Haritasinda, Yeni Tirkiye
Deprem Tehlikesi Haritasinin yayinlanmasiyla birlikte biiyiik degisiklikler oldugu
gozlemlenmistir. Bu nedenle, lokasyon bazli tasarimin etkisini inceleyebilmek adina,
onceki Tiirkiye Deprem Bolgesi Haritasinda ayni deprem bdlgesinde bulunan ancak

yeni Tiirkiye Deprem Tehlikesi Haritasinda farkli spektral degerleri olan iki lokasyon



(Atasehir ve Izmit) secildi. Calismanin sayisal uygulama béliimiinde ise, toplam 108
adet konut binasi tasarlandi ve dogrusal dinamik analiz yontemi ile analiz edildi. Daha
sonra, li¢ deprem kanununa gore tasarlanmis konut yapilarinin performans seviyelerini
belirlemek i¢in ¢cok modlu itme analizi uygulandi. Son olarak, analiz sonuglari, konut
yapilarinin  performans seviyesini belirlemek i¢in TBDY 2018 kriterleri ile
degerlendirildi. Caligmada binalarin, taban kesme kuvvetleri, en biiylik yatay yer
degistirmeleri, yapim maliyetleri, kolon ve kirislerin hasar oranlar1 ve performans
seviyeleri karsilagtirllmistir. Binalarin performans sonuglarina gore yonetmeliklerin
hedefledigi performans seviyesi %95 oraninda elde edilmistir Atagehir'in spektral
verilerine gore tasarlanan binalarda, EC 8'e gore yapilan analizlerin kolon hasar1 orani
bakimindan en kétii oldugu tespit edildi. Bununla birlikte, Izmit'in spektral verilerine
gore tasarlanmis binalarda, DBYBHY 2007'ye gore yapilan analizler en kotii kolon
hasar oranina sahiptir. Yap1 maliyeti agisindan en elverigsiz sonuglar EC 8'e gore
yapilan analizlerden elde edilmistir. Diger yonden, TBDY 2018 ile DBYBHY 2007
arasinda yap1 maliyetleri agisindan kismi farkliliklar gézlenmistir; bu farklili§in sebebi
olarak DBYBHY 2007'de kullanilan deprem bdlgesi kavraminin TBDY 2018'de terk

edilmis olmasidir.

Anahtar Kelimeler: TBDY 2018, DBYBHY 2007, Eurocode 8, Mod Siiperpoziyon

Yéntemi, Cok Modlu Itme Analizi, ve Dogrusal Olmayan Dinamik Analiz

Vi



ACKNOWLEDGEMENT

I would like to thank Assoc. Prof. Dr Giray Ozay for his valuable suggestions and
guidance, | sincerely appreciate all the time he spent on this research work. 1 would
also like to extend my thanks to all the members of the Civil Engineering Department

for their kindnesses and supports.

I would also like to thank my Manager Ersin Ozaygin and other valuable colleagues

in Technical Affairs Directorate for their support and contributions to me.

Finally, I must express my very profound gratitude to my parents and to my girlfriend
for providing me with unfailing support and continuous encouragement throughout my
years of study and through the process of researching and writing this thesis. This

accomplishment would not have been possible without them. Thank you.

vii



TABLE OF CONTENTS

ABSTRACT <ttt ettt snbe e nbe e be e reeeree i
07/ v
ACKNOWLEDGEMENT ...t Vil
LIST OF TABLES ... oottt et XV
LIST OF FIGURES ...t XXi
LIST OF SYMBOLS ...t XXVii
LIST OF ABBREVIATIONS ... XXX
L INTRODUCTION ..ottt sttt nnee s 1
1.0 GENEIAL ..o 1
1.2 LIEratUre REVIBW .....cueiuiiiiiieieite sttt 2
1.3 AM QNG SCOPE ...ttt b e bbbt ne e 4
1.4 TheSIS OULIING ... 5

2 COMPARISON OF EARTHQUAKE DESIGN CODES. ........cccoooiiiiiieiieeesiens 7
2.1 INEFOTUCTION ...ttt 7
2.2 SPecific Measures iN DESIGN ........couuiiiiiiereie s 8
2.2.1 Turkish Building Earthquake Code 2018...........cccooviiiiniiiiiiecce 8
2.2.2 Turkish Earthquake Code 2007 ..........cccoreriiiniiieieienese e 8
2.2.3 EUFOCOUE 8 ...ttt 9

2.3 SOil Types and ParametersS.........cooveeereieniniisesieee e 10
2.3.1 Turkish Building Earthquake Code 2018...........ccccooeviiiiiiiniiieieieiee, 10
2.3.2 Turkish Earthquake Code 2007 ..........cccooeriiinieiieieieese e 10
2.3. 3 EUFOCOUR 8 ...ttt bbb 11

2.4 Building Importance Factor and Building Usage CIass............ccocvvvvvriinnnnen. 13

viii



2.4.1 Turkish Building Earthquake Code 2018............cccoeeiiniiiienienieieeie e, 13

2.4.1.1 Earthquake Design Class ..o 13
2.4.1.2 BUilding HeIght ClaSss .........ccociiiiiiiiiiiieieeee e 14
2.4.2 Turkish Earthquake Code 2007 ..........cccoeeririniiieieieeese e 14
243 EUFOCOUE 8 ...ttt 15
2.5 Elastic Earthquake LOadS. ..........ccooveieieiiiiiciinesieeeeeee e 16
2.5.1 Turkish Building Earthquake Code 2018............cccoeieiiiiniiiiisieeeiee, 16
2.5.1.1 Horizontal Elastic Design SPeCtrum ..........ccccevevererenenineseeeeeens 17
2.5.1.2 Vertical Elastic Design SPectrum ...........cocueiveieieneneneneneseeeeees 18
2.5.2 Turkish Earthquake Code 2007 ..........cccoeiriiirienieieieieese e 19
2.5.3 EUFOCOUE 8 ...ttt bbbt 21
2.5.3.1 Horizontal Elastic Response SPectrum ..........cccccoeeevenenenesineieenens 22
2.5.3.2 Vertical Elastic Response SPectrum ...........cccevevereieninieneseeienens 24

2.6 Structural System Behaviour Factor and Earthquake Load Reduction Factor 25

2.6.1 Turkish Building Earthquake Code 2018...........ccccoeiiiiiiiiiiiicieeee, 25
2.6.2 Turkish Earthquake Code 2007 ..........cccoveririniinieieesese e 26
2.6.3 EUFOCOUR 8 ...ttt 27
2.6.3.1 Earthquake Load Reduction Factor...........cccccuevveieneeneeriesiese e 28
2.7 Structural IrregUIAIITIES .........coeiiie e 28
2.7.1 Turkish Building Earthquake Code 2018............ccccccveveveeiecieceeieeie e, 28
2.7.1.1 A- Trregularities iN Plan...........cccooieii i 29
2.7.1.1.1 Al- Torsional Irregularity .........cccccceviieiiieiii e 29
2.7.1.1.2 A2- FloOr DiSCONtINUILIES.......ccverviriiiiiiiiiiciceee e 30
2.7.1.1.3 A3- Projections in Plan ..........cccocvevieiiiiiie i 31
2.7.1.2 B- Irregularities in Elevation.............ccccocveviieiiii i 32



2.7.1.2.1 B1- Interstorey Strength Irregularity (Weak Storey) .................. 32

2.7.1.2.2 B2- Interstorey Stiffness Irregularity (Soft Storey) ..........cc....... 33
2.7.1.2.3 B3- Discontinuity of vertical structural elements ....................... 33
2.7.2 Turkish Earthquake Code 2007 ..........cccoreririniiieieieseese e 34
2.7. 3 EUFOCOUE 8 ...ttt 34
2.7.3.1 Irregularity N PIAN .....coiiiice e 35
2.7.3.2 Regularity in EIBVatiON .........ccooiiiieiieiice e 36
2.8 Linear Analysis Methods ...........coiiiiiiiieeee e 38
2.8.1 Turkish Building Earthquake Code 2018...........cccoovieiiniiininieieeee, 38
2.8.1.1 Equivalent Static Analysis Method............cccoeveieiininniccc 38
2.8.1.2 Modal Analysis Methods ..o 38
2.8.1.2.1 Mode Superposition Method.............cccoviriiienenineeee, 39

2.8.1.2.2 Increasing the Reduced Internal Force and Displacement Effects

According to the Equivalent Base Shear FOrce...........cccocvvvvvienviiesennnnn, 41
2.8.2 Turkish Earthquake Code 2007 ..........cccoveriririnieieeiese e 41
2.8.2.1 Equivalent Static Analysis Method............ccooeviieiiiiiininicce 42
2.8.2.2 Modal Analysis Methods ...........ccoviiiiiiiiiic 42
2.8.2.2.1 Mode Superposition Method.............ccocveiiiininineeeee, 43

2.8.2.2.2 Increasing the Reduced Internal Force and Displacement Effects

According to The Equivalent Base Shear FOrce .........c.ccocovevveiviiciveenenn, 44
2.8. 3 EUFOCOUE 8 ...ttt 44
2.8.3.1 Lateral Force Method of Analysis.........ccccovveiiiiiiiiie e 44
2.8.3.2 Modal Response Spectrum ANalysiS.........cccevveiiieiieiiee e 45
2.8.3.2.1 Determining the Number of Modes to Take into Account ......... 45
2.8.3.2.2 Combination of Modal ReSPONSES ........cccevvviiieiiiiiiie e 46



