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ESTIMATIONS OF SEISMIC INPUT ENERGY AND INELASTIC TOP
DISPLACEMENT DEMAND IN MOMENT RESISTING FRAME TYPE
STRUCTURES

SUMMARY

Energy-based seismic design (EBSD) methodology has an edge over force-based
seismic design (FBSD) and displacement-based seismic design (DBSD)
methodologies in many ways. Unlike FBSD and DBSD used in the current seismic
design codes, it accounts for the type (near-fault, far-fault, etc.), frequency content,
and total duration of the EQ record. Also, it takes the cumulative damage potential of
an earthquake excitation into account.

A basis for the EBSD was created in the content of this thesis study by proposing a
methodology to calculate the seismic demands of a moment resisting frame fast and
with an acceptable level of accuracy. Firstly, mass-normalized input energy response
spectrum is calculated for SDOF systems using the ground acceleration and velocity
response of the structure. Input energies (Ei) imparted into each story of a MDOF
system are estimated using the suggested formula which uses mode shapes, modal
participation factors, and Ei/m spectra constructed for SDOF systems. After total E,
per unit mass is estimated, maximum inelastic top displacement (dwp) of a MDOF
system during a seismic excitation is predicted using the proposed relation between
Ei/m and diop.

Model frames and EQ records to be used in the application and verification of the
methodology were selected and nonlinear time history analyses (NLTHA) were
performed on the model frames using Perform 3D software. In order to make sure that
the methodology can be applied on moment resisting frames using different materials
and with different number of stories, three-story reinforced concrete Manoukas frame,
three- and six-story steel Akbas frames, nine- and twenty-story steel SAC-LA frames
were selected. For the selection of EQ records, energy-displacement capacity curves
were calculated for the model frames using the force-displacement capacity curves that
were obtained after running static push-over analyses. 92 EQ records causing a higher
energy input to the frames than the yield energy were selected.

After seismic demands (input energy demands on story level and inelastic top
displacement demand) of the set of 92 EQ records were estimated by the proposed
methodology, they were compared with the results of the NLTHA. Relative percentage
differences between the predicted and true values were computed.

Using all 92 EQ records, arithmetic means of the relative percentage differences in the
prediction of total Ei/m, story E,, and Jwp Were computed as 12.6%, 19.5%, 19.6%,
respectively for the steel frames and 38.6%, 37.0%, 53.1%, respectively for the RC
frame.
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Using the 35 EQ records with a PGV less than 50 m/s (ordinary non-pulse-like
motion), arithmetic means of the relative percentage differences in the prediction of
total Ei/m, story E;, and dtwop Were computed as 7.3%, 13.6%, 17.3%, respectively for
the steel frames and 17.1%, 18.7%, 20.9%, respectively for the RC frame.

It was observed that the methodology yields better results for ordinary type EQ records
(PGV < 50 m/s) compared to pulse-like type EQ records. For steel frames, it predicts
the seismic demands with a very strong correlation. For RC frame, it predicts the
seismic demands with a moderate correlation in the case of pulse-like records, and
with a very strong correlation in the case of ordinary non-pulse-like records.
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MOMENT AKTARAN CERCEVE TURU YAPILARDA SISMIK GIRi$
ENERJISININ VE INELASTIK TEPE YERDEGISTIRMESI TALEBININ
TAHMIN EDILMESI

OZET

Mevcut deprem yonetmeliklerinde (ASCE/SEI 7, FEMA 356, Eurocode 8, TBDY
2018 gibi) kuvvet esasli ve yerdegistirme esasli sismik tasarim yontemleri
kullanilmaktadir. Kuvvet esashi tasarim yonteminde, daha dnceden belirlenmis bina
performans hedefi icin sistem siinekligi ve malzeme dayanim fazlalig1 katsayisina
kars1 gelen azaltma katsayis1 “R” belirlenir. Elastik ivme spektrumu kullanilarak elde
edilen elastik deprem kuvvetleri R katsayisi ile kiigiiltiilerek tasarim deprem kuvvetleri
hesaplanir. Bu azaltma, yapinin tasarim deprem kuvvetleri altinda dogrusal olmayan
davranig gosterecegi varsayilarak yapilir. Yapisal elemanlarin tasarim deprem
kuvvetlerini giivenle tasidigi durumda yeterli sismik tasarim elde edilmis olur.
Yerdegistirme esashi tasarim yonteminde ise, 6ncelikle yapinin kuvvet-yerdegistirme
iligkisi hesaplanir. Elde edilen kapasite egrisi kullanilarak yapinin yerdegistirme
talepleri belirlenir. Yerdegistirme taleplerinin yonetmeliklerde verilen limitlerden
daha az oldugu durumda yeterli sismik tasarim elde edilmis olur.

Geleneksel sismik tasarim yontemleri (kuvvet esasl ve yerdegistirme esasli) depreme
ait baz1 6nemli 6zellikleri hesaba katmadiklari i¢in gilivenilir bir sismik tasarim ortaya
koyma konusunda biiyiik bir eksiklige sahiplerdir. Ozellikle Tiirkiye gibi depreme
siklikla maruz kalan tilkelerin yonetmeliklerinde bahsi gecen yontemlerin kullanilmasi
yerine, bu eksiklikleri bilinyesinde barindirmayan yeni bir sismik tasarim ydntemi
gelistirilmelidir.

Heniiz mevcut yonetmeliklerde yer almayan enerji esasli tasarim yontemi ise bu
yontemlerin olumlu 6zelliklerini barindirmasina ek olarak; depremin tiirii, siiresi ve
frekans icerigi gibi kuvvet ve yerdegistirme esasl yontemlerce géz ardi edilen 6nemli
ozellikleri de dikkate almaktadir. Boylece enerji esashi tasarim yontemi, deprem
stiresine bagli kiimiilatif hasar durumunu da g6z ardi etmemesiyle, kuvvet ve
yerdegistirme esasli yontemlere kiyasla daha giivenilir hale gelmektedir. Enerji esash
sismik tasarim yoOnteminde, deprem hareketinden kaynaklanan enerji taleplerinin
yapisal eleman enerji kapasitelerinden daha az oldugu durumda yeterli sismik tasarim
elde edilmis olur.

Tezin birinci boliimiinde tezin amacindan, literatiirde konu ile ilgili daha 6nce yapilmis
calismalardan ve tez ile birlikte sunulan hipotezden bahsedilmistir.

Bu yiiksek lisans tez calismasi ile; enerji esasli sismik tasarim yontemi gelistirilmesi
kapsaminda kullanilmak {iizere, yapilarin maruz kaldigi deprem hareketleri altinda
yapisal elemanlarda olusacak inelastik tepe yerdegistirmesi taleplerinin ve sismik giris
enerjisinin katlar arasinda dagitilmasiyla enerji taleplerinin belirlenmesi i¢in -dogrusal
olmayan zaman tanim alaninda analiz uygulayarak dogrulamasi yapilmis- bir
metodoloji gelistirilmesi hedeflenmektedir. Tez kapsaminda gelistirilen metodoloji ile
yapinin sismik enerji ve yerdegistirme taleplerinin sadece deprem kaydi ve yapinin
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modal 6zellikleri kullanilarak hizli ve dogru degerlere olabildigince yakin bir sekilde
tahmin edilmesi amag¢lanmaktadir.

Tezin ikinci boliimiinde Perform 3D yaziliminda olusturulan sayisal modellerden ve
dogrusal olmayan zaman tanim alaninda analizlerde kullanilan deprem kayitlarindan
bahsedilmistir. Tezde Onerilen metodolojinin kontrolii ve dogrulamasini yapmak
amaciyla farkli kat sayilarina sahip moment aktaran iki boyutlu cerceve sistemler
secilmistir. Tez igerisinde Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St ve
SAC-LA 20-St olarak adlandirilan, daha oOnce literatiirdeki bazi ¢alismalarda da
kullanilmis olan ti¢ kath bir adet betonarme ve {ig, alti, dokuz, yirmi katl dort adet
celik olmak iizere toplam bes adet moment aktaran ¢ergeve sistem segilmistir. Yapisal
elemanlarin dogrusal olmayan davranigin1 hesaba katmak ig¢in plastik mafsal teorisi
kullanilmis ve elemanlarin her iki ucuna plastik mafsallar tanimlanirken orta kisimlari
ise elastik tanimlanmistir. Plastik mafsal uzunluklari, her bir kesit yliksekliginin yarisi
olarak alinmistir.

Deprem kayitlarinin se¢imi i¢in Oncelikle model cercevelere statik itme analizi
yapilarak kuvvet-yerdegistirme kapasite egrisi elde edilmistir. Sonrasinda ise enerji-
yerdegistirme kapasite egrisi hesaplanmig ve her bir model yapiya ait akma enerjisi
degerleri elde edilmistir. Akbas 3-St, Akbas 6-St, SAC-LA 9-St, SAC-LA 20-St ¢elik
cergeveleri icin akma enerjileri sirastyla 0.156 m?/s?, 0.208 m?/s?, 0.402 m?/s? ve 0.307
m?/s? olarak hesaplanmistir. Akma enerjisinden daha yiiksek bir enerji girisine sebep
olacak 92 adet deprem kaydi, toplam 1094 deprem kaydi arasindan secilmistir.
Analizler sirasinda %35 soniim orani kullanilmistir. Ayrica kayitlarda herhangi bir
Olceklendirme yapilmamis, dolayisiyla secilen deprem kayitlarinin igerigi
bozulmamistir.

Secilen 92 deprem kaydindan 32 tanesi uzak deprem karakteristiklerini igerisinde
barindiran “ordinary non-pulse-like”, 60 tanesi ise yakin fay depremi
karakteristiklerini igerisinde barindiran “pulse-like” kayitlardir. Yakin fay depremleri
genellikle yapilarda daha yiiksek sismik taleplerin (taban kesme kuvveti, kat
yerdegistirmeleri, sismik giris enerjisi, v.s.) olugsmasina sebep olurlar ve genellikle
yiikksek PGV (en biiylik yer hizi) degerine sahiplerdir. Tez kapsaminda Onerilen
metodolojinin uzak deprem kayitlari i¢in, veya bagka bir deyisle PGV degeri daha az
olan deprem kayitlari i¢cin (PGV < 50 cm/s) ¢ok daha iyi sonug verdigi goriilmiistiir.

Tezin {giincli boliimiinde bir deprem hareketi sirasinda ¢ok serbestlik dereceli
sistemlere (CSDS) etkiyen maksimum giris enerjisinin tahmini i¢in Onerilen
yontemden bahsedilmistir. Onerilen yontemde, kiimiilatif olarak bina toplam
kiitlesinin %95’inden daha fazla modal etkin kiitleyi saglayacak sayida mod
kullanilmistir. Bu baglamda Manoukas 3-St ve Akbas 3-St ¢ergeveleri igin ikiser mod
(sirasiyla %96.58 ve %97.01 kiimiilatif modal etkin kiitle), Akbas 6-St, SAC-LA 9-St,
SAC-LA 20-St gergeveleri igin ise ticer mod (sirastyla %97.10, %97.70 ve %95.16
kiimtilatif modal etkin kiitle) kullanilmistir.

Oncelikle her bir deprem kayd1 kullanilarak tek serbestlik dereceli sistemlere (TSDS)
ait girig enerjisi spekturumu olusturulmustur. Yapiya ait mod sekli, modal katki
carpant ve TSDS igin olusturulmus giris enerjisi spekturumu kullanilarak bir
formiilasyon oOnerilmis ve CSDS i¢in maksimum giris enerjisi tahmin edilmeye
calistlmigtir. Tahmin edilen giris enerjisi degerleri sonraki boliimlerde dnce inelastik
tepe yerdegistirmesi, sonrasinda ise kat yerdegistirmelerinin tahmininde kullanilacagi
i¢in yapilan tahminlerin gercek degerlere oldukc¢a yakin olmasi gerekmektedir.
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Giris enerjisi tahmini igin 92 adet deprem kaydi kullanilarak elde edilen sonuglar,
dogrusal olmayan zaman tanim alaninda analiz sonuglar ile karsilastirilmig ve
Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, SAC-LA 20-St ¢ergeveleri igin
rolatif ylizde farklarinin aritmetik ortalamalari sirasiyla %38.6, %11.3, %13.6, %11.7
ve %13.9 olarak hesaplanmistir. Korelasyon katsayilar1 ise sirasiyla 0.739, 0.974,
0.932, 0.959 ve 0.914 olarak hesaplanmistir. Bu sonuglar, ¢elik cerceveler icin
tahminlerin ¢ok yiiksek korelasyon derecesi ile, betonarme ¢erceve icin ise tahminlerin
yiiksek korelasyon derecesi ile yapildigini gostermektedir.

Giris enerjisi tahmini igin 50 cm/s daha diistik bir PGV degerine sahip 35 adet deprem
kaydi kullanildiginda Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, SAC-LA
20-St cergeveleri i¢in rolatif ylizde farklarinin aritmetik ortalamalar sirasiyla %17.1,
%5.8, %7.7, %6.0 ve %9.3 olarak hesaplanmustir.

Tezin dordiincii boliimiinde moment aktaran ¢ergeveye etkiyen toplam giris enerjisinin
yapinin katlar1 arasinda dagitilmasindan bahsedilmistir. Literatiirde giris enerjisinin
katlar arasinda dagiliminin tahminine yonelik bir ¢alisma olmazken, histeretik
enerjinin dagilimina yogunlagilmistir. Literatirdeki bir c¢ok c¢aligmada deprem
karakteristiklerinden bagimsiz olarak yapinin sadece modal 6zellikleri kullanilarak
histeretik enerji dagiliminin tahmin edilmesine ¢alisilmig, dolayisiyla her yapi i¢in tek
bir enerji dagilim diizeni Onerilmistir. Ancak bu tezde elde edilen dogrusal olmayan
zaman tanim alaninda analiz sonuglar1 da gostermistir ki, enerji dagilimini deprem
kaydindan bagimsiz olarak temsil etmek miimkiin degildir. Bu yiizden, bir dnceki
bolimde Onerilen ve her bir deprem kaydina 6zgii giris enerjisi spektrumunun
kullanildig1 yontem ile giris enerjisinin katlar arasinda dagilimi diisiik rolatif yiizde
farklari ile tahmin edilebilmektedir.

