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SEISMIC SIMULATION OF DAMAGED REINFORCED CONCRETE
SCHOOL BUILDINGS

SUMMARY

Detailed site investigation studies of 2011 Van Earthquake have provided valuable
information about the aftermath of the event. Using the field reports, two irregular
reinforced concrete school buildings located near Van, Turkey were examined in this
study, in an attempt to predict the possible damage in such buildings by re-creating
the scenario digitally using non-linear analysis methods and degrading material
models.

One of the buildings that were studied was found by the field teams as totally
collapsed and the other one with substantial damage. It was evident that both
buildings have experienced the consequences of bad engineering practice.
Insufficient shear capacity and small column sections coupled with poor
workmanship and poor quality materials contributed to the damage.

Using ZEUS-NL, a non-linear analysis tool created by the University of Illinois;
pushover, adaptive pushover and time-history analyses were conducted. In order to
model the buckling and fracture of rebars, a modified Menegotto-Pinto model was
implemented. The concrete model that was used degrades in strength and stiffness
under cyclic loads. In order to follow a stochastic approach, 7 hazard-compatible
earthquake records were used in the analyses. Records were amplified to match the
design spectrum (Max Sa: 1.0g, Ta: 0.12s, Tb: 0.6s) by using a series of iterations.

Pushover and adaptive pushover methods were useful in order to determine the shear
capacity of both buildings. Adaptive pushover produced a more convervative result,
governing the shear capacity. For sake of simplicity, time-history analyses were only
conducted on the weaker directions of both buildings. In all 7 cases, shear capacity of
buildings were exceeded. Plastic hinge development was mostly present in the first
and second story of both buildings. Both buildings have exceeded the allowable
interstory drift of 0.5%.

The first section gives introductory information on the Van Earthquake of 2011 as
well as the literature review that was of utmost importance for this study.

Second section is about strong ground motion data and their applicability in certain
cases. Strong ground motion simulations, synthetic records, PGA-scaling methods
are discussed. Seismicity of Van Province is also discussed in this section as well as
field investigation reports. In addition, strong ground motion record set that has been
used for this thesis study is revealed.

Third section discusses the theoretical and practical background of non-linear static
and non-linear dynamic analysis. Types of analyses and their scientific reasoning are
discussed.

xx1



Fourth section covers material properties and material models that are used in
structural analysis. Differences between degrading and non-degrading models and
the history of development of advanced material models are revealed.

Fifth section is the explanation of methods of analytical study of this thesis. Analysis
methods that were implemented are discussed in this section

Sixth section is about results of the analytical study. Aside from the results, this
section also contains a discussion of results section where findings of the study are

examined.

Seventh section is the conclusion where the study is summarized and the overall
outcome of the study is discussed.
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HASAR ALMIS BETONARME OKUL BiNALARININ SiSMiK
SIMULASYONU

OZET

2011 Van Depremi ardindan yapilan saha inceleme caligmalari detayli ve 6nemli
bilgiler saglamaktadir. Bu c¢alismada, saha inceleme caligmalarindan yola ¢ikarak
Van Merkez Ilgesi'nin yakiminda bulunan iki diizensiz betonarme okul binasi
dogrusal olmayan analiz yontemleri ve azalimli malzeme modelleri kullanarak
modellenmis, bu iki binada olusan hasar simiile edilmistir.

Incelenen yapilardan biri bir ilkdgretim okulu olup saha ekipleri tarafindan ¢ékmiis
halde bulunmustur. Digeri ise ciddi hasar goren fakat yikilmamis halde bulunan bir
kurs binasidir. Her iki yapinin da kotii miihendislik uygulamalar1 sebebiyle hasar
gordiigii tespit edilmistir. Yetersiz kesme yiik kapasitesi, 6zensiz iscilik, kalitesiz
malzeme kullanimi1 ve yetersiz kolon boyutlar1 hasarda etkili olan faktorler olarak
one ¢ikmustir.

Bu tez kapsaminda, Illinois Universitesi tarafindan gelistirilen ZEUS-NL adl1 bir
dogrusal olmayan analiz yazilimi1 kullanilarak, itme, uyarlamali itme ve zaman-tanim
araligi analizleri yapildi. Donatilarin biikiilme ve kirilmalarini modellemek icin
giincellenmis bir Menegotto-Pinto modeli uygulandi. Kullanilan beton model,
cevrimsel yiikler altinda dayanim ve rijitlik seviyesinde azalima izin vermektedir.
Stokastik bir yaklasim izlenerek analizlerde birbiriyle benzer o6zellikli 7 deprem
kayd: kullanilmigtir. Kayitlar, bir dizi iterasyon kullanilarak tasarim spektrumuna
(Max Sa: 1.0g, Ta: 0.12s, Tb: 0.6s) uyacak sekilde biiyiitiilmiistiir.

Her iki binanin kayma kapasitesini belirlemek icin itme ve uyarlamali itme
yontemleri kullanilmigtir. Uyarlamali itme, itme analizine kiyasla daha konservatif
bir sonu¢ iiretmistir. Analizleri sadelestirme adina, zaman tanim araligi analizleri
yalnizca binalarin zayif yonlerinde gergeklestirildi. 7 depremin tiimiinde binalarin
kesme yiik kapasitesi asildi. Plastik mafsal gelisimi, her iki binanin birinci ve ikinci
katinda daha fazla olustu. Her iki binada da izin verilen % 0,5'lik goreli kat 6telemesi
limiti asildi.

Ik boliim, 2011'in Van Depremi hakkinda tanitim bilgileri ve bu calisma igin son
derece onemli olan literatiir taramasini sunmaktadir.

Ikinci boliim kuvvetli yer hareketi verileri ve verilerin uygulanabilirligi ile ilgilidir.
Kuvvetli yer hareketi simiilasyonlari, sentetik kayitlar, PGA o6l¢eklendirme
yontemleri tartisilmistir. Van depreminin ve bolgenin sismik durumunun ayrintilar
da bu boliimde paylasilmaktadir.

Ugiincii béliimde, dogrusal olmayan statik ve dogrusal olmayan dinamik analizlerin

teorik ve pratik arka plani tartisilmaktadir. Analiz tilirleri ve bilimsel gerekgeleri
tartisilmaktadir.
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Dordiincii boliim, malzeme Ozelliklerini ve yapisal analizde kullanilan malzeme
modellerini kapsar. Azalimsal ve klasik modeller ile ileri malzeme modellerinin
gelisim siireci ve aralarindaki farklardan bahsedilmektedir.

Besinci boliim, bu tezin analitik ¢alisma yontemlerinin agiklamasidir. Uygulanan
analiz yontemleri bu bdliimde ele alinmistir.

Altinct boliim analitik ¢aligmanin sonuglarni paylasmaktadir. Elde edilen sonuglarin
yani sira, bu bolim c¢alismanin bulgularinin incelendigi bir alt bashgr da

icermektedir.

Yedinci boliim c¢alismanin 6zetlendigi ve calismanin genel sonucunun tartigildigi
boliimdiir.
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1. INTRODUCTION

On 23" of October 2011, a Mw 7.1 earthquake has struck Van, Turkey. The
earthquake caused severe damage in the region, collapsing 58 buildings and affecting
18,464 others. Local authorities have reported 644 casualties in addition to 1966
injured and 251 rescued victims (EEDMI, 2011). According to a report published by
KOERI (2011), 2.223 aftershocks have occurred, which include 104 shocks with
magnitudes between 4.0 and 5.0, and 7 shocks with magnitudes between 5.0 and 6.0.

Figure 1.1 shows the epicenter and epicentral distances of the Van earthquake of

October 23.

Figure 1.1 : Epicentral disctances of Van Earthquake. (EEDMI, 2011).

