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OZET
MIiLAS/MUGLA’DA BiR OKULUN SiSMiK DIRENCLILiGI

Zubair SEDIQI

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Insaat Miihendisligi Anabilim Dali
Danisman: Dr. Ogr. Uyesi Ebru HARMANDAR

Agustos 2021, 50 sayfa

Bir yapisal sistemin sismik direngliliginin amaci, depremden kaynaklanan hasarlar1 (can
kaybi, sosyal, ekonomik, yapisal ve yapisal olmayan hasarlar) dnlemek, en aza indirmek
veya azaltmaktir. Yapilarin sismik direnci, deprem ve yapr mithendisliginde gelismekte
olan bir konudur. Son yillarda deprem miihendisligi arastirmacilart ve uzmanlar
arasinda popiiler ve en ¢ok tartisilan konulardan biri olmustur. 'Direnglilik' kelimesinin
anlami alandan alana farklilik gosterir, ancak deprem ve yap1 miihendisliginde bir
yapisal sistemin hasar gordiikten sonra islevselligine geri donmesi anlamima gelir.
Okullar, toplumu dogrudan etkileyen en 6nemli 6zel miihendislik yapilarindan biridir.
Bu nedenle, bir deprem meydana geldikten sonra okullar1 miimkiin olan en kisa siirede
Kurtarmak onemlidir. Bu calismada, Tirkiye deprem tehlike haritasina gore yiiksek
deprem potansiyeli olan Mugla'nin Mentese ilgesinde bir okul binasinin depreme karsi
direnglilik g¢alismasinin yapilmasi hedeflenmistir. Arastirma g¢alismasi alti adimdan
olusmaktadir: (1) Sismik tehlike analizi, (2) Okul binasinin modellenmesi, (3) Itme
analizi, (4) Kirilganlik egrileri, (5) Hassaslik egrileri, (6) Islevsellik egrileri, (7) Sismik
dayaniklilik. Hasar tespit metodolojisi HAZUS'a gore yapilmaktadir. Bina, SAP2000
yap1 analiz program kullanilarak modellenerek dogrusal olmayan statik itme analizi
uygulanmistir. Bu ¢aligma, deprem sirasinda can kayiplariin, ekonomik kayiplarinin ve
okul binalarmin deprem sonrasinda toparlanma siirelerini azaltmaya ve baska okul

binalarmin direnclilik hesaplamalarinda altlik olusturacaktir.



Anahtar Kelimeler: Sismik Direnglilik, Okul Binalar1, Hasar Degerlendirmesi,

Binalarin Islevselligi, Iyilesme Analizi.
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ABSTRACT
SEISMIC RESILIENCE OF A SCHOOL BUILDING IN MILAS/MUGLA

Zubair SEDIQI

Master of Science (M.Sc.)

Graduate School of Natural and Applied Sciences
Department of Civil Engineering
Supervisor: Assist. Prof. Dr. Ebru HARMANDAR
August 2021, 50 pages

Aim of the seismic resilience of a structural system is to prevent, minimize or decrease
the damages (loss of life, social, economic, structural, and non-structural damages) that
occur due to earthquake. Seismic resilience of structures is one of the most interesting
topics in the field of earthquake and structural engineering. It has been a popular and one
of the most discussed topics for the researchers and specialists of earthquake engineering
in the recent years. The meaning of the word ‘resilience’ differs from field to field, but
in earthquake and structural engineering resilience means returning of the functionality
of a structural system after it has been damaged. Seismic resilience of structures is a
developing topic in earthquake and structural engineering. Schools are one of the most
important special engineering structures that directly affect the public. Therefore, it is
important to recover schools as soon as possible after occurring of an earthquake. A
seismic resilience study for a school building of Milas, Mugla which is one of the most
hazardous earthquake areas in Turkey according to the hazard map is performed. The
building is studied according to the hazard map and the predefined earthquake scenarios.
The research study has six steps as: 1) Seismic hazard analysis, (2) Modeling of the
school building, (3) Pushover analysis, (4) Fragility curves, (5) Vulnerability curves, (6)
Functionality curves, (7) Seismic resilience. The damage assessment methodology is
done based on HAZUS. SAP2000 software is used for modeling and nonlinear static
pushover analysis is performed. This study will help and bring improvements in seismic

resilience of school buildings and reduce social, economic damages and fatalities during

vii



an earthquake and recovery time of school buildings after an event. It will be a base
input for the resilience of other school buildings as well.

Keywords: Seismic Resilience, School Buildings, Damage Assessment, Functionality of

Buildings, Recovery Analysis.

viii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..ottt sne st ene e iv
OZE T . . %
ABSTRACT L. bbbttt b bbb vii
LIST OF TABLES ...ttt ettt nennaene s Xi
LIST OF FIGURES ...ttt bbbt Xii
LIST OF SYMBOLS AND ABBREVIATIONS ......cooiiiiiieiece e Xiv
LINTRODUCTION ..ottt ettt sttt stesbesbe s e eneeneeneens 1
2.LITERATURE REVIEW. ... .ooiiiiiiiieie ittt ettt sttt 3
SIMETHODOLOGY ..ottt sttt sttt sttt abeabeene e e e 6
3.1 Framework Of THe STUAY ........coeiiiiiiiiiiccee s 6
3.2 Determination of Design ReSPONSe SPECIIUM........cccivvirireeierieie e 7
3.3 Performance Analysis Of @ StIUCLUIE ...........ccveveiieie e 9
3.3.1 SEISMIC CAPACITY ... eeueereeriieestesii ettt bbbt 9
3.3.2 Performance Levels and Seismic Damage..........cccveveveeieeriesieieeie e 11
3.4 Damage Assessment (Seismic riSK aSSESSMENT)........ccveruereereerieseeneenieeeesieeneenns 13
3.4 1 Fragility @nalySiS........ccooiiiiiiiiiiieee e 13
3.4.2 DaMAge [EVEIS........ooieee s 14
3.4.3 Vulnerability @nalYSIS .........cccoiiiiiiiiiiie e 16
3.5 SEISMIC RESIHENCE......cuiieieiieieee e 17
3.5.1 The Functionality of @ STTUCIUIE..........cceiiiiiiierceeeee e 18
3.5.2 FUNCLIONAIILY 10SS....c.veiiiiiiciieee et 20
4. CASE STUDY: A SCHOOL BUILDING IN MUGLA .......ccoeeeecece e, 22
o I Y oo [0 Tox £ o SRR URPRPRPRRRI 22
4.2 DeSign RESPONSE SPECIIUM .....eoivieiiiiieiie ettt sre e ene 24
4.3 Structural MOGEIING ......cciiiiieie s 25
4.4 PUSNOVEN ANGAIYSIS ...ttt 28
4.5 BUIING RESPONSE.....eeiiiiiiie ettt e e ne e saee s 29
4.6 Performance LEVEIS ........cooiie et 31
4.7 Fragility ANAIYSIS ...cvveiiieiie ettt 36
4.8 SEISIMIC LLOSS ... .eiteeiieiie sttt sttt sttt st et r e be et ne e nbe e e nnes 40
4.8.1 Comparison 0Of the reSUIES ... 42



4.9 Seismic ReSIIENCE OF the SIIUCTUIE ......eeeee e
D CON CLUSIONS . e

REFERENCES

CURRICULUM VITAE ...



