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Abstract

It is widely recognized that high-seismic regions across the world are frequently affected by repeated earthquakes. The
destructive effects of repeated earthquakes have been investigated by many researchers using performance parameters such
as residual displacement, inter-story drift, and dissipated energy. In this study, a high-rise reinforced concrete shear wall
building with 40 floors above grade, which represents a typical real tall building, is selected as the example building for
numerical analyses. Nonlinear response history analyses are performed under different combinations of earthquakes with
various spectral acceleration intensities. The analysis results for the tall building under the earthquake sequences indicate
that concrete strain governs the seismic performance level of the building, while steel strain consistently meets the immediate
occupancy limit. The study concludes that the immediate occupancy threshold, defined by the concrete strain at peak stress,
is a critical limit for preventing significant damage under repeated seismic demands.

Key words: earthquake sequences, repeated earthquakes, nonlinear response history analysis, tall buildings, seismic perfor-

mance

1. Introduction

Tall buildings are a vital component of modern urbaniza-
tion and showcase advancements in structural engineering
and construction technologies. They are designed with suffi-
cient strength to resist significant seismic forces and stiffness
to provide adequate serviceability, complying with seismic
design codes and other standards and regulations. Seismic
design codes, such as ASCE 7 (2017) and the Turkish Build-
ing Seismic Code (TBSC 2018), typically adopt a single major
seismic event (Di Sarno 2013) as the design-basis earthquake
or maximum credible earthquake, neglecting the cumulative
damage from aftershocks or successive earthquakes to struc-
tural and nonstructural elements. This oversight can lead to
degradation in stiffness, strength, and energy dissipation ca-
pacity. Therefore, the earthquake resilience of tall buildings,
alongside other structures, stands as a critical and challeng-
ing frontier in structural engineering, particularly in regions
prone to frequent seismic activity.

It is well known that high-seismic regions around the
world frequently experience repeated earthquakes and thou-
sands of aftershocks following a major seismic event (Di
Sarno 2013). The most recent devastating earthquake se-
quence occurred in the Kahramanmaras province of Turkey
on 6 February 2023. The first earthquake, with a magnitude
of M,, = 7.7, struck Pazarcik, Kahramanmarag, at 04:17:32;
the second earthquake, with a magnitude of My, = 7.6,
struck Elbistan, Kahramanmarag, at 13:24:47 local time.
The distance between the two districts, Pazarcik and Elbis-

tan, is approximately 90 km. In the same region, a third
earthquake with a magnitude of My = 6.4 struck Yay-
ladag district of Hatay province on 20 February 2023. Thou-
sands of aftershocks, some reaching moment magnitudes
as high as 6.6, followed the consecutive major earthquakes
(Fig. 1). Strong ground motions (GMs), with spectral accel-
erations exceeding the TBSC-based design spectrum, were
recorded during the earthquakes. This earthquake sequence
resulted in an unprecedented loss of life and extensive dam-
age to building infrastructure in Turkey’s history (AFAD
2023).

2. Literature review

Numerous studies have explored the degrading effects
of repeated earthquakes on structural systems using both
simplified and detailed models. Early investigations, such
as those by Amadio et al. (2003) and Hatzigeorgiou and
Beskos (2009), Hatzigeorgiou (2010a, 2010b), focused on
single-degree-of-freedom systems to evaluate parameters
like ductility demand and inelastic displacement under
multiple seismic events. While informative, these stud-
ies lack the complexity and interaction effects present
in real high-rise buildings. Research by Fragiacomo et al
(2004) and Luco et al. (2004) further suggested modify-
ing design parameters or residual capacity assessments fol-
lowing mainshock-aftershock sequences. More advanced
works examined multi-degree-of-freedom systems, including

1718 Can.J. Civ. Eng. 52: 1718-1731 (2025) | dx.doi.org/10.1139/cjce-2024-0578




Problemin Tanimi

Mevcut deprem yonetmelikleri ne varsayiyor?