2.9 SUMMAry Of COMPATISON .....oiuiiiieieiiie e 46

3 NON-LINEAR EVALUATION PROCEDURE ACCORDING TO TBEC 2018.50

200 [ oo [0 od o] o IR RTR R 50
3.2 Data Collection from BUuildings ..........cceoeiiiiiiiiiiiieeeeceseee e 51
3.2.1 Levels of INFOrmation...........ceoiiiiieniiie e 51
3.2.1.1 Limited Information Level in Reinforced Concrete Buildings.......... 52
3.2.1.2 Comprehensive Information Level in Reinforced Concrete............... 52

3.3 Confined and Unconfined Concrete Models...........ccoooeiiiiiniiiniiiceen, 52
3.4 Reinforcement MOdel .........c.oovoiiiiic s 54
3.5 Areas of Damage and Limits of Damage in Structural Elements .................... 55
3.5.1 Sectional Damaged ATEES .........cccueueiereierere s 55

3.5.2 Section Unit Deformation Capacities of Reinforced Concrete Components

............................................................................................................................ 56
3.6 General Principles and Rules Related to Earthquake Damage ...........ccccecveee. 57
3.7 Seismic Analysis with Non-Linear Analysis Methods ............cccocvviiiiiinn, 59

3.7.1 PUShOVEr MEthOUS......c.eoieiiiiiicieeee e 59

3.7.1.1 Single-Mode Pushover Method ..........c.ccocoviiiiieienenceeeee, 60
3.7.1.2 Constant Single-Mode Pushover Method ..........c.ccccoovvieiviieineee 61
3.7.1.3 Variable Single-Mode Pushover Method.............ccccooveiieieiicinennee 61

3.7.2 Multi-Mode Pushover Method............ccocooeiiiiiniineceee e 62
3.8 Determination of Nonlinear Spectral Displacement ...........c.ccccccvvviieeiiecinenne, 62
3.9 Determining the Seismic Performance of the Building .............ccccoovveiieinne, 66

3.9.1 Continuous Usage Performance Level in Existing Buildings................... 66

3.9.2 Limited Damage Performance Level in Existing Buildings ..................... 66

3.9.3 Controlled Damage Performance Level in Existing Buildings................. 66

Xi



3.9.4 Collapse Prevention Performance Level in Existing Buildings................ 67

3.9.5 Collapse LEVEL.........oiiie e 68
3.10 Buildings Performance Targets..........ccooeeerereniiinieieienese e 68
4 METHODOLOGY ...ttt sttt sttt ettt eebeesne e e 70
4.1 INTFOAUCTION ...ttt 70
4.2 General INFOrMatioN .........cc.ooiiiiiiiiiecee s 70
4.2.1.1 Loads and Load Combinations............ccccoereiinieienieneneseseeeeeeen, 72

4.3 CASE STUAIES ...ttt bbbttt bbbt 73
4.3.1 Regular Type BUIldINgS ........cooiviiiiiieieicees e 74
4.3.1.1 Case Regular Type - Atasehir 5-Storey (R-A-5S) ......ccccovvvvriinnennn. 75
4.3.1.2 Case Regular Type - Atasehir 10-Storey (R-A-10S) ........ccccvvvvvrennnn. 76
4.3.1.3 Case Regular Type - Atasehir 20-Storey (R-A-20S) ........ccccvevvnennne. 76
4.3.1.4 Case Regular Type - I1zmit 5-Storey (R-1-5S) ..., 77
4.3.1.5 Case Regular Type - Izmit 10-Storey (R-1-10S) .......ccccocervrvrvrnennn. 78
4.3.1.6 Case Regular Type - I1zmit 20-Storey (R-1-20S) .......c.ccocervrvrirnennn. 78
4.3.2 A1 Type: Torsional Irregularity ... 79
4.3.2.1 Case Al Type - Atasehir 5-Storey (AL1-A-5S).....cccccrvrniiniiniininennn, 80
4.3.2.2 Case Al Type - Atasehir 10-Storey (A1-A-10S)......ccccocvrvvrvrvninennnn. 81
4.3.2.3 Case Al Type - Atasehir 20-Storey (AL1-A-20S)......cccccevvvvveirvenenne. 81
4.3.2.4 Case Al Type - Izmit 5-Storey (AL-1-5S) .....c.cccevvviiieiiieieie e 82
4.3.2.5 Case Al Type - Izmit 10-Storey (AL1-1-10S) .....ccoevvvivveiieciieve e, 83
4.3.2.6 Case Al Type - Izmit 20-Storey (AL1-1-20S) ......cocevvvivveiieciieiien 83
4.3.3 A2 Type: FIoor DiSCONTINUITIES. ......ccveiiveeiieiiieciie e 84
4.3.3.1 Case A2 Type - Atasehir 5-Storey (A2-A-5S).....ccccccevveiiiiiieiinenn, 85
4.3.3.2 Case A2 Type - Atasehir 10-Storey (A2-A-10S) .....cccccceviveiveinnenne. 86

xii



4.3.3.3 Case A2 Type - Atasehir 20-Storey A2-A-20S........cccccoeiieeiveineene 86

4.3.3.4 Case A2 Type - Izmit 5-Storey (A2-1-5S) .....cccocvevviieiiniiieiiee 87
4.3.3.5 Case A2 Type - Izmit 10-Storey (A2-1-10S) .....cccocvveeienreiiniieienn 88
4.3.3.6 Case A2 Type - Izmit 20-Storey (A2-1-20S) .....cccccvvveerienieiinineienes 88
4.3.4 A3 Type: Projections in PIan ..o 90
4.3.4.1 Case A3 Type - Atasehir 5-Storey (A3-A-5S).....ccccvviiniiiiniiiinnn 90
4.3.4.2 Case A3 Type - Atasehir 10-Storey (A3-A-10S)......cccccvvvrierrvernnnnen 91
4.3.4.3 Case A3 Type - Atasehir 20-Storey (A3-A-20S)......cccocervrvrvneennnn. 92
4.3.4.4 Case A3 Type - Izmit 5-Storey (A3-1-5S) ..o, 92
4.3.4.5 Case A3 Type - Izmit 10-Storey (A3-1-10S) ....ccccevereriniririieee, 93
4.3.4.6 Case A3 Type - Izmit 20-Storey (A3-1-20S) ......ccceveririiiniiiiee, 94
4.3.5 B1 Type: Interstorey Strength Irregularity (Weak Storey) ........cccceoveeene. 95
4.3.5.1 Case B1 Type - Atasehir 5-Storey (B1-A-5S) .....cccccovvriniinininnennnn, 96
4.3.5.2 Case B1 Type - Atasehir 10-Storey (B1-A-10S) ......ccocervrvrvnnennnn. 97
4.3.5.3 Case B1 Type - Atasehir 20-Storey (B1-A-20S) ......cccocervrvrvneennnn. 97
4.3.5.4 Case B1 Type - Izmit 5-Storey (B1-1-5S) ......ccccoeviiiiiiininiiicee, 98
4.3.5.5 Case B1 Type - Izmit 10-Storey (B1-1-10S).......ccceovrirvnvnirinienn, 99
4.3.5.6 Case B1 Type - Izmit 20-Storey (B1-1-20S) .......cccoovivreninininiene, 99
4.3.6 B2 Type: Interstorey Stiffness Irregularity (Soft Storey) .........cccccveee..e. 100
4.3.6.1 Case B2 Type - Atasehir 5-Storey (B2-A-5S) ......ccccccevvveivevecnennn, 101
4.3.6.2 Case B2 Type - Atasehir 10-Storey (B2-A-10S) ......cccccovevivviiveennnnnn 102
4.3.6.3 Case B2 Type - Atasehir 15-Storey (B2-A-15S) .....coccovveviiiiiiennnnn, 102
4.3.6.4 Case B2 Type - Izmit 5-Storey (B2-1-5S) ......cccccovvvevieiiiciieciec, 103
4.3.6.5 Case B2 Type - Izmit 10-Storey (B2-1-10S).......cccevvviiveviieiieeinen 104
4.3.6.6 Case B2 Type - Izmit 15-Storey (B2-1-15S) .......ccocevveiivevieiiieeninn, 104

Xiii



S RESULTS AND DISCUSSIONS ......ooiiiiiiiiiciie s 106

5.1 INEFOAUCTION ... bbb 106
5.2 Results of PUSNOVET ANAIYSIS.......coiiiiiiiiiiiiesiseeeeeee e 107
5.2.1 Regular Type BUIIAINGS .......coooiiiiiiiiiieiee e 107
5.2.2 A1 Type: Torsional Irregularity ..., 118
5.2.3 A2 Type: FIoor DIiSCONTINUITIES.......ccveiveriiriiiiiieieieie e 129
5.2.4 A3 Type: Projections in PIaNn ..., 140
5.2.5 B1 Type: Interstorey Strength Irregularity..........ccoooeveniinieniniiceen, 151
5.2.6 B2 Type: Interstorey Stiffness Irregularity .........ccoceeeveniiineniniicieen, 162