Several articles reveal that most of the building stock in the region had been built
before Construction Control and Supervising Law of 2011 (CCS) was put in effect,
making the quality of construction dubious (Taskin et. al, 2013)(Di Sarno et. al,
2013). Field reconnaissance studies report that use of low-grade and inadequate
materials was common in the region. Workmanship is reported to be poor as well,
including incorrect use of stirrups and sloppy concrete mixtures. Figure 1.2 shows

large pebbles used as aggregate in concrete.
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Figure 1.2 : Pebble use in concrete mixtures in Van region (Taskin et. al 2013;
Yazgan et. al, 2016).

Field teams have also reported inadequate outer concrete cover and poor anchorage
as well. Stirrups were hooked 90 degrees throughout the region which provide nearly

no confinement.

About one-third of the building stock was considered aseismically designed as they
were completed before 1980s (Oyguc et. al, 2018). Soft stories, high torsional
flexibilities, strong beam-weak column connections, short column effects and
inadequately spaced buildings were reported in site investigation reports (Oyguc,
2015)(Yazgan et. al (2016)(Taskin et. al 2014)(Di Sarno et. al 2012). Figure 1.3

shows buildings with faulty seismic designs.

Figure 1.3 :  Soft story situation and inadequate separation between adjacent
buildings in Van Province (EEDMI Reconnaissance Photos, 2011)



Turkish Earthquake Code has been revised for seven times since 1947 (AFAD).
Therefore, seismic design procedures were in place long before the year 2011.
However, it was common among contractors to take out structural elements from the
designs, mainly to cut costs. An elementary school in the town of Gedikbulak, Van
was a result of such contractor negligence. According to reports, the contractor has
purposely skipped building some of the shear walls that were in the original design.
The school building had collapsed in the main shock on 23" of October, due to lack
of shear capacity and high torsional flexibility (Yazgan et. al 2016; Bal et. al 2015).

Figure 1.4 : Elementary school buildings of same design. Left: Construction
conforming to the original design (EEDMI report). Right: Collapse
due to missing shear walls (Yazgan et. al, 2016).

Field reports have shown that newly constructed buildings in the region have only

seen slight damage (Yazgan et. al 2016).

Inadequate structural engineering practice and sloppy construction techniques have
resulted in the catastrophe that happened during the main shock. Thousands of
people have suffered the consequences and hundreds were killed during and after the

main shock.



1.1 Purpose of Thesis

Advances in technology make it possible to solve complex problems accurately and
with ease. Nowadays, most personal computers are powerful enough to analyze 3-D
models beyond their elastic range. With that in mind, engineering professionals
throughout the world are being encouraged to use inelastic analysis procedures. Non-
linear analysis is a robust way to assess the behavior of structures when they are
pushed beyond elastic range. Major earthquakes put a greater seismic demand than
elastic capacity of most engineered structures (Deierlein et. al, 2010). Therefore,
engineers need to keep inelastic behavior in check, especially in the seismically

active regions such as Turkey.

Despite its necessity and ever-growing computer technology, non-linearity is still a
challenge from an engineering perspective. Non-linear analysis is an iterative process
where the computer searches for a solution that is close enough to the engineer.
Iterations follow modeled material stress-strain curves as well as changes in
structural geometry. Inelastic range is supposed to be a representation of the real
world where an infinite number of variables take place simultaneously. Since
computers cannot deal with too many unknowns, analyses need to be idealized while

keeping major aspects of non-linear behavior.

One of the idealized parameters of non-linear analysis is plastic hinging. For sake of
simplicity, engineers often allow plastic behavior on predetermined locations along
members (concentrated hinge). That is a time saving approach for properly
engineered structures. However, it is an unfavorable method for performance
analysis of existing buildings. Deierlein et. al (2009) state that concentrated plastic
hinging approach can underestimate strength loss due to buckling and non-linearity.
Newer and more robust computational methods can detect plasticity along entire
lengths of structural members, giving results that are more realistic. On the other
hand, material models have a major role in non-linear analysis. Most structural
analysis software use simple, non-degrading material models that are almost too
idealized. However, field reconnaissance photos of Van earthquake show many
instances of material degradation in the form of buckled or fractured rebars, deep
cracks on concrete, and failed column-beam connections. It is evident that those

buildings have had altered seismic responses after a certain time into the earthquake,



due to changes in material properties and section geometry. It is a well-known fact
that cyclic loads can cause strength and stiffness degradation. Therefore, technically
it would make better sense to implement degrading material models to simulate

seismic behavior of buildings that have already been damaged.

This study investigates the effectiveness of degrading material models by conducting
seismic simulation of two reinforced concrete school buildings that were heavily

damaged by the Van earthquake of October 23, 2011.

1.2 Problem Statement

Numerous field investigation reports and seismic analysis studies were published
following the 2011 Van earthquake. Seismic analysis of buildings from the field
reports have been conducted mostly using a straightforward approach. Due to
distance related issues, using the real Van earthquake record directly is likely to
cause a decrease in the response of analyzed structures. For the same reason, some of
the characteristics of the earthquake are probably not accounted for in the Van
earthquake record. That hypothesis raises the question of whether there could be a
more suitable way to simulate the Van earthquake. In addition to the problem with
the earthquake record itself, field investigation reports of Van earthquake reveal a
widespread occurrence of failing steel bars, and concrete sections. These findings are
often overlooked in structural analysis. It would make better sense to account for
those findings as they can make a significant change in the response of analyzed

structures.

Several studies focus on the abovementioned problems. Oyguc, Oyguc and Tonuk
(2018) have studied buildings that were damaged in the 2011 Van earthquake. They
mention that the only available strong ground motion record do not represent the
actual shock due to far-field effects. Instead, they have used a set of six selected
records, fitted to the NEHRP target acceleration spectrum. The selection was
conducted using the hazard-compatibility criteria published by Toniik et. al (2014)
with the help of a coordinate-based spatial distribution of simulated PGA, PGV and
SA values of the Van region by Zengin and Cakti (2014). Zengin and Cakti (2014)
have published an isometric map of the Van Earthquake with simulated PGA, PGV,
and SA values providing the reader with precise strong ground motions for specific

coordinates. Following the strong ground motion record selection, the two buildings
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of interest have analyzed using static adaptive pushover, and dynamic time-history

analysis.

In the article, Oyguc, Oyguc, and Tontik (2018) state that both buildings (A and B)
were designed and build aseismically with no shear walls. Both buildings were built
according to the TEC of 1975. According to the study, adaptive pushover procedure
can provide more conservative results compared to static pushover analysis as it
considers irregularity effects. They have calculated weights of the structure A and B
as 11,157 kN and 7,465 kN, respectively using the G+nq equation. For the dynamic
time-history analysis, they have applied the selected set of earthquake records by
assuming a 5% constant damping ratio and neglecting second order effects. They
have ran a total of 48 analyses, analyzing both directions of buildings using the two
components of the strong ground motions. In the study, they have plotted base shear
versus roof drift in order to visualize the dissipated energy. Through those plots,
Oyguc, Oyguc and Tonuk have shown that the simulation results represent the in-situ
condition of the buildings A and B. They also have stated that the dynamic time-
history results are in good correlation with the adaptive pushover analysis results, in

terms of hysteretic behavior.

Oyguc, Oyguc and Tonuk (2018) conclude that the results correlate well with the in-
situ condition of the studied buildings, as both buildings have exceeded the 0.5%
inter-story drift ratio limit, both buildings have experienced residual story drift, and

both buildings have behaved inelastically.