LIST OF TABLES

Table 3.1. Coefficient Values of FS (TBEC, 2018).......c.ccccevviieiiiie e 8
Table 3.2. The Values of MDFs According to HAZUS. ... 16
Table 3.3 HAZUS Damage Ratios (rk) For Buildings..........ccocvvriiiiiiinniencce e 21
Table 4.1. Story Heights and Dimensions of Structural Elements..............ccccceevvevivenenne. 22
Table 4.2. Mechanical Properties of Concrete and Steel Materials. ...........c.cccccovevvennnne. 24
Table 4.3. Parameters of Design ResSponse SPeCtrUM.........cccvvvviereirereneneseseeeeeeeen, 24
Table 4.4. Dead and Live Loads of The StruCture. ..........ccoovvrieieiiienesesc e, 25
Table 4.5. Time and Frequency of Deformed Shapes...........cccccvevevveveiieieece e 26
Table 4.6. Seismic Loads of The StrUCIUIE. .........ccceveriiiiinieeeee e, 28
Table 4.7. Performance Points of The StrUCtUIe. .......c.cccvevrieieiie e 31
Table 4.8. (Bds) Values (HAZUS-MH-MRB5). .........cccoeiierireremrieeseeereeseresesssseeeneons 37
Table 4.9. Models for Obtaining Sd, ds Values. ...........cccoiiniiii e, 37
Table 4.10. Median Spectral Displacement Values Sd, ds For the Building. ................. 37
Table 4.11. Summary of Maximum Damage Probability for Each Model. ..................... 39
Table 4.12. The Possible Maximum Damage (%) That the Structure Will See. ............. 40
Table 4. 13. Functionality Loss Of The Structure For Different CS,]/IS Values........... 43

Xi



LIST OF FIGURES

Figure 1.1. Definition of Seismic Resilience of a Structural System............cccccccvevvenenne. 1
Figure 2.1. Mugla active faults Map.........cccoceiiiiiiiiiiiiciies e 4
Figure 2.2. Parts Karaove-Milas Fault Zone and Its DireCtion. ..........ccccocevvrineiinineinenen, 5
Figure 3.1. Framework of The StUAY. .......cccoeiiiiiie e 6
Figure 3.2. Seismic Hazard Map of TUIKEY. ........coeiiiiiiiiiiicecee e, 7
Figure 3.3. Design Response Spectrum (TBEC, 2018). .......ccccvviiiiieieieiencnesesieeeee, 8
Figure 3.4. Capacity Curve of a Structure and Its Required Loads. .............ccccovevvvrnenenn 10
Figure 3.5 Control Points of a Building Capacity Curve (HAZUS-MH-MR4)............... 11
Figure 3.6. Performance Levels of Plastic HINGES. .........ccocoviiiiiiiiiiicc e 12
Figure 3.7. Performance Levels of a Buildin. (Giiler, 2020). .........ccccooiiinininienieenn 12
Figure 3.8. Plot of A Fragility CUIVE .........cccoiiiiiece et 13
Figure 3.9. Very Heavy Damage LevVel. ..........ccooveiiiiice e 15
Figure 3.10. Collapse Damage Level of a Structure. .........ccocoeveieiiieicicncseseeee 15
Figure 3.11. Vulnerability Curve of a StruCture. ..........cccooviiiiiiiciec e 17
Figure 3.12. Types Of RECOVEIY CUIVES.......cc.ccveiieeieiieiteerie ettt ste e e e sae e snees 18
Figure 4.1. 3D-View 0Of The SIIUCLUIE. ........coooviiiieieee e 23
Figure 4.2. Shear wall of stairs which cause to a small eccentricity to y-direction . ....... 23
Figure 4.3. Design Response Spectrum of The School Building...........c.ccccooevveiiiiienen, 25
Figure 4.4. Mode-1 0f The SIrUCIUIE. ......coveiiiiecece e 26
Figure 4.5. Mode-2 0f The STFUCLUIE. ........ccciiiiiiiiieesc e 27
Figure 4.6. Mode-3 0f The SITUCLUIE. ........cccoiiiiiieieee e 27
Figure 4.7. Applied Fictive Loads to X-DireCtion. .........ccccvviirieiiiine e 28
Figure 4.8. Capacity Curve for X-DireCtion. ..........cccccveiieiiiieieece e 29
Figure 4.9. Capacity Curve for Y-DireCtion. ........ccccccvevieiiiiiii i 29
Figure 4.10. Acceleration Displacement Response SPectrum. ........cccccevevererennniennienn 30
Figure 4.11. (M3) Hinges Assigned for BEaMS. ..........ccccoviririninieiene s 31
Figure 4.12. (P-M2-M3) Hinges Assigned for Columns. .........ccccccovviiieiieiii e 31
Figure 4.13. Hinge Deformation After First Pushover Step. ......ccccoocvvveevie i iie e 32

Xii



Figure 4.14.
Figure 4.15.
Figure 4.16.
Figure 4.17.
Figure 4.18.
Figure 4.19.
Figure 4.20.
Figure 4.21.
Figure 4.22.
Figure 4.23.
Figure 4.24.
Figure 4.25.
Figure 4.26.
Figure 4.27.
Figure 4.28.
Figure 4.29.
Figure 4.30.
Figure 4.31.

Hinge Deformation After Fourth Pushover Step. .......ccccvvvviiiiiieiciiennnn, 32
Hinge Deformation After the Sixth Pushover Step. ..o, 33
Hinge Deformations After the Eighth Pushover Step. ........ccccooeivveiviiennn. 33
Hinge Deformations After the Twelfth Pushover Step..........ccccoevevviienenn 34
Hinge Deformations After Fourteenth Pushover Step...........ccccccvviiiiennn, 34
Hinge Deformations After the Sixteenth Pushover Step. ........c.ccocvvoveienene. 35
Hinge Deformations After the Eighteenth Pushover Step..........c.ccccceevenee. 35
Hinge Deformations After the Last Pushover Step. .........ccccocveveiveieiiiennen, 36
Fragility Curves Based on (Giovinazzi, 2005), Sd,ds Model..................... 38
Fragility Curves Based on (Barbat et al., 2006), Sd, ds Model. .................. 38
Fragility Curves Based on (Kappos et al., 2006), Sd, ds Model.................. 39
Vulnerability Curve Based On, Fragility Curves (Giovinazzi, 2005). ........ 40

Vulnerability Curve Based On, Fragility Curves (Barbat et al., 2005). ......41
Vulnerability Curve Based On, Fragility Curves (Kappos et al., 2005)......41
Comparison of the Results (Combination of The Vulnerability Curve). ....42

resilience curve of the building CS,J/IS = 0.25......ccccceviiieiieiececeee 44
resilience curve of the building CS,J/IS = 0.35.....ccccceiiiiiiieiicecee 44
resilience curve of the building CS,J/IS = 0.45......c..cccoeiiiieieee e 45

Xiii



LIST OF SYMBOLS AND ABBREVIATIONS

Ag Design Acceleration (Capacity Spectrum)

Ay Ultimate Acceleration (Capacity Spectrum)

Ay Yield Acceleration (Capacity Spectrum)