5.3 BUIAING COSES....ccuviiiieieitesiisieseeee e 173
5.3.1 Regular Type BUIIAINGS ......ccoooiiiiiiiiiieiceree e 173
5.3.2 A1 Type: Torsional Irregularity .........coccovviiiiiiniiiiieeeeeeee, 175
5.3.3 A2 Type: FIoor DiSCONTINUITIES.......ccveiveriiriiiiiiieieieie e 177
5.3.4 A3 Type: Projections in PIan ..., 179
5.3.5 B1 Type: Interstorey Strength Irregularity..........ccoceeevenniiinnicenn, 181
5.3.6 B2 Type: Interstorey Stiffness Irregularity ..........cccooevvvveiieveeiesiennn, 183

6 CONCLUSION AND RECOMMENDATIONS FOR FUTURE STUDIES....... 186
6.1 CONCIUSIONS ..ottt 186
6.2 Recommendations for FUture StUTIES ............ccoviriiiiininee e 190
REFERENGES ...ttt 191
APPENDICES ... 195
Appendix A: New Interactive Turkish Earthquake Hazard Map...............c........ 196
Appendix B: Turkish Earthquake Zones Map ........ccccoceveviieiiieiie e 197

Xiv



LIST OF TABLES

Table 2.1: Soil Class and Soil Type according to TBEC 2018............cccoovvviiiiennnn, 10
Table 2.2: Soil Groups according to TEC 2007 ........cccovveeerieeninie e 11
Table 2.3: Local Site Classes according to TEC 2007 .........cccovvvveiieneniieneenisie e 11
Table 2.4: Soil Types according to EC 8 ........ccoiiiiiiiiiiiccceee e, 12
Table 2.5: Building Usage Class and Building Importance Factor according to TBEC
F 0 TP TSP 13
Table 2.6: Earthquake Design Class according to TBEC 2018. .........ccccccovvvevviinnene 14
Table 2.7: Building Height Class according to TBEC 2018...........ccccccvevvviieiviinnnnn, 14
Table 2.8: Building importance factor (I) according to TEC 2007...........ccccoeovenrneee. 15
Table 2.9: Importance classes and factors for buildings accordingto EC 8.............. 15
Table 2.10. Earthquake Ground Motion Levels according to TBEC 2018................ 16
Table 2.11: Soil effect coefficient, Fs, according to TBEC 2018.............ccccvevvnnneee. 17
Table 2.12: Soil effect coefficient, F1, according to TBEC 2018 ............cccceovvnnneee. 17

Table 2.14: Effective ground acceleration coefficient according to TEC 2007......... 20

Table 2.15: Spectrum characteristic periods according to TEC 2007.........ccccccccvenee. 21
Table 2.16: Type 1 Elastic response spectrum parameters accordingto EC8.......... 23
Table 2.17: Type 2 Elastic response spectrum parameters accordingto EC8.......... 23

Table 2.18: Vertical Elastic Response Spectrum Parameters accordingto EC 8 ...... 24

Table 2.19: Structural System Behaviour Factors according to TBEC 2018 ............ 25

Table 2.20: Structural System Behaviour Factor according to TEC 2007................. 26

Table 2.21: Basic value of the behaviour factor, go, for systems regular in elevation

XV



Table 2.22: Structural Irregularity and Seismic Analysis Options of the Building
ACCOIAING 10 EC 8. et nre s 35

Table 2.23: Application limits of equivalent static analysis method according to TBEC

Table 2.24: Applicability criteria for equivalent static analysis method according to
TEC 2007 ettt b e bt nre e be e aneeere e 42
Table 3.1: Information Level Coefficient for buildings according to TBEC 2018.... 51
Table 3.2: Information about reinforcement steels according to TBEC 2018........... 55

Table 3.3: Performance Targets for New Building or Existing Buildings according to

TBEC 2018 (8, D, €) 1veieieii ettt 68
Table 4.1: General Information used in TBEC 2018 ........ccccccovcvviiiienenieiiene e 70
Table 4.2: General Information used in TEC 2007 ........cccccoivveveiieiieneeieseese e 71
Table 4.3:General Information used in EUrOCOdE 8.........cccovvevviieiieiieie e 71
Table 4.4: Loads and materials used in SeisSmic design ..........ccccovvveiiiineniinieenennnn, 72
Table 4.5: Load COMDBINALIONS........cceiveiieieieese e nee e nnees 73

Table 4.6: Irregularity Check List and Base Shear Forces for Regular Buildings
(ATLASEINIT) .. bbbttt bbbt 79

Table 4.7: Irregularity Check List and Base Shear Forces for Regular Buildings (I1zmit)

Table 4.8: Irregularity Check List and Base Shear Forces for Al Type - Irregular
BUIIAINGS (ATASENIT) ...vviiiieiiecee et ae e 84
Table 4.9: Irregularity Check List and Base Shear Forces for A1 Type - Irregular
BUIAINGS (IZMIL) ..o 84
Table 4.10: Irregularity Check List and Base Shear Forces for A2 - Irregular Buildings

(AN = T1=] o 1 ) TP PPRR 89

XVi



Table 4.11: Irregularity Check List and Base Shear Forces for A2 - Irregular Buildings

Table 4.12: Irregularity Check List and Base Shear Forces for A3 - Irregular Buildings
(N 1= 0 ) SRRSO 94

Table 4.13: Irregularity Check List and Base Shear Forces for A3 - Irregular Buildings

Table 4.14: Irregularity Check List and Base Shear Forces for B1 - Irregular Buildings
(ATLASEINI) ...ttt bbbt 100

Table 4.15: Irregularity Check List and Base Shear Forces for B1 - Irregular Buildings

Table 4.16: Irregularity Check List and Base Shear Forces for B2 - Irregular Buildings

(ATLASEINI) ...t b bbb 105

Table 4.17: Irregularity Check List and Base Shear Forces for B2 - Irregular Buildings

Table 5.1: Performance levels and base shear forces of regular type buildings ...... 113

Table 5.2: Damage ratios at the performance level of R-A-5S building ................. 114
Table 5.3: Damage ratios at the performance level of R-A-10S building ............... 114
Table 5.4: Damage ratios at the performance level of R-A-20S building ............... 114
Table 5.5: Damage ratios at the performance level of R-1-5S building................... 115
Table 5.6: Damage ratios at the performance level of R-1-10S building.................. 115
Table 5.7: Damage ratios at the performance level of R-1-20S building................. 115

Table 5.8: Performance levels and shear forces of Al Type irregular buildings..... 124

Table 5.9: Damage ratios at the performance level of A1-A-5S building ............... 125
Table 5.10: Damage ratios at the performance level of A1-A-10S building ........... 125
Table 5.11: Damage ratios at the performance level of A1-A-20S building ........... 125

XVii



Table 5.12:

Table 5.13:

Table 5.14:

Table 5.15:

Table 5.16:

Table 5.17:

Table 5.18:

Table 5.19:

Table 5.20:

Table 5.21:

Table 5.22:

Table 5.23:

Table 5.24:

Table 5.25:

Table 5.26:

Table 5.27:

Table 5.28:

Table 5.29:

Table 5.30:

Table 5.31:

Table 5.32:

Table 5.33:

Table 5.34:

Table 5.35:

Table 5.36:

Damage ratios at the performance level of A1-1-5S building............... 126
Damage ratios at the performance level of A1-1-10S building............. 126
Damage ratios at the performance level of A1-1-20S building............. 126

Performance levels and shear forces of A2 Type irregular buildings... 135

Damage ratios at the performance level of A2-A-5S building ............. 136
Damage ratios at the performance level of A2-A-10S building ........... 136
Damage ratios at the performance level of A2-A-20S building ........... 136
Damage ratios at the performance level of A2-1-5S building............... 137
Damage ratios at the performance level of A2-1-10S building............. 137
Damage ratios at the performance level of A2-1-20S building............. 137

Performance levels and shear forces of A3 Type irregular buildings... 146

Damage ratios at the performance level of A3-A-5S building ............. 147
Damage ratios at the performance level of A3-A-10S building ........... 147
Damage ratios at the performance level of A3-A-20S building ........... 147
Damage ratios at the performance level of A3-1-5S building............... 148
Damage ratios at the performance level of A3-1-10S building............. 148
Damage ratios at the performance level of A3-1-20S building............. 148

Performance levels and shear forces of B1 Type irregular buildings... 157

Damage ratios at the performance level of B1-A-5S building ............. 158
Damage ratios at the performance level of B1-A-10S building ........... 158
Damage ratios at the performance level of B1-A-20S building ........... 158
Damage ratios at the performance level of B1-1-5S building............... 159
Damage ratios at the performance level of B1-1-10S building.............. 159
Damage ratios at the performance level of B1-1-20S building.............. 159

Performance Levels and shear forces of B2 Type irregular buildings.. 168

xviii



Table 5.37:

Table 5.38:

Table 5.39:

Table 5.40:

Table 5.41:

Table 5.42:

Table 5.43:

Table 5.44:

Table 5.45:

Table 5.46:

Table 5.47:

Table 5.48:

Table 5.49:

Table 5.50:

Table 5.51;

Table 5.52:

Table 5.53:

Table 5.54:

Table 5.55:

Table 5.56:

Table 5.57:

Table 5.58:

Table 5.59:

Table 5.60:

Table 5.61:

Damage ratios at the performance level of B2-A-5S building ............. 169
Damage ratios at the performance level of B2-A-10S building ........... 169
Damage ratios at the performance level of B2-A-15S building ........... 169
Damage ratios at the performance level of B2-1-5S building................ 170
Damage ratios at the performance level of B2-1-10S building.............. 170
Damage ratios at the performance level of B2-1-15S building.............. 170
Cost of Regular Type Building - Atasehir 5-Storey ..........ccccccevvriennnn 173
Cost of Regular Type Building - Atasehir 10-Storey ..........ccccoecvevernenn 173
Cost of Regular Type Building - Atasehir 20-Storey ..........ccccevcvvvernenn 173
Cost of Regular Type Building — Izmit 5-Storey..........cccevvvcverviinnnnnn 174
Cost of Regular Type Building — Izmit 10-Storey.........cccccevcvervrennnnn 174
Cost of Regular Type Building — Izmit 20-Storey..........cccccevcvervrennnnn 174
Cost of A1 Type Building — Atasehir 5 STOrey.......cccocevveieicvenvsiennnnnn 175
Cost of Al Type Building — Atasehir 10 Storey.........cccocvevveviveresiennnnnn 175
Cost of Al Type Building — Atasehir 20 StOrey.........cccocveverivervneennnnn 175
Cost of Al Type Building — 1zmit 5 StOrey ........cccooeveiirinenciieeen, 176
Cost of Al Type Building — 1zmit 10 StOrey........cccceveverenencnnenennnn, 176
Cost of Al Type Building — 1zmit 20 StOrey........ccccevevereneniineienen, 176
Cost of A2 Type Building — Atasehir 5 Storey.........ccocevceevveieeieiiennn, 177
Cost of A2 Type Building — Atasehir 20 Storey.........ccccceevvevveieenennnn 177
Cost of A2 Type Building — Atasehir 20 Storey........cccccovevviveeivecnnnne, 177
Cost of A2 Type Building — 1zmit 5 Storey........coccceeevvevieiieecie e, 178
Cost of A2 Type Building — Izmit 10 Storey.......ccccocevvvevieiieeiie e, 178
Cost of A2 Type Building — Izmit 20 Storey........ccccceeveveiieeiie e, 178
Cost of A3 Type Building — Atasehir 5 Storey........ccccocvevveiieeiiecinnnnn, 179

Xix



Table 5.62:

Table 5.63:

Table 5.64:

Table 5.65:

Table 5.66:

Table 5.67:

Table 5.68:

Table 5.69:

Table 5.70:

Table 5.71:

Table 5.72:

Table 5.73:

Table 5.74:

Table 5.75:

Table 5.76:

Table 5.77:

Table 5.78:

Cost of A3 Type Building — Atasehir 10 StOrey.........ccoceevveveeneriennnnnn 179
Cost of A3 Type Building — Atasehir 20 StOrey.........cccocvevververviiennnnns 179
Cost of A3 Type Building — 1zmit 5 StOrey .......cccevevievenienienceeeenn 180
Cost of A3 Type Building — 1zmit 10 StOrey.......cccccevvvevivrienvennnienennn 180
Cost of A3 Type Building — 1zmit 20 StOrey.......cccccevvvevvnieneeneniennnnn 180
Cost of B1 Type Building — Atasehir 5 Storey........cccccevvevenvenesiennnnn 181
Cost of B1 Type Building — Atasehir 10 StOrey .........ccoocvvvvevveneniennnnnn 181
Cost of B1 Type Building — Atasehir 20 StOrey .........ccocvvvvevvervnieennnnn 181
Cost of B1 Type Building — 1zmit 5 StOrey ........cccoceverirenieniiieeen, 182
Cost of B1 Type Building — 1zmit 10 StOrey .......cccccevevvrenenirneiennen, 182
Cost of B1 Type Building — 1zmit 20 StOrey ........ccccevevvrvninnnnenene, 182
Cost of B2 Type Building — Atasehir 5 Storey........cccccevcvevvenvenesinnnnnn 183
Cost of B2 Type Building — Atasehir 10 StOrey .........cccocvvvveiveneniennnnnn 183
Cost of B2 Type Building — Atasehir 15 Storey .........cccocvevevivervninnnnnn 183
Cost of B2 Type Building — 1zmit 5 StOrey ........cccoocevevirenenciicenen, 184
Cost of B2 Type Building — 1zmit 10 StOrey .......ccccceveverenencrneienen, 184
Cost of B2 Type Building — 1zmit 15 StOrey ........ccccevevvrenenvnnenenen, 184

XX



LIST OF FIGURES

Figure 2.1: Horizontal Design Spektrum according to TBEC 2018...........ccccccovenee. 18
Figure 2.2: Vertical Design Spektrum according to TBEC 2018 ............ccccvvvvvennnne. 19
Figure 2.3: Elastic design spectrum according to TEC 2007 .........cccccevevvrviininenenn. 21
Figure 2.4: Elastic acceleration spectrum form according to EC 8.............cccceevenee. 22

Figure 2.5: Type 1 Elastic Response Spectrum for Ground Type A to E. (%5 Damping)

.................................................................................................................................... 24
Figure 2.7: Torsional Irregularity according to TBEC 2018..........cccocooeiiinviinnenenn. 29
Figure 2.8: Floor Discontinuities according to TBEC 2018 ..........cccccoovveiiiicicnnn, 31
Figure 2.9: Projections in Plan according to TBEC 2018............cccceovviieiviiinenicnnn, 32

Figure 2.10: Discontinuity of vertical structural elements according to TBEC 2018.

Figure 2.11: Criteria for regularity of buildings with setbacks according to EC 8.... 37

Figure 3.1: The compression - deformation correlations for Confined and Unconfined

concrete (TBEC, 2018). ...c.uoiiieieieiiesieeiee et 52
Figure 3.2: Stress-strain curve for reinforcing steel (TBEC, 2018).........cc.ccccvvvennene. 55
Figure 3.3: Sectional Damaged Areas (TBEC, 2018)........ccccceoereiiieninineieeeens 56
Figure 3.4: Modal Capacity Diagram 1 (TBEC, 2018).......cccccovivrirenininerieieeens 64
Figure 3.5: Modal Capacity Diagram 2 (TBEC, 2018)........ccccceveierenininineeiens 65
Figure 3.6: Seismic Performance Level of Buildings (Asfuroglu, 2018). ................. 68
Figure 4.1: Plan of the Case R-A-5S........o e 75
Figure 4.2: 3D Shape of the Case R-A-5S ..o 75

XXi



Figure 4.3: Plan of the Case R-A-10S........ccoiiiiiiiie e 76

Figure 4.4: Plan of the Case R-A-20S.........ccccooiiiieiiie e 76
Figure 4.5: Plan of the Case R-1-5S ..........ccooiiiiei e 77
Figure 4.6: 3D Shape of the Case R-1-5S..........cooiiiiiiice e 77
Figure 4.7: Plan of the Case R-1-10S ... 78
Figure 4.8: Plan of the Case R-1-20S ... 78
Figure 4.9: Plan of the Case AL-A-5S ... 80
Figure 4.10: 3D Shape of the Case AL-A-5S........coiiiiee s 80
Figure 4.11: Plan of the Case AL-A-10S ... 81
Figure 4.12: Plan of the Case AL-A-20S ..o 81
Figure 4.13: Plan of the Case AL-1-5S ... 82
Figure 4.14: 3D Shape of the Case AL-1-5S ... 82
Figure 4.15: Plan of the Case AL-1-10S ..o 83
Figure 4.16: Plan of the Case AL-1-20S ... 83
Figure 4.17: Plan of the Case A2-A-5S ... 85
Figure 4.18: 3D Shape of the Case A2-A-5S........ccoiiiiiiee s 85
Figure 4.19: Plan of the Case A2-A-10S ... 86
Figure 4.20:Plan of the Case A2-A-20S ... 86
Figure 4.21: Plan of the Case A2-1-5S.........coooiiieie e 87
Figure 4.22: 3D Shape of the Case A2-1-5S ........cccccveieiiieiice e 87
Figure 4.23: Plan of the Case A2-1-10S..........ccooeiiiiiii i 88
Figure 4.24:Plan of the Case A2-1-20S..........ccceeiiiiiie i 88
Figure 4.25: Plan of the Case A3-A-5S ... s 90
Figure 4.26: 3D Shape of the Case A3-A-5S......ccoi i 91
Figure 4.27:Plan of the Case A3-A-10S ... s 91