Kappos et. al (2007) have published a study that is similar to Oyguc, Oyguc, and
Tonuk (2008), that was done for a seismic risk analysis of Athens. Study uses
simulated near-field strong ground motions through stochastic and deterministic

methods.

Abdelnaby (2014) have coded a degrading steel model and a degrading concrete
model into a non-linear analysis tool called ZEUS-NL. His version of material
models has yielded significantly greater responses in structures during aftershocks,
due to degrading materials properties. The model incorporates bar buckling and

fracture, and strength losses of concrete.



2. STRONG GROUND MOTION EVALUATION

2.1 Van Earthquake

Province of Van is located in the Turkish-Iranian plateau, where Eurasian and
Arabian plates are colliding (Dewey et al., 1986). The collusion creates a north-south
convergence at a rate of 23mm/yr (Reilinger et. al, 2006). The region is surrounded
by several fault systems such as the Bitlis-Zagros Fault Line, the North Anatolian
Fault line, and the East Anatolian Fault Line. According to Elliot et al. (2013), the
northward movement of the Van region is significantly slower at a rate of 5 mm per
year. This slow movement is an indication of strain accumulation near Lake Van
(Konca, 2015). Van region experiences significant earthquakes periodically, such as

the magnitude 7.5 earthquake of Caldiran in 1976.

The most recent major earthquake in Van occurred on October 23, 2011. Moment
magnitude 7.1 main shock was followed by thousands of aftershocks, including a M
5.7 shock that was strong enough to cause additional damage in the region. Strong

ground motion records of the earthquake are given in Figure 2.1.
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Figure 2.1 : Accelerogram of October 23, 2011 Van Earthquake.



The main shock was detected by 22 strong ground motion stations in Turkey and 11
stations in Iran (Zengin and Cakti, 2014). Turkish stations that are operated by
AFAD are shown in Figure 2.1.

o~ 5 ‘1," -
N \ Asm"’ :

e K5327

’

Figure 2.2 : AFAD’s strong ground motion recording stations that detected the
October 23, 2011 Van earthquake (Zengin and Cakti, 2014).

Unfortunately, the strong ground motion recording station near the epicenter was
temporarily out of service at the time of the main shock. Peak ground motion values

recorded by the closest available ground motion recording station is given in Table
2.1

Table 2.1 : PGA values of Van earthquake recorded by Van-Muradiye station #6503

(AFAD)
North-South East-West Up-Down
178.5 gals 169.5 gals 79.5 gals

AFAD’s Muradiye strong ground motion station (6503) is located approximately 40
kilometers north-east of the epicenter which is quite far to represent the earthquake
accurately. Furthermore, given the intensity near the epicenter, peak accelerations
recorded by the station are quite low. Figure 2.2 shows intensity contour map of the
main shock generated by ELER software (KOERI, 2011). An area with a diameter of
approximately 20 kilometers have experienced VIII (severe) intensity, while a
greater area experienced VII on the Modified Mercalli Intensity Scale (MMIS).
Level VIII is defined as “Slight damage in specially designed structures;



considerable damage in ordinary substantial buildings with partial collapse. Great
damage in poorly-built structures. Fall of chimneys, factory stacks, columns,
monuments, walls. Heavy furniture overturned.”. The definition fits the aftermath of
the Van earthquake well. However, PGA of 178.5 gals would not create that much

motion.
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Figure 2.3 : Intensity shake map generated by ELER v3.0 by KOERI (Press Release
2011)

As a result, in order to make sensible further analyses, simulated accelerograms

would have to be used.

According to KOERI (2011), PGAs recorded by stations within 200 kilometers of the
epicenter are in good agreement with simulated PGA values. Therefore, it is possible
to use simulated data for regions that are close to the epicenter. Figure 2.4 shows the
correlation between recorded PGAs and simulated PGAs. The graph shows that near

the epicenter peak ground acceleration should be in the range of approximately 0.6g-

0.4g.
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Figure 2.4 : Comparison of recorded PGAs and simulated PGAs (KOERI, 2011).

2.2 Strong Ground Motion Selection

Tectonic activities are monitored and studied by researchers extensively. Despite a
constant supply of seismic data, earthquake is still not a fully understood

phenomenon due to the chaotic nature of the Earth.

Each earthquake has unique characteristics, such as fault-mechanism, frequency
content, local site conditions, and shear wave velocity. Researchers can determine
those characteristics only after an earthquake has happened. Even then, it is a

challenge to create computer models of observed seismic behavior.

Van earthquake was recorded by a distant strong ground motion station. Hence, it is
not a viable option to use the record for seismic analyses. Kappos et. al (2007) report
that near-field strong ground motions can be simulated in cases of data unavailability
using stochastic and deterministic methods, together. Oyguc, Oyguc, and Tonuk
(2018) have used a similar approach for Van earthquake combining stochastic

method with NEHRP record selection and PGA scaling methods.

2.3 Record Synthesis Methods

There are two ways of generating simulated strong ground motion: empirical and
stochastic methods. Empirical approach strongly depends on stable regressions of a
large data set of magnitudes, distances and source mechanism using Green’s

Equations (Massa et. al, 2008). The objective is to generate a design earthquake
10



signal using empirical formulas created by incorporating as many data points as
possible. Stochastic approach do not depend on datasets, instead it requires input

parameters. The goal is to generate a design earthquake that fits into a description.

Motazedian and Atkinson (2005) state that stochastic approach results in a more
realistic representation of earthquakes, due to resultant signal’s complexity in high
frequencies. On the other hand, other research show empirical approach resonates
with near-fault ground motions due to its low frequency content (Pitarka et. al 2000).

Both methods have pros and cons regarding intended use and outcomes.

2.3.1 Empirical strong ground motion method

Empirical approach is often used in tectonically active regions where earthquakes
happen frequently. A large data set is collected and then processed in order to create
attenuation relations (Douglas, 2005). Those relations are then used to create a
design accelerogram using synthetic signal generators (Hutchings et. al, 2012; Fahjan

et. al, 2014).
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Figure 2.5 : Empirical strong ground motion method in generating design
earthquake (Fahjan et .al, 2014).

According to research, efficacy of empirical approach depends on the information
available on source and path characteristics, site effects, and the return period, fault
mechanism, hanging wall effect and site response (Abrahamson and Silva (1997);
Douglas (2005)). As shown in Figure 2.5, empirical methods use site characteristics
at monitoring stations and project those into the target site. Keeping that in mind,
empirical approach is best when site and path characteristics are homogenous

between the source and target areas.

11



2.3.2 Stochastic strong ground motion method

Stochastic methods do not need a data set in order to simulate an earthquake. Only
parametric and functional descriptions are needed to generate a design seismic
signal. Those input parameters are entered into special software, such as EXSIM, to
generate synthetic ground motion signals. Figure 2.6 shows the overview of

stochastic approach..

Target ground motion’s amplitude spectrum is combined with a random phase

spectrum in order to account for high frequency content of earthquake signals.
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Figure 2.6 : Overview of stochastic approach (Boore, 2004)

Boore et. al (2003) reports that this method is best for simulating major earthquakes
where no strong ground motion records are available in the region. Parameters used
in generation of ground motion include, moment magnitude, hypocenter location,
strike and dip angle, fault dimensions, slip distribution, stress drop, shear-wave
velocity, density, site amplification, and distance-dependent duration (Sun et. al,
2018)

According to Sun et. al (2018), synthetics can be used in an area to simulate strong
ground motion, in a coordinate sensitive manner. Researchers have created
successful simulations of earthquakes using finite-fault stochastic methods (Kappos

et. al 2009; Zengin and Cakti, 2013).
12



2.4 Simulations of Van Earthquake

Zengin and Cakti (2013) have created synthetic simulations of Van earthquake of
October 23 around the epicenter. They have divided the region into approximately
2500 grids with dimensions of 5 kilometers by 5 kilometers. For each grid, they have

generated a synthetic earthquake record using stochastic finite fault method.