Giris enerjisinin yapilarin katlar: arasinda dagitilmasinin tahmini i¢in 92 adet deprem
kaydi kullanilarak elde edilen sonuglar, dogrusal olmayan zaman tanim alaninda analiz
sonugclari ile karsilastirilmis ve Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St,
SAC-LA 20-St ¢ergeveleri i¢in rolatif yiizde farklarinin aritmetik ortalamalar1 sirastyla
%37.0, %15.4, %16.9, %16.5 ve %29.4 olarak hesaplanmustir.

Giris enerjisi yapilarin katlar1 arasinda dagitilmasinin tahmini igin 50 cm/s daha diisiik
bir PGV degerine sahip 35 adet deprem kaydi kullanildiginda Manoukas 3-St, Akbas
3-St, Akbas 6-St, SAC-LA 9-St, SAC-LA 20-St gergeveleri igin rolatif yiizde farklarinin
aritmetik ortalamalar1 sirasiyla %18.7, %13.1, %12.3, %10.1 ve %19.3 olarak
hesaplanmustir.

Tezin besinci boliimiinde ise yapinin inelastik tepe yerdegistirmesi talebinin tahmini
i¢in Onerilen yontemden bahsedilmistir. Literatiirde bulunan ve giris enerjisi ile tepe
yerdegistirme arasindaki iliskiyi gosteren formiilasyon, yapmin diger modlarinin
katkisin1 da g6z Oniinde bulundurmak i¢in tanimlanan “referans periyot, Tref’
kullanilarak giincellenmis ve tezin li¢lincii boliimiinde tahmin edilen giris enerjisi
kullanilarak yapmin maksimum tepe yerdegistirmesi tahmin edilmistir. Bu yonteme
gore, giris enerjisi ile maksimum tepe deplasmani arasinda ikinci dereceden parabolik
bir iligki elde edilmistir.

Yapiin bir deprem hareketi sirasinda meydana gelen maksimum tepe yerdegistirmesi
degeri genel dogrusal olmayan statik prosediirler icin bir giris bilgisi olarak
kullanildigindan, bu degerin olabilidigince az bir rolatif hata ile tahmin edilebilmesi
onem arz etmektedir.
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Tepe yerdegistirmesi tahmini igin 92 adet deprem kaydi kullanilarak elde edilen
sonugclar, dogrusal olmayan zaman tanim alaninda analiz sonuglar ile karsilastirilmig
ve Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, SAC-LA 20-St gerceveleri
icin rolatif ylizde farklarmin aritmetik ortalamalar1 sirastyla %53.1, %18.3, %20.6,
%18.8 ve %20.9 olarak hesaplanmistir. Korelasyon katsayilar1 ise sirasiyla 0.546,
0.857, 0.849, 0.878 ve 0.883 olarak hesaplanmistir. Bu sonuglar, celik gerceveler i¢in
tahminlerin ¢ok yliksek korelasyon derecesi ile, betonarme ¢erceve icin ise tahminlerin
orta korelasyon derecesi ile yapildigin1 gdstermektedir.

Tepe yerdegistirmesi tahmini i¢in 50 cm/s’den daha diisiik bir PGV degerine sahip 35
adet deprem kaydi kullanildiginda Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-
St, SAC-LA 20-St gergeveleri i¢in rolatif yiizde farklarinin aritmetik ortalamalari
sirasiyla %20.9, %15.8, %14.8, %19.8 ve %18.8 olarak hesaplanmustir.

Tez kapsaminda Onerilen metodoloji ile, sismik giris enerjisi ve inelastik tepe
yerdegistirmesi tahminlerini gelik ¢ergeveler i¢in ¢ok yiiksek korelasyon derecesi ile
yapmak miimkiinken, betonarme ¢erceve igin tahminler sadece uzak deprem (PGV <
50 cm/s) durumunda ¢ok yiiksek korelasyon derecesi ile yapilabilmektedir.
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1. INTRODUCTION

In the current seismic design codes (such as ASCE/SEI 7, FEMA 356, Eurocode 8,
and TBEC 2018: Turkish Building Earthquake Code-2018), two design philosophies
are used, namely force-based seismic design (FBSD) and displacement-based seismic
design (DBSD). In FBSD, a reduction factor “R” corresponding to the ductility of the
structure is determined for predefined target performance level. Elastic forces obtained
using the elastic acceleration spectrum are reduced by the factor R to calculate the
design seismic forces. This reduction is implemented by assuming the structure will
show inelastic nonlinear behavior under the design seismic forces. The satisfactory
design is obtained when the structural members can safely carry the design seismic
forces. In DBSD, force-displacement relation of the structure is obtained with the
nonlinear modelling strategy. Displacement demand of the structure is then calculated
using the structural capacity curve. The satisfactory design is obtained when the
displacement demand is less than or equal to the limits given in the design codes

corresponding to the prevenient performance level.

However, these approaches disregard some important earthquake-dependent
parameters such as the frequency content and duration of the excitation. They only
consider the peak responses in the assessment of demands of the structures. Because
of the deficiencies in FBSD and DBSD, a more extensive design philosophy was
needed. Thus, “Energy Based Seismic Design” (EBSD) is firstly introduced by
Housner in 1956 and studied by many researchers since. EBSD can be considered as a
more reliable design procedure as it also accounts for the cumulative damage potential
of the earthquake record alongside comprising the positive sides of the current design

methodologies.

Two unscaled earthquake records with similar PGA values but different total durations
(Chile Llolleo, 1985 and San Salvador, 1986) were selected in order to demonstrate
the deficiencies in the current seismic design methodologies, Figure 1.1. They result
in almost the same acceleration spectra (Figure 1.2) but quite different input energy

spectra (Figure 1.3) for 5% damping ratio. Since some parameters like earthquake



duration are not considered in the traditional design methods, similar seismic demands
are obtained using the acceleration spectra. Yet, more realistic seismic demands are
obtained using the input energy spectra in EBSD.
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Figure 1.1 : Ground accelerations: (a) Chile Llolleo. (b) San Salvador.
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Figure 1.2 : Acceleration spectra for the sample EQ records.
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Figure 1.3 : Input energy spectra for the sample EQ records.
1.1 Purpose of Thesis

With this M.Sc. thesis, it is aimed to propose a methodology in order to determine the
earthquake demands of moment resisting frame type structures using energy-based
approach. Using the proposed methodology; the seismic input energy imparted into a
structure during an earthquake, its distribution among the stories, and inelastic top
displacement demand are expected to be estimated with a high precision only using
the modal properties of the structure and the input energy spectrum of the earthquake

record.

1.2 Literature Review

External and internal energy terms can be obtained using the dynamic equation of
motion of a SDOF system under a seismic excitation, equation (1.1) where “m” is

mass, “c” 1s damping, “k” is stiffness, “U” is displacement response, “U” is velocity

response, “zi” is acceleration response of the system, and “iig” is ground acceleration.
m-{(t) +c-U(t) +k-u(t) =—m-t, (¢t L.1)

Multiplying both sides of the equation (1.1) by “ udt” term and integrating it over the
total earthquake duration yields equation (1.2). Left-hand side of the equation
represents the energy components of the structure, namely kinetic energy (Ex),
damping energy (Eq) which is the amount of dissipated energy due to damping, and



strain energy (Es) which is composed of recoverable elastic and irrecoverable inelastic
energies. Right-hand side of the equation represents the input energy (Ei), equation
(1.3) (Akiyama, 1985).

mjﬂ@)mKOdt+cjua)wKUdt+kjuﬂ)¢K0dt=—WJU90)¢K0dt (1.2)

E +E,+E =E (1.3)

In order to calculate the mass-normalized input energy for a SDOF system, Akiyama
(1985) proposed empirical relation, equation (1.4). The equivalent velocity (Ve) used
in the estimation of the input energy per unit mass is calculated using the predominant
period of the ground motion (T¢), equation (1.5).

V2
E, /m=—- (1.4)

_[25T  T<T,
® lasT, T, (15)

Kuwamura and Galambos (1989) used the same equation with Akiyama but
recommended equation (1.6) in the calculation of Ve. “l¢” term is calculated using

equation (1.7).

2 T,
Ve= (1.6)
JTL. T>T,
2
t
I, = [ ()t 17
0

Two methods are suggested by Uang and Bertero (1990) to calculate mass-normalized
input energy. In the first method, it was calculated by derivation of the absolute
equation of motion, equation (1.8) whereas in the second method, it was calculated by

derivation of the relative equation of motion, equation (1.9). Idea of calculating the



input energy in terms of the relative equation of motion as in equation (1.9) is

considered to be more reasonable in the literature.

£, /m=[u, - Ut (18)

£, /m=-[d,®) Ut 19)

In order to obtain a reliable relationship between the energy and displacement
demands, Fajfar (1992) and Fajfar and Vidic (1994) proposed a non-dimensional
parameter (y) for SDOF systems, equation (1.10). With this expression, mass
normalized dissipated hysteretic energy (En) and the maximum displacement of a

SDOF system (o) are correlated.

B E,/m 110
r= WX (1.10)

Teran-Gilmore (1996) suggested a more stable parameter ({) to indicate the relation
between energy and displacement demand of SDOF systems where input energy (E)
is used instead of dissipated hysteretic energy (En), equation (1.11).

E, /m

6= WX O (L11)

For the application of these expressions on MDOF systems, Mollaioli et al. (2011)
studied the correlation between top displacement demand of a MDOF system and
energy demand in terms of both Ex and E;. In this study, equations (1.10) and (1.11)
were modified using the angular frequency corresponding to the first mode (1) and
top displacement of the structure (Jwp) and two new parameters (y' and (') were

introduced, equations (1.12) and (1.13).

NEW
y'= i (1.12)

601 X é‘top




¢'= YT (1.13)
By the suggestion of two new parameters, it is now possible to determine the maximum
displacement of SDOF systems and the maximum top displacement of MDOF systems
using both input energy and hysteretic energy approaches (Mollaioli et al, 2011). In
this study, calculating the seismic demands of MDOF systems using the input energy

will be the focus of interest, Figure 1.4.

Energy Approach
Hysteretic Energy, Ex

Figure 1.4 : Energy approaches for the determination of dtop.

The change in the parameter ', which was defined in order to associate the energy
with the top displacement demand in MDOF systems using input energy approach,
with respect to period for different types of stiffness patterns is shown in Figure 1.5.
Here, the stiffness pattern A represents parabolic stiffness distribution along the height
of a stiff foundation structure, the stiffness pattern B represents parabolic stiffness
distribution along the height of a flexible foundation structure, and the stiffness pattern
U represents uniform stiffness distribution along the height of a stiff foundation
structure (Mollaioli et al, 2011). It can be observed that the parameter {' is almost

pegged on the value of 0.80 after T = 0.75 s for all three stiffness patterns.
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Figure 1.5 : {" spectra (Mollaioli et al, 2011).

1.3 Hypothesis

Seismic input energy of a MDOF system can be estimated on story levels by means of
its modal properties and the energy spectrum obtained for a SDOF system. Using the
predicted input energy, inelastic top displacement demand of a frame type system can
be calculated. Thus, a basis for the energy-based seismic design (EBSD) is created with
this M.Sc. thesis by proposing a methodology to determine the seismic demands (input

energy and inelastic displacement) of moment resisting frame type structures.






2. NUMERICAL MODELS

In order to compute the seismic input energy for each MDOF model frame under the
effect of different seismic excitations, Perform 3D software was used in the modelling
of the frames and performing the nonlinear time history analysis. The program
computes input energy with an acceptable numerical accuracy as it provides an energy

balance between internal (strain, kinetic, inelastic, and damping) energies and external

(input) energy.

2.1 Selected Model Frames

In this study, seismic input energy and inelastic displacement demand estimations were
carried out for a set of five model frames which are three-story reinforced concrete
frame and three-, six-, nine-, and twenty-story steel frames. The model frames to be
used in the application and verification of the methodology have been studied on in

the literature before.

2.1.1 Three-story reinforced concrete frame

The three-story and one-bay frame used by Manoukas et al. (2011) was selected as the
only RC frame to be used in this study, Figure 2.1. The frame has a bay width of 4.0
m and a story height of 4.0 m. The columns are fixed at the base. The columns have a
rectangular cross-section of 40x40 with 8®16 longitudinal reinforcement. The beams
have a rectangular cross-section of 25x40 with 4®12 longitudinal reinforcement.
Concrete quality of C16/20 is used whereas the reinforcing bars are S400. Seismic

mass of the structure is 30 tons in total (each story is 10 tons).

Natural periods, effective masses, and modal participation factors of the three-story
RC frame (Manoukas 3-St) are listed in Table 2.1. Normalized mode shapes to be used

in the following chapters are shown in Table 2.2 for the first three modes.
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Figure 2.1 : Manoukas 3-St frame.

Table 2.1 : The dynamic properties of Manoukas 3-St frame.

Mode Period Effective Mass  Participation
(s) (%) Factor (I
1 0.51 84.20 5.07
2 0.15 12.38 -1.94
3 0.08 3.42 1.02

Table 2.2 : Mode shapes for Manoukas 3-St frame.