CP Collapse Prevention

C Collapse

(Cs,)) Repairing Cost

CiL Low Rise Reinforced Concrete Building

Dqd Design Displacement (Capacity Spectrum)

Dy Yield Displacement (Capacity Spectrum)

Dy Ultimate Displacement (Capacity Spectrum)

D Displacement

DD-2 10% Probability of Exceeding in 50 Years, Corresponding to a
Return Period of 475 Years.

ds Damage State

EMS98 European Macroseismic Scale

Fie Seismic Load

Fs Local Soil Effect Coefficients for Short Period

F1 Local Soil Effect Coefficients for One Second Period

fed Design Compressive Strength

fex Characteristic Compressive Strength

fya Design Yield Strength of Reinforcements

fyk Characteristic Yield Strength of Steel Reinforcement

G Dead Load

H Heaviside Function

IDA Incremental Dynamic Analysis

10 Immediate Occupancy

Is Replacement Cost

K Awareness Factor

LS Life Safety

L Loss Functionality

Xiv



Lp Direct Loss

L Indirect Loss

MDF Mean Damage Factor

M Mass of the Structure

Mib Torsional Moment (due to seismic load with 5% eccentricity)
PGA Peak Ground Acceleration

P Probability

Q Live Load

Q(b) Functionality of the structure

R Resilience

RC Reinforced concrete

ri Annual Discount Rate

Ik Damage Ratio of Each Damage State

Spbs Short Period Design Spectral Acceleration

Sp1 Design Spectral Acceleration for One Second

Sae(T) Elastic Spectral Acceleration

Ss Short period Spectral Acceleration Coefficient

S1 Spectral Acceleration Coefficient for One Second Period
Sd Spectral Displacement

Sq ds Median Spectral Acceleration of a Damage State

Say Yield Spectral Displacement

Sau Ultimate Spectral Displacement

Tre Recovery Time

Tic Control time

Ta, Ts Design Spectrum Corner Periods

Ti Time Range Between the First Investment and Extreme Event
TL Long Period (Transition Period)

toe Event Time

(Vs)30 Average Seismic Shear Wave Velocity from Surface to 30

meters depth

<

Base Shear
Total Self Weight of the Structure

=

XV



Bas Standard Deviation of the Natural Logarithm of Damage State

d Standard Normal Cumulative Distribution Function
di Annual Depreciation Rate

Ye Material Coefficient of Concrete

Ys Material Coefficient of Steel

K kappa factor (degradation factor)

XVi



1.INTRODUCTION

Seismic resilience of structures is one of the most interesting topics in the field of
earthquake and structural engineering. It has been a popular and one of the most
discussed topics for the researchers and specialists of earthquake engineering in the
recent years. Meaning of the word resilience differs from field to field, but in earthquake
and structural engineering resilience means returning of the functionality of a structural
system after it has been damaged (Figure 1.1). Generally, in this topic these two issues,
loss of functionality and recovery time of structural system are discussed. In order to
evaluate the seismic resilience of a structural system some analyses and assessments
such as seismic hazard analyses, damage assessment and functionality curves should be
discovered through the procedure. Seismic resilience is important for economical

purposes and for safety of people especially in prone-earthquake areas.

Functionality
Q(t) in percent

&
100 e
P
i
| . ! Rapidity
50 - mmmmm - - | (recovery time)
i i
0 t + > time
t1 2

Definition of seismic resilience of a structural system.
Structural system at 100% functionality (before an earthquake).
Functionality decreased suddenlly (after an earthquale).

_— Fecevery function, slope of that line is called rapidity.

Figure 1.1. Definition of seismic resilience of a structural system (Bruneau, 2003)

Bruneau (2003) derived a mathematical formula for resilience (R) as follow



R=/'"[100 — Q()]dt (1.1)

where Q(t) is quality of a structural system as a function of time.
A resilience system should have the following properties (Bruneau, 2003):

¢ Robustness: the strength or ability of a structure that can withstand against an
event without losing functionality of the structural system (the undamaged part
of the structure).

e Redundancy: is the availability of substitutional structural elements that can be
used instead of the structural elements that are destroyed or lost its functionality
due to earthquake.

e Resourcefulness: is the ability to determine risky conditions that put the structure
at risk which can cause to damage some structural elements or systems.

e Rapidity: is the time in which the structure can gain its desired functionality

again.

As shown in Figure 1.1, the resilience curve is divided into three parts. The first part is
called functionality loss, it is part of the structure that can not withstand against an event.
Second part of the curve is called robustness which can withstand against the event
without losing any functionality. Third part of the curve is the area under recovery
function and is called resilience, slope or tangent of the recovery function line is called

rapidity which shows how quick the structure will receive its previous functionality.



2.LITERATURE REVIEW

For the first time, the concept of seismic resilience was explained by (Bruneau, 2003) as
shown in Figure 1.1. Then, Bruneau (2004) developed an idea about resilience of acute
care facilities, this idea has been developed based on two options, quality of life (total
health population) and hospital capacity. Furthermore, they studied on the resilience of
structural and non-structural elements as well. Researchers have been trying to present a
suitable seismic resilience methodology for acute care facilities. Cimellaro (2005)
proposed a framework for resilience of hospitals and they applied the methodology to a
hospital in California. The methodology takes the important factors of resilience into
consideration such as loss function (direct and indirect losses) and fragility curves which
are used for damage assessment of structures. A new methodology for seismic resilience
of hospitals was developed by Cimellaro (2010) taking into consideration the
uncertainties (losses, recovery time, intensity parameters, response parameters) of
seismic resilience. The framework methodology was applied on six hospitals in
Memphis, USA taking into account several rehabilitation strategies. They concluded that
the rebuild strategy show the highest resilience and function of quality. But it is the most

uneconomically option.

The methodology for resilience of a single building and group of buildings in a region is
not exactly the same. For regional buildings the resilience procedure is applied based on
the building inventories which are grouped according to the buildings properties such as
geometry, number of story etc. Burton (2017) recommended a framework for the
resilience of regional buildings. This study shows repairing ways for each limit states
(collapse, demolish, irreparable damages, loss of functionality) of a structure and a non-
linear time history analyses is performed for damage assessment and fragility curves.
Xiong (2020) derived a methodology for seismic resilience of Beijing city. Non-linear
time history analysis and FEMA-P58 methodology is used to get fragility curves and the
residually functionality of each building for the post-earthquakes of the region.

Like hospitals, schools are one of the most important civil engineering structures as well.

Researchers and engineers have been searching to find an appropriate and safe way for



the resilience of school buildings. In the recent years, some studies about school
buildings resiliency have been done. Samadian (2019) conducted a research study for a
reinforced concrete (RC) school building based on vulnerability curves. The authors
concluded that resilience functionality obtained using vulnerability curves give more
actual results than those gained using fragility curves. Motlagh (2020) evaluated a
seismic resilience of RC school building taking into consideration the effects of
carbonate corrosion. The authors concluded that the corrosion effects negatively the
resilience of structures. Gonzalez (2020) made a research study for the resilience of
school buildings in Mexico according to event-based assessment methodology and he
derived that one-story buildings are more resilient than two story buildings because the
number of casualties in two story buildings are higher due to structural and non-
structural damages. Finally, Sardari (2020) analyzed a seismic resilience case study of a
high school steel building. The proposed framework was applied to a retrofitted and un-
retrofitted school building, the study showed that retrofitted buildings’ loss functionality

is decreased, but the resiliency is increased.