Finite-fault method is an improved version of stochastic point-source method. In
finite-fault method a large fault is divided into N sub-faults, where each sub-fault is
considered as a small point-source. Contribution of each sub-fault to the ground
motion is calculated by the point source method. Then they are combined at the
observation point. Figure 2.7 shows correlation between observed and simulated
pseudo-acceleration response spectra using stochastic finite-fault method. Two
response spectra are in good agreement, which justifies the use of this method in

strong ground motion simulation.
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Figure 2.7 : Correlation between 1994 Northridge earthquake and stochastic finite-
fault method (Motazedian and Atkinson, 2005).

Zengin and Cakti (2013) used fault geometry, slip distribution, rupture velocity, and
stress drop for simulation of Van earthquake. For coordinate sensitive adjustments,

path effects including regional quality factors have been used in the input parameters
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to simulate realistic site-specific acceleration time history. Accurate synthetic
generation of S-waves strongly depends on quality factor, spectral decay functions,
and shear wave velocity. Hence, Zengin and Cakti (2013) used local geomorphology
studied by Zor et. al (2007) regarding crustal attenuation of the Turkish plateau.
Following signal generation, Zengin and Cakti (2013) calibrated the signals using
observed strong ground motion data of the Van earthquake using misfit function in

frequency domain.

In their study (2013), Zengin and Cakti revealed that synthetic signals they created
using finite-fault method are in good agreement with the ground motion recording
station 6503, as shown in figure 2.8 and 2.9. Given that it is the closest available
station, it is safe to say that their synthetic records are well calibrated, and can be

used in further analyses.
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Figure 2.8 : Simulated and observed accelerograms and Fourier amplitude spectra of
Van earthquake at station 6503 (Zengin and Cakti, 2013).
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Figure 2.9 : Simulated and observed response spectra at station 6503 (Zengin and
Cakti, 2013).

Following successful calibration of synthetic site-specific signals, Zengin and Cakti
(2013) created spatially assigned synthetic signals of the epicentral region. Figure

2.10 shows simulated PGA values of synthetic acceleration time histories. Results
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show a PGA of 400 to 600 gals near the hypocenter. Results coincide with the PGA
values from KOERI (2011) simulations as shown in Figure 2.4.
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Figure 2.10 : Contour map of simulated PGA values of Van region for 2011 Van

Earthquake. Epicenter is marked on the fault plane. Zengin and Cakti
(2013).

Zengin and Cakti (2014) have also created a peak response-acceleration contour map
for the region. Using site-specific parameters, PRA values (T=0.3s) have reached up
to 1500 gals near the hypocenter. Figure 2.11 shows contour map of PRA values of

the region.
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Figure 2.11 : Peak response acceleration spectra (PRA) (Zengin and Cakti, 2013).

2.5 Amplitude Scaling Procedures

Source and path characteristics are unique to each earthquake. Regardless of the
simulation method of choice, it is almost impossible to account for every aspect of a
particular earthquake. Hazard studies use deterministic or probabilistic approaches in
order to create site compatible design earthquakes. Ansal and Toniik (2007) have
shown that response histories change drastically when considering a few hazard-
compatible strong ground motion records, compared to a deterministic approach.
Tontik et. al (2013) state that in order to cover uncertainty associated with
earthquakes, a representative number of strong motion acceleration records need to
be considered when creating design earthquakes. Selected earthquakes need to
undergo a scaling procedure in order to achieve consistency. Fahjan (2008) reports
three methods that can be used for record scaling: an empirical time-domain scaling
method, a multiple earthquake time-domain scaling method, and a frequency-domain
scaling method. The empirical method depends on regression of multiple strong
ground motion data and using that to calculate a scale factor. Multiple-earthquake
method guidelines selection of a set of hazard-compatible strong ground motion
records and have those fit a target spectrum. Lastly, frequency-domain scaling
method scales the selected records by altering their frequency content in order to fit a
target spectrum. The result is nearly perfect; however, altered frequency content can

negatively affect the site-specific characteristics.
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Toniik et. al (2013) conducted a comparison study using different scaling methods
for input strong ground motion set used in 1D site response analyses. They have
compared a PGA scaling method, an optimized PGA scaling method, and a
frequency domain spectrum scaling method. PGA scaling method applies the same
amplification factor to all earthquake records. On the contrary, optimized PGA
scaling method uses an iteration process where each earthquake in the data set is
assigned a different scaling factor. Figure 2.12 shows comparison of PGA scaling

and optimized PGA scaling methods.
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Figure 2.12 : Left: Optimized PGA scaling based on iterative processes. Right: PGA
scaling of strong ground motion set (Tontik et. Al, 2013).

As shown in Figure 2.12, optimized PGA scaling method gives slightly better results.
The mean acceleration spectrum in PGA scaling method does not exceed the target
spectrum. Optimized PGA scaling method, on the other hand, fulfills that criterion.
Tontik et. al (2013) report that their preferred method of strong ground motion

scaling is the iteration based best-fitting mean-spectrum approach.

2.6 Strong Ground Motion Selection Criteria

Correct selection of strong ground motion is crucial. Frequency content of strong
ground motions can greatly alter dynamic response of structures. Structures with
high ductility, high irregularity, and dominant higher-modes are affected the most
(Bommer and Acevedo, 2004).
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Researchers report that the selection criteria for strong ground motion are:
earthquake magnitude, site classification, fault mechanism, source distance, duration,
shear-wave velocity, and PGA range. It is also recommended to use PEER database
to search for earthquake records that match a target NEHRP (2003) spectrum.
(Bommer and Acevedo, (2004); Toniik et. al (2013)).

2.7 Strong Ground Motions Used in This Study

Upon careful searching, seven hazard-compatible earthquakes were selected
considering following criteria: magnitude range, PGA range, source distance, fault
mechanism, and average shear wave velocity. PGA values were obtained from
Zengin and Cakti (2013). The selected earthquakes were then scaled to fit the
NEHRP design spectrum. As shown in figure 2.13, the best fit was achieved using
the optimized PGA scaling method, which was published by Toéniik et. al (2014). The
process achieves the best fit by scaling the mean spectrum of selected records,
through amplifying strong ground motion records individually by corresponding
scale factors. Set of selected hazard-compatible strong ground motions are given in

Table 2.2.
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Figure 2.13 : Spectra scaling guidelined by Tonuk et. al (2014)
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Table 2.2 : Earthquakes that were selected for dynamic time-history analysis.

Earthquake Name Magnitude Mechanism Rjb (km) E(rrlig (m\//ssjc(; Initial-search Scale Factor

Tabas Earthquake 7.35 Reverse 24.07 28.79 324.57 2.4601

Landers Earthquake 7.28 Strike slip 23.62 23.62 353.63 1.1937

Cape Mendocito Earthquake 7.01 Reverse 16.64 19.32 387.95 0.837
El Mayor-Cucapah Earthquake 7.20 Strike slip 14.8 17.32 242.05 1.1798
Darfield Earthquake 7.00 Strike slip 19.89 19.89 198 0.9915

Darfield Earthquake 7.00 Strike slip 18.4 18.4 194 1.1223

Darfield Earthquake 7.00 Strike slip 18.73 18.73 263.2 0.9751
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3. REVIEW of NON-LINEAR ANALYSIS METHODS

Non-linearity is a concept that contains uncertainties. It requires computer iterations
to calculate the next data point on the force-deformation curve. There are a number
of non-linear analysis methods available today. Non-linear analysis methods can be
separated into two main types: Non-linear static and non-linear dynamic. Static
methods use static forces or displacements applied incrementally to capture the
force-deformation curve, independent of time. Dynamic methods apply cyclic loads

onto the structure, such as seismic accelerations, that lasts for a duration of time.