Tek bluyuk deprem
Ana deprem yaklasimi

Yapi deprem sonrasi “yeniden sifirlanmis” kabuli

Ancak gergek:

Artci depremler

Yakin zamanli ikinci buyuk deprem
Birikmis hasar

Rijitlik kaybi

Enerji tiketim kapasitesi azalmasi

Calismadaki temel soru:

“ilk depremden sonra bina gercekten ayni bina olarak mi kaliyor?”



2023 Kahramanmaras Depremleri
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Deprem Dizileri Neden Kritik?

Tekrarh deprem etkileri:
= Beton ezilme birikimi
= (Celikte cevrimsel hasar
= Rijitlik azalmasi
= Enerji sonimleme azalmasi
= Kesme kapasitesi azalmasi

= Lokal hasar blylimesi

Onemli kavram:

“Cumulative Damage” — Birikmis Hasar



Literatiir Ozeti

Makalede incelenen ¢alismalar:
= Hatzigeorgiou
= DiSarno
= Abdelnaby & Elnashai
= Jamnani
= QOggu & Gopikrishna
= Massumi
Genel sonug:
Tekrarli depremler muhendislik talepleri artiriyor.
Ancak ¢ogu ¢alismanin konusu:
= SDOF
= Cergeve sistem
= Orta kath bina

= Ana deprem-artci deprem



Arastirma Boslugu

Bu ¢alismanin farki nedir?

Makaledeki arastirma boslugu:
= Yiksek betonarme perde sistemler
= Cekirdek perde davranisi
" Fiber modelleme
= Beton birim sekildegistirme birikimi
=  Genellestirilmis deprem dizileri

= jkinci deprem ilkinden biiyiik olabilir



Calismanin Katkisi

Bu makalenin temel katkilari
= 40 kath gercekci ylksek bina
" Fiber tabanli nonlineer model
= Beton histeretik bozulmasi
= Sekildegistirme bazli performans incelemesi
= Ana ve art¢i deprem / mainshock-aftershock

disina ¢ikan yaklasim

Ana sonug:
Performansi goreli 6telenme degil, beton birim

sekildegistirmesi belirlemistir.
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Ornek Bina

Ozellikler: w, ® 0 o0 6 6 O O O

= 40 normal kat

4 bodrum

Kat yliksekligi: 3.6 m

Simetrik plan

Cekirdek perde sister

Burulma duzensizligi bilingli

olarak elimine edildi.
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40th floor level

Ornek Bina

Perde kalinhgi
Yapisal eleman | veya enkesit

(m)

Boyuna donati

orani

0.4 40. kata kadar 0.004
0.5 35. kata kadar 0.006
0.6 20. kata kadar 0.008 %
0.7 11. kata kadar 0.01 §
0.9 6. kata kadar 0.01 N
0.8x0.8 40. kata kadar 0.01
1.0x1.0 35. kata kadar 0.01
1.2x1.2 24. kata kadar 0.01
14x1.4 8. kata kadar 0.01 ar

1st floor level

=16 m

4x4




Tasarim Parametreleri

Yukler:

Hareketli yuk 2 kN/m?

Kaplama + bélme duvari 3.5 kN/m?2

Cephe 3.5 kN/m

Malzeme:

Beton: C50 Deprem DOnus periyodu

seviyeleri (yn)