XXii



Figure 4.28: Plan of the Case A3-A-20S ..o 92

Figure 4.29: Plan of the Case A3-1-5S ... 92
Figure 4.30: 3D Shape of the Case A3-1-5S ... 93
Figure 4.31: Plan of the Case A3-1-10S ..o 93
Figure 4.32: Plan of the Case A3-1-20S ... 94
Figure 4.33: Plan of the Case BL-A-5S........oiieeee e 96
Figure 4.34: 3D Shape of the Case BL1-A-5S ... 96
Figure 4.35: Plan of the Case B1-A-10S........cccooiiiiiiiiiseeeee s 97
Figure 4.36: Plan of the Case B1-A-20S........cccooiiiiiiiiiiieeee s 97
Figure 4.37: Plan of the Case B1-1-5S ... 98
Figure 4.38: 3D Shape of the Case B1-1-5S..........ccccciiiiiiiiiie e 98
Figure 4.39: Plan of the Case B1-1-10S ... 99
Figure 4.40: Plan of the Case B1-1-20S ...t 99
Figure 4.41: Plan of the Case B2-A-5S........oieeee s 101
Figure 4.42: 3D Shape of the Case B2-A-5S ... 101
Figure 4.43: Plan of the Case B2-A-10S........cccoiiiiiiiiiieeeese s 102
Figure 4.44: Plan of the Case B2-A-15S........cccooiiiiiiiecee e 102
Figure 4.45: Plan of the Case B2-1-5S ... 103
Figure 4.46: 3D Shape of the Case B2-1-5S..........c.ccceeviiiiiieiecc e 103
Figure 4.47: Plan of the Case B2-1-10S ........c.coeiiiiieiece e 104
Figure 4.48: Plan of the Case B2-1-15S .........ccccviiieiii e 104
Figure 5.1: Pushover analysis curves of the R-A-5S building (X direction) ........... 107
Figure 5.2: Pushover analysis curves of the R-A-5S building (Y direction) ........... 107
Figure 5.3: Pushover analysis curves of the R-A-10S building (X direction) ......... 108
Figure 5.4: Pushover analysis curves of the R-A-10S building (Y direction) ......... 108

xxiii



Figure 5.5: Pushover analysis curves of the R-A-20S building (X direction) ......... 109
Figure 5.6: Pushover analysis curves of the R-A-20S building (Y direction) ......... 109
Figure 5.7: Pushover analysis curves of the R-1-5S building (X direction)............. 110
Figure 5.8: Pushover analysis curves of the R-1-5S building (Y direction)............. 110
Figure 5.9: Pushover analysis curves of the R-1-10S building (X direction)........... 111
Figure 5.10: Pushover analysis curves of the R-1-10S building (Y direction)......... 111
Figure 5.11: Pushover analysis curves of the R-1-20S building (X direction)......... 112
Figure 5.12: Pushover analysis curves of the R-1-20S building (Y direction)......... 112
Figure 5.13: Pushover analysis curves of the A1-A-5S building (X Direction)....... 118
Figure 5.14: Pushover analysis curves of the A1-A-5S building (Y Direction)...... 118

Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:
Figure 5.19:
Figure 5.20:
Figure 5.21:
Figure 5.22:
Figure 5.23:
Figure 5.24:
Figure 5.25:
Figure 5.26:
Figure 5.27:
Figure 5.28:

Figure 5.29:

Pushover analysis curves of the A1-A-10S building (X Direction).... 119
Pushover analysis curves of the A1-A-10S building (Y Direction).... 119
Pushover analysis curves of the A1-A-20S building (X Direction).... 120

Pushover analysis curves of the A1-A-20S building (Y Direction).... 120

Pushover analysis curves of the A1-1-5S building (X Direction)........ 121
Pushover analysis curves of the A1-1-5S building (Y Direction)........ 121
Pushover analysis curves of the A1-1-10S building (X Direction)...... 122
Pushover analysis curves of the A1-1-10S building (Y Direction)...... 122
Pushover analysis curves of the A1-1-20S building (X Direction)...... 123
Pushover analysis curves of the A1-1-20S building (X Direction)...... 123
Pushover analysis curves of the A2-A-5S building (X Direction)...... 129
Pushover analysis curves of the A2-A-5S building (Y Direction)...... 129

Pushover analysis curves of the A2-A-10S building (X Direction).... 130
Pushover analysis curves of the A2-A-10S building (Y Direction).... 130

131

Pushover analysis curves of the A2-A20S building (X Direction)

XXiv



Figure 5.30: Pushover analysis curves of the A2-A-20S building (Y Direction).... 131
Figure 5.31: Pushover analysis curves of the A2-1-5S building (X Direction)........ 132
Figure 5.32: Pushover analysis curves of the A2-1-5S building (Y Direction)........ 132
Figure 5.33: Pushover analysis curves of the A2-1-10S building (X Direction)...... 133
Figure 5.34: Pushover analysis curves of the A2-1-10S building (Y Direction)...... 133
Figure 5.35: Pushover analysis curves of the A2-1-20S building (X Direction)...... 134
Figure 5.36: Pushover analysis curves of the A2-1-20S building (Y Direction)...... 134
Figure 5.37: Pushover analysis curves of the A3-A-5S building (X Direction)....... 140
Figure 5.38: Pushover analysis curves of the A3-A-5S building (Y Direction)...... 140
Figure 5.39: Pushover analysis curves of the A3-A-10S building (X Direction).... 141
Figure 5.40: Pushover analysis curves of the A3-A-10S building (Y Direction).... 141
Figure 5.41: Pushover analysis curves of the A3-A-20S building (X Direction).... 142
Figure 5.42: Pushover analysis curves of the A3-A-20S building (Y Direction).... 142
Figure 5.43: Pushover analysis curves of the A3-1-5S building (X Direction)........ 143
Figure 5.44: Pushover analysis curves of the A3-1-5S building (Y Direction)........ 143
Figure 5.45: Pushover analysis curves of the A3-1-10S building (X Direction)...... 144
Figure 5.46: Pushover analysis curves of the A3-1-10S building (Y Direction)...... 144
Figure 5.47: Pushover analysis curves of the A3-1-20S building (X Direction)...... 145
Figure 5.48: Pushover analysis curves of the A3-1-20S building (Y Direction)...... 145
Figure 5.49: Pushover analysis curves of the B1-A-5S building (X Direction) ...... 151
-Figure 5.50: Pushover analysis curves of the B1-A-5S building (Y Direction)..... 151
Figure 5.51: Pushover analysis curves of the B1-A-10S building (X Direction) .... 152
Figure 5.52: Pushover analysis curves of the B1-A-10S building (Y Direction) .... 152
Figure 5.53: Pushover analysis curves of the B1-A-20S building (X Direction) .... 153

Figure 5.54: Pushover analysis curves of the B1-A-20S building (Y Direction) .... 153

XXV



Figure 5.55:
Figure 5.56:
Figure 5.57:
Figure 5.58:
Figure 5.59:
Figure 5.60:
Figure 5.61:
Figure 5.62:
Figure 5.63:
Figure 5.64:
Figure 5.65:
Figure 5.66:
Figure 5.67:
Figure 5.68:
Figure 5.69:
Figure 5.70:
Figure 5.71:

Figure 5.72:

Pushover analysis curves of the B1-1-5S building (X Direction)........ 154
Pushover analysis curves of the B1-1-5S building (Y Direction)........ 154
Pushover analysis curves of the B1-1-10S building (X Direction)...... 155
Pushover analysis curves of the B1-1-10S building (Y Direction)...... 155
Pushover analysis curves of the B1-1-20S building (X Direction)...... 156
Pushover analysis curves of the B1-1-20S building (Y Direction)...... 156
Pushover analysis curves of the B2-A-5S building (X Direction) ...... 162
Pushover analysis curves of the B2-A-5S building (Y Direction) ...... 162
Pushover analysis curves of the B2-A-10S building (X Direction) .... 163
Pushover analysis curves of the B2-A-10S building (Y Direction) .... 163
Pushover analysis curves of the B2-A-15S building (X Direction) .... 164
Pushover analysis curves of the B2-A-15S building (Y Direction) .... 164
Pushover analysis curves of the B2-1-5S building (X Direction)........ 165
Pushover analysis curves of the B2-1-5S building (Y Direction)........ 165
Pushover analysis curves of the B2-1-10S building (X Direction)...... 166
Pushover analysis curves of the B2-1-10S building (Y Direction)...... 166
Pushover analysis curves of the B2-1-15S building (X Direction)...... 167
Pushover analysis curves of the B2-1-15S building (Y Direction)...... 167

XXVi



LIST OF SYMBOLS

(Ai)max  Maximum storey drift of ith storey of the building.
(Ai)min  Minimum storey drift of i th storey of the building.

(Ai)ort  Average storey drift of i,th storey of the building.

Ai Storey drift of i,th storey of the building.

A Gross floor area.

A(T) Spectral acceleration coefficient.

Ao Effective ground acceleration coefficient.

Ab Total area of openings.

Ae Effective shear area.

A&d Design value of return period of specific earthquake motion.
ag Design ground acceleration on type A ground.

Ag Section areas of structural elements at any storey.

agr Reference peak ground acceleration on type A ground.
Ak Infill wall areas.

avg Design ground acceleration in the vertical direction.
Aw Effective of web area of column cross sections.

ay, ax Length of re-enter corners in X, y direction.

Cu Undrained shear strength of soil.
E Earthquake Load
Ed Load Combinations.

En, Ey  Earthquake in direction to n.

XXVii



€ox

hi

hw

Lmax

Lmin

Lx, Ly

NspT

I'x

S(T)

Sae(T)

Distance between the centre of stiffness and the centre of mass, measured
along the x direction, which is normal to the direction of analysis
considered.

Gravity coefficient.

Dead load.

Height of ith storey of building [m].

Height of wall or cross-sectional depth of beam.