According to FEMA (2005) static and dynamic procedures deviate from each other
due to following factors: inaccuracies in the equal displacement approximation in the
short period range, P-delta effects and instability, static load vector assumptions,
strength and stiffness degradation, multi-degree of freedom effects, and soil-structure
interaction effects. According to Antioniou and Pinho (2004), non-linear static
procedures only consider material strength and strain relationship, leaving out other
sources of energy dissipation such as kinetic energy, effects of damping, and effect
of time duration. Iervolino et. al (2006) reports that time duration does not affect
displacement ductility; however, it affects other demand parameters such as
hysteretic ductility, and equivalent number of cycles. FElnashai and Papanikolaou
(2004) report similar differences of static and dynamic non-linear analysis
procedures. As a conclusion, dynamic analysis methods are more realistic, but static
analysis methods are more practical. Hence, researchers are working towards
improving non-linear static procedures in order to achieve results that are more

realistic.

The most popular type of non-linear static analysis is pushover analysis. According
to Papanikolaou (2000), pushover analysis has no theoretical background. However,
researchers continue to create better versions in order to get as close to dynamic

analysis as possible. Below, different types of non-linear static methods are
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explained. All methods include applying lateral forces to structures, but they follow

different paths in calculating response of the structure.

3.1 Concept of Pushover Analysis

According to Papanikolaou (2000), conventional pushover analysis is an
incremental-iterative solution of a set of equilibrium equations. Iterations continue
until convergence is reached between external forces and lateral displacements. The
resistance and stiffness of the structure is updated at every load step until user-

defined failure.

Pushover analysis is first used by Gulkan and Sozen (1974). They have created an
equivalent SDOF model of an MDOF system, monitoring post-yield stiffness, yield
strength and ultimate strength. Since then, pushover methods have been improving.
Saiidi and Sozen (1984), published a pushover method for MDOF systems, followed
by Fajfar and Fischinger (1988).
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Figure 3.1:  Stages in non-linear static procedures (Papanikolaou, 2000).

In pushover analysis, application method of lateral forces is key. In the original
version of pushover analysis, external forces can have a uniform or triangular
distribution between floor levels. Later on, new studies were published on lateral
force distribution, incorporating mode shapes into the force equilibrium (Fajfar,

2000).

Sasaki et. al (1998) have published a method in displacement combination of SDOF
systems with respect to modal characteristics. The method proposes using mode-

shapes of the structure, in order to account for structures dynamic response. As
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shown in figure 3.2, the method is a fundamental part of modern pushover

procedures.
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Figure 3.2: Mode combination method proposed by Sasaki et. al (1998).

Bathe (1982) formulated iterative process for calculation of out of balance forces as

following:

AU = [K7]™'. (A Py — P®) (3.1)

AU: calculated displacement increment within an iteration
Kr: current tangent stiffness matrix

A: load factor withinthe corresponding load increment
Po: initial load

P°: equilibrated load of the previous iteration
’ .

B is the strain-displacement matrix of each element.

ot 1s the element non-linear stress vector determined using its material

characteristics.
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Equation of motion can be expressed as in the equation 3.3 below:

M3+ Cx + Kx = —MI1 %, (3.3)

M: Mass matrix

C: Damping matrix
K: Stiffness matrix
X: Acceleration

x: Velocity

x: Displacement

X,: Ground acceleration

Pushover method solves the equation of motion as follows:

X=dx (3.4)

Displacement matrix of the system is denoted by X. @ is the modal displacement

vector, and x; is the top displacement of the MDOF system.

MDOF system is converted into an equivalent SDOF system by a coefficient x* as in

equation 3.5.

. oTM @
¥ Tty M (3.5)
Plugging equation into equation 3.3:
CI)T
OTM1x* + ®TCP >+ dTQ = —M* &
X o1~ TPe *g (3.6)
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Equation 3.6 then becomes:

M*x* + C*'x* 4+ Q = —M"* %, 3.7)

Equation 3.7 is the equation of motion of the equivalent SDOF system.

Papanikolaou (2000) have reported several drawbacks of conventional pushover
analysis. These drawbacks include the inability of pushover analysis to consider
seismic demand of structures, considering only lateral strength neglecting duration
and cumulative energy dissipation, and not accounting for modal properties, which

lead to period elongation altering the spectral amplification.
3.1.1 Adaptive Pushover

Papanikolaou (2000) has proposed a new method known as adaptive pushover, in
which modal properties are updated at every load increment. The new method also

considers spectral amplification and fiber models.

.
i .‘I i
- —
d d

Figure 3.3:  Period elongation in adaptive pushover analysis (Papanikolaou, 2000).

A software called INDYAS, later referred to as ZEUS-NL, created by Papanikolaou
(2000) runs the iterations in the following order:
e Application of lateral forces

e Extraction of mass and tangent stiffness matrices
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¢ Elimination of the restrained degrees of freedom

e Static condensation of the massless degrees of freedom

e Eigenvalue solution - Calculation of natural periods and mode shapes
e Response spectrum calculation from record integration

e Load pattern definition and modal combinations

e Load pattern normalization and re-application

One of the most important aspects of adaptive pushover is its ability to incorporate
spectral acceleration. Spectral acceleration of the corresponding fundamental period

of the structure is plugged into the modal load formula as in equation 3.8.

Fi; = vl m; Sty (3.8)

v' denotes modal participation factor of mode i as in equation 3.9,

;. OMS
T 9
Fij denotes the force acting on the structure in the i"™ mode, referring to the j degree of

freedom.
m; is lumped mass on the j degree of freedom

S'a denotes the spectral acceleration of mode i. Sx equals 1 when spectral

acceleration is not used.

Adaptive pushover has been a well-researched method since its introduction.
Elnashai et. al (2005) have compared adaptive and conventional versions of pushover
analysis. They have used incremental dynamic analysis (IDA) as a control data.
Results in figure 3.4 show that method that gave closest results to IDA was adaptive

pushover with spectral acceleration.
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Figure 3.4:  Capacity curve comparison of pushover analyses against IDA
(Elnashai et. al 2005).

Oyguc (2011) have compared capacity curves of conventional, story shear based
non-adaptive and story shear based adaptive pushover. As shown in figure 3.5,
adaptive pushover resulted in a lower capacity compared to other two types of

pushover analyses.
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T
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Figure 3.5:  Capacity curve comparison of pushover analyses against IDA (Oyguc
2011).

Oyguc (2011) did not consider P-delta effects; however, results show that

conventional pushover method overestimates capacity by 20%, in irregular buildings.
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3.1.2 Modal pushover analysis

Modal pushover analysis is an extension of early versions of pushover analysis. MPA
contains dynamic aspects of structures. Analysis uses response spectra and
combination of inertia force distribution of modes in order to calculate total seismic
demands of structures (Chopra and Goel, 2002). MPA procedure can be summarized

as follows:
1. Compute natural frequencies and mode shapes for elastic vibrations.

2. Lateral forces are applied at the center of mass at each floor level, for every mode.

Develop base shear vs. displacement curve using lateral response of structure.

3. Idealize base shear vs. displacement curve as bilinear or trilinear curve, and

convert it to force-deformation curve. Calculate effective modal mass for each mode.
4. Calculate displacements using response history analysis.