In this study, the resiliency of a high school building which is located in Milas/Mugla,
Turkey is studied. According to General Directorate of Mineral Research and
Exploration of Turkey, Mugla is one of the hazardous and earthquake prone areas which

has many active faults as shown in Figure 2.1.
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Figure 2.1. Active fault map of Mugla



The main fault zones in this city are, Biiyiikk-Menderes fault zone, Karaove-Milas fault
zone, Mugla-Yatagan fault zone, Gokova fault zone, Fethiye-Burdur fault zone. Fault
direction in this region is generally from east to west with lateral and strike-slip (ince,
2021) and normal mechanism. The targeted school is located in the Milas district which
has the Karaova-Milas active fault zone. According to Ince (2021), Karaova-Milas fault
zone is a combination of parallel faults from NW to SE direction with a length of about
20 km (Figure 2.2.).

Figure 2.2. Karaova-Milas fault zone

As mentioned before, schools are one of the most important special engineering
structures that every student should reach. Therefore, it is important to recover schools
as soon as possible after occurring of an earthquake. This study will help and bring
improvements in seismic resilience of school buildings and can reduce social, economic
damages and fatalities. Moreover, it will help engineers and civilians to prevent or
decrease number of casualties during an earthquake, enhance seismic resilience of the
school buildings, take precautions for the future earthquakes, develop the design of the
school buildings in the region for the post-earthquakes, asset the probability of
buildings’ damages and loss of functionalities. Procedure of this study will cover some
important topics such as, seismic hazard analysis, modeling, building capacity, damage
assessment (fragility and vulnerability curves) and the functionality curve. All these
subjects will be discussed in details in the next parts of this thesis.
5



3.METHODOLOGY

3.1 Framework of The Study

Summary of the framework for this study is shown in Figure 3.1.

Stepl: Determination of design step 2: modeling
) response spectrum of the building Step 4: damage assessment
fragility curves
15
0.5
0.4 51
0.3 -
0.2 0.5
0.1
0 0
0 1 2 1 1 0 5 10 15

l

Capacity curve
Step 3: pushover
analysis
(Capacity curve).

sase snear
vulnerability

displacement intensity

Functionality
Q(t) in percent

100

Rapidity

LI ) —— = (recovery time)

Step 5: seismic " P

resilience curve 0 + + time

Figure 3.1. Framework of the study (Samadian, 2019)

3.2 Determination of Design Response Spectrum

For seismic hazard analysis, seismic hazard map (Figure 3.2.) which is prepared by
Disaster and Emergency Management Presidency (AFAD) is used. By the help of this



map, we can understand that which part of the country has the high potential

earthquakes.
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Figure 3.2. Seismic hazard map of Turkey (AFAD)

According to AFAD seismic hazard map the required parameters for response spectrum
are obtained. Then by using equation (3.1) which is prepared by Turkish Building
Earthquake Code (TBEC, 2018), the response spectrum (Figure 3.3.) of a specific region

is determined.

Sae(T) = (0.4 + 0.6-)Sos (0<T<Ta)
Ta
Sae(T) = Sps (T ASTSTB)
Sp1 (3.2)
Sae(T) = T (TBSTSTL)
Sae(T) = _SD;ZTL (TL ST)



Figure 3.3. Design response spectrum (TBEC, 2018)

The parameters of design response spectrum are calculated by the following equations:

Sps= Ss Fs

The values of Fs and F1 can be taken from the table (Table 3.1.) which is prepared by the

Sp1=S1 F1 Ta=0.2 (Sp1/Sps) Te=Sp1/Sps

TBEC (2018) based on the soil class and the values of Ss and Si.

Table 3.1. Local soil effect coefficients for Fs and F1 (TBEC, 2018)

(3.2)

Local Soil Local soil effect coefficients for short period (Fs)
Class
Ss5<0.25 Ss=0.5 | Ss=0.75 Ss=1 Ss=1.25 Ss>1.5

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 11 1.0 1.0
ZE 2.4 1.7 1.3 11 0.9 0.8
ZF Site-specific soil behavior analysis will be performed




Table 3.2. Local soil effect coefficients for Fs and F1 (TBEC, 2018) (continued)

Local Soil Local soil effect coefficients for one second period (F1)

Class S1<0.1 S$51=0.2 51=0.3 S1=0.4 S$1=0.5 S1>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 14
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 Site-specific soil behavior analysis will be performed

3.3 Performance Analysis of a Structure

3.3.1 Seismic Capacity

For the dynamic analysis of the structures and as a result to obtain capacity curve of the
structure, it is required to do a nonlinear static pushover or incremental dynamic analysis
of the building. For modeling and non-linear analysis of the structure several structural
software can be used. In this study, SAP2000 software is used to model and analyze the
structure. The structure is modeled according to Turkish Building Earthquake Code
(TBEC, 2018) and TS-498. Pushover analysis method is one of the dynamic analysis
methods which is used widely for seismic performance of buildings. Therefore, in this
study seismic performance of the structure is analyzed based on the non-linear static
pushover analysis. Capacity curve (pushover curve) of a structure is obtained as roof-
displacement and base shear of the building under monotonic lateral loads and the self-

weight (dead load) of the structure (Figure 3.4.).



4 CAPACITY CURVE

BASE SHEAR

L 4

ROOF DISPLACEMENT

Figure 3.4. Capacity curve of a structure and its required loads

A capacity curve is a combination of three control points (Figure 3.5.) which are called:

e Design capacity
e Yield capacity

e Ultimate capacity

Where design capacity exemplifies the nominal strength of a building, yield capacity
shows the real strength of a building. Last control point describes the maximum strength
which a building can withstand and after that the structure lose it elasticity and reach the
plastic stage (HAZUS-MH-MR4).
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Figure 3.5. Control points of a building capacity curve (HAZUS-MH-MR4)

3.3.2 Performance Levels and Seismic Damage

Another important issue in the analyses is assigning the plastic hinges to beams and
columns. M3 and P-M2-M3 hinges are assigned to both ends of beam and columns
respectively and the whole structure is assumed to be diaphragm in the vertical global
(2) direction. The plastic hinges have several performance levels (plastic hinge
deformations) as shown in Figure 3.6. Based on these plastic hinge deformations, we can
estimate the probable damages that will occur in the structure during a natural hazard.
The damage level increase gradually from (A-C), at point (C) the structure fails, lose its
functionality suddenly and as a result it will collapse. Every performance level has a
specific damage definition. Hamadamin (2014) defined some of the performance levels

as follows:

e (A-B) performance level: very small damages can occur that can be ignored or
requires very small repairs.
e (B-10) performance level: limited or very slight structural damages can occur,

but the systems and building structure can be rationally applicable.
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(I0-LS) performance level: due to structural and non-structural damages a low
life safety threatening is expected.

(LS-CP) performance level: there is a possibility of collapsing and the frame of

the building will see structural damages, because of that the structure may not
withstand against lateral forces and can support only gravity loads.

For better understanding Figure 3.7 shows the damage and performance levels of a
structure with more details.