Donati: B420C
2475 2.58 0.84

475 1.36 0.45

72 0.47 0.14




TBDY 2018’e Gore iki Asamali Tasarim

Dogal titresim periyotlari

T,,=3.61s
T,,=3.61s
Ttorsion =2.28s

=  Uzun periyotlu davranis
= Yiksek bina karakteri

= Perde sistem hakimiyeti

Yer Hareketleri

" PEER NGA-West2

= 11 cift kayit

= Mw ortalama = 6.74
= Rjb=10.8 km

" Vg5,=316m/s
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68 46664  SanFernando 1971 LA - Hollywood Stor FF 6.61 Reverse 2277 316
139 3.6495 Tabas_ Iran 1978 Dayhook 7.35 Reverse 0 472
162 44234 Imperial Valley-06 1979  Calexico Fire Station 6.53 strike slip 1045 231
164 5.4048 Imperial Valley-06 1979 Cerro Prieto 6.53 strike slip 1519 472
183 2.0788 Imperial Valley-06 1979  El Centro Array #8 6.53 strike slip ~ 3.86 206
719 8.4243 Superstition Hill-02 1987 Brawley Airport 6.54 strike slip ~ 17.03 209
3979 75197 San Simeon_CA 2003 Cambria H.1 C. Bridge 6.52 Reverse 6.97 362
4207  2.8254  Niigata_Japan 2004 NIG017 6.63 Reverse 4.22 274
4848  4.0598  Chuetsu-Japan 2007 Joetsu Ogataku 6.8 Reverse 16.77 414
5619  4.5797 Iwate_ Japan 2008 IWT011 6.9 Reverse 8.41 279
5827  1.9728 ElMayor-Mexico 2010 Michoacan De Oc. 7.2 strike slip  13.21 242




Dogrusal Olmayan Modelleme Ozellikleri

Beton Modeli

= Makaledeki beton modeli:

10

= Mander modeli o0
=  Compression-only hysteresis
= Energy degradation factor = 0.7 40 |
©
SH/I10 siniri: a
. = 0.0025 7
o
KH/LS siniri: n
. = 0.006
0
GO/CP siniri:

g, = 0.009

50 |

30 |

20

10 (0.0025)

LS (0.006)

CP (0.009)

Strain

0 0.0025  0.005

0.0075

0.01



Dogrusal Olmayan Modelleme Ozellikleri

Celik Modeli
750 -
Legend
Celik sekildegistirme o0 —o— Al
450 -
sinirlari: = w0-
o 150 -
SH/10 siniri: =
") 0
Es = 00075 g 150 -
=
-300 -
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-450 -
Es = 0.024 600 -
- -720 i i ! ! I
GO/CP sinir: 40 8 60 40 20 0 20 4 6 80  100E3
Strain
e =0.032
Max: (0.08, 680) [Axial, Point 9]; Min: (-0.08, -680) [Axial, Point 1] Jo Ls Jcp



Dogrusal Olmayan Modelleme Ozellikleri

Yapisal Eleman Modelleri

Cekirdek perde - Fiber eleman
Kolonlar = Fiber eleman

Kirisler = Plastik mafsal

Bodrum kat perdeleri = Dogrusal kabuk
Désemeler = Dogrusal kabuk

Fiber Eleman Yaklasimi

Avantajlar:

Beton/celik ayri modellenir
Lokal birim sekildegistirme gorulebilir
Plastiklesme dagilimi izlenebilir

Beton ezilmesi yakalanir

B Concrete fiber
@ Steel fiber




Tekrarli Deprem Se¢imi

Ornek Kayitlar:

= San Fernando 1971

= |mperial Valley

= |wate Japan

= El Mayor Mexico
Neden San Fernando segildi?

= Spektral uyum

Spectral acceleration, g

—Code-based DD1 spectrum
—San Fernando scaled by 4.72 (DD1-level)
—San Fernando scaled by 5.9 (collapse-level)

Period, sec



Tekrarli Deprem Se¢imi

Tek deprem
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Ana deprem — Artci depremler yerine, ana deprem dizilerini temsil eden yer hareketi

secimi yapilmistir (Pazarcik, Elbistan, Yayladagi depremleri).



Tekrarli Deprem Altinda Malzeme Birim Sekildegistirme Sonugclari

Bulgu: ilk deprem SH/I0 sinirini asarsa ikinci ayni deprem gécmeye gotirebilir.
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Tekrarli Deprem Altinda Malzeme Birim Sekildegistirme Sonugclari

Bulgu:

Kiiguiik deprem + biiyiuk deprem

Case 4.