5. Determine total dynamic response using mode combination methods SRSS or

CQcC.
3.1.3 Energy based pushover analysis

In pushover analysis roof displacement is used to plot the capacity curve. According
to Montes et. al (2008) roof displacements increase disproportionately as the lateral
loads increase. Their proposed methodology includes using absorbed energy instead
of roof displacement. Montes et. al (2008) state that some designs can have roof
displacements that do not represent the total response correctly. Figure 3.6 shows
different types of frames. Type a is a moment frame where roof displacement is a
good indicator of total response. Roof displacements of type b and c; however, may

not represent the force-deformation interaction well.

Figure 3.6:  Types of frames a, b, ¢ (Mendes et. al, 2008).

)
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Mendes et. al (2008) conclude that substantially large errors were determined for a

three-story moment-resistent frame after 4% of roof displacement.

3.1.4 Direct displacement based pushover

Priestley (2000) states that non-linear static procedures overestimate the inelastic
response and that elastic stiffness should follow another line shown in figure 3.7. In

their study, Priestley lists deficiencies of the pushover concept as the following:

1. Two buildings designed to same design code may experience a different seismic

response, even though they are subject to same ductility factors.

2. Iterative design is needed in order to account for force reduction-factor

discrepancy with design codes.

3. If capacity design is required, there seems little benefit from the additional

complexity of 3-D modal analysis.

4. Design based on force-reduction factors provides an inadequate representation of
torsional effects, underestimating the torsional response for ductile torsionally

unrestrained systems.
5. Strain as a damage indicator is a poor concept as depicted in point 1 above.
6. Force-based design requires the specification of initial stiffness of structural

members.

Priestley (2000) proposed a new method on force-based analysis considering a better
characterization of stiffness. Design base shear is a function of effective stiffness and

design displacement. Effective stiffness is calculated using equation 3.10.

M, (3.10)
T, = 21 |— '
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Figure 3.7:  Force-deformation curve with effective stiffness (Priestley, 2000).

3.1.5 N2 method

N2 method was proposed by Fajfar (2000) in order to include seismic demand of
buildings in pushover analysis. The method is formulated in the acceleration-
displacement format. The main difference between capacity spectrum method and
N2 method is that, N2 method uses inelastic spectra instead of elastic spectra with
equivalent damping and vibration period. According to Fajfar (2000) results of N2
method are reasonably accurate, given that the building oscillates mostly in the first
mode.Fajfar (2000) concludes that N2 method yields similar results of FEMA-273
and ATC-40. Easy-to-implement nature of the N2 method makes it a better choice

than the American versions of pushover analysis.
Fajfar (2000) presents the N2 method in 8 simple steps.

Step 1. Transformation of the elastic demand spectra to acceleration-displacement

format using the following equation:

TZ

Spo = —
de ™ 4 g2

Sae (3.11)

Step 2. Apply pushover analysis to create force-deformation relationship of the

MDOF system.

Lateral loads are calculated as follows:

P=p¥P=pMo
P P (3.12)
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P denotes the lateral load vector in equation 3.12.The distribution of lateral loads is

denoted by W, which is product of mass matrix M and assumed mode shape ®.
P =pm; ¢; (3.13)

Equation 3.13 defines forces of each story.

Step 3. In N2 method seismic demand is determined using a response spectrum.

Equation 3.5 denotes the starting point of such concept.

MU+R=M1a (3.14)

U and R denote displacement and internal force vectors. M is mass matrix, 1 is a unit

vector and a is the ground acceleration.

Assuming that mode shape W, the displacement vector U can be defines as in

equation 3.15.
U=®D, (3.15)

And since internal forces should be equal to external forces due to statics P is equal

to R (3.7)

By plugging in formulas 3.7, 3.12 and 3.13 into formula 3.14, formula 3.16 is

obtained.

P"™MPD, + ™ MPp=—-DP"M1a (3.16)

Cancelling out @7 M 1 on each side in equation 3.16, equation of motion of an

equivalent SDOF system is obtained as in 3.17.

m*D*+ F*=—-m*a
(3.17)
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m* denotes the equivalent mass of the SDOF system. Equation 3.18 defines m*.
m = ®TM1 = z m; @, (3.18)

Equivalent displacement and forces can be denoted by D* and F*.

D= ? (3.19)
P —% (3.20)

Base shear of the MDOF system is given in equation 3.21
V=2Pi=d>TM1p=pZmid>i=pm* (3.21)

In equation 3.19 and 3.20, displacement and base shear of MDOF system are divided
by a modal participation factor I'. ['controls the transformation from MDOF to

SDOF model.

re o’'M1 Ym®d,  m*
O'MD S md’ Y md’

(3.22)

Equations 3.19 and 3.20 are mainly used in the creation of equivalent force-
deformation curve of SDOF system. N2 method uses a graphical procedure in order
to bilinearize the V-D curve. N2 method assumes zero post-yield stiffness. The
reason is the reduction factor is defined as the ratio of the required elastic strength to
the yield strength. The influence of moderate strain hardening is embedded in the

demand spectra.

Elastic period of the idealized bilinear system T* is determined as:

(3.23)
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Finally, the capacity diagram of equivalent SDOF system can be transformed into

AD format by dividing F* by m*, resulting in equivalent acceleration of the system.

4. Calculate reduction factor Ry,

R, = Sey (3.24)

S.e denotes the spectral acceleration where radial line of bi-linearized capacity curve
intersects the elastic spectra. S,y is defined as the spectral acceleration of bi-
linearized capacity curve at yield point. Figure 4.5 shows S,. and Say, Sd, Sqe, T*, Dd*,

and Dy on the demand spectra.

Suy !
g k

Figure 3.8: N2 method’s elastic and inelastic demand spectra versus capacity
diagram (Fajfar, 2000).

If the elastic period of the system is smaller than T¢ then ductility demand p is

calculated as follows:

T, .
U= (Ru—l)F+1 T < T, (3.25)

u equals R, when T* is smaller than Tc

Step 5 and 6. Transformation of SDOF system back to MDOF system.

Maximum Sy is transformed into D; which represents the maximum top displacement

of the MDOF system.
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3.2 Dynamic Analysis

Dynamic analysis incorporates energy dissipation and duration aspects into the
analysis. Contrary to strain energy, dissipated energy cannot be recovered. According
to Elnashai and Di Sarno (2015), energy can only be absorbed by irreversible
deformations. Therefore, dynamic analysis can reveal more information than static
analysis. Also, dynamic analysis can impose characteristics of an earthquake on to
the model building. Figure 3.9 shows a brief graphical summary of dynamic seismic
analysis.
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Figure 3.9: FEMA 451 Design example

Dynamic analysis uses direct integration methods to solve equation of motion under
dynamic loading. There are four types of direct integration methods. Fourier
transform, Duhamel integration, piecewise exact, and Newmark techniques. All
methods are numerical; however, Newmark’s method can relate to in-elastic

behavior better than the others can. It can also be applied to elastic systems as well.

Equation of motion is defined as:

mil + cu + ku = —milg (3.26)

Dividing both sides by m and making following substitutions will result equation

3.29.
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=20 (3.27)
—=® (3.28)
Uy (1) 4 28w, (t) + w?u, (t) = —iiy(t) (3.29)

¢ denotes damping ratio of the system, which is assumed as 5% for most buildings.

¢ denotes free vibration frequency of the system. It can be expressed as T =271/ w

iy denotes ground acceleration.

Equation of motion is solved for accelerations in terms of displacements, velocities,
and applied forces. All parameters are a function of time. At each time increment At
stiffness matrix of the whole structure is updated. Hence, analysis takes more time

than static analysis.