Story # 1% mode 2" mode 3" mode
1 0.073 -0.205 0.226
2 0.177 -0.161 -0.203
3 0.249 0.175 0.078

2.1.2 Three-story steel frame

The three-story and four-bay frame used by Akbas et al. (2001) was selected as the
low-rise steel frame to be used in this study, Figure 2.2. The frame has a bay width of
9.15 m and a story height of 4.27 m for the first story and 3.51 m for the rest. The
columns are fixed at the base. W360x122 and W360x262 sections are used as column
elements whereas W460x52 and W610x101 sections are used as beam elements. A36
steel is used in both columns and beams. Seismic mass of the structure is 515 kNs*/m

in total.
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Natural periods, effective masses, and modal participation factors of the three-story
steel frame (Akbas 3-St) are listed in Table 2.3. Normalized mode shapes to be used in

the following chapters are shown in Table 2.4 for the first three modes.
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Figure 2.2 : Akbas 3-St frame.

Table 2.3 : The dynamic properties of Akbas 3-St frame.

Mode Period Effective Mass  Participation
(s) (%) Factor (I)
1 0.80 86.23 21.07
2 0.30 10.78 7.45
3 0.14 2.99 3.92

Table 2.4 : Mode shapes for Akbas 3-St frame.

Story # 1% mode 2" mode 3" mode
1 0.022 0.042 0.056
2 0.043 0.038 -0.046
3 0.064 -0.053 0.015

2.1.3 Six-story steel frame

The six-story and four-bay frame used by Akbas et al. (2001) was selected as one of
the mid-rise steel frames to be used in this study, Figure 2.3. The frame has a bay width
of 9.15 m and a story height of 4.27 m for the first story and 3.51 m for the rest. The
columns are fixed at the base. W360x147, W360x179, and W360x314 sections are
used as column elements whereas W610x82 and W610x101 sections are used as beam
elements. A36 steel is used in both columns and beams. Seismic mass of the structure
is 1076 kNs?/m in total.
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Natural periods, effective masses, and modal participation factors of the six-story steel
frame (Akbas 6-St) are listed in Table 2.5. Normalized mode shapes to be used in the

following chapters are shown in Table 2.6 for the first three modes.
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Figure 2.3 : Akbas 6-St frame.

Table 2.5 : The dynamic properties of Akbas 6-St frame.

Mode Period Effective Mass  Participation
(s) (%) Factor (I)
1 1.58 81.00 29.53
2 0.53 12.07 -11.40
3 0.30 4.03 -6.59
Table 2.6 : Mode shapes for Akbas 6-St frame.
Story # 15 mode 2" mode 3" mode
1 0.007 -0.021 -0.031
2 0.016 -0.038 -0.034
3 0.025 -0.037 0.006
4 0.034 -0.016 0.041
5 0.041 0.019 0.014
6 0.045 0.044 -0.041
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2.1.4 Nine-story steel frame

The nine-story and five-bay frame used by Gupta and Krawinkler (1999) was selected
as one of the mid-rise steel frames to be used in this study, Figure 2.4. The frame has
a bay width of 9.15 m and a story height of 5.49 m for the first story and 3.96 m for
the rest. It also has a basement story with a height of 3.65 m. The columns are pinned
at the base. A36 steel is used in beams and A572 Gr. 50 steel is used in columns.

Seismic mass of the structure is 4500 kNs%/m in total.

Natural periods, effective masses, and modal participation factors of the nine-story
steel frame (SAC-LA 9-St) are listed in Table 2.7. Normalized mode shapes to be used
in the following chapters are shown in Table 2.8 for the first three modes.
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Figure 2.4 : SAC-LA 9-St frame.
Table 2.7 : The dynamic properties of SAC-LA 9-St frame.
Mode Period Effective Mass  Participation
(s) (%) Factor (I)

1 2.27 83.10 61.24

2 0.85 10.90 22.14

3 0.49 3.70 12.95
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Table 2.8 : Mode shapes for SAC-LA 9-St frame.

Story # 15 mode 2" mode 3" mode
1 0.004 0.009 0.015
2 0.006 0.014 0.019
3 0.009 0.017 0.016
4 0.011 0.018 0.005
5 0.014 0.015 -0.009
6 0.016 0.010 -0.019
7 0.018 0.000 -0.018
8 0.021 -0.013 -0.003
9 0.022 -0.024 0.019

2.1.5 Twenty-story steel frame

The twenty-story and five-bay frame used by Gupta and Krawinkler (1999) was
selected as the high-rise steel frame to be used in this study, Figure 2.5. The frame has
a bay width of 6.10 m and a story height of 5.49 m for the first story and 3.96 m for
the rest. It also has two basement stories with a height of 3.65 m. The columns are
pinned at the base. A36 steel is used in beams and A572 Gr. 50 steel is used in columns.

Seismic mass of the structure is 5526 kNs%/m in total.

Natural periods, effective masses, and modal participation factors of the twenty-story
steel frame (SAC-LA 20-St) are listed in Table 2.9. Normalized mode shapes to be used
in the following chapters are shown in Table 2.10 for the first three modes.

Table 2.9 : The dynamic properties of SAC-LA 20-St frame.

Mode Period Effective Mass  Participation
(s) (%) Factor (I)
1 3.82 80.00 66.53
2 1.32 11.80 25.50
3 0.77 3.50 13.89
4 0.54 1.80 9.86
5 041 1.00 -7.38
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Figure 2.5 : SAC-LA 20-St frame.
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Table 2.10 : Mode shapes for SAC-LA 20-St frame.

Story # 15 mode 2" mode 3" mode
1 0.001 0.004 0.007
2 0.003 0.008 0.012
3 0.004 0.011 0.015
4 0.005 0.013 0.017
5 0.006 0.015 0.017
6 0.007 0.017 0.015
7 0.009 0.018 0.011
8 0.010 0.017 0.006
9 0.011 0.017 0.001
10 0.012 0.015 -0.005
11 0.013 0.013 -0.011
12 0.014 0.010 -0.015
13 0.015 0.007 -0.018
14 0.016 0.003 -0.018
15 0.017 -0.002 -0.016
16 0.018 -0.006 -0.011
17 0.019 -0.010 -0.004
18 0.019 -0.015 0.005
19 0.020 -0.019 0.015
20 0.021 -0.023 0.024

2.2 Modelling Strategy

After the set of five model frames were drawn in Perform 3D software, movement of
the frame was restricted in H2 direction by assigning supports at every joint in order
to perform the analysis in plane frame. Self and additional masses were concentrated

on the joints, Figure 2.6.

For all the systems, a damping ratio of 5% was considered in the analyses.
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Figure 2.6 : Perform 3D model for Akbas 3-St frame.

Using the plastic hinge theory, nonlinear behavior of the frame elements was taken
into account. While middle section of the members was considered to behave elastic
under the excitation, the curvature type plastic hinges were assigned at the end
sections. For the beam type frame elements, curvature type moment hinges were
defined whereas for the column type frame elements, curvature type P-M2-M3 hinges
were defined at the end zones of the frame elements. Material models of the middle
section were represented by linear force-displacement relation, Figure 2.7 (a). Material
models of the end sections were represented by elastic-perfectly plastic (e-p-p) force-

displacement relation with no cyclic degradation, Figure 2.7 (b).

(a) (b)
Figure 2.7 : Basic F-D relationship: (a) Middle section. (b) End sections.

For P-M2-M3 type plastic hinges assigned to the column elements, yield surface
parameters were defined. P exponent (alpha) was taken as 2.0 for P-M2 and P-M3

interactions in both compression and tension regions. M exponent (beta) was taken as

17



1.1 for P-M interaction. M exponent (gamma) was taken as 1.4 for M-M interaction,

Figure 2.8.

~— Alpha =1, Beta=1

(b)

Figure 2.8 : P-M interaction yield surface parameters: (a) Steel sections. (b) RC
sections.

In order to define the inelastic section properties of the plastic hinges, Xtrack software
was used. First, bilinear material properties were defined. For the beam sections,
moment-curvature relationship about x-axis was obtained and maximum moment
value was defined as “axis 3 bending” in Perform 3D, Figure 2.9. For the column
sections, P-M interaction diagram and moment-curvature relationship about both x-
and y-axis were obtained. Axial force values for pure tension and pure compression
cases were defined as “tension” and “compression”, maximum moment value about x-
axis was defined as “axis 3 bending” , and maximum moment value about y-axis was

defined as “axis 2 bending” in Perform 3D, Figure 2.10.

x = 398.7 KNm

Moments about the X-Axis - kN1
400

300

200

100

0.0 0.1 02 03 04 05
Curvatures about the 3-Axis - 1/'m

—#&—— Moment Curvature Relation
—=— Moment Curvature Bilinearization

Figure 2.9 : Section properties for a sample beam section (W460x52).
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0
0.0 0.1 02 03 04 0.3 0.6
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(a) Moment-curvature relationship about x-axis (“axis 3 bending”)

M, = 986.7 kNm

Moments about the V-Asis - EN-m

1000

200

600

400

200

0
0.0 0.1 02 03 04 0.5 0.6

Curvatures about the Y-Asxs - 1/m

—4—— MNloment Curvature Relation
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(b) Moment-curvature relationship about y-axis (“axis 2 bending”)

P =12360 kN

Axwial Force - kN

20000

-20000

—#—— PMData
—=— (Code Reduced PM Data
M Equation Fit to PM Data

(c) P-M interaction diagram (“tension” and “compression”)

Figure 2.10 : Section properties for a sample column section (W360%262).
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After elastic region and plastic hinges were defined for all the structural members,
compounds were generated. The length of the plastic hinges was taken as half of the
section height, Figure 2.11 (a). For the column sections, P-M2-M3 hinges were defined
at both ends, Figure 2.11 (b). For the beam sections, moment hinges were defined at
both ends, Figure 2.11 (c).

Plastic Hinge Plastic Hinge
h I I Elastic region I
0.5 h 0.5 h (a)
No. | Component Type Component Name Length |Propn
1 |P-M2-M3 Hinge, Steel Curvature Type W3B0x262 (019350
2 |Column, Steel Type, Nonstandard Section  [XecColS-w3S0x262 1
3 [P-M2-M3 Hinge, Steel Curvature Type WaB0x252 (0.1935|0 (b)
No. |[Component Type Component Mame Length |Propn
Moment Hinge, Curvature Type Was0xs2 (0.225) |10
Beam, Steel Type, Monstandard Section KecBmS-w480x52 1
3 |Moment Hinge, Curvature Type Was0x52 (0.225) |0 ( )
c

Figure 2.11 : Sectional properties used in Perform 3D: (a) Assigning plastic hinges.
(b) Example for forming a column section. (c) Example for forming a beam section.

2.3 Selection of the Earthquake Records

In order to determine the yield energy values for the set of four model frames, push-
over analyses were performed using the first mode load patterns. After force-
displacement capacity curves were obtained, energy-displacement capacity curve for
each model frame was calculated and yield energies were obtained (Figure 2.12) where
the force-displacement capacity curve is shown with orange and the energy-
displacement capacity curve is shown with blue.

Using PEER NGA database, a total of 1094 earthquake records were downloaded.
Among those, 92 earthquake records which cause a seismic input energy larger than
the yield energy were selected. Earthquake records to be used in the nonlinear time
history analysis are listed in Table A.1.
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Figure 2.12 : Energy-displacement capacity curves and calculated yield energy
values.

Both ordinary type and pulse-like type records were selected and split into groups in
terms of Vs3o, the average shear-wave velocity in the top 30 m of the soil, as shown in
Table 2.11. In total, 32 ordinary type and 60 pulse-like type EQ records were used in

the analyses and no scaling was made.

The pulse-like EQ ground motions generally have the characteristics of low frequency
and cause higher seismic responses (base shear, story displacements, input energy,
etc.) compared to the ordinary non-pulse-like EQ ground motions. Near-fault ground
motions can often be classified as pulse-like type records whereas far-fault ground
motions can often be classified as ordinary type records. Peak ground velocity (PGV)
can be used as an indicator of the EQ type (pulse-like / ordinary non-pulse-like). PGV
values for the set of 92 EQ records are listed in Table 2.12. Here, it can be seen that
the ordinary non-pulse-like records (the ones shown with red color) generally have

lower PGV values compared to the pulse-like records.
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Table 2.11 : Classification of the chosen earthquake records.

Group # Description EQ#
G1 Ordinary Records with ' 3 4 5 6.7 8,9, 10, 11, 12, 13
Vs30 < 180
a2 Pulse-Like Records with 14, 15, 16, 17, 18, 19, 20, 21, 22
Vs30 < 180
a3 Ordinary Records with 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
180 < Vs30 < 360 33, 34, 35, 36, 37
G4 Pulse-Like Records with 38, 39, 40, 41, 42, 43, 44, 45, 46, 47,
180 < Vs30 < 360 48, 49, 50, 51, 52, 53, 54, 55, 56, 57
G5 Pulse-Like Records with 58, 59, 60, 61, 62, 63, 64, 65, 66, 67,
360 < Vs30 < 760 68, 69, 70, 71, 72, 73, 74, 75, 76, 77
Ordinary Records with
G6 760 < Vs30 < 1500 R
Pulse-Like Records with
G7 760 < Vazo < 1500 80, 81, 82, 83, 84, 85, 86
Ordinary Records with
G8 1500 < Vo 87, 88
Go Pulse-Like Records with 89, 90, 91, 92

1500 < Vs3o
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Table 2.12 : PGV values for the chosen earthquake records.