Building importance factor.

Larger dimension in plan of the building.

Smaller dimension in plan of the building.

Radius of gyration of the floor mass in plan (square root of the ratio of (a)
the polar moment of inertia of the floor mass in plan with respect to the
centre of mass of the floor to (b) the floor mass).

Length of the building at x, y direction.

Number of stories in the structure.

Standard penetration test blow-count

Behaviour factor.

Live load.

Wind Load

Square root of the ratio of the torsional stiffness to the lateral stiffness in
the y direction (“torsional radius”).

Soil factor.

Soil Pressure Load

Spectrum coefficient.

Elastic spectral acceleration.

XXVili



Sa(T)
Sbe(T)
Se(T)

Sve(T)

Ta, TB
Ts
Tc

To

Vs 30

Y1

Esy

Mbi

ki

Design spectrum (for elastic analysis).

Elastic displacement response spectrum.

Elastic response spectrum.

Elastic vertical ground acceleration response spectrum.

Vibration period of a linear single degree of freedom system.

Spectrum characteristic periods

Lower limit of the period of the constant spectral acceleration branch.
Upper limit of the period of the constant spectral acceleration branch.
Value defining the beginning of the constant displacement response range
of the spectrum.

Average value of propagation velocity of S waves in the upper 30 m of
the soil.

Lower bound factor for the horizontal design spectrum.

Importance factor.

Design value of steel strain at yield.

Damping correction factor with a reference value of #=1 for 5% viscous
damping.

Torsionally irregularity factor defined at i,th storey of the building.
Stiffness irregularity factor defined at i th storey of the building.
Slenderness.

Viscous damping ratio of the structure, expressed as a percentage.

XXIX



AD
BKS

BYS

CD
CcP

cu

cQc

CR

DBD

DCH

DCM

DD

DTS

EC1

EC 2

EC8

LD

MD

SBD

SRSS
TBEC 2018

TEC 2007

LIST OF ABBREVIATIONS

Advanced Damage

Building Usage Class

Building Height Class

Collapse

Controlled Damage

Collapse Prevention

Continuous Usage

Complete Quadratic Combination
Collapsing Region

Displacement Based Design

High Ductility Building

Medium Ductility Building
Earthquake Ground Motion Level
Earthquake Design Class
Eurocode 1

Eurocode 2

Eurocode 8

Limited Damage

Marked Damage

Strength Based Design

Square Root of Sum of Squares
Turkish Building Earthquake Code 2018

Turkish Earthquake Code 2007

XXX



TS-498 Design Loads for Building
TS-500 Requirements for Design and Construction of Reinforced Concrete

Buildings

XXXI



Chapter 1

INTRODUCTION

1.1 General

In Turkey, which is under the risk of earthquakes for a large part, according to research
data of the Turkey Earthquake Research Department in 2018, 58,202 citizens lost their
lives in the last fifty-eight years, 122,096 people were injured, and approximately
411,465 buildings were severely damaged or collapsed. Alongside with these facts, the
importance of earthquake-resistant building design and evaluation of existing
buildings have been proved again. Therefore, countries are publishing earthquake
codes that contain rules and instructions to ensure that structures are designed to be
earthquake-resistant and thus safe for people. However, countries should update

earthquake codes as a result of developing technology and new researches.

In parallel with this information, a new earthquake code was published in Turkey at
the end of 2018. Thus, as a result of the publication of the new regulation, many new
rules on earthquake resistant structure design have been published. However, as a
result of the design methods and unpredictable behaviour of buildings, there is still
insufficient information about the performance of the existing buildings during an
earthquake. As aresult, it is aimed to reveal the differences of the codes by comparing
the performances of the residential buildings designed according to the both Turkish

Earthquake codes. Also, the scope of the study was extended by the inclusion of EC



8, the regulation applied by European countries. Thus, a more global perspective on

the changes introduced by the new regulation can be obtained.
1.2 Literature Review

Earthquake-resistant building design and the performance of existing buildings are of
great importance in earthquake codes. For this reason, many studies about this subject

have been made in the literature. The results of several studies are listed below.

Meral (2009) compared TEC 1998 with TEC 1975 in his thesis. In the study, the
differences in the analysis results of the 2, 4 and 7 storey structures examined in detail.
According to the results of the study, it was observed that there was a significant
improvement in the structures designed according to TEC 1998 compared to the

structures designed according to TEC 1975.

Korkmaz et al. (2010), investigated the seismic behaviour of reinforced concrete 10-
storey frame structures containing structural irregularities. According to the results
obtained from the study, lateral displacement capacity of buildings increased in models
without in-fill walls. However, soft storey irregularity occurred in those buildings.
Thus, a significant decrease was observed in the seismic performance of buildings with

soft storey irregularities.

Aydemir (2011) compared TEC 2007 with EC 8 in his thesis. In this study, the design
rules and provisions of both earthquake codes were examined. According to the study,
the two sample structures were analysed by using Sta4CAD software. The results
obtained were evaluated in terms of cost. According to the results, the EC 8 remains

on the more economic side comparing to the TEC 2007.



Safkan (2012) made a comparison of TEC 2007 with EC 8 applied in Cyprus island in
his study. In this study, the analysis of a reinforced concrete structure for two different
regions was made according to two earthquake codes and the differences were
evaluated. According to the results, the high reduction factor of TEC 2007 also leads
to lower base shear values. Furthermore, for the very soft soil types, EC 8 gives much

higher base shear compared to TEC 2007.

Gok (2013), in her thesis, made a comparison of A3 type of irregular multi-storey
reinforced concrete structure, by performing design and earthquake analyses according
to TEC 2007, EC 8 and ACI 318 codes. In this study, seismic analysis was carried out
by using the equivalent static analysis method in the three earthquake codes of the 10-
storey structure using SAP2000 program. In this study, structural periods, base shear
forces, relative displacements, maximum displacements, and second-order effects
were calculated according to earthquake codes. Finally, the differences between

earthquake codes were examined.

Tung and Tanfener (2016) in their study summarized the similarities and differences
between TEC 2007 and TBEC 2016 (draft). In this study, they examined the design
differences arising from the regulations applied on a 10-storey reinforced concrete
office building. The results showed that the structural periods and storey drift
significantly increased in the analysis according to TBEC 2016. As a result of this
increase, base shear forces decreased according to the TBEC 2016. However, despite
of this decrease, due to the effect of the overstrength factor, the internal forces of the

structural elements increased too much.



Bagaran (2018), in his study, the equivalent static analysis method according to TEC
2007 and TBEC 2018, were evaluated. 5-storey and 10-storey sample reinforced
concrete frame models were used in the analysis. In the study, the results obtained
considering soil classes were compared and the variation of earthquake loads were
investigated. For both frame models, it was noticeable that the equivalent earthquake

loads calculated according to TBEC 2018 decreased compared to TEC 2007.

El¢i and Goker (2018) in their study, Turkish Earthquake Codes (TBEC 2018 and TEC
2007) were compared in terms of the seismic performance of reinforced concrete
columns. In the theoretical and experimental study, they have been examined four
column samples. Moment-curvature curves of the specimens and lateral force-
displacement were obtained from the test results. The results obtained from the
experimental study were observed to be generally compatible. Accordingly, TBEC

2018 gives conservative deformation limits comparing to TEC 2007.
1.3 Aim and Scope

Every year, thousands of people were lost their lives in buildings that were collapsed
due to the earthquake. However, the buildings should at least not collapse during the
earthquake and ensure the safety of life. Therefore, countries are published earthquake
codes with rules and instructions to design buildings earthquake-resistant. However,
although these earthquake codes seem to be sufficient, they need to be built up in
parallel with the developments in science and engineering. In this context, at the end
of 2018, Turkey published a new earthquake code. In this new earthquake code, many
sections of the previous earthquake code have updated. Also, many new rules have
published. Therefore, in this thesis to examine the impact of these developments on

building performance, it is aimed to compare the new Turkish Building Earthquake



Code 2018, the previous Turkish Earthquake Code 2007 and Eurocode 8 in terms of

the performance of buildings.

In this thesis, it is aimed to evaluate the performance of residential buildings. The
design of the plans of these residential buildings is within the boundaries of the TBEC
2018 title of irregular structural systems. Accordingly, in total, different types of plans
were designed under six main headings. These are regular building and Al, A2, A3,
B1 and B2 type irregular buildings. Furthermore, the design has been expanded with
three different storey numbers to examine the behaviour of these regular and irregular
buildings at different storey numbers. Finally, to examine the effect of the location-
based design introduced in TBEC 2018, two locations which were in the same
earthquake zone in the previous Turkey Earthquake Zone Map but which had different

spectral values were selected in the new Turkey Earthquake Hazard Map.

In the first phase of the numerical application, multi-storey reinforced concrete frame
systems were analysed and designed separately for three earthquake codes. As the
method of account, mode superposition method was used for linear dynamic analysis.
According to the result of the linear analyses, changes in such as base shear forces and
irregularity factors were examined. Then, in the performance evaluation phase, the
performance levels of those buildings compared according to TBEC 2018 criteria. In
order to determine the performance levels of these buildings, a multi-mode pushover
analysis method was applied. Besides, the analyses performed within the scope of the

study were made by using Sta4CAD V14.1 software program.
1.4 Thesis Outline

This study consists of six chapters and is organized according to the following outline,



In the first chapter, the aim, method, and scope of the thesis were explained,
and the previous studies on the subject were summarized.