Newmark (1959) have proposed a procedure to for the solution of structural
dynamics. According to the article, new procedure can consider any type of dynamic
loading due to shock, impact, vibration, earthquake, or blasts. With the added

coefficients ¥ and 5 and solving for velocity and displacements of the equation of

motion results in equation 3.30 and 3.31:

=i+ [ (1= 7 ) At Jii, + (A, (3.30)

2

u,, =, + (A1), +[(0_5 - B)(Ar) }ﬁ, + [ B(Ar) J i, (3.31)

7 and (3 denotes participation factors to control weight of acceleration in velocity and

displacement at the end of time interval At.

At any time acceleration of the system equals equation 3.32.

(P-R)
a =

o (3.32)

Assuming (5 equals zero, the general procedure is as follows:
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1. Assume values of acceleration of each mass at the end of the interval.

2. Compute the velocity and displacement of each mass at the end of the interval

using equations 3.19 and 3.20.

3. Compute resisting forces R, which are holding the structural framework in the

deflected configuration.

4. Re-calculate acceleration using applied loads (P) and resisting forces (R) at the

end of time interval At from equation 3.32.

5. Compare derived acceleration with assumed acceleration. If they are different,

start from step 1 with a closer assumption of acceleration.

Newmark (1959) suggests using v and B as 0.5 and 0.25, respectively; in order to
damp high frequencies at the end of time interval At. If y is taken greater than 0.5,
there will be a significant amount of numerical damping present in results. If it is
taken as zero, then the results will involve self-excitement of the structure arising

solely from numerical integration.
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4. REVIEW of MATERIAL MODELS

Material model is a mathematical representation of the expected behavior of a given
material in response to an applied load (Thompson, 2017). Models are created
through optimization of force-deformation curves with respect to laboratory data.
Behavior of the structure depends heavily on force-deformation curves, and physical
properties. Response analysis requires realistic material models that incorporate all
the important phenomena including energy dissipation (Takeda et. al, 1970; Ibarra et.

al, 2004).

Material testing is often done under cycling loads, resulting in compression and
tension. Loading and unloading phases measure the material’s strength and ductility.
During cyclic loading a phenomenon called hysteresis that occurs due to
accumulating dissipated energy. Hysteresis in material science is defined as the

material’s ability to restore energy with respect to former deformations (Erberik,

2010).

Primary
Curve —_

Force
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| Deformation

X max

Figure 4.1:  Graphical representation of Q-model (Saiidi and Sozen, 1970).

Ever since MDOF models’ need for hysteretic material simulations began, need for
greater computing power has been introduced. In figure 4.1 Saiidi and Sozen (1970)

proposed a “low-cost”, meaning less required computing power, hysteresis model.
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The model treats an MDOF structure as an SDOF oscillator. However, since greater
computing power has become more available, local plasticity started to attract more
attention. Ibarra et. al (2005) states that local monitoring is just as important as
global, as local collapse may induce a total collapse of the structure through damage

propagation.

Local in-elastic monitoring of MDOF systems is done through the use of plastic
hinges. Plastic hinge is a yield zone that occurs at points of maximum bending
moment, such as in the middle or at support joints of beam or column elements.

Maximum moment regions of fixed-end beams can be seen in figure 4.2.
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Figure 4.2:  Free-body diagram of a fixed-end supported beam.

In traditional structural analysis, plastic hinges are assigned on pre-determined
locations on beam and column elements. That is a viable solution; however,
concentrated plasticity can underestimate strength loss due to buckling and non-

linearity (Deierlein et. al, 2009).

Newer software are able to compute distributed plasticity in order to achieve realistic
results. Finite element hinge model can calculate in-elasticity along the member’s
length, as well as, within the hinge location. Figure 4.3 shows the difference between

several hinge models.
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Figure 4.3:  Types of plastic hinges used in finite element analysis (Deierlein,
2009).

In most structural FEA analysis, assigned hinges undergo a significantly idealized

capacity curve, as shown in figure 4.4.
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Figure 4.4:  Hinge behavior model in SAP 2000.

Concentrated and idealized hinge behavior yields faster results, but they are far from

reality.

Different material models are available today in order to simulate in-elastic behavior
of elements. A well-known and popular concrete model was proposed by Mander et.
al (1988). The model considers effect of confinement in stress-strain relationship

under monotonic compression loading as shown in figure 4.5.
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Figure 4.5:  Left: Mander model for confined and un-confined concrete sections.

Right: Concrete cross section under cyclic loading (Mander et. al,
1988).

Longitudinal compressive stress f; is given by equation 4.1.

/
e @
f’.c denotes compressive strength of confined concrete.
SC
X = a (4.2)

€. denotes longitudinal compressive concrete strain.

)
o= e |1+5(=<—1 43
¢ S[ (fco “9

As suggested by Richart et. al (1928), f'.,and &, , the unconfined concrete

strength and corresponding strain, respectively. Generally, €. can be assumed 0.002.

Lee and Fenves (1998) have proposed a concrete model for structures under cyclic
loading. The model uses fracture-energy-based damage and stiffness degradation in
continuum damage mechanics. They have incorporated two damage variables; one
for tension and one for compression. The model considers crack opening and closing

that takes place in a macroscopic level, which causes stiffness degradation.
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Figure 4.6: Lee and Fenves comparison of numerical data with experimental.
Left: RC section in tension. Right: RC section in compression.

Concrete is a material that performs well under compression. Its ability to dissipate
energy under tension is poor. Steel on the other hand, have significantly higher
tensional strength. There are a few steel models available today, such as bi-linear

steel model, and Menegotto-Pinto models as shown in figure 4.7.
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Figure 4.7:  Left :bi-linear steel model with kinematic strain hardening. Right:
Menegotto-Pinto steel model with isotropic strain-hardening (ZEUS-
NL manual).

Steel models differ greatly between each other. Bi-linear model only considers a
strain-hardening phase, neglecting any type of degradation. Gomes and Appleton
(1997), have developed an advanced steel model that considers buckling, and

Bauschinger effects. The model simulates following characteristics of steel:
e Elastic, yielding and hardening branches in the first excursion.

e Reduction of yield stress after a reverse cycle, which increases with the
enlargement of the plastic strain component of the last excursion, and
decrease of the curvature in the transition zone between the elastic and the

plastic branches, also known as Bauschinger effect.
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Figure 4.8:  Menegotto-Pinto steel model (Gomes and Appleton, 1997). Bilinear
envelope is marked with dotted blue line.

The loading and unloading paths are contained in a bilinear envelope, E, defined by
equation 4.4.

€
[1+ (es)R]VR

o'y = Pe +(1—-p) (4.9)

Normalized strain and stress in the first load are obtained by using variables in

equation 4.5.

€s Os

€ = Os = 4.5
ESO O-SO ( )

In the unloading phase they are obtained by variables in equation 4.6.

€s — €50 % Os — Ogo

€' =—" 0yf = ——
s 2€50 y 20, (4.6)

Curve R defines the Bauschinger curve in load reversal phase.

a,§
a, +¢

R=R,— (4.7

R, a1, and a, are material constants. f is the absolute value of the plastic strain of the
last excursion. Gomes and Appleton (1997) state that the response of model was not

sensitive to those material constants, but much more on the envelope curve R.
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In order to simulate bar buckling, Gomes and Appleton (1997) have considered a
simple model of two consecutive stirrups. Visual representation can be seen in figure

4.9. They state that bar buckling only takes place if all concrete layers are crushed.
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Figure 4.9:  Free body diagrams for steel bar buckling (Gomes and Appleton,
1997).

The equilibrium of the buckled reinforcement in the deformed configuration is given

by equation 4.8.
P=—— (4.8)

W denotes the transverse displacement. Mp denotes plastic moment of the bar. For a

circular section without axial load, Mp is given by:
Mp = Zpo,, = 0.424nR30,, (4.9)

Zp denotes the plastic modulus of the circular section. The compatibility between the

transverse displacement w and the longitudinall displacement 0 and the rigid body

rotation O, is given in equations 4.10.