EQ PGV (cm/s) EQ# PGV (cm/s) EQ# PGV (cm/s)
1 36.21 32 36.07 63 130.38
2 46.31 33 31.03 64 111.48
3 31.67 34 36.03 65 77.78
4 35.10 35 29.16 66 76.16
5 16.03 36 29.95 67 91.72
6 33.21 37 52.09 68 67.40
7 18.60 38 113.15 69 264.11
8 31.95 39 97.45 70 120.97
9 12.88 40 67.02 71 60.43

10 29.33 41 68.54 72 74.85
11 36.53 42 96.92 73 43.98
12 18.27 43 59.20 74 88.98
13 17.77 44 108.81 75 71.96
14 86.57 45 41.75 76 89.15
15 62.18 46 65.01 77 76.49
16 48.26 47 76.14 78 55.54
17 81.40 48 86.34 79 30.41
18 47.98 49 72.96 80 123.59
19 63.97 50 54.05 81 99.05
20 54.24 51 69.86 82 95.86
21 63.81 52 62.72 83 85.84
22 26.63 53 52.06 84 133.61
23 33.02 54 75.82 85 38.28
24 46.76 55 81.31 86 28.25
25 44.95 56 76.09 87 19.13
26 67.69 57 65.94 88 10.43
27 26.33 58 151.21 89 114.50
28 31.36 59 249.60 90 103.60
29 66.31 60 66.43 91 57.43
30 54.50 61 172.34 92 54.81
31 42.81 62 97.36

23






3. SEISMIC INPUT ENERGY ESTIMATION

Seismic input energy should first be accurately calculated in order to make an
estimation about the inelastic top displacement demand of a structure. After seismic
input energy spectrum for a SDOF system is obtained, total input energy amount that
a MDOF system is subjected to during a seismic excitation can be estimated with the

suggested method.

3.1 Seismic Input Energy Spectrum

A MATLAB based code was generated in order to obtain seismic input energy
spectrum for SDOF systems. As the first step, earthquake responses (u, U, and i) were
calculated as a function of time using the “Piecewise Exact Method” for a series of
oscillators constructed with the same mass but different rigidities, thus different natural
vibration periods (Figure 3.1). Then, calculated velocity response (u) was multiplied
with the ground acceleration and integrated over the total duration of the excitation,
equation (1.9). Finally, seismic input energy spectrum for a SDOF system was
constructed plotting absolute maximum values of the time series for each oscillator
with respect to natural vibration periods (Figure 3.2). The mass-normalized input

energy spectra for all 92 EQ records are shown in Figure A.1.

m, kn

m, ki

Ti=Tr=Ti=---=Ty

Figure 3.1 : Oscillators with different natural vibration periods.
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Figure 3.2 : Obtaining input energy spectrum for a sample EQ record.
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Figure 3.2 (continued) : Obtaining input energy spectrum for a sample EQ record.

3.2 Suggested Method to Estimate the Seismic Input Energy for MDOF Systems

The method requires the usage of dynamic properties of the structures, as shown in
Table 2.1 and 2.2 for the selected set of model frames. The number of modes to be
used in the analysis is taken as the mode number making the cumulative summation
of the effective masses greater than 95% of the total mass. For three-story Manoukas
frame and three-story Akbas frame, two modes with a cumulative summation of the
effective masses of 96.58% and 97.01%, respectively were used in the analysis. For
six-story Akbas frame, nine- and twenty-story SAC-LA frames, three modes with a
cumulative summation of the effective masses of 97.10%, 97.70%, and 95.16%,

respectively were considered in the application of the methodology.

Using the proposed method, seismic input energy per unit mass for a MDOF system
can be estimated by equation (3.1), where N is the number of modes used in the
analysis, n is the number of degrees of freedom, &j; is the i story mode shape for the
j'" mode, I is the modal participation factor, and (E; / m); is the mass-normalized input

energies corresponding to each period in the input energy spectrum, Figure 3.3.

>3 4(E,/m), T
(E| /m) = j:lI:1N n 3.1
ZZ%’F] ( )

j=1i-1
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Figure 3.3 : Mass-normalized input energies corresponding to each mode.

Mass-normalized input energy predictions ((Ei / m)pre) Were made using the suggested
method in this study, equation (3.1). After that, they were compared with the numerical
results obtained after running nonlinear time history analysis for a total of 92
earthquake records in five model structures in Perform 3D software ((Ei / m)num). The
relative percentage differences between the predictions and numerical results (egi)

were calculated using equation (3.2).

_ ‘(EI /m)pre _(EI /m)
€r = I:(El /m)pre +(EI /m)num] (32)
2

num

3.3 Discussion on the Results

Numerical and predicted Ei/m and the relative percentage differences between them
(¢) are listed in Tables B.1 and B.2 and also visualized in Figures B.1, B.2, B.3, B.4
and B.5 for the set of five model frames. In order to comment on the results, arithmetic
means of ¢ were calculated. Arithmetic mean was calculated by summing up ¢ values

and dividing by n, where n is the number of ¢ values used.

It can be observed from these results that the methodology proposed in this study gives
better output for ordinary type (with far-fault characteristics and lower PGV)

earthquake records in terms of predicting the input energy for MDOF systems.
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Using the suggested method in this study, for the set of 92 earthquake records on
Manoukas 3-St RC frame, arithmetic mean of &g was calculated as 38.6%. The

correlation coefficient was calculated as 0.739, indicating a strong correlation, Figure

3.4.

Manoukas 3-St

(E/M)y Lrha (M?/s2)

0 1 2 3 4
(EI/m)methodoloqy (mZ/SZ)

Figure 3.4 : Correlation between the estimated and numerical Ei/m for the set of 92
EQ records on RC frame.

For 35 EQ records with a PGV < 50 cm/s on Manoukas 3-St, arithmetic mean of g
was calculated as 18.7%. The correlation coefficient was calculated as 0.961,

indicating a very strong correlation, Figure 3.5.

Manoukas 3-St

(E/m)y L1Ha (M?/s2)

0 1 2 3
(EI/m)methodoloqv (mZ/SZ)

Figure 3.5 : Correlation between the estimated and numerical Ei/m for the EQ
records with a PGV < 50 cm/s on RC frame.
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Using the suggested method in this study, for the set of 92 earthquake records on Akbas
3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St steel frames, arithmetic means of
ee1 were calculated as 11.3%, 13.6%, 11.7%, and 13.9%, respectively.

The correlation coefficients for the steel frames examined in this study were calculated
as 0.974, 0.932, 0.959, and 0.914, respectively. These results represent that there is a
very strong correlation between the estimated and numerical input energies, Figure

3.6.

6 Akbas 3-St 5 Akbas 6-St
5 5
% 4 2 4
= E
'i(_: 3 % 3
2 z
,EE 2 E_ 2
T} S
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
(EI/m) methodology (mZ/SZ) (Ellm) methodology (mZ/SZ)
5 SAC-LA 9-St 5 SAC-LA 20-St
5 5
G 4 2 4
< £
E 3 = 3
z 5
z 2 =2
u 1 Y1
0 0
o 1 2 3 4 5 6 o 1 2 3 4 5 6
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Figure 3.6 : Correlation between the estimated and numerical Ei/m for the set of 92
EQ records on steel frames.
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Using the suggested method in this study, for 35 EQ records with a PGV < 50 cm/s on
Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St steel frames, arithmetic

means of g were calculated as 5.8%, 7.7%, 6.0%, and 9.3%, respectively.

The correlation coefficients for the steel frames examined in this study were calculated
as 0.994, 0.986, 0.990, and 0.948, respectively. These results represent that there is a
very strong correlation between the estimated and numerical input energies, Figure
3.7.
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Figure 3.7 : Correlation between the estimated and numerical Ei//m for the EQ
records with a PGV < 50 cm/s on steel frames.
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Distribution of the relative percentage differences between mass-normalized input

energies calculated with the suggested method and “true” mass-normalized input

energies obtained using Perform 3D with respect to 35 EQ records with a PGV < 50

cm/s are shown in Figure 3.8.
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Figure 3.8 : Relative percentage difference distribution for Ei/m estimation.

32



o
o

SAC-LA 9-St

29
i 3 2 1 0
O b 1

e<10 10<e<20 20<e<30 30<e<40 40<g
Relative Percentage Differences (%)

w
o

[EEN
o

Number of EQ Records
N
o

o
o

H SAC-LA 20-St

24
5 4
i — 1 1
0 heed

£<10 10<e<20 20<e<30 30<e<40 40<e
Relative Percentage Differences (%)

w
o

(WY
o

Number of EQ Records
N
o

Figure 3.8 (continued) : Relative percentage difference distribution for Ei/m

estimation.

3.4 Comparison with Other Methods in the Literature

3.4.1 Method proposed by Kalkan and Kunnath (2007)

For the estimation of the input energy for MDOF systems, Kalkan and Kunnath (2007)
suggested a formula where input energies calculated for E-SDOF systems (Figure 3.9)
are combined using the modal participation factor (7). In general, it can be estimated
using up to the first three modes, equation (3.3).

In case the mode vectors are not normalized (Mi* # 1), equation (3.3) becomes
identical with equation (3.4) (Ucar, 2020).

EI(MDOF) = 2—1: EI(E—SDOF)i 'Fi2 (3.3)
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*

EI(MDOF) = Z_l: EI(E—SDOF)i : Mi (3_4)

Figure 3.9 : “n” number of E-SDOF systems of a MDOF system.

Here, the time histories of input energy for E-SDOF systems are calculated using

equation (1.9).

Using the method proposed by Kalkan and Kunnath (2007), for the set of 92
earthquake records on Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-
LA 20-St frames, arithmetic means of g were calculated as 39.2%, 11.7%, 12.8%,
13.2%, and 21.1%, respectively.

3.4.2 Method proposed by Giillii (2018)

Instead of using E-SDOF systems, Giillii (2018) proposed a method to estimate the
seismic input energy for a MDOF system using the spectrum constructed for a SDOF
system by equation (1.9). In this method, mass-normalized input energies (E; / m)
corresponding to an adequate number of vibrational modes of the structure are

multiplied with the modal participation factors (77j), equation (3.5).

5.(E, /m); T,
(B /' M)yoor = = I (3.5

]

Mz

1

—
I

Using the method proposed by Giillii (2018), for the set of 92 earthquake records on
Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St frames,
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arithmetic means of gg; were calculated as 55.1%, 19.7%, 20.1%, 20.8%, and 32.7%,

respectively.

It shows that the proposed method in this study gives better results than the ones
Kalkan and Kunnath (2007) and Giilli (2018) suggested in terms of making a
prediction about the total input energy in MDOF systems, especially for the frames
with high number of stories, Table 3.1.

Table 3.1 : Comparison for arithmetic means of &g (%).

Methodolo Manoukas Akbas Akbas SAC-LA SAC-LA
9y 3-St 3-St 6-St 9-St 20-St
Kalkan and Kunnath
(2007) 39.2 11.7 12.8 13.2 21.1
Gullii (2018) 55.1 19.7 20.1 20.8 32.7
This study 38.6 11.3 13.6 11.7 13.9
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4, SEISMIC INPUT ENERGY DISTRIBUTION AMONG STORIES

Since the damage potential of an earthquake is directly dependent on the maximum
dissipated hysteretic energy demand, estimation of it for a MDOF system is a crucial
work for EBSD. In the literature, calculation of the dissipated hysteretic energy (Er)
and the distribution of it among stories have been the main focus of interest (Decanini
et al. 2001, Chou and Uang 2003, Wang and Yi 2012, Mezgebo and Lui 2017, etc.).
Structural properties (mass, modal shape, etc.) were generally used in order to
distribute En among stories. Thus, a single En distribution pattern for each MDOF
system (independent of the earthquake records) was obtained using these proposed
methods.

4.1 Suggested Method to Estimate the Input Energy Distribution Pattern

This study follows a different approach and focuses on the prediction of E; distribution
pattern unlike the current methodologies in the literature focusing on the prediction of
En distribution pattern. The formulation suggested in the previous chapter to predict
the total input energy demand for a MDOF system (equation (3.1)) is modified here in
order to predict the input energy demand in each story level, equation (4.1). Since there
exists an earthquake-dependent term of (Ei/m); in this equation (mass-normalized input
energy values corresponding to each mode on the input energy spectra), it results in an
E, distribution pattern specific to each earthquake record. When Ex / E| ratio is known,

En distribution pattern can also be predicted with a high accuracy in the further studies.

5 ¢ (E /m), T,

() = L N n “Miggy 4.1
ZZ%'F] | ( )

j=li=1

4.2 Numerical Calculation of the Seismic Input Energy Distribution

Since the distribution of the seismic input energy among the stories cannot be taken

from Perform 3D software directly, it was calculated via a MATLAB-based code.
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First, the time series of velocity responses (U) at each story level with respect to the
reference point (ground level) were taken from Perform 3D after nonlinear time history

analyses were performed for each earthquake record in five model frames, Figure 4.1.

After velocity responses are calculated at each story level, input energy distribution
among stories can be calculated using either equation (4.2) or equation (4.3). Since the
mass matrix ([M]) of the frame type structures with lateral degrees of freedom only is

a diagonal matrix, they both give the same result.

—> i, (1)
—> 11, (1)
—> 1. ()
—>1,(1)
—>11,(1)
—> 11, (1)
—> 1 (¢)
—> 1, (1)
—> 1, (£)

iég{r} PPN l Reference Point
AN AN AN ran AN rave

Figure 4.1 : An example for obtaining velocity responses at each story level.

{E}=-IM] j G, {u}dt 4.2)

t
E :_mijuguidt (4.3)
0

It was observed that as the story level increases, input energy per unit mass imparted
into the story tends to increase due to higher velocity responses. When the input energy
time series for all stories numerically calculated using the MATLAB-based code were
summed up, a value almost equal to the total E, value read from Perform 3D was

obtained, Figure 4.2.
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Figure 4.2 : An example for input energy time history at story levels.

Peak values of the input energy time series were calculated for all 92 earthquake
records in each story level of five model frames. Their distribution is shown in Figures
4.3, 4.4, 45, 4.6 and 4.7. Figures prove that it is not possible to represent the input
energy distribution among stories with a single pattern regardless of the earthquake

characteristics.
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Figure 4.3 : E, distribution of Manoukas 3-St for 92 EQ records.
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Figure 4.4 : E, distribution of Akbas 3-St for 92 EQ records.

Story Number

40

E, distribution (%)

Figure 4.5 : E, distribution of Akbas 6-St for 92 EQ records.
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Figure 4.6 : E; distribution of SAC-LA 9-St for 92 EQ records.