Force
m
5
X

displacement

Figure 3.6. Performance levels of plastic hinges
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Figure 3.7. Performance levels of a building (Giiler, 2020)
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3.4 Damage Assessment (Seismic risk assessment)

Damage assessment of structures can be divided into two main parts:

e Fragility analysis

e Vulnerability analysis

3.4.1 Fragility analysis

Fragility analysis (Fragility curves) is one of the popular ways for prediction of loss
estimation. It describes the damage probability of exceedance of a structure for post-
earthquakes. Cimellaro (2006) divided fragility curves into two parts, empirical and
analytical fragility curves. Empirical fragility curves are obtained based on the field data
which is collected according to the damages occurred to the structures due the past
earthquakes. On the other hand, analytical fragility curves can be generated using
seismic response data which is obtained from ground motions while analyzing the
structure. To obtain the seismic response data, we can use several methods such as,
nonlinear time history analysis, nonlinear static analysis, and elastic spectra analysis.
Fragility curve (Figure 3.8.) is a plot of earthquake intensity (which can be in terms of
spectral displacement (Sd), peak ground acceleration (PGA)) and the probability of

exceedance.

Fargility Curves

6 8 10 12 14
Spectral Displacement, Sd (cm)

Figure 3.8. Representation of a fragility curve
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There are several ways to calculate fragility curves of a structure, HAZUS-MH-MR4
suggested the equation (3.3) for deriving fragility curves.

PIsISa)] = @[ In>4)| 33)

where:
ds describes the damage state level of a building which can be slight (dsl), moderate

(ds2), extensive (ds3), and complete (ds4) damage state.
Sq is the spectral displacement.

Sq ds is median value of the spectral displacement for related damage level (ds1, ds2,
ds3, ds4).

Bq4s is standard deviation of the natural logarithm of damage state (ds) and
@ is the standard normal cumulative distribution function.

Every damage level is described by (Sqds) and (Bqs) which have different values for
each damage level. The (B4s) values can be taken directly from the tables or the
formulas which are prepared by HAZUS and the (Sqds) values can be achieved by
several formulas which are proposed by researchers (Giovinazzi, 2005; Barbat, 2006;

Kappos, 2006) and will be discussed with more details in next pages.

3.4.2 Damage levels

According to EMS98 damage levels are described as follows:
¢ Slight damage level (grade 1): Structural damages are zero or negligible, but a
slight nonstructural damage can occur. Very small cracks on the surface of infill
and inside (partition) walls can be seen.
e Moderate damage level (grade 2): Small structural damages will occur. But the
nonstructural damages are relatively higher than the structural damages. Cracks

in beam, column and wall can be seen and plaster in some walls can be fallen.
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Extreme damage level (grade 3,4): This damage level can be divided into two
parts, heavy damage level and very heavy damage level. In heavy damage level,
moderate structural and massive nonstructural damages occur. Cracks in the
critical parts of the structure such as, beam-column joints can be seen. Moreover,
breaking of concrete cover, deformation of reinforcements and large cracks in
infill and partition walls can be seen. In very heavy damage level (Figure 3.9.),
extreme structural damages occur, rebars rupture and there is possibility of
compressional failing of structural elements. In addition to this, collapsing of

small number of columns is possible as well.

Figure 3.9. Very heavy damage level (EMS-98)

Destruction (collapse) damage level (grade 5): The whole structure or the main

parts of it will collapse completely (Figure 3.10.).

Ell --..vn'r

ti.-ar it

Figure 3.10. Collapse damage level of a structure (EMS-98)
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3.4.3 Vulnerability analysis

Vulnerability curve which is a cumulative combination of discrete damage probabilities
and mean damage factors (MDFs), shows us damage probability of a structure.
Therefore, fragility analysis is a pre-request for the determination of the vulnerability

curves.
Vulnerability curves are obtained by Equation (3.4):

Vulnerability (%) = Y.5,—,{P[ds = DS] x MDF; } (3.4)
where (ds) is damage state, P[ds = DS] is discrete probability of damage state and

(MDFgs) is the mean damage factor of a specific damage state (slight, moderate,

extensive, collapse).

The MDFs values can be obtained from HAZUS, FEMA-356, ATC-13 and EMS98. In
this study, HAZUS methodology is used for the determination of the fragility curves.
Thus, the MDFs values prepared by HAZUS (Table 3.2.) are used in this study.

Table 3.3. Mean damage factors according to HAZUS

Damage state Damage factor range (%o) Mean damage factor (%)
Slight >0-4 2
Moderate 4-16 10
Extensive 16-84 50
Collapse (complete) 100 100

As shown in Table 3.2, MDF is the average value of the damage factor range.

The HAZUS discrete damage probabilities are obtained using Equation (3.5) to Equation
(3.8):

P [ds=complete] = P [ds > complete] (3.5
P [ds=extensive] = P [ds > extensive] - P [ds > complete] (3.6)
P [ds=moderate] = P [ds > moderate] - P [ds > extensive] (3.7)
P [ds=slight] = P [ds > slight] - P [ds > moderate] (3.8)
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Finally, the vulnerability curves (Figure 3.11.) can be generated using equation (3.4).

Vulnerability Curves
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Spectral Displacement, Sd (cm)

Figure 3.11. Vulnerability curve of a structure

3.5 Seismic Resilience

Last part of the methodology is determination of loss functionality and the seismic
resilience of the structure. As shown in Figurel.1, a resilience curve can be divided into
three parts. The structure shows 100% functionality until t1, later at t1 when an event
occurs a sudden drop in the curve is seen, that sudden decrease is called functionality
loss. Second part of the curve which could stand against the event is called robustness. It
is the strongest part of the structure which could conserve its functionality against the

natural hazard event. Third part of the structure is recovery function. It can be linear,
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exponential, or trigonometric (Figure 3.12.). Recovery curve is function of event time.

Thus, increase in recovery time (Tre) causes decrease in rapidity and vice versa.

Resilience Curve

0.9
0.8
0.7

0.6

Functionality Q(t)

0.5
0.4

0.3
0 100 200 300 400 500 600 700 800 900

Time (days)

linear exponential trigonometric
Figure 3.12. Types of recovery curves

3.5.1 The Functionality of a structure

As aforementioned, when a structure is subjected to a hazard event, it loses its

functionality. To find the functionality of a structure, equation (3.9) is used:
Q(Y) =1 — L(I, Trg) [H(t — tog) — H(t — (tog + Tre))]frec (& tor, Tre) (3.9)

where Q(t) is the functionality of a structure, L(I, Tzg) is the loss functionality, H(t —

tog) IS the Heaviside function.

As seen from equation (3.9), the functionality function is a combination of three

functions such as loss function, Heaviside function and recovery function.
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Functionality loss which is dependent on intensity and recovery time can be obtained by
several formulas which are derived by researchers, (Ghosh 2021, Samadian 2019) it will

be explained in details in the next pages.

Heaviside function is always equal to zero or one which is dependent on the sign of a
number. For positive numbers, it takes value of one, for negative numbers it takes value
of zero. Shortly, we can write that: H(positive number or zero) =1, H (nhegative

number) =0.

Recovery function has three types as shown in Figure 3.12. Each of this curve is

obtained by a specific equation.