In the second chapter, the technical instructions of TBEC 2018, TEC 2007 and
EC 8 regulations used in earthquake resistant building design are briefly
examined, and the differences and similarities between them were summarized.
In the third chapter, nonlinear evaluation procedure according to TBEC 2018
Is explained.

In the fourth chapter, the method applied in numerical application and the plans

of the sample models are given.

In the fifth chapter, the results obtained from the non-linear analysis method
are examined and compared.
In the sixth chapter, conclusions of the thesis and recommendations for future

studies are given.



Chapter 2

COMPARISON OF EARTHQUAKE DESIGN CODES

2.1 Introduction

Resistance to earthquakes, strength, stiffness, and ductility should be present in the
structural system as a whole, in the elements and in the junction areas to ensure that
the loads created during the earthquake are safely transferred to the foundation ground

(Ozyer, 2016).

Details of the concepts mentioned in the previous paragraph are respectively; Strength
is provided by cross-sectional dimensioning and detailing that can carry design loads.
Stiffness is achieved by limiting the displacements. The concept of ductility is the

ability to displace and deformation without losing strength (Ozyer, 2016).

Considering the above conditions, two types of analysis methods are proposed which
are linear static analysis and linear dynamic analysis are used in the earthquake design
of new buildings. Static analysis method, is the most preferred method for earthquake
analysis since it is a simple method. However, the simplicity of this method is limited
by the type of building. In cases where the equivalent static analysis method cannot be
applied, dynamic analysis methods are used. Dynamic analysis methods are Modal
Response Spectrum, also known as Modal Superposition Method and Time Domain

Analysis (Sandikgi, 2014; Asfuroglu, 2018).



In this chapter, linear analysis methods of the codes and design procedures are

examined and design rules are explained in a simple way.
2.2 Specific Measures in Design

2.2.1 Turkish Building Earthquake Code 2018

According to TBEC 2018, some rules have been defined for earthquake resistant
design of structures. The structural system of the building should be of sufficient
simplicity. Vertical and horizontal irregularities should be avoided in the structural
system, and as much as possible symmetrical structure design procedure must be

followed (Tunc & Tanfener, 2016).

Sufficient rigidity must be provided to limit the loss of strength, in whole or in part, of
the structural system elements under earthquake impact. It is expected that there will
be an acceptable similarity between all system elements in terms of stiffness and
strength so that structural systems can show sufficient strength and sufficient rigidity
under earthquake impact. It is also expected that the slab elements which take part in
the transfer of stresses and loads occurring under the influence of an earthquake
between structural elements will show sufficient in-plane rigidity (TBEC, 2018).
2.2.2 Turkish Earthquake Code 2007

Design and construction of irregular buildings should be avoided. The structural
system should be arranged symmetrically in the plan as far as possible. A significant
portion of the earthquake load transferred to the building should be consumed by the
ductile behaviour of the structural system. Ductile design principles must be applied

(Aydemir, 2011).



The building structural system resisting earthquake loads and also each structural
element of the system should be provided with sufficient stiffness, stability, and
strength to ensure that the earthquake loads are transferred continuously and safely
down to the foundation. It is essential that floor systems possess sufficient stiffness
and strength to ensure the safe transfer of lateral seismic loads between the elements
of the structural system. Otherwise, appropriate transfer elements should be rearranged
on floors (TEC, 2007).

2.2.3 Eurocode 8

According to EC8, the structure should have simple and regular forms both in elevation
and plan. The earthquake performance of the structure depends on the critical regions
of the structure or the behaviour of the elements. Specially at these critical regions,
premature formation of unstable structural mechanisms should be avoided. For this
purpose, capacity design procedure, which is used to obtain the hierarchy of resistance
of the various structural components and the failure modes necessary for ensuring
appropriate plastic mechanism and for avoiding brittle failure, should be referred is
where necessary. Consideration should be given to the connection details of these
elements in the regions where the structural elements are expected to exhibit non-linear

behaviour (Kacar, 2011).

The analysis should be based on an appropriate structural model, which also takes into
account the effect of non-structural elements such as soil deformation and the presence
of adjacent structures. The rigidity of the foundations must be suitable for the uniform
transmission of the loads from the superstructure to the ground as much as possible

(Karasu, 2015).



2.3 Soil Types and Parameters

2.3.1 Turkish Building Earthquake Code 2018

According to parameters of shear wave velocity, standard penetration resistance and
undrained shear strength, the soils are divided into six different classes in TBEC 2018.

Parameters related to soil classes and explanations are given in table below.

Table 2.1: Soil Class and Soil Type according to TBEC 2018

Top 30 meters on average

Soil Shear Standard Undrained
cl Soil Type Wave Penetration Shear
ass Velocity Resistance Strength
(Vs)30 (N60)30 (Cu)30
[m/s] [blows/30cm] [kPa]
ZA Tough, hard rocks >1500 - -
ZB Low weathered, medium solid rocks 760-1500 - -
Very dense sand, gravel and very stiff clay or very
ZC cracked weak rocks 360-760 > 50 >250
7D 3§;se-med|um dense sand, gravel or very stiff 180-360 15-50 70-250
Loose sand, gravel or soft —stiff clay or
Providing conditions for PI> 20 and w> 40% soft
ZE clay thicker than 3 meters in total profiles. 180 <15 <70
(CU)<25kPa
Ground requiring site-specific research and
evaluation:

1) Soils that have the risk of collapse and potential
collapse under the influence of -earthquake
(liquefaction soils, highly sensitive clays, poor
ZF cemented floors etc.),

2) Total thickness of more than 3 meters of peat
and / or high content of organic clays,

3) High plasticity (PI1> 50) clays with a total
thickness of more than 8 meters,

4) Very thick (> 35 m) soft or medium stiff clays.

2.3.2 Turkish Earthquake Code 2007
It is obligatory to perform soil investigations on the required field and laboratory tests,
to arrange the relevant reports which are included in the project documents in the
following 2 conditions (TEC, 2007).

- All buildings with a total height of more than 60 meters in the first and second

seismic zones.
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Table 2.2: Soil Groups according to TEC 2007

independent of the building height in all earthquake zones.

The buildings where the Building Importance Factor is | =15 and | = 1.4

. I~ Standard | Relative Unconfingd Drift
Soil Description of Penetration | Density Compressive Wave
Group Soil Group (N/30) (%) Strength Velocity
(kPa) (m/s)
1.Massive  volcanic  rocks, - - >1000 >1000
unweathered sound Metamorphic
rocks, stiff cemented sedimentary
A rocks
2.Very dense sand, gravel >50 85-100 - >700
3. Hard clay, silty lay >32 - >400 >700
1. Soft volcanic rocks such as tuff - - 500-1000 700-1000
and agglomerate, weathered
cemented sedimentary rocks with
B planes of discontinuity
2. Dense sand, gravel 30-50 65-85 - 400-700
3. Very stiff clay, silty clay 16-32 - 200-400 300-700
1. Highly weathered soft - - <500 400-700
metamorphic rocks and cemented
sedimentary rocks with planes of
c discontinuity
2. Medium dense sand and gravel 10-30 35-65 - 200-400
3. Stiff clay and silty clay 8-16 - 100-200 200-300
1. Soft, deep alluvial layers with - - - <200
high ground water level
D 2. Loose sand <10 <35 - <200
3. Soft clay and silty clay <8 - <100 <200

Table 2.3: Local Site Classes according to TEC 2007

Log;\;ssslte Soil Group according to Table 2.2 and Topmost Soil Layer Thickness (h)
71 Group (A) soils
Group (B) soils with hy <15 m
79 Group (B) soils with hy >15m
Group (C) soil withh; <15 m
73 Group (C) soil with 15 m <h; <50 m
Group (D) soils with h; <10 m
74 Group (C) soil with hy >50 m
Group (D) soils with h; > 10 m

2.3.3 Eurocode 8

In EC 8, the soil parameters are similar to TEC 2007 and are classified according to

the shear wave velocity, standard penetration test, and free pressure resistance.
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However, seven different soil classes have been defined in EC 8. Based on the project

conditions and the purpose of the building, soil investigations are required. However,

soil investigation can be neglected in areas where there is no earthquake risk. Soil types

are given in Table 2-4, depending on the parameters obtained from the soil

investigation.

Table 2.4: Soil Types according to EC 8

Soil
type

Description of stratigraphic
Parameters

Parameters

(Vs)30
[m/s]

Nspt
(blows/30cm)

(Cu)so
[kPa]

A

Rock or other rock-like geological formation,
including at most 5 m 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 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.

St

Deposits consisting, or containing a layer at
least 10 m thick, of soft clays/silts with a high
plasticity index (Pl > 40) and high-water
content

<100

10-20

S

Deposits of liquefiable soils, of sensitive
clays, or any other soil profile not included in
types A—E or S1

For sites with soil conditions matching either one of the two special soil types S1 or

S2, special studies for the definition of the seismic action are required. For these soils

and especially for S2, unexpected behaviour may occur on the soil under the seismic

action (Kacar, 2011).
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2.4 Building Importance Factor and Building Usage Class

2.4.1 Turkish Building Earthquake Code 2018

In TBEC 2018, buildings are classified according to Building Usage Class (BKS) and
Building Importance Factor (1) are defined according to these classes. Building usage
classes are defined according to the importance and risk of the building during and
after the earthquake, and three building usage classes are given as BKS = 1, BKS = 2
and BKS = 3. Explanations on building usage classes and building importance factor

are given in table below (Tunc & Tanfener, 2016).