41



20

15

E, distribution (%)

Figure 4.7 : E, distribution of SAC-LA 20-St for 92 EQ records.
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4.3 Discussion on the Results

Arithmetic means of ¢ for E; predictions on story levels using 92 EQ records were
calculated as 37.04%, 15.4%, 16.9%, 16.5%, and 29.4% for Manoukas 3-St, Akbas 3-
St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St frames, respectively, Table 4.1.

Table 4.1 : Arithmetic means of relative percentage differences for input energy
predictions on story levels using 92 EQ records.

Story # Manoukas Akbas Akbas SAC-LA SAC-LA

3-St 3-St 6-St 9-St 20-St

1 334 11.7 12.9 13.7 15.1
2 36.3 11.2 111 9.8 111
3 41.3 23.3 12.6 17.4 13.6
4 14.8 19.7 20.5
) 16.9 18.1 25.0
6 33.2 15.7 24.4
7 15.1 22.1
8 18.0 19.3
9 21.2 20.0
10 21.8
11 25.3
12 28.9
13 32.1
14 31.2
15 35.4
16 45.5
17 51.2
18 46.1
19 49.3
20 494
Mean 37.0 154 16.9 16.5 29.4
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Arithmetic means of ¢ for E; predictions on story levels using the EQ records with a
PGV < 50 cm/s were calculated as 18.7%, 13.1%, 12.3%, 10.1%, and 19.3% for
Manoukas 3-St, Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St frames,
respectively, Table 4.2.

Table 4.2 : Arithmetic means of relative percentage differences for input energy
predictions on story levels using the EQ records with a PGV < 50 cm/s.

Story # Manoukas Akbas Akbas SAC-LA SAC-LA
3-St 3-St 6-St 9-St 20-St
1 16.2 10.1 11.2 11.7 18.1
2 16.8 7.9 o.7 5.7 8.2
3 23.2 21.1 5.8 13.6 59
4 7.8 14.4 12.2
5 12.7 12.4 16.4
6 30.4 55 16.2
7 9.9 12.9
8 7.5 9.1
9 10.7 114
10 12.8
11 15.0
12 15.6
13 20.1
14 17.8
15 23.4
16 30.4
17 39.9
18 35.0
19 31.7
20 34.8
Mean 18.7 131 12.3 10.1 19.3
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It can be observed from the result that the relative percentage differences between the
numerical and estimated story input energies are higher for the RC frame (Manoukas
3-St) and twenty-story steel frame (SAC-LA 20-St). Yet, it can be said that the
methodology results in story input energies with an acceptable level of accuracy for

the case of far-fault motion (PGV < 50 cm/s).
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5. INELASTIC TOP DISPLACEMENT DEMAND PREDICTION

For some general nonlinear static analysis procedures, it is vital to predict the inelastic
top displacement demand of a MDOF system with an error as low as possible. With
this thesis study, an alternative for the calculation of the maximum inelastic top

displacement according to the equal displacement rule will be proposed.

Maximum inelastic top displacement of a MDOF system during an earthquake can be

predicted using the estimated seismic input energy with an acceptable accuracy.

5.1 Suggested Method to Estimate the Inelastic Top Displacement Demand

In a MDOF system, the dynamic response can be represented with a reference period
(Tref) which is calculated by combining the effects of sufficient number of modes as

suggested by Marasco and Cimellaro (2018), equation (5.1).

N
jz_lzj\rj\

Tref = (51)
2

Relation between input energy and top displacement for a MDOF system, which was
first introduced by Mollaioli et al. (2011), is modified in the suggested method for the
prediction of the top displacement, equation (5.2). Here, E;/ m is the mass-normalized
input energy estimated in Chapter 3 and wref is the angular frequency corresponding to
Tref, equation (5.3). Instead of using the w of the first vibrational mode, wrer is used in
order to take other mode effects into account. A new parameter (5) is defined with the
equation (5.3) and its change with respect to T1 is shown in Figure 5.1. Tret and ret

values calculated for the model frames are listed in Table 5.1.

top ﬁxa) (52)
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Figure 5.1 : Suggested bilinear /5 spectra.

Table 5.1 : Calculated reference periods and angular frequencies.

Frame Tref (S) oref (rad)
Manoukas 3-St 0.41 15.32
Akbas 3-St 0.67 9.38
Akbas 6-St 1.15 5.46
SAC-LA 9-St 1.70 3.70
SAC-LA 20-St 2.82 2.23

Second degree parabolic relation is obtained between input energy and top

displacement for the set of five model frames used in this study, Figure 5.2.

5.0
~40
£ 30
= ——Manoukas 3-St
=20 —— Akbas 3-St
Akbas 6-St
1.0 ——SAC-LA 9-St
——SAC-LA 20-St
0.0
0.0 0.3 05 . 08 1.0 1.3 15
Top Displacement (m)

Figure 5.2 : Input energy — top displacement relationship.

Inelastic top displacement demand predictions ((dwp)pre) Were made using the

suggested method in this study, equation (5.2). After that, they were compared with
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the numerical results obtained after running nonlinear time history analysis in Perform
3D software ((dtwp)num). The relative percentage differences between the predictions

and numerical results (eei) were calculated using equation (5.4).

‘( top ) pre top ) num

I:( top pre + (é‘top)num ] (54)
2

With the proposed method, an accurate relation between mass-normalized input
energy and inelastic top displacement demand of a MDOF system is obtained. The
comparison of the relation obtained by the suggested method and Perform 3D results

of 92 earthquake records are shown in Figure 5.3.

Akbas 3-St Akbas 6-St
5.0 |=—=Suggested 5.0 Suggested
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Figure 5.3 : Comparison for input energy — top displacement relation for the set of
92 EQ records on steel frames.
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The comparison of the relation obtained by the suggested method and Perform 3D
results for the EQ records with a PGV < 50 cm/s are shown in Figure 5.4.

Akbas 3-St Akbas 6-St
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\é/l.z vo /e
w /o
06 % . [ ] °
.‘ L ]
.......
: 0.0 *
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Method . Method
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0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8
Top Displacement (m) Top Displacement (m)

Figure 5.4 : Comparison for input energy — top displacement relation for the EQ
records with a PGV < 50 cm/s on steel frames.

5.2 Discussion on the Results

Numerical and predicted inelastic top displacement demands and the relative
percentage differences between them are listed in Tables C.1 and C.2 and also
visualized in Figures C.1, C.2, C.3, C.4 and C.5 for the set of five model frames. Like
Ei/m estimations in the previous chapter, it can be observed that the methodology
proposed in this study gives better results for ordinary type (far fault characteristics
and lower PGV) earthquake records in terms of predicting the displacement demand
of MDOF systems.
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Using the suggested method in this study, for the set of 92 earthquake records on
Manoukas 3-St RC frame, arithmetic mean of &g was calculated as 53.1%. The
correlation coefficient was calculated as 0.546 indicating a moderate correlation,
Figure 5.5.
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Figure 5.5 : Correlation between the estimated and numerical dop for the set of 92
EQ records on RC frame.

For 35 EQ records with a PGV < 50 cm/s on Manoukas 3-St, arithmetic mean of e
was calculated as 20.9%. The correlation coefficient was calculated as 0.866 indicating

a very strong correlation, Figure 5.6.
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Figure 5.6 : Correlation between the estimated and numerical dp for the EQ records
with a PGV < 50 cm/s on RC frame.
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Using the suggested method in this study, for the set of 92 earthquake records on Akbas
3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St steel frames, arithmetic means of &5
were calculated as 18.3%, 20.6%, 18.8%, and 20.9%, respectively.

The correlation coefficients for the steel frames examined in this study were calculated
as 0.857, 0.849, 0.878, and 0.883, respectively. These results represent that there is a
very strong correlation between the estimated and numerical inelastic top displacement

demands of the selected MDOF systems, Figure 5.7.
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Figure 5.7 : Correlation between the estimated and numerical dop for the set of 92
EQ records on steel frames.
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Using the suggested method in this study, for 35 EQ records with a PGV < 50 cm/s on
Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St steel frames, arithmetic

means of &5 were calculated as 17.7%, 13.4%, 18.9%, and 16.4%, respectively.

The correlation coefficients for the steel frames examined in this study were calculated
as 0.882, 0.917, 0.841, and 0.866, respectively. These results represent that there is a
very strong correlation between the estimated and numerical inelastic top displacement
demands of the selected MDOF systems, Figure 5.8.
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Figure 5.8 : Correlation between the estimated and numerical dwp for the EQ records
with a PGV < 50 cm/s on steel frames.
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Distribution of the relative percentage differences between top displacements
calculated with the suggested method and “true” top displacements obtained using

Perform 3D software with respect to 35 EQ records with a PGV < 50 cm/s are shown

in Figure 5.9.
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Figure 5.9 : Relative percentage difference distribution for dtp estimation.
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Figure 5.9 (continued) : Relative percentage difference distribution for dp

estimation.

5.3 Comparison with Other Methods in the Literature

5.3.1 Method proposed by Manoukas et al. (2011)

An energy-based pushover procedure is suggested by Manoukas et al. (2011) in order

to estimate the story displacements under an EQ record.

According to the suggested methodology, lateral incremental forces with a distribution
pattern proportional to M-®; vector are applied to the created structural model as the
first step. The strain energy-displacement curve (Ei-un1) is obtained where E; is the
work of external forces and un: stands for top displacement of the MDOF system.
Then, the strain energy-displacement curve for the E-SDOF system (E:-Di) is
calculated dividing un: value by the quantity 7'1-®n1. Using E1-D1 curve, the force-
displacement curve for the E-SDOF system (V1-D1) is obtained. Story displacements

are then calculated using displacement modification procedures.
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In this study, story displacement predictions were made for 0.5 x El Centro, 1.0 x El
Centro, and 1.5 x El Centro and they were compared with the NLTHA results for the

reinforced concrete Manoukas 3-St frame.

In order to make a comparison between the method proposed by Manoukas et al.
(2011) and the methodology suggested in this study, seismic demands of Manoukas 3-
St frame were estimated for El Centro record (Figure 5.10) with scales of 0.5, 1.0, 1.5
as well. First, mass-normalized input energy spectrum was constructed for SDOF

systems, Figure 5.11.
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Figure 5.10 : Ground acceleration for 1.0 x El Centro.
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Figure 5.11 : Mass-normalized input energy spectrum for 1.0 x El Centro.

Using the suggested method, Ei/m values were calculated for MDOF system. Then, by

using the suggested relationship between input energy and top displacement, inelastic
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top displacement demands were predicted and a comparison was made between

NLTHA results and the top displacement predictions, Table 5.2.

As it can be seen from the table, the methodology vyields better top displacement
prediction results than the method proposed by Manukas et al. (2011) for 0.5 x El
Centro, 1.0 x El Centro, and 1.5 x El Centro records.

Table 5.2 : Comparison with Manoukas et al. (2011) for dwp predictions.

EQ (8to(pg?nL)TH . Manoukas etal. (2011) This study

(Stop)pre. (€M) &5 (%) | (Stop)pre. (CM) &5 (%)

Oéirmxtril 2.988 3.656 20.1 3.944 276
1é%r>1<tril 5.627 5.697 1.2 5.577 0.9
1é5er>1<trf)l 7.803 11.076 34.7 6.831 13.3

5.3.2 Method proposed by Giillii (2018)

Giulli (2018) used the velocity spectra and displacement spectra to predict the
relationship between seismic input energy and the top displacement demand of a

MDOF moment resisting steel frame system.

A hybrid spectrum is constructed by an inclined line with a slope of “a” which is
calculated wusing spectral velocity (SV(Ty{)) and displacement (SD(T{))
corresponding to the first mode and a variable “n” defining the relation between SV
and (Ei/ m), equation (5.5). The value of the variable “n” is obtained from the equation

of trendline of the graph and it varies between 0.5 and 2.0, Figure 5.12.

o SV(@.E)
nx SD(T,, &) (5.5)

Spectral displacement (SD) is obtained from the hybrid spectrum (Figure 5.13) by
drawing a vertical line from the point where horizontal line from estimated mass-
normalized input energy value intersects with the inclined line with slope of “a”. After
that, the physical top displacement of the MDOF system is calculated using equation
(5.6).
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Figure 5.13 : Hybrid spectrum suggested by Giillii (2018).

After (dtop)pre Values were also calculated with the method proposed by Giillii (2018),

they were compared with the “true” inelastic top displacement demands.

Using the method proposed by Giillii (2018), for the set of 92 earthquake records on
Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St frames, arithmetic means of
€s were calculated as 41.3%, 37.8%, 41.7%, and 40.7%, respectively.

It shows that the proposed method in this study gives better results than the one Giilli
(2018) suggested in terms of making a prediction about the top displacement demand
in MDOF systems.
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6. CONCLUSIONS AND RECOMMENDATIONS

In the content of this M.Sc. thesis study, a methodology to estimate the input energy
distribution and inelastic top displacement demand of steel moment resisting frame
type structures was suggested. Its verification was made by applying the methodology
on four steel model frames with different story numbers and performing nonlinear time

history analyses using 92 earthquake records.

In order to check the applicability of the methodology on reinforced concrete frames,
the methodology developed for the steel frames was tested on an RC frame as well.
Thus, the number of model frames used in the verification of the methodology was

increased to five.

For the implementation of the proposed methodology, these steps are followed:
Step 1. Create the structural model and run the modal analysis.

Step 2. Decide how many vibrational modes to use.

Step 3. Calculate the mass-normalized input energy spectra using the relative input

energy approach.

Step 4. Calculate the input energy on each story level using mode shape, modal
participation factor, and E/m values corresponding to each mode on the input
energy spectra, equation (4.1). By summing them up and dividing by the total mass
of the structure, obtain the mass-normalized seismic input energy for the whole

structure.

Step 5. Calculate the inelastic top displacement demand of the structure using the
mass-normalized input energy of the whole structure, reference angular frequency,

and a period-dependent coefficient, equation (5.2).