= jlk deprem kiicuik

= jkinci deprem biyiik

Ancak:

= Beton sekildegistirmesi blylyor

= Hasar tetikleniyor

= SH/IO asilabiliyor, bir sonraki
depremde gocme riski ortaya cikiyor
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Tekrarli Deprem Altinda Malzeme Birim Sekildegistirme Sonugclari

Donati sekildegistirmesi belirleyicidegil. | ¢+ { - Case1-Collapse
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Tekrarli Deprem Altinda Perde Kesme Kuvveti Sonuclari

------- Code-based DD1 --.----Code-based DD1
B r ——Case1-DD1 BT T ——Case1-Collapse
——Case2-DD1 E ——Case2-Collapse
- ——Case3-DD1 ” i ——Case3-Collapse
——Case4-DD1 i ——Case4-Collapse
% ----0.83Sqrt(fce)Acw % ) ----0.83Sqrt(fce)Acw
g 15 F g 15 }
=] =]
[T [T
5 | ; 750 S N
_5 1 1 1 _5 1 1 \ 1 \
0 20000 40000 60000 80000 0 20000 40000 60000 80000
Shear force of wall W1, kN Shear force of wall W1, kN
Tekrarl deprem kesme
. . . . ore Tek deprem Aynid prem + Ayni deprem
gocmesi riski olusturabilir. o 4 Caso 1] o ™ oy
g‘ 0.2 g‘ 0.2
g 0.2 Zero g 0.2 Zero Zero
< 24 1.0BE < 04 1.0BE _ 1 OBE__
0 35 70 105 140 0 35 x 140
Time, s Tlme s
(a) (b)
s Biyik + Kiigiik — os Kiigiik + Biyiik —
g_i 0.2 ase ; 0.2 ase
§ 0 - *‘_- N ‘g 0 w _v_,*k
E 02 Zero Zero E 02 Zero Zem
& 04 0.75BE & 04 0. 7SBE . 1. OBE
70 105 140 0 140
Time, s Tlme s



Tekrarli Deprem Altinda Géreli Kat Otelenme Sonuglari

—Code-based DD1
B —Case1-DD1
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= Binanin goreli kat 6telenme yaniti malzeme sekildegistirmesi kadar hassas degil.

= Diger calismalarda da benzer sonuclar elde edilmistir.

= Bunun nedeni hasarin veya gocmenin baslangic seviyelerinde global rijitlige

etkisi minimum kaliyor olabilir; ilerleyen seviyelerinde durum degisebilir.

4000



Miihendislik Cikarimlari

Tekrarli Depremler Sonrasi Konular
= Yapl ilk depremden sonra “ayni yap1” degildir
= Rijitlik azalabilir
= Beton catlaklari ilerleyebilir
= Perde uc bolgelerinde ezilme birikebilir
= Kesme kapasitesi azalabilir
= Dogal titresim periyotlari degisebilir
Goreli 6telenme benzer kalsa bile yerel beton sekildegistirmeleri ciddi sekilde

blyuyebilir.

Bu nedenle, sadece gorsel inceleme yeterli olmayacaktir.



Yapisal Saglik izleme (YSi/SHM) Sisteminin Onemi

SHM ile Neler izlenebilir?

Global Davranis

Periyot degisimi
Frekans degisimi
Mod sekilleri

Sonum orani

Lokal Davranis

Beton sekildegistirme birikmesi
Perde ug bolgesi hasari

Kayma deformasyonlari

Kalici 6telenme

Bag kirisi hasari

Deprem Dizileri i¢in Kritik Amag

64-Story Rincon Building

ilk deprem sonrasi yapinin “kalan kapasitesini” anlamak

Combined Mode Shapes

~——— Mode 1: 0.293 Hz
= B = Mode 2: 1.251 Hz
Mode 3: 2.795 Hz
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Yapisal Saglik izleme (YSi/SHM) Sisteminin Onemi

Combined Mode Shapes

Frekans Degisimi ve Hasar iliskisi

——— Mode 1: 0.293 Hz
Hasar - Rijitlik Azalmasi = Frekans Azalmasi i i s 7
60 I
Temel iliski:
k 50
M —_—
fo |= r
Burada: é‘“’" o
= f=dogal frekans 2 :
=k = rijitlik §30~ 2
= m = kutle \
q
20} }@{
Deprem sonrasi frekans disliyorsa: 3
= catlak artis -]
= rijitlik kaybi o
= hasar birikimi
= perde ezilmesi B e e e