The linear recovery function is obtained by equation (3.10):

frec (& Tre) = (1 — %) (3.10)

For exponential recovery function:

Ln (200)

TRE

frec(t) = exp [—(t — top)( ] (3.11)

For trigonometric recovery function:

froc(t) = 0.5 {1 + cos [%]} (3.12)

Linear recovery function is the simplest form which is used when there is lack of details
about readiness, accessibility to the sources and social reaction. The exponential
recovery function is used when the primary social facilities are available for using, as
seen from its curve in Figure 3.12. The rapidity at first days is in a high level, however
when it is getting closer to the end the rapidity is getting slower. The trigonometric
recovery function is used when there is inadequacy of resources or organizations. The

rapidity can be decreased or increased during the repairing procedure (Cimellaro, 2010).

The event time (tog) is the time in which the event occurs, and it is the time where the

structure starts losing its functionality. Tre is the recovery time in which the structure
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will be repaired to recover its functionality to the previous form. It is one of the critical
issues and can be problematic to choose the correct and exact recovery time. Usually, it
is smaller than control time, and the dimension is dependent on seismic intensity and on
accessibility to resources materials and employers (Cimellaro, 2010). The control time
(Twe) is the economic life of a structure that can be used, usually it is taken 50 years for

reinforced concrete structures.

3.5.2 Functionality loss

Earthquake can cause to structural and nonstructural damages. These damages can effect
the functionality of a structure, especially structural damages which are directly linked to
the functionality loss of a structure. Seismic losses in a structure can be separated into
two parts, direct losses (LD) and indirect losses (LI). Direct losses can be in terms of
economic and casualties, and indirect losses can be divided into two parts as well. They
can be indirect economic losses and indirect casualties (Cimellaro, 2010).

Several formula have been derived for obtaining loss functionality, Cimellaro (2010b)

suggested equation (3.13):

Log (1) = 24152 T Gl B{URAR) = rim /1) (3.13)
where (6;) and (r;) are the annual depreciation and discount rates respectively, these two
parameters may vary from country to country and even from time to time, for example
the depreciation rate in Turkey for reinforced concrete buildings is taken 2%. (Pj) is
probability of exceedence, (Ti) is time range between the first investment and
occurrence of an extreme event, (Cs, 3) and (Is) are the repairing and replacement costs of

the damaged structure, respectively.

Later, Samadian (2019) proposed equation (3.14):

Lpg (D) = %'Z}\Ll[ﬁ' I w] - Damage (%) (3.14)

Is i=1 (1+I‘i)
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where, (K) is the awareness factor which indicates quantity of information about a
construction quality and is equal to one for structures with full awareness and 0.75 for

other cases. Damage (%) value will be determined using vulnerability curves.
Ghosh (2021) developed an equation based on the HAZUS methodology taking into

consideration only the structural damages. The equation is described as:

Lp= Y P; (DS =K) X
(3.15)

where Pg (DS = K) is discrete damage probability, (r«) is the damage ratio of each

damage state and has a specific value for every damage state which is prepared by
HAZUS. The values prepared by HAZUS are shown in Table 3.3.

Table 3. 4 HAZUS damage ratios (rx) for buildings

Damage state (ds) Damage ratio (rx)
Slight 0.10
Moderate 0.40
Extreme 0.80
Collapse 1.00

As seen from Table 3.3, increase in damage grade causes increase in the damage ratio as
well. In slight damage state, functionality loss is low but in collapse damage state the

functionality loss is very high even it can be lost totally.
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4. CASE STUDY: A SCHOOL BUILDING IN MUGLA

4.1 Introduction

Milas is one of the districts of Mugla which is located on 37.3116° N, 27.7808° E
coordinates. As shown in Figure 2.2, it is an active fault zone which is called Karaova-
Milas fault zone. A brief information about the seismicity of Mugla city was given in
Section 2. In this case study, a school building which has four stories (basement + three
normal floors) and is constructed in (576 m?) area, will be discussed. Dimensions of the

building are shown in (Table 4.1.).

Table 4.1. Story heights and dimensions of structural elements

No Part of structure Dimension
1 | Basement story height (m) 2.9

2 Normal story height (m) 2.8

3 Beam (cm) 30x40
4 | Foundation columns (cm) 40x40
5 | Normal floor columns (cm) 35%35
6 Slab thickness (cm) 15

7 | Shear wall thickness (cm) 25

8 Building width (m) 16

9 Building length (m) 36

Based on the soil mechanics laboratory tests’ results, the soil class is selected ZB.
According to TBEC (2018), ZB is a group of soil which has slightly weathered, medium
tough rocks and has (Vs)z of (760-1500) m/s. Soil class is one of the important

parameters for defining of design response spectrum parameters such as, Sps and Spx.

As shown in the 3D-view of the structure (Figure 4.1.), basement floor of the building
has shear walls, and the structure has a very small irregularity only to one direction (y-
direction), it is due to the shear walls of the stairs (Figure 4.2.) which cause to a small

eccentricity on the y-direction. Therefore, it is assumed as a regular structure.
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Figure 4.1. 3D-view of the structure
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Figure 4.2. Shear-walls of stairs which cause to a small eccentricity to y-direction
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Materials used in construction of the building and their properties are shown in Table

4.2.

Table 4.2. Mechanical properties of concrete and steel materials

Material name and its properties Material name and its properties
C30 Values 5420 Values
fek (MPa) 30 fyk (MPa) 420
Ye 1.5 Vs 1.15
fea (MPa) 20 fya (MPa) 365

(fea) is design compressive strength of concrete which is obtained by dividing the
characteristic compressive strength (fck) on the material coefficient of concrete (yc), and
(fya) is design vyield strength of reinforcement which is obtained by dividing the
characteristic yield strength of steel reinforcement (fyx) on the material coefficient of

steel (ys).

4.2 Design Response Spectrum

As shown in Figure 2.2, Mugla has a high possibility of occurrence a strong earthquake.
According to the report taken from AFAD based on DD-2 and ZB soil class, the values
of Ss and S; are 0.888 and 0.208 respectively. The other parameters of design response
spectrum such as, Sps, Sp1, Ta and Tg can be obtained using Table 3.1 based on the
aforementioned methodology. The calculated values for design spectrum are shown in
Table 4.3.

Table 4.3. Parameters of design response spectrum

Ss

S1

Fs

F1

Spbs

Sp1

Ta (s)

Ts ()

TL(5)

0.888

0.208

0.9

0.8

0.7992

0.1664

0.0416

0.208

The design spectrum is determined by using the values listed in Table 4.3 and shown in
Figure 4.3.
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Figure 4.3. Design response spectrum

As shown in Figure 4.3, the design spectrum curve has four different parts: the first part
which is started from (0.4Sps) and is increased linearly until (Sps) value, second part of
the curve which has a constant value of (Sps) and is a straight line which take place
between (Ta) and (Tg), third part of the curve is started from (Sps) and the spectral
acceleration values are decreasing nonlinearly toward zero until (T.) value, after (T.) the

fourth part starts and the curve values gets very closer to zero step by step.

4.3 Structural Modeling

Before starting to modeling of the structure, it is necessary to define the loads. The dead
and live loads are defined according to TS-498 and seismic loads are calculated based on
TBEC (2018). Dead and live loads are shown in Table 4.4.