6.1 Conclusions

e Maximum mass-normalized input energies imparted into the MDOF systems were

shown to be estimated fast and accurately by only using their modal properties and
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seismic input energy spectrum created for SDOF systems. The suggested
methodology produced a mean relative percentage difference of around 12% with
the results of the NLTHA for the steel frames of three-, six-, nine- and twenty-

stories.

Input energy distribution among the stories of three-, six-, and nine-story steel
frames were estimated with a mean relative percentage difference of around 15%.
Yet, the methodology yielded less accurate results for input energy distribution on
twenty-story frame even though total input energy estimation was precise enough.
The reason of this might be that the input energy distribution is sensitive to higher
mode effects. Thus, less accurate results were obtained as the number of stories

increased.

Maximum top displacements experienced by the MDOF systems during an
earthquake excitation -which can be used as an input values in some general
nonlinear static analysis procedures- were shown to be estimated accurately by
using mass-normalized input energy, angular frequency corresponding to their
reference period, and a suggested parameter called “f”. The suggested
methodology produced a mean relative percentage difference of around 18% with
the results of the NLTHA for the selected steel frames.

For the set of all 92 EQ records applied on Manoukas 3-St RC frame, seismic
demands were calculated with higher relative percentage differences, meaning less
accuracy compared to the steel frames, Table 6.1. The reason of this might be that
the suggested methodology loses its validity for the low-period structures:
Manoukas 3-St RC frame has the lowest period (T1 = 0.51 s) out of the selected

model frames.

Table 6.1 : Arithmetic means of relative percentage differences for seismic
demand predictions (using the set of all 92 records).

Frame (Ev/mM)total (Ev/m)story Stop
Manoukas 3-St 38.6 37.0 53.1
Akbas 3-St 11.3 154 18.3
Akbas 6-St 13.6 16.9 20.6
SAC-LA 9-St 11.7 16.5 18.8
SAC-LA 20-St 13.9 29.4 20.9
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The methodology resulted in more accurate seismic input energy and nonlinear
displacement demand values for earthquake records with a PGV value less than 50
m/s (ordinary non-pulse-like ground motions with the characteristics of far-fault
earthquake excitation) used in the analyses, especially for Manoukas 3-St

reinforced concrete frame.

Using the EQ records with a PGV < 50 cm/s, it was observed that the methodology
yields seismic demand components with acceptable approximation levels even
though the relative percentage differences for EI/m estimation were computed
slightly larger for the RC frame (Manoukas 3-St) in comparison with the steel
frames (Akbas 3-St, Akbas 6-St, SAC-LA 9-St, and SAC-LA 20-St), Table 6.2.

Table 6.2 : Arithmetic means of relative percentage differences for seismic
demand predictions (using the records with a PGV < 50 cm/s).

Frame (Ev/m)total (Ev/m)story Otop
Manoukas 3-St 17.1 18.7 20.9
Akbas 3-St 5.8 13.1 15.8
Akbas 6-St 7.7 12.3 14.8
SAC-LA 9-St 6.0 10.1 19.8
SAC-LA 20-St 9.3 19.3 18.8

Effects of the number of modes used in the methodology was also investigated. It
was observed that the methodology yields better results for the mass-normalized

input energy predictions as the number of modes increases, Table 6.3.

However, no direct correlation between the number of modes and the inelastic top

displacement demand predictions was observed, Table 6.4.

The results obtained using the suggested methodology were compared with some
other procedures existing in the literature. After E/m imparted into the selected
model frames in this study were predicted using the methods proposed by Kalkan
and Kunnath (2007) and Giillii (2018) as well, a comparison between them and the
methodology was made. In order to make a comparison for dtwp prediction, the
method proposed by Giillii (2018) was applied to the model frames. Additionally,
inelastic top displacements were predicted for the RC frame (Manoukas 3-St) using
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the suggested methodology and compared with the predictions given in the study
of Manoukas et al. (2011). It was observed that the methodology suggested in this

study yields better results compared to the ones in the literature.

Table 6.3 : Effects of the number of modes used in the methodology for the
seismic input energy predictions.

Arithmetic Means of Relative Percentage Differences (%)

Frame First First 2 First 3 First 4 First 5
Mode Modes Modes Modes Modes
Manoukas 3-St 39.6 38.6 37.9 - -
Akbas 3-St 16.4 11.3 11.2 - -
Akbas 6-St 21.0 15.8 13.6 13.2 12.9
SAC-LA9-St 22.1 12.9 11.7 11.1 11.0
SAC-LA20-St 33.5 16.8 13.9 12.8 12.3

Table 6.4 : Effects of the number of modes used in the methodology for the
inelastic top displacement demand predictions.

Arithmetic Means of Relative Percentage Differences (%)

Frame First First 2 First 3 First 4 First5
Mode Modes Modes Modes Modes
Manoukas 3-St 53.6 53.1 511 - -
Akbas 3-St 18.6 18.3 18.4 - -
Akbas 6-St 20.2 20.1 20.6 20.7 20.9
SAC-LA9-St 20.1 18.4 18.8 19.0 19.1
SAC-LA20-St 20.4 20.5 20.9 20.4 21.6

6.2 Recommendations

The applicability of the methodology should be studied on different frame types

(such as braced frames).

The proposed methodology in this study should be extended for mid-rise and high-

rise reinforced concrete frames as well.

The methodology should be taken a step further by eliminating the negative effects

of pulse-like seismic excitations on the methodology.
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APPENDIX A

Table A.1 : Selected earthquake records.

# Earthquake Name Year Station Name Ms Va0
(m/sec)
1 Superstition Hills-02 1987 'mperial ValleyWildlife o, ;44 o,
Liquefaction Array
2 Loma Prieta 1989  Foster City - APEEL1 6.93 116.35
3 Superstition Hills-02 ~ 19g7 'mperial ValleyWildlife o, ;44 o
Liquefaction Array
4 Kocaeli_ Turkey 1999 Ambarli 7.51 175.00
5 Chi-Chi_ Taiwan-06 1999 CHYO047 6.30 169.52
6 Loma Prieta 1989 Treasure Island 6.93 155.11
7 Chuetsu-oki_ Japan 2007 NIG014 6.80 128.12
8 Loma Prieta 1989  Foster City - APEEL1 6.93 116.35
9 Niigata_ Japan 2004 NIGO013 6.63 174.55
10 Chi-Chi_ Taiwan 1999 TAP021 7.62 167.18
11 Kocaeli_ Turkey 1999 Ambarli 7.51 175.00
12 Chi-Chi_ Taiwan 1999 CHY054 7.62 172.10
13 Chi-Chi_ Taiwan 1999 CHY054 7.62 172.10
14 Christchurch_ New 2011  Christchurch Resthaven  6.20 141.00
Zealand
15  Darfield_ New Zealand 2010 Christchurch Resthaven  7.00 141.00
16 Christchurch_ New 2011  Christchurch Resthaven  6.20 141.00
Zealand
17 Parkfield-02_ CA 2004  Parkfield - Fault Zone1 6.00 178.27
18 Imperial Valley-06 1979 El Centro Array #3 6.53 162.94
19 Parkfield-02_ CA o004 ~ Parkfield- Cholame g4y 473 0
- 2WA
20 Tottori_ Japan 2000 TTR008 6.61 139.21
21 Parkfield-02_ CA 2004  Parkfield - Fault Zone1 6.00 178.27
22  Darfield_ New Zealand 2010  Christchurch Resthaven 7.00 141.00
23 Imperial Valley-06 1979 Delta 6.53 242.05
24 Imperial Valley-06 1979 Bonds Corner 6.53 223.03
25 Imperial Valley-06 1979 Bonds Corner 6.53 223.03
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Table A.1 (continued) : Selected earthquake records.

# Earthquake Name Year Station Name Ms (rr\&fgc)
26 Gazli_ USSR 1976 Karakyr 6.80 259.59
27 Imperial Valley-06 1979 Delta 6.53 242.05
28 Imperial Valley-02 1940 El Centro Array #9 6.95 213.44
29 Gazli_ USSR 1976 Karakyr 6.80 259.59
30 Imperial Valley-06 1979 El Centro Array #8 6.53 206.08
31 Imperial Valley-06 1979 Aeropuerto Mexicali 6.53 259.86
32 Northern Calif-03 1954 Ferndale City Hall 6.50 219.31
33 Imperial Valley-02 1940 El Centro Array #9 6.95 213.44
34 Imperial Valley-06 1979 El Centro Array #11 6.53 196.25
35 Managua_Nicaragua-01 1972 Managua_ ESSO 6.24 288.77
36 Imperial Valley-06 1979 Chihuahua 6.53 242.05
37 Imperial Valley-06 1979 El Centro Array #8 6.53 206.08
38 Imperial Valley-06 1979 El Centro Array #7 6.53 210.51
39 Northridge-01 1994 Newhall - Fire Sta 6.69 269.14
40 Imperial Valley-06 1979 El Centro Array #6 6.53 203.22
41 Kobe_ Japan 1995 Takarazuka 6.90 312.00
42 Imperial Valley-06 1979 El Centro Array #5 6.53 205.63
43 Northridge-01 1994 Ne"é’gﬁyo'nvé deiCO 6.60 285.93
44  Darfield_ New Zealand 2010 LINC 7.00 263.20
45 Chi-Chi_ Taiwan 1999 TCUO051 7.62 350.06
46 Chi-Chi_ Taiwan 1999 CHY101 7.62 258.89
47 Kobe_ Japan 1995 KIMA 6.90 312.00
48 Kobe_ Japan 1995 Takarazuka 6.90 312.00
49 Imperial Valley-06 1979  ° Cg‘ég‘: - A'\:'rZ')‘/"a”d 6.53 26457
50 Northridge-01 1994 Pardee - SCE 6.69 325.67
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Table A.1 (continued) : Selected earthquake records.

# Earthquake Name Year Station Name M Vo0
(m/sec)
51 Darfield_ New Zealand 2010 HORC 7.00 326.01
52 Darfield_New Zealand 2010 Riccarton High School 7.00 293.00
53 El Mayor-(_:ucapah_ 2010 Westside Elementary 790 242.00
Mexico School
54 Northridge-01 1994 Newhall - Fire Sta 6.69 269.14
55 Christchurch_ New 2011 Pages Roaq Pumping 6.20 206.00
Zealand Station
56 Northridge-01 1994 Pardee - SCE 6.69 325.67
57 Duzce_ Turkey 1999 Bolu 7.14 293.57
58 Chi-Chi_ Taiwan 1999 TCU052 7.62 579.10
59 Chi-Chi_ Taiwan 1999 TCUO068 7.62 487.34
60 Chi-Chi_ Taiwan 1999 TCU102 7.62 714.27
61 Chi-Chi_ Taiwan 1999 TCUO052 7.62 579.10
’ Jensen Filter Plant
62 Northridge-01 1994 Administrative Erame 6.69 373.07
. Sylmar - Olive View
63 Northridge-01 1994 Med EE 6.69 440.54
. Jensen Filter Plant
64 Northridge-01 1994 Administrative Erame 6.69 373.07
. Sylmar - Olive View
65 Northridge-01 1994 Med EE 6.69 440.54
66 Northridge-01 1994 ~ JensenFilterPlant g o0 55 79
Generator Frame
67 Chi-Chi_ Taiwan 1999 TCU102 7.62 714.27
68 Northridge-01 1994  JensenFilterPlant g o0 5o 7
Generator Frame
69 Chi-Chi_ Taiwan 1999 TCUO068 7.62 487.34
70 Northridge-01 1994 Sylmar- Eg:t"e”er St 569 370.52
71 Northridge-01 1994 SYIMar-CoNVertersia g g9 370,52
72 Northridge-01 1994 LA Dam 6.69 628.99
73 Chi-Chi_ Taiwan 1999 TCUO063 7.62 476.14
74 Cape Mendocino 1992 Petrolia 7.01 42217
75 Irpinia_ Italy-01 1980 Sturno (STN) 6.90 382.00
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Table A.1 (continued) : Selected earthquake records.

# Earthquake Name Year Station Name My Vo
(m/sec)
76 Chuetsu-oki_Japan 2007  JoetuKakizakiku g oy ggq 49
Kakizaki
77 Northridge-01 1994 ~ LA-SepulvedaVA o oq a5 06
Hospital
78 Kobe_ Japan 1995 Kobe University 6.90 1043.00
79 Kobe_ Japan 1995 Kobe University 6.90 1043.00
80 Tabas_ Iran 1978 Tabas 7.35 766.77
81 Tabas_ Iran 1978 Tabas 7.35 766.77
82 Loma Prieta 1989 08 Gal0s - LeXINGION 63 107034
83 Loma Prieta 1ogg  -0sGatos-Lexinglon g g5 449034
Dam
84 Landers 1992 Lucerne 7.28 1369.00
85 Kocaeli_ Turkey 1999 Izmit 7.51 811.00
86 Landers 1992 Lucerne 7.28 1369.00
87 Chi-Chi_ Taiwan 1999 HWAO003 7.62 1525.85
88 Chi-Chi_ Taiwan 1999 HWAOQO03 7.62 1525.85
89 San Fernando 1977 Pacoima [;grl:‘t)(“pper left 661 2016.13
90 Northridge-01 1994 Paco'malg)%m (UpPer 6 69 2016.13
01 San Fernando 1977 Pacoima [;grl:‘t)(“pper left 661 2016.13
92 Northridge-01 1994 Paco'malg)%m (Upper 6 69 2016.13
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Figure A.1 : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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Figure A.1 (continued) : Mass-normalized input energy spectra for the EQ records.
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APPENDIX B

Table B.1 : Input energy predictions for three- and six-story Akbas frames.