Table 2.5: Building Usage Class and Building Importance Factor according to TBEC
2018.

BKS | Purpose of Occupancy of Building [
Buildings required to be utilized after the earthquake, intensively and
long-term occupied buildings and buildings preserving valuable goods
and buildings containing hazardous materials
Buildings required to be utilized immediately after the earthquake
(PTT and other telecommunication facilities, dispensaries, health wards,
BKS=1 firefighting buildings and facilities, first aid and emergency planning stations, 15
hospitals, power generation and distribution facilities, county and municipality
administration buildings, transportation stations and terminals, governorate)

b) Schools, dormitories and hostels, military barracks, other educational buildings
and facilities, prisons, etc.

¢) Museums

d) Buildings containing or storing toxic, flammable and explosive materials, etc.

BKS=2 Intensively but short-term occupied buildings 12
~“ | Cinema, sport facilities, concert halls and theatre, etc. ’

Other buildings
Buildings other than defined in BKS=1 and BKS=2 buildings. (Residential and
office buildings, building-like industrial structures, hotels, etc.)

BKS=3

2.4.1.1 Earthquake Design Class

The earthquake design classes (DTS) in TBEC 2018 are defined according to the
building usage class and the short period design spectral acceleration coefficient at
DD-2 earthquake ground motion level (Asfuroglu, 2018). The earthquake that,
probability of exceedance in 50 years is %10, and the repetition period is 475 years.

The parameters for earthquake design classes are given in Table 2-6.
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Table 2.6: Earthquake Design Class according to TBEC 2018.

. . Building Usage Class
Sps values in accordance with DD-2 BKS = 1 BKS =2.3
0.75 < Sps DTS =1a DTS=1
0.5<Sps<0.75 DTS = 2a DTS=2
0.33<5ps0.5 DTS = 3a DTS =3
0.33 < Sps DTS =4a DTS =4

2.4.1.2 Building Height Class
Building height classes are defined according to the height ranges given in TBEC 2018
according to earthquake design classes. The structural system is selected according to

the defined building height classes (Tunc & Tanfener, 2016).

Table 2.7: Building Height Class according to TBEC 2018

Building Height DTS=1,1a, 2, 2a DTS =3, 3a DT 4, 4a
Class
BYS=1 Hy > 70 H > 91 Hy > 105
BYS=2 56 < Hy < 70 70 < Hy<91 91 < Hy< 105
BYS =3 42 < Hy< 56 56 < Hn< 70 56 < Hy<91
BYS = 4 28 < Hy< 42 42 <Hy<56
BYS=5 17.5 < Hy< 28 28 < Hy<42
BYS=6 10.5 < Hy< 17.5 17.5 < Hy < 28
BYS=7 7<Hy<10.5 10.5 < Hy< 17.5
BYS=8 Hn<7 Hn< 10.5

2.4.2 Turkish Earthquake Code 2007

The building importance factor which plays an important role in the seismic analysis
varies according to the type and purpose of the building to be constructed. The
coefficient increases according to public safety and the environmental impact of the
building during and after the earthquake. According to TEC 2007, coefficients are

defined under four categories (Go6k, 2013; Karasu, 2015).
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Table 2.8: Building importance factor (1) according to TEC 2007

i Importance
Purpose of Occupancy or Type of Building Factor (1)
1. Buildings required to be utilized after the earthquake and buildings
containing hazardous materials
a) Buildings required to be utilized immediately after the earthquake
(PTT and other telecommunication facilities, dispensaries, health wards, 15
firefighting buildings and facilities, first aid and emergency planning stations, '
hospitals, power generation and distribution facilities, county and municipality
administration buildings transportation stations and terminals, governorate)
b) Explosive and flammable materials, buildings containing or storing toxic, etc.
2. Intensively and long-term occupied buildings and buildings
preserving valuable goods
a) Military barracks, dormitories and hostels, other educational buildings and 14
facilities, military barracks, schools, prisons, etc.
b) Museums
Intensively but short-term occupied buildings 1.2
Theatre and concert halls, sport facilities, cinema etc. '
Other buildings
Buildings other than above defined buildings. (hotels, building-like industrial 1.0
structures, Residential and office buildings, etc.)

2.4.3 Eurocode 8

The buildings are divided into four classes of importance depending on the importance

of public safety, the social and economic consequences of demolition and the

consequences of major effects of buildings for human life. These importance classes

are defined by different importance factors (y 1) (Eurocode 8, 2004).

Table 2.9: Importance classes and factors for buildings according to EC 8

buildings, etc.

I t Importance
mportance Buildings factor
class
(1)
Buildings whose integrity during earthquakes is of vital
v imp_ortance for civil protection, e.g. power plants, hospitals, fire 1.4
stations etc.
Buildings whose seismic resistance is of importance in view of the
11 consequences associated with a collapse, e.g. cultural institutions, 1.2
schools, assembly halls etc.
1 Ordinary buildings, not belonging in the other categories. 1.0
I Buildings of minor importance for public safety, e.g. agricultural 08
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2.5 Elastic Earthquake Loads

2.5.1 Turkish Building Earthquake Code 2018

In TBEC 2018, four different Earthquake Ground Motion Levels (DD) are proposed
and design earthquake acceleration is selected according to this earthquake ground
motion levels. The four earthquake ground motion levels, defined as DD-1, DD-2, DD-
3 and DD-4, are classified by the percentage of probabilities of exceedance over 50
years and the annual repetition period corresponding to it (El Haj Ahmad, 2018). The

parameters related to earthquake ground motion levels are given in the table below.

Table 2.10. Earthquake Ground Motion Levels according to TBEC 2018

Probab|I|t|es_of Annual repetition Frequency and magnitude of
DD Exceedance in .
period earthquake
50 years

DD-1 %2 2475 years Very rare / largest earthquake
DD-2 %10 475 years Rare / standard design earthquake
DD-3 %50 72 years Often
DD-4 %68 43 years Very often / service earthquake

Seismic data for four different earthquake ground motion levels is available in the
Turkey Earthquake Hazard Map, and data can be accessed from the website

(https://tdth.afad.gov.tr/). The figure of the new earthquake hazard map is given in

Appendix 1.

According to TBEC 2018, the map spectral acceleration coefficient for the short period
of 0.2 seconds and the map spectral acceleration coefficient for 1 second period are
determined with the data obtained from the map. The map spectral acceleration
coefficients are multiplied by local soil effect coefficients. Finally, the design spectral
acceleration coefficients are calculated (EI Haj Ahmad, 2018).

SDS == SS'FS (21)
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Sp1 =S1.F; (2.2)
Where,
Sos the design spectral response acceleration coefficient at short periods
Sp1 the design spectral response acceleration coefficient at 1-s period.
Ss the map spectral acceleration coefficient at short periods.
S1 the map spectral acceleration coefficient at 1-s period.
Table 2-11 and Table 2-12 show the values of soil effect coefficients (Fs, F1),
depending on the Ss and S: values. Intermediate values of Ss and S; are obtained by

interpolation.

Table 2.11: Soil effect coefficient, Fs, according to TBEC 2018

Soil Type Mapped Spectral Acceleration at Short-Periods Fs
Ss < 0.25 s = 0.5 s — 0.75 s — 1.0 s — 1.25 Ss 215

ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.9 0.9 0.9 0.9 0.9 0.9
ZC 1.3 1.3 1.2 1.2 1.2 1.2
ZD 1.6 14 1.2 1.1 1.0 1.0
ZE 2.4 1.7 1.3 1.1 0.9 0.8
ZF Soil requiring site-specific research and evaluation

Table 2.12: Soil effect coefficient, F1, according to TBEC 2018

Soil Type Mapped Spectral Acceleration at One-Second Period F1
S:1<£0.1 S51=0.2 5:1=0.3 S1=04 S1=05 S12>0.6

ZA 0.8 0.8 0.8 0.8 0.8 0.8

ZB 0.8 0.8 0.8 0.8 0.8 0.8

ZC 15 15 15 15 15 1.4

ZD 2.4 2.2 2.0 1.9 1.8 1.7

ZE 4.2 3.3 2.8 2.4 2.2 2.0

ZF Soil requiring site-specific research and evaluation

In TBEC 2018 both horizontal and vertical earthquake elastic response spectrum is
defined.

2.5.1.1 Horizontal Elastic Design Spectrum

The following definitions are the horizontal elastic design acceleration spectrum

defined for the 5% damping ratio (Basaran, 2018).
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T 2.
Sae(T) = (0.4 +0.6 T—) Sps s 0<T <T, 23)
A
Sae(T) = Sps ; TAo<T <Tg (2.4)
S 2.
Sae(T) = % ’ T <T<T, (2:5)
Sp1 T 2.
Sae(T) = 25 ; T <T (29)

Horizontal design spectrum corner periods Ta and Tg are de