Table 4.4. Dead and live loads of the structure

Element name Dead loads (kN/m?) Live loads (kN/m?)
Roof 5 1.5
Normal floor 5.83 3.5
Corridor 5.83 5
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After definition of design spectrum parameters and loads, the structure is modeled. The
engineering structural software, SAP2000 is used for the modeling of the structure.
Figure 4.1 shows the undeformed shape of the modeled building and details of the first

five possible deformed mode shapes due to earthquake are shown in Table 4.5.

Table 4.5. Time and frequency of deformed shapes

Mode No | Period | Frequency
©) (Hz)
1 0.62 1.61
2 0.57 1.75
3 0.36 2.17
4 0.2 4.99
5 0.18 5.57

The first mode (Figure 4.4) shows its deformation in x-direction, second mode (Figure
4.5.) is a torsional deformation in z-direction which cause displacements in (x) and (y)
directions. Third possible deformation (Figure 4.6.) is displacement of the structure in y-

| O T R I |
I I R R Y
Y Y R Y R Y
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Figure 4.5. Mode-2 of the structure

Figure 4.6. Mode-3 of the structure
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4.4 Pushover Analysis

Nonlinear static pushover analysis is one of the most commonly used methods for
seismic analysis of buildings. In order to perform pushover analysis, it is necessary to
obtain seismic loads acting on the building. The total self-weight of the structure is
calculated using equation (4.1):

W=G+nQ
(4.1)
where G is dead load, Q is live load and n is load factor which is taken as 0.6 in this

study. Thus, total weight is summation of the dead load and sixty percent of the live

load. The calculated seismic loads are shown in Table 4.6.

Table 4.6. Seismic Loads of the Structure

Floor G Q w M Fig™ Mip™) Fie(" Mip®)
No (kN) (kN) (kN) (t) (kN) (kNm) (kN) (kNm)

3 8527.88 | 845.445 | 9035.075 | 921 |1020.73| 834 | 1108.8 | 2071.7

2 5709.65 | 2140.7 | 6994.08 | 712.95 | 526.77 | 4135 | 572.2 |1027.18

1 5709.6 | 2164.7 | 7008.5 | 714.42 | 263.92 | 207.18 | 286.71 | 514.6

The seismic loads are applied to the center of the structure (mass center) to x-direction
(Figure 4.7.) with its positive and negative moments, similarly the seismic loads to y-

direction with clockwise and counterclockwise moments are applied to the structure.

ITI I_i_l I:l-_l I_l'_l
| 1 |
NN
"1 1 |

Figure 4.7. Applied fictive loads in x-direction
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4.5 Building Response

The structure is analyzed for both (x) and (y) directions, and the capacity curves are

obtained as shown in Figure 4.8 and Figure 4.9, respectively.
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Figure 4.8. Capacity curve for x-direction
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Figure 4.9. Capacity curve for y-direction
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As illustrated in Figure 4.8 and Figure 4.9, the capacity curve for y-direction shows
more elasticity properties, however the capacity curve for x-direction is turned into
plastic stage. Therefore x-direction is considered the critical condition for the structure
and the upcoming procedure of the study is done based on the results obtained from the

pushover analysis of x-direction.

The aforementioned capacity curve for x-direction is converted into acceleration
displacement response spectrum (Figure 4.10.), then the median spectral displacement
values are used for obtaining fragility curves which is discussed in the following

sections.
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Figure 4.10. Acceleration displacement response spectrum

Where the curve in red color is called demand spectrum, curve in blue color is the
demand curve and curve in green color is called the capacity curve. Intersection point of
the demand curve and capacity curve is called performance point (Alashker, 2015). The

performance points for (V, D) and (Sa, Sd) are shown in Table 4.7.

30



Table 4.7. Performance points of the structure

Performance points of the structure
V (kN) D (cm) Sa(g) Sd (cm)
8440.06 7.01 0.236 6.087

4.6 Performance Levels

The plastic hinges are assigned to both ends of the structural elements (Beams &

Columns), for columns (P-M2-M3) and for beams (M3) type hinges are assigned as
shown in Figure 4.11 and Figure 4.12.

Auto Hinge Type

From Tables In ASCE 41-13

Select a Hinge Table

Table 10-7 (Concrete Beams - Flexure) ftem i

Degree of Freedom W Walue From

O m2 (® Case/Combo D+0.6L ~
M3

@ O User Value

Figure 4.11. (M3) Hinges assigned to beams
Aute Hinge Type
From Tables In ASCE 41-13

Select a Hinge Table

Table 10-8 (Concrete Columns)

Degree of Freedom P and WV Values From
O m2 O p-mz (O Parametric P-M2-M3 @ Case/Combo D+06L v
) M3 ) M3

O User Value
) M2-m3 ® P-M2-M3

Figure 4.12. (P-M2-M3) Hinges assigned to columns

The significant pushover steps and performance levels of the plastic hinges are shown in
Figure 4.13-Figure 4.21.
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Figure 4.13. Hinge deformation after first pushover step

Figure 4.14. Hinge deformation after fourth pushover step
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Figure 4.15. Hinge deformation after sixth pushover step

Figure 4.16. Hinge deformations after eighth pushover step
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Figure 4.17. Hinge deformations after twelfth pushover step

Figure 4.18. Hinge deformations after fourteenth pushover step
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Figure 4.20. Hinge deformations after eighteenth pushover step
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Figure 4.21. Hinge deformations after the last pushover step

4.7 Fragility Analysis

Fragility curves of the structure is obtained using equation (3.3) which is mentioned and
explained in the previous pages. First, it is necessary to obtain the (Sqds) and (Bgs)
values. (Bgs) takes different values for every damage state and can be taken directly
from HAZUS based on the building types explained by HAZUS and degradation factors
(kappa factor, k). According to HAZUS building modeling types, the structure involves
in reinforced concrete low-rise building groups (C1L). Similarly, the (Sqds) value
changes for every damage state as well.

In this study, degradation factors are selected according to the damage states. For slight
damage state minor degradation (k=0.9), for moderate damage state major degradation
(k=0.5), for extreme and collapse damage states extreme degradation (k=0.1) is assumed
(Vasavada, 2016). The related (45) values are described in Table 4.8.
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Table 4.8. (B45) values (HAZUS-MH-MR5)

Damage state
(dS) (Bds)
Slight 0.7
Moderate 0.85
Extreme 0.95
collapse 0.95

(Sqds) is a function of yield displacement (Say) and ultimate displacement (Sau).
Researchers have been trying to present appropriate models for obtaining median values
of spectral displacements. In this study, fragility curves are derived by using the three
models which are proposed by Giovinazzi (2005), Barbat et al. (2006), Kappos et al.

(2006) and are shown in Table 4.9.

Table 4.9. Models for obtaining (S ds) values

Authors Models for Median spectral displacement values (Sq ds )
Slight Moderate Extreme Collapse
Giovinazzi, 2005 0.7Say 1.5Sqy 0.5(SdutSay) Sdu
Barbat et al., 2006 0.7Say Say Say+0.25(Sau-Say) Sau
Kappos et al., 2006 0.7Sqy Say 2Say Sdu

As shown in Table 4.9., all models have the same Sy ds values for slight and collapse
damage states. However, for moderate and extreme damage states each model have

different Sq ds values. The calculated Sy ds values for the case study are listed in Table

4.10.