Akbas 3-St Akbas 6-St
EQ#  Ei/m)ye (Ei/Mum em | E/Mye (Ei/Mum e
m?/s? m?/s? % m?/s? m?/s? %
1 0.516 0.491 4.8 0.653 0.631 3.3
2 1.663 1.442 14.3 1.042 0.894 15.3
3 0.217 0.210 3.3 0.286 0.278 2.9
4 0.738 0.760 2.9 1.046 0.955 9.1
5 0.080 0.085 5.8 0.176 0.169 4.1
6 0.192 0.180 6.8 0.440 0.397 104
7 0.562 0.533 5.3 0.216 0.211 2.4
8 0.390 0.373 4.2 0.494 0.497 0.5
9 0.120 0.122 1.7 0.177 0.171 3.7
10 0.108 0.103 4.7 0.205 0.195 4.6
11 0.850 0.840 1.2 0.379 0.371 2.3
12 0.226 0.214 5.4 0.277 0.267 3.6
13 0.134 0.132 1.6 0.274 0.263 4.0
14 1.329 2.354 55.7 4.598 2.649 53.8
15 0.449 0.443 1.3 1.678 1.462 13.8
16 1.647 1.692 2.7 1.830 1.432 24.4
17 1.872 1.603 154 0.950 0.900 5.5
18 0.307 0.296 3.7 0.327 0.344 51
19 1.955 1.445 30.0 0.548 0.573 4.5
20 0.610 0.674 9.9 1.698 1.288 27.5
21 0.948 0.923 2.6 1.026 1.056 2.9
22 0.930 0.841 10.0 0.395 0.487 20.9
23 1.278 1.251 2.1 2.283 2.090 8.9
24 2.137 1.790 17.7 0.551 0.617 11.2
25 2.040 1.922 6.0 0.923 1.102 17.7
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Table B.1 (continued) : Input energy predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ#  Ei/m)e (Et/M)um  em1 | E1/M)re (Er/Mum &1
m?/s? m?/s? % m?/s? m?/s? %
26 0.957 0.893 6.9 1.493 1.282 15.2
27 1.188 1.161 2.3 1.046 1.004 4.2
28 0.400 0.394 14 0.377 0.372 14
29 1.981 1.676 16.7 1.437 1.170 20.5
30 0.439 0.416 54 0.967 0.803 18.6
31 0.214 0.228 6.3 1.442 1.135 23.9
32 0.294 0.284 3.4 1.418 1.184 18.0
o 0.632 0.640 1.2 0.299 0.322 7.6
34 0.205 0.287 33.6 0.669 0.586 13.3
35 0.524 0.513 2.1 0.291 0.297 1.9
36 1.078 1.060 1.7 0.484 0.462 4.7
37 0.244 0.245 0.7 0.234 0.242 3.2
38 2.204 1.627 30.1 0.858 0.856 0.2
39 3.000 2.412 21.7 2.943 2.363 21.8
40 0.857 0.845 14 0.462 0.487 5.2
41 1.770 1.573 11.8 3.297 2.400 31.5
42 0.333 0.359 7.6 0.403 0.498 21.2
43 0.392 0.398 15 1.363 1.042 26.7
44 1.324 1.299 1.9 0.703 0.738 4.8
45 0.422 0.415 15 0.544 0.535 1.7
46 1.228 1.211 14 0.500 0.526 5.0
47 4.367 3.363 26.0 0.930 1.106 17.2
48 1.015 0.998 1.7 2.321 1.539 40.5
49 1.129 0.986 13.5 0.480 0.473 14
50 1.389 1.233 11.9 3.055 1.918 45.7
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Table B.1 (continued) : Input energy predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ#  Ei/m)e (Ei/Mum 81 | E/More (Et/Mum 6
m?/s? m?/s? % m?/s? m?/s? %
ol 0.934 0.977 4.5 1.639 1.345 19.7
52 0.140 0.197 34.2 0.356 0.339 5.0
53 0.683 0.688 0.7 0.504 0.518 2.7
54 1.384 1.342 3.1 1.406 1.340 4.8
55 0.363 0.346 4.9 3.332 2.144 43.4
56 2.973 2.470 18.5 2.619 2.107 21.7
57 2.233 1.762 23.6 0.761 0.839 9.7
58 0.459 0.519 12.2 2.522 2.778 9.6
59 0.706 0.837 16.9 1.681 2.277 30.1
60 0.444 0.422 4.9 0.821 0.840 2.4
61 0.809 0.984 19.5 3.438 2.931 15.9
62 5.441 4.343 22.4 4.173 2.879 36.7
63 1.570 1.593 15 4.587 2.683 52.4
64 2.339 1.987 16.3 1.658 1.457 12.9
65 1.732 1.673 3.5 1.053 1.055 0.1
66 1.525 1.445 5.4 0.801 0.749 6.7
67 0.953 0.930 24 2.176 1914 12.8
68 2.335 2.463 5.3 2.015 1.828 9.7
69 1.218 1.189 2.4 2.637 3.147 17.6
70 4.560 3.400 29.1 2.700 1.865 36.6
71 1.361 1.172 14.9 1.320 1.122 16.3
72 0.695 0.753 8.1 1.020 0.796 24.7
73 0.487 0.480 15 0.651 0.677 3.8
74 3.515 2.566 31.2 1.393 1.341 3.8
75 0.240 0.254 5.7 0.405 0.415 2.6
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Table B.1 (continued) : Input energy predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ#  Ei/m)e (Ei/M)um  em1 | E1/M)re (Et/Mum &1
m?/s? m?/s? % m?/s? m?/s? %

76 0.777 0.872 11.5 2.033 2.554 22.7
77 2.909 2.329 22.1 0.793 0.943 17.3
78 0.381 0.401 5.3 1.012 0.945 6.8
79 0.557 0.532 4.6 0.533 0.492 8.1
80 5.257 4571 14.0 2.160 2.008 7.3
81 6.926 5.046 31.4 2.149 2.392 10.7
82 0.823 1.260 42.0 1.404 1.019 31.8
83 1.215 1.775 37.5 1.170 0.897 26.3
84 0.473 0.512 7.9 0.969 0.865 11.4
85 0.149 0.198 28.1 0.277 0.282 2.0
86 0.310 0.331 6.5 0.187 0.198 5.6
87 0.376 0.366 2.6 0.130 0.124 4.6
88 0.025 0.026 2.3 0.051 0.049 4.4
89 1.427 2.279 46.0 4.722 2.723 53.7
90 4.834 3.439 33.7 1.573 1.529 2.9
91 1.119 1.271 12.7 1.669 1.559 6.8
92 1.772 1.736 2.1 0.822 0.912 104

Ar. Mean 11.3 13.6

Geo. Mean 6.4 8.2

Correlation 0.974 0.932
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Table B.2 : Input energy predictions for nine- and twenty-story SAC-LA frames.

SAC-LA 9-St SAC-LA 20-St
Q¥ B me E/MIum  emr | E/Mpe (Er/Mum e
m2/s? m2/s? % m2/s? m?/s? %
1 1.572 1.429 9.6 1.317 1182  10.8
2 0.990 0.936 5.6 0.685 0.649 5.5
3 0.680 0.670 1.5 0.561 0.538 4.3
4 0.493 0635 251  0.680 0.659 3.2
5 0.458 0.448 2.2 0.077 0.076 0.8
6 0.444 0.424 45 0.155 0.142 8.6
7 0.430 0.420 2.3 0.300 0.288 4.2
8 0.382 0.371 2.9 0.161 0190 162
9 0.344 0.341 0.7 0.211 0.204 35
10 0.340 0.336 1.3 0.135 0.130 4.2
11 0.323 0438 301  0.651 0.633 2.8
12 0.320 0.311 2.9 0.141 0.139 0.9
13 0.298 0.295 11 0.503 0.473 6.2
14 1.376 1701 211 2.256 1937 152
15 1.073 0.982 8.8 1.109 0991 113
16 0.998 1.093 9.0 1.460 1073 306
17 0.847 0.871 2.8 0.672 0.658 2.1
18 0.703 0.624 118  0.400 0.381 4.9
19 0.661 0.725 9.3 0.443 0.460 3.8
20 0.618 0548 120  0.757 0.896  16.8
21 0.553 0697 231 0584 0715 202
22 0.363 0.350 3.6 0.356 0.365 2.5
23 1.189 1.173 1.4 0.586 0.581 0.8
24 0.931 0.875 6.3 0.326 0437 292
25 0.717 0.730 1.9 0.355 0558  44.5
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Table B.2 (continued) : Input energy predictions for nine- and twenty-story SAC-LA

frames.
SAC-LA 9-St SAC-LA 20-St
EQ#  Ei/m)e (Ei/M)um  em1 | E1/M)re (Et/Mum &1
m?/s? m?/s? % m?/s? m?/s? %
26 0.713 0.676 5.3 0.798 0.738 7.9
27 0.668 0.664 0.6 0.504 0.519 2.9
28 0.581 0.576 1.0 0.206 0.242 16.0
29 0.579 0.639 9.9 1.338 1.084 21.0
30 0.551 0.528 4.4 0.479 0.565 16.5
31 0.475 0.452 5.0 0.265 0.258 2.6
32 0.460 0.429 7.1 0.383 0.367 4.2
o 0.422 0.468 10.2 0.193 0.216 11.2
34 0.410 0.409 0.1 0.354 0.368 3.9
35 0.390 0.379 3.0 0.126 0.155 20.5
36 0.360 0.483 29.2 0.310 0.315 14
37 0.350 0.338 3.3 0.821 0.755 8.3
38 1.547 1.786 14.4 3.134 1.722 58.2
39 1512 1.587 4.8 1.793 1.452 21.0
40 1.496 1.404 6.3 0.932 0.841 10.3
41 1.437 1.228 15.7 0.698 0.693 0.7
42 1.386 1.725 21.8 2.818 1.672 51.1
43 1.385 1.228 12.0 0.628 0.628 0.0
44 1.337 1.262 5.8 1.288 1.295 0.5
45 1.319 1.187 10.5 0.706 0.659 6.9
46 1.270 1.331 4.7 2.624 1.926 30.6
47 1.251 1.789 35.4 0.760 0.935 20.7
48 1.207 1.085 10.7 0.892 0.901 1.0
49 1.151 0.917 22.7 0.597 0.559 6.5
50 1.074 0.946 12.7 0.612 0.747 19.9
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Table B.2 (continued) : Input energy predictions for nine- and twenty-story SAC-LA

frames.
SAC-LA 9-St SAC-LA 20-St
EQ#  Ei/m)e (Ei/Mum 81 | E/More (Et/Mum 6
m?/s? m?/s? % m?/s? m?/s? %
ol 1.032 0.964 6.9 1.775 1.470 18.8
52 1.005 0.921 8.7 0.762 0.691 9.8
53 0.976 0.999 2.3 1.302 1.686 25.7
54 0.952 0.915 4.0 0.670 0.735 9.3
55 0.923 0.864 6.7 1.985 1.312 40.8
56 0.918 1.123 20.0 1.262 1.342 6.1
57 0.895 0.982 9.3 0.587 0.601 2.4
58 7.129 4.354 48.3 2.695 3.764 33.1
59 5.535 4.421 22.4 4.553 2.993 41.3
60 5.297 3.529 40.1 1.587 1.528 3.8
61 4.391 3.162 32.6 2.500 2.613 4.4
62 3.855 2.781 32.4 1.651 1.734 4.9
63 3.564 2.278 44.0 1.324 1.298 2.0
64 2.824 2.984 55 2.535 1.631 43.4
65 2.464 1.694 37.0 0.991 0.895 10.2
66 2.455 2.298 6.6 1.863 1.297 35.8
67 2.431 2.695 10.3 2.123 1.668 24.0
68 2.168 1.849 15.9 0.648 0.841 25.8
69 2.092 2.379 12.8 1.680 1.914 13.0
70 2.053 1.831 11.4 2.244 1.604 33.3
71 1.904 1.371 32.6 0.750 0.725 3.4
72 1.805 1.409 24.6 0.681 0.748 94
73 1.750 1.679 4.1 1.213 1.599 27.5
74 1.689 1.492 12.4 1.018 1.007 1.1
75 1.614 1.398 14.4 1.152 0.862 28.7
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Table B.2 (continued) : Input energy predictions for nine- and twenty-story SAC-LA

frames.
SAC-LA 9-St SAC-LA 20-St
EQ#  Ei/m)e (Ei/M)um  em1 | E1/M)re (Et/Mum &1
m?/s? m?/s? % m?/s? m?/s? %

76 1.412 1.390 15 1.048 1.211 144
77 1.403 1.286 8.7 0.900 0.918 2.0
78 1.004 0.878 13.3 0.749 0.829 10.2
79 0.339 0.328 3.3 0.264 0.330 22.2
80 2.951 2.577 13.5 3.818 4519 16.8
81 2.782 2.627 5.7 1.897 1.735 8.9
82 1.178 1.051 114 0.936 0.882 5.9
83 0.954 0.966 1.3 0.669 0.674 0.7
84 0.705 0.674 4.4 2.889 1.997 36.5
85 0.275 0.276 0.4 0.286 0.285 0.5
86 0.151 0.158 4.2 0.337 0.339 0.7
87 0.299 0.292 24 0.116 0.118 2.1
88 0.118 0.116 2.2 0.036 0.035 2.1
89 1.793 1.668 7.2 1.343 1.393 3.7
90 1.215 1.306 7.2 0.832 0.964 14.7
91 0.714 0.955 28.9 0.568 0.765 29.6
92 0.453 0.667 38.1 0.274 0.449 48.6

Ar. Mean 11.7 13.9

Geo. Mean 7.0 7.2

Correlation 0.959 0.914
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Figure B.1 : Ei/m comparison between methodology and NLTHA for Manoukas 3-St frame using the EQ records with a PGV < 50 cm/s.
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Figure B.2 : Ei/m comparison between methodology and NLTHA for Akbas 3-St frame using the EQ records with a PGV < 50 cm/s.
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Figure B.3 : Ei//m comparison between methodology and NLTHA for Akbas 6-St frame using the EQ records with a PGV < 50 cm/s.
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Figure B.4 : Ei/m comparison between methodology and NLTHA for SAC-LA 9-St frame using the EQ records with a PGV < 50 cm/s.
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Figure B.5 : Ei//m comparison between methodology and NLTHA for SAC-LA 20-St frame using the EQ records with a PGV < 50 cm/s.
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APPENDIX C

Table C.1: Top displacement predictions for three- and six-story Akbas frames.