O|a bl | ir. Normalized Disp



Tekrarli Depremlerde SHM ile izlenmesi Gereken Parametreler

Kritik Olciimler
ivmedlgerler
= Kativmeleri
= Modal analiz
= Spektral icerik
Strain Gauge / Fiber Optic Sensors
=  Perde boundary region
= Kolon/perde birlesimleri
= Bag kirisleri
Deplasman Sensorleri
= Kat otelenmesi
= Kalici deplasman
Cevresel Olgiimler
= Sicakhk
= Rizgar etkisi
= Nem

Cunka:
Frekans degisimleri yalnizca deprem kaynakli olmayabilir



Yiiksek Binalarda Ruizgar Tasarimi ve Etkin Rijitlik

Yiiksek Binalarin Riizgar Tasariminda Neden Daha Biiyiik Rijitlik Kullanilir?
Rizgar analizlerinde:

= Servis performansi 6nemlidir

= jvme konforu kritiktir

= Goreli 6telenme sinirlidir

= Yapi cogunlukla elastik davranir

Bu nedenle, etkin rijitlik katsayilari deprem analizine gore daha yuksek alinir.

Eleman Deprem Ruzgar
Perdeler/kolonlar 0.5-0.7 Ig 0.6-1.01g
Kirisler 0.351g 0.51g

Dosemeler 0.251g 0.35-051g



Yiiksek Binalarda Ruizgar Tasarimi ve Etkin Rijitlik

Tekrarli Deprem Sonrasi Problem
Kritik Soru
Tekrarh deprem gecirmis bir yiksek bina:
= Ayni rijitlige sahip mi?
= Ayni dogal frekansa sahip mi?
= Ayni rizgar performansini gosterebilir mi?
Makaledeki temel bulguya gore:
= Beton strain birikimi olusabiliyor
= Rijitlik kaybi gelisebiliyor
= Ancak drift cok degismeyebiliyor
Bu durum:

Riizgar ivmelenmelerini dogrudan etkileyebilir.



Yiiksek Binalarda insan Konforu

Yaklasik 50 Kath Binalarda En Kritik Parametre: Riizgar ivmelenmesi

Tasarimi, dayanimdan cok konfor kontrol eder, insan algisi ivmeye duyarhdir.

Tipik sinirlar:

Kullanim Tepe lvme

Konut 10-20 milli-g

Ofis 15-25 milli-g

Otel daha dusuk tercih edilir

Deprem sonrasi kiclk rijitlik kaybi bile ivmeyi ciddi artirabilir.



Deprem Sonrasi Yeniden Riizgar Analizi

Ozellikle:
= Cok ylksek binalar
= nsan konforunun kritik oldugu yapilar
= Oteller
= Konut kuleleri
= Hastaneler
= Ofis kuleleri
icin degerlendirilmesi gerekebilir.
Clnka:

Yapi giivenli olsa bile konfor performansi bozulmus olabilir.



Ozet ve Oneriler

Yiiksek Binalarin Tasarimini Yakindan Etkileyen Konular:

= Tek deprem yaklasimi sorgulanmalidir.

Yiksek binalarin deprem performans hedefi yeniden degerlendirilmelidir. Bu

calismaya gore, yiksek binalarda performans hedefinin SH olmasi tekrarli

deprem etkilerini minimuma indirebilir.

= Yapisal saglik izleme sistemi yliksek binalarda aktif olarak kullaniilmalidir.

= Tekrarli deprem konusunda yapisal saglik izleme sistemi verileri ve deneysel
calisma sonuclarina dayali daha fazla arastirma yapilmalidir.

= Deprem sonrasi durum icin yuksek binalarin rtizgar tasarimi konusunda daha

fazla arastirma yapilmaldir.



Tesekkiir

Sabirla dinlediginiz icin tesekkiir ederim.