Table 4.10. Median spectral displacement values (S, ds) for the building

Authors Median spectral displacement values (Sq ds )
Slight (mm) | Moderate (mm) | Extreme (mm) | Collapse (mm)
Giovinazzi, 2005 11.813032 25.31364 73.00595 129.13614
Barbat et al., 2006 | 11.813032 16.87576 44.940855 129.13614
Kappos et al., 2006 | 11.813032 16.87576 33.75152 129.13614

The fragility curves which are obtained using the aforementioned Sy ds values (Table

4.10.) are illustrated in Figure 4.22, Figure 4.23, and Figure 4.24.
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Figure 4.22. Fragility curves based on Giovinazzi (2005), (S4,ds) model
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Figure 4.23. Fragility curves based on Barbat et al. (2006), (S4ds) model
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Fargility Curves (Kappos et al., 2006)
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Figure 4.24. Fragility curves based on Kappos et al. (2006), (S4ds) model

It can be seen from the aforementioned fragility curves that, the probability of slight and
collapse damage levels are the same in all three types of the fragility curves. But there is
an increase of damage probability in moderate and extreme damage levels (Figure 4.23.)
and (Figure 4.24.). Especially, the fragility curves obtained using Kappose et al. (2006)
model which has a significant increase of damage probability in the extreme damage
level (Figure 4.24.). Summary of the damage probabilities that occurs at maximum

displacement are listed in Table 4.11.

Table 4.11. Maximum damage probability of each model

Maximium Damage probability (%6)
Damage state Giovinazzi (2005) Barbat et al. (2006) | Kappos et al. (2006)
Slight 99.9 99.9 99.9
Moderate 97.23 99.167 99.167
Extreme 72.6 86.67 92.11
Collapse 50 50 50
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4.8 Seismic Loss

Vulnerability curves can be obtained directly from the fragility curves by using equation
(3.4) and values listed in Table 2.3 which involves the mean damage factor (MDF)
values. Since the fragility curves is obtained for three different conditions according to
the proposed models, three different vulnerability curves is determined as well. Figure
4.25. shows the vulnerability curve obtained based on the fragility curves that are
illustrated in Figure 4.22, and the maximum damage (%) that the structure will have is
listed in Table 4.12.

Table 4.12. Possible maximum damage (%)

Damage (%)

Giovinazzi (2005) | Barbat et al. (2006) Kappos et al. (2006)
63.8 69.6 71.77

Vulnerability Curve (Giovinazzi, 2005)
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Figure 4.25. Vulnerability curve based on fragility curves obtained by using Giovinazzi (2005)
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In the similar way, the other vulnerability curves are obtained and are shown in Figure
4.26 and Figure 4.27.

Vulnerability Curve (Barbat et al., 2006)
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Figure 4.26. Vulnerability curve based on fragility curves obtained by using Barbat et al. (2005)

Vulnerability Curve (Kappos et al., 2006)
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Figure 4.27. Vulnerability curve based on fragility curves obtained by using Kappos et al. (2005)
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4.8.1 Comparison of the results

As it is illustrated in Figure 4.28, each vulnerability curve has a different damage level.
The lowest damage (%) is obtained from the vulnerability curve based on Giovinazzi
(2005). On the contrast, the highest damage (%) is obtained from vulnerability curve
based on Kappos et al. (2006). Therefore, it is the critical condition for the building. The

resilience procedure will be continued based on that vulnerability curve.

Combined Vulnerability Curves
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Damage (%)
o ©
w ~

o
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o
-

0 2 4 6 8 10 12 14
Spectral Displacement, Sd (cm)

——Giovinazzi, 2005 Barbat et al., 2006 Kappos et al., 2006

Figure 4.28. Comparison of the results (combination of the vulnerability curves)
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4.9 Seismic Resilience of the structure

Last part of the study is the analysis of the resilience. It is obtained by using equation
(3.9) which is a combination of three equations: loss function, recovery function and
Heaviside function. In this case study, the resilience curve is obtained taking into
consideration only the structural damages (direct damages) that occurred in the structure
due to a seismic activity. As mentioned in the previous pages, the recovery function has
three types, and the resilience curve will be obtained according to each function.
Therefore, we will have three different resilience curves. The important parameters of
the recovery function are event and recovery times. Selecting the recovery time is one of
the complex issues. Generally, the schools in Turkey are reconstructed in 6-10 months,

therefore in this study the recovery time is assumed to be taken as 300 days.

To get loss functionality of the structure, it is necessary to understand the damage (%),
depreciation and annual discount rates, and (%) ratio. The damage (%) is taken directly
S

from vulnerability curves. The maximum damage is obtained (72%) as a result of these

vulnerability curves. In this study, depreciation and annual discount rates are assumed to

be 2% and 10%, respectively. (%) ratio is one of the important parts of the loss
S

functionality which have significant effects on the functionality value. Increase in the

(%) ratio causes the decrease in the functionality of structure (functionality loss
S

increases). In this case study, three different (?) ratios (0.25, 0.35, 0.45) are assumed
S

and finally using equation (3.14), the loss functionality is obtained for three different
conditions (Table 4.13).

Table 4. 13 Loss functionality of the structure for different (%) values
s

Cs; Loss functionality
<K) (Lp)
0.25 0.22
0.35 0.31
0.45 0.4
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The resilience curves obtained for each (%) ratio is shown in Figure 4.29 to:

Functionality Q(t)
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Figure 4.29. Resilience curve of the building (% =0. 25)
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Figure 4.30. Resilience curve of the building (% =0. 35)
N
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Resilience Curve, f_s -0.45
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Figure 4.31. Resilience curve of the building (CI—SS" = 0.45)

As illustrated in Figure 4.29-Figure 4.31, it can be seen clearly that there is a significant

difference in loss functionality. The loss functionality increases from 22% to 40%.
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5. CONCLUSIONS

In this thesis, damage assessment (fragility curves, vulnerability curves) and resilience
of a RC school building is presented using nonlinear static pushover analysis and the
HAZUS methodology. Three different methods based on Giovinazzi (2005), Barbat et
al. (2006) and Kappos et al. (2006) to obtain the median spectral displacement (§d_ds)
values for fragility curves are used. The (§dlds) values obtained for slight and collapse

damage states are the same for all three models. Thus, there is no difference in the
damage probabilities of these two damage states, as well. However, the values obtained
for moderate and extreme damage states differ. Therefore, all three models give three
different damage probabilities for moderate and extreme damage states. The fragility
curves obtained by using Kappos et al. (2006) model shows the highest damage
probabilities with respect to the other two models. As a result, the vulnerability curve
obtained according to Kappos et al. (2006) has the highest damage (%) which is used for
Csj
I

seismic resilience curve. In addition, the study concluded that ( ) ratio and recovery

S

time (Tre) have significant effects on the rapidity of reconstruction or repairing of the

structure. Despite that, the (%) effects the loss functionality of the structure, as well. As
S
it is observed, increase in the (%) ratio causes increase in the loss functionality, as well.
S

All in all, the important factors that effect the resilience curve are (%) ratio, (§d,ds)
S

values, recovery time and seismic damage (%) or vulnerability curve. Consequently, this

study will form a basis for the resilience analysis of the school buildings in Turkey.
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