Akbas 3-St Akbas 6-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
1 0.104 0.107 3.0 0.197 0.244 21.1
2 0.186 0.167 11.0 0.249 0.330 27.9
3 0.067 0.056 18.1 0.130 0.141 1.7
4 0.124 0.112 10.3 0.250 0.218 13.6
5 0.041 0.036 13.3 0.102 0.124 19.3
6 0.063 0.084 28.0 0.162 0.234 36.3
7 0.108 0.086 22.8 0.113 0.093 19.4
8 0.090 0.098 8.0 0.172 0.151 12.8
9 0.050 0.046 94 0.103 0.102 0.3
10 0.047 0.062 25.9 0.110 0.111 0.8
11 0.133 0.108 21.0 0.150 0.132 13.3
12 0.069 0.049 32.9 0.129 0.115 11.3
13 0.053 0.036 37.9 0.128 0.117 8.7
14 0.167 0.283 51.7 0.523 0.647 21.2
15 0.097 0.077 23.3 0.316 0.284 10.7
16 0.186 0.241 26.1 0.330 0.336 1.7
17 0.198 0.258 26.4 0.238 0.331 32.6
18 0.080 0.092 14.4 0.140 0.221 45.1
19 0.202 0.180 11.6 0.181 0.273 40.8
20 0.113 0.147 25.9 0.318 0.344 8.0
21 0.141 0.127 10.5 0.247 0.221 11.0
22 0.139 0.140 0.1 0.153 0.195 24.0
23 0.163 0.086 62.1 0.369 0.353 4.3
24 0.211 0.205 2.9 0.181 0.181 0.1
25 0.206 0.174 16.9 0.234 0.190 20.8
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Table C.1 (continued) : Top displacement predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
26 0.141 0.152 7.5 0.298 0.301 0.9
27 0.157 0.103 41.7 0.250 0.193 25.4
28 0.091 0.093 1.8 0.150 0.161 7.1
29 0.203 0.155 27.0 0.293 0.310 5.7
30 0.095 0.104 8.4 0.240 0.254 5.9
31 0.067 0.079 17.3 0.293 0.321 9.1
32 0.078 0.085 8.4 0.291 0.259 11.6
33 0.115 0.108 5.7 0.133 0.138 33
34 0.065 0.064 1.6 0.200 0.206 3.1
35 0.104 0.090 14.3 0.132 0.136 3.2
36 0.150 0.128 15.7 0.170 0.159 6.8
37 0.071 0.089 23.1 0.118 0.153 25.8
38 0.215 0.212 14 0.226 0.360 45.8
39 0.250 0.276 9.7 0.419 0.373 115
40 0.134 0.158 16.9 0.166 0.270 47.9
41 0.192 0.213 10.2 0.443 0.396 11.3
42 0.083 0.112 29.2 0.155 0.277 56.6
43 0.090 0.123 30.6 0.285 0.337 16.6
44 0.166 0.141 16.7 0.205 0.256 22.1
45 0.094 0.073 24.7 0.180 0.179 0.6
46 0.160 0.123 26.0 0.173 0.200 14.6
47 0.302 0.249 19.2 0.235 0.257 8.9
48 0.145 0.164 12.2 0.372 0.363 2.5
49 0.154 0.153 0.1 0.169 0.266 44.4
50 0.170 0.181 6.3 0.427 0.384 10.5
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Table C.1 (continued) : Top displacement predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
ol 0.140 0.127 94 0.312 0.410 27.0
52 0.054 0.059 8.4 0.146 0.236 47.5
53 0.119 0.118 1.3 0.173 0.228 27.5
54 0.170 0.205 18.6 0.289 0.310 6.9
95 0.087 0.117 29.9 0.445 0.423 5.1
56 0.249 0.251 0.6 0.395 0.333 17.1
57 0.216 0.249 14.2 0.213 0.214 0.6
58 0.098 0.126 254 0.388 0.562 36.7
59 0.121 0.184 40.8 0.316 0.528 50.1
60 0.096 0.078 20.8 0.221 0.289 26.7
61 0.130 0.229 55.2 0.452 0.586 25.8
62 0.337 0.236 355 0.499 0.675 30.0
63 0.181 0.178 1.8 0.523 0.396 27.5
64 0.221 0.235 6.1 0.314 0.336 6.6
65 0.190 0.238 22.4 0.250 0.390 43.5
66 0.178 0.235 27.4 0.218 0.309 34.3
67 0.141 0.149 5.6 0.360 0.530 38.3
68 0.221 0.170 25.8 0.346 0.532 42.3
69 0.160 0.143 10.8 0.396 0.618 43.7
70 0.309 0.276 11.3 0.401 0.574 355
71 0.168 0.161 4.2 0.280 0.430 42.2
72 0.120 0.191 45.3 0.247 0.278 121
73 0.101 0.104 2.9 0.197 0.221 11.4
74 0.271 0.247 9.3 0.288 0.405 33.7
75 0.071 0.090 24.7 0.155 0.274 55.2
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Table C.1 (continued) : Top displacement predictions for three- and six-story Akbas

frames.
Akbas 3-St Akbas 6-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %

76 0.127 0.193 40.8 0.348 0.427 20.4
77 0.246 0.242 1.6 0.217 0.206 5.5
78 0.089 0.129 36.7 0.245 0.282 14.0
79 0.108 0.131 19.3 0.178 0.216 19.3
80 0.330 0.243 305 0.359 0.401 11.2
81 0.380 0.266 35.4 0.358 0.371 3.7
82 0.131 0.195 39.3 0.289 0.358 21.2
83 0.159 0.210 27.4 0.264 0.352 28.6
84 0.098 0.139 34.4 0.240 0.402 50.4
85 0.056 0.055 0.5 0.128 0.185 36.2
86 0.078 0.073 6.1 0.106 0.113 6.7
87 0.089 0.097 8.9 0.088 0.138 44.3
88 0.023 0.022 5.7 0.055 0.072 26.2
89 0.172 0.213 21.6 0.530 0.407 26.3
90 0.317 0.282 11.9 0.306 0.342 111
91 0.151 0.162 7.0 0.315 0.271 15.1
92 0.192 0.171 11.4 0.221 0.193 13.5

Ar. Mean 18.3 20.6

Geo. Mean 11.7 13.0

Correlation 0.857 0.849
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Table C.2 : Top displacement predictions for nine- and twenty-story SAC-LA

frames.
SAC-LA 9-St SAC-LA 20-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
1 0.452 0.469 3.6 0.687 0.609 12.0
2 0.359 0.306 15.9 0.495 0.579 15.6
3 0.297 0.416 33.3 0.448 0.665 38.9
4 0.253 0.269 5.9 0.494 0.505 2.3
5 0.244 0.371 41.2 0.166 0.222 29.0
6 0.240 0.346 36.1 0.235 0.329 33.2
7 0.237 0.204 14.8 0.328 0.350 6.4
8 0.223 0.211 5.4 0.240 0.190 23.6
9 0.212 0.192 9.8 0.275 0.256 7.2
10 0.210 0.290 31.7 0.220 0.272 21.0
11 0.205 0.176 155 0.483 0.488 1.0
12 0.204 0.196 4.2 0.225 0.247 9.6
13 0.197 0.178 9.9 0.424 0.482 12.8
14 0.423 0.650 42.3 0.899 0.799 11.7
15 0.374 0.481 25.1 0.630 0.886 33.7
16 0.360 0.379 4.9 0.723 0.612 16.7
17 0.332 0.338 1.8 0.490 0.256 62.7
18 0.302 0.361 17.6 0.379 0.569 40.3
19 0.293 0.294 0.3 0.398 0.276 36.2
20 0.284 0.372 27.0 0.521 0.532 2.2
21 0.268 0.267 0.4 0.457 0.334 31.1
22 0.217 0.261 18.2 0.357 0.347 2.9
23 0.393 0.304 25.5 0.458 0.359 24.1
24 0.348 0.373 6.8 0.342 0.341 0.1
25 0.305 0.296 3.3 0.356 0.228 44.0
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Table C.2 (continued) : Top displacement predictions for nine- and twenty-story
SAC-LA frames.

SAC-LA 9-St SAC-LA 20-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
26 0.305 0.435 353 0.535 0.678 23.7
27 0.295 0.257 13.6 0.425 0.419 1.4
28 0.275 0.291 5.5 0.272 0.372 31.1
29 0.274 0.265 3.3 0.692 0.738 6.4
30 0.268 0.427 45.7 0.414 0.602 37.0
31 0.249 0.343 32.0 0.308 0.357 14.7
32 0.245 0.375 42.0 0.370 0.449 19.3
33 0.234 0.344 37.8 0.263 0.248 5.8
34 0.231 0.358 43.1 0.356 0.510 35.6
35 0.225 0.290 25.0 0.212 0.150 34.6
36 0.216 0.184 16.1 0.333 0.336 0.8
37 0.213 0.338 453 0.542 0.787 36.9
38 0.449 0.614 31.2 1.059 1.038 2.1
39 0.444 0.523 16.5 0.801 0.726 9.9
40 0.441 0.571 25.7 0.578 0.920 45.7
41 0.433 0.420 2.9 0.500 0.662 27.8
42 0.425 0.645 41.2 1.005 1.382 31.6
43 0.425 0.573 29.8 0.474 0.543 13.5
44 0.417 0.525 22.9 0.679 0.838 20.9
45 0.414 0.403 2.8 0.503 0.594 16.6
46 0.407 0.437 7.2 0.969 0.987 1.8
47 0.403 0.411 1.8 0.522 0.542 3.8
48 0.396 0.350 12.4 0.565 0.496 13.0
49 0.387 0.395 2.0 0.462 0.644 32.8
50 0.374 0.384 2.6 0.468 0.393 17.6
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Table C.2 (continued) : Top displacement predictions for nine- and twenty-story
SAC-LA frames.

SAC-LA 9-St SAC-LA 20-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %
ol 0.366 0.484 27.7 0.797 0.854 6.9
52 0.362 0.409 12.3 0.522 0.883 51.4
53 0.356 0.438 20.6 0.683 0.732 7.0
o4 0.352 0.379 7.4 0.490 0.545 10.7
95 0.347 0.545 44.5 0.843 0.780 1.7
56 0.346 0.309 11.3 0.672 0.312 73.3
57 0.341 0.428 22.5 0.458 0.277 49.5
58 0.963 0.942 2.3 0.982 1.331 30.1
59 0.849 1.052 21.4 1.277 1.861 37.2
60 0.830 0.628 27.7 0.754 0.963 24.3
61 0.756 0.827 8.9 0.946 1.208 24.3
62 0.708 0.668 5.8 0.769 0.478 46.6
63 0.681 0.560 19.5 0.689 0.710 3.0
64 0.606 0.743 20.3 0.953 0.750 23.8
65 0.566 0.584 3.1 0.596 0.578 3.0
66 0.565 0.526 7.1 0.817 0.906 104
67 0.562 0.653 14.9 0.872 1.156 28.0
68 0.531 0.613 14.2 0.482 0.359 29.2
69 0.522 0.724 32.5 0.776 1.014 26.7
70 0.517 0.522 0.9 0.897 0.837 6.9
71 0.498 0.628 23.2 0.518 0.524 1.2
72 0.485 0.529 8.8 0.494 0.462 6.7
73 0.477 0.459 3.9 0.659 0.789 17.9
74 0.469 0.550 15.9 0.604 0.761 23.1
75 0.458 0.497 8.2 0.642 0.811 23.2
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Table C.2 (continued) : Top displacement predictions for nine- and twenty-story
SAC-LA frames.

SAC-LA 9-St SAC-LA 20-St
EQ# (Btop)pre (Btop)num €5 (Btop)pre (Btop)num €5
m m % m m %

76 0.429 0.607 34.4 0.612 0.598 2.5
77 0.427 0.408 4.5 0.568 0.560 1.3
78 0.361 0.449 21.7 0.518 0.444 154
79 0.210 0.258 20.7 0.307 0.271 12.6
80 0.620 0.509 19.6 1.169 1.380 16.6
81 0.602 0.694 14.3 0.824 0.984 17.6
82 0.392 0.445 12.7 0.579 0.619 6.7
83 0.352 0.387 9.4 0.490 0.350 33.2
84 0.303 0.583 63.3 1.017 1.605 44.8
85 0.189 0.260 31.6 0.320 0.503 44.4
86 0.140 0.210 40.1 0.347 0.487 33.5
87 0.197 0.239 19.2 0.204 0.246 18.7
88 0.124 0.181 37.3 0.113 0.128 12.6
89 0.483 0.590 19.9 0.693 0.698 0.7
90 0.398 0.392 1.4 0.546 0.536 1.9
91 0.305 0.303 0.6 0.451 0.297 41.2
92 0.243 0.148 48.4 0.313 0.202 42.9

Ar. Mean 18.8 20.9

Geo. Mean 12.0 12.9

Correlation 0.878 0.883
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Figure C.1 : dwp comparison between methodology and NLTHA for Manoukas 3-St frame using the EQ records with a PGV < 50 cm/s.
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Figure C.2 : dwp comparison between methodology and NLTHA for Akbas 3-St frame using the EQ records with a PGV < 50 cm/s.
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Figure C.3 : dwp comparison between methodology and NLTHA for Akbas 6-St frame using the EQ records with a PGV < 50 cm/s.
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Figure C.4 : dwp comparison between methodology and NLTHA for SAC-LA 9-St frame using the EQ records with a PGV < 50 cm/s.
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Figure C.5 : dtop comparison between methodology and NLTHA for SAC-LA 20-St frame using the EQ records with a PGV < 50 cm/s.
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