L

w = Esin@ o6=1 (1 — CcOoS 9) (4.10)

Plugging in equations 4.10 into equation 4.8, yields:

_ w2,

411
N /NS (4.11)
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Considering equations 4.12:

6 P (4.12)
ES == Z ES = —

Equation 4.11 becomes:

o = MTMP 1/ (4.13)

Figure 4.10 shows the steel model that includes effect of buckling. According to
Gomes and Appleton (1997), point B has to be found via iterations. Point P is the

intersection of buckling curve CD and load reversal curve AB.

Figure 4.10: Modified Menegotto-Pinto model considering bar buckling (Gomes
and Appleton, 1997).

4.1 Degradation

According to FEMA 440, degradation occurs in two ways: cyclic degradation and in-
cycle degradation as shown in figure 4.11. Cyclic degradation is defined as a loss of
stiffness and strength over following cycles. In-cycle degradation occurs in a loss

loss of strength and negative stiffness within a cycle.
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Figure 4.11: Cyclic and in-cycle degredation (FEMA P440A).

According to FEMA P440A, cyclic degradation stiffness degradation in RC
components occurs because of cracking, loss of bond, or interaction with high shear

or axial stresses. Strength degradation occurs due to strain hardening following yield.

In-cyclic strength degradation occurs following reverse loading or during subsequent
loading cycles. According to Park et. al (1987), cyclic strength degradation can also
occur in subsequent cycles even if the level of inelastic displacement is not
increased. In-cycle strength degradation can be caused by P-delta effects or material

non-linearities, such as concrete crushing, shear failure, and steel bar buckling.

Figure 4.12 shows a representation of story drift vs time plot of two test structures

that experienced cyclic and in-cycle strength degradation.

10.08,

0.08

Story Drift Ratio
Story Drift Ratio

time (sec)

{ﬂ] [b}

Figure 4.12: Displacement time histories of test structures. Left: Cyclic strength
degradation. Right: In-cycle strength degradation (FEMA P440A).

Degrading models consider some of the aspects of materials that are generally

overlooked by analysis software, such as strength loss due to hysteresis. A
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comparison between these two tiers of material models have been published by
Abdelnaby.(2012). He has coded degrading steel and concrete models within a non-
linear structural analysis software called ZEUS-NL. Degrading models are often used
to analyze multiple earthquake effects; however, as shown on Figure 4.13, a

difference occurs after a certain point in time during a single run.
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Figure 4.13: Non-degrading bi-linear steel model (stl1) and degrading modified
Menegotto-Pinto model (stl4) steel model in dynamic time-history
analysis. (Abdelnaby, 2012)
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Figure 4.14: Side by side comparison of steel (right) and concrete (left)
(Abdelnaby, 2012).

In figure 4.14, both cyclic and in-cycle strength and stiffness degradation occur.
Pinching effects are also visible.. The difference occurs because of buckling of bars
and bar fracture phenomena that is accounted for in the degrading model (stl4).

Figure 4.13 and 4.14 are a result of a 2-D SDOF pier analysis. Considering the
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visible difference of the two results, a greater difference would be expected in a

much complex 3-D model.

Steel model of Abdelnaby (2012) uses the modified Menegotto-Pinto model with an
added bar-fracture feature. According to the model, bar fracture that occurs under
large excursions that exceeds ultimate steel strength. If fracture occurs, applied

strains will result in zero stresses.
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Figure 4.15: Steel Model (Abdelnaby, 2012)

The concrete model coded into the program implements concrete strength loss model
proposed by Fenves (1998). As shown in figure 4.16 the concrete model undergoes

cyclic stiffness and strength degradation.
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Figure 4.16: Concrete stiffness and strength loss model (Fenves, 1998) and
Concrete Model (Abdelnaby, 2012).

47






5. ANALYTICAL STUDY

This section gives in-depth details of the analytical study that was conducted for this
thesis. Selected buildings, chosen analysis methods, material models, and other
methods are shared. Two buildings that were affected in 2011 Van earthquake have
been selected for this study. Gedikbulak Elementary School building which was
collapsed and Alakdy school building which was significantly damaged.

As in figure 5.1, analytical study involves eigenvalue analysis, pushover analysis,
adaptive pushover analysis, and dynamic time-history analysis. Degrading and non-

degrading models were used in the analyses for comparison.

Even though the buildings were analyzed for effects of Van earthquake, seven hazard
compatible earthquakes were used in the analyses due to inapplicability of Van
strong ground motion record. Selection of the strong ground motion set was made
considering simulated PGA values of the region. Dynamic analyses were conducted

for each record.

'

¢ In order to create «the
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Figure 5.1:

5.1 Analysis Software
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\.

Phases of analytical study of this thesis.
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* Investigate modeled
damage and compare
with field findings

N Dynamic Time-history

ZEUS-NL 1is open-code non-linear structural analysis software that assumes

distributed plasticity on members. The software has built-in eigenvalue analysis,
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static and adaptive pushover, static time-history and dynamic analysis programs.
Cross sections can be built with ease; also, the whole structure can be viewed
instantly in 3D. Since the software is open-code, researchers can run their own

material model and view the results the same way.
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Figure 5.2:  ZEUS-NL multi-layered mash approach for cross-section calculation

ZEUS-NL models cross sections by treating them as a multi layered finite mesh as
shown in figure 5.2. Unconfined, confined and reinforcement mesh elements are
added together to act as one. Since plasticity is spread along the length and depth of
the members, analysis takes more time but it is more accurate than other FEM

software.

ZEUS-NL lets the user monitor certain sections of the elements. Those monitoring
spots are located on top and bottom of the elements in both beam/column-end as in
figure 5.3. User can monitor materials at each time step. Material yielding can be
monitored using those monitoring points. That way, the user can see whether

yielding occurred under tension or compression.
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Figure 5.3:  ZEUS-NL monitoring spots.
5.2 Structures of Interest

Two structures have been chosen for this study. A 3-story reinforced concrete school
building located in Gedikbulak town of Van, Turkey, which collapsed during the
October 2011 Van Earthquake; and a 3-story reinforced concrete school building
located in town of Alakdy which took substantial damage during the same
earthquake but did not collapse. Photos of the buildings are given below in figure
5.4.

Figure 5.4:  Gedikbulak and Alakoy school buildings (EEDMI, 2011).
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5.2.1 Test structure

In order to calibrate the ZEUS-NL software, SPEAR building of ELSA laboratory
was used. SPEAR building has been used by researchers extensively and its analysis
data and specifications are easily accessible. According to Stratan and Fardis (2003),
the building resembles residential RC buildings that were built in Greece and
Mediterranean region, without considering seismic engineering. The structure was
designed only for gravity loads with materials from 1970s. Photo of the structure is

given in figure 5.5.

Figure 5.5:  Photo of SPEAR building.

SPEAR is a full-scale plan-irregular 3 story test building. Each floor is 3 meters high
slab to slab, and the plan dimensions are 10.5 meters by 10 meters, which is shown in
figure 5.6. Beam and column cross sections are given in figure 5.7. The specified

strength of concrete, f; is 25 MPa, and steel yield strength, f; is 400 MPa.

The building is irregular in plan, with center of mass and stiffness on different

locations as shown in figure 5.8.
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Figure 5.6:  Front elevation and horizontal plan of SPEAR building (Oyguc et. al,

2017).
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Figure 5.7:  Element cross sections of SPEAR (Stratan and Fardis, 2003)

Beams of the building are 25cm by 35 cm with 4 12mm bars. Longitudinal
reinforcements on the beam-ends start with 4 12 mm bars on top of beams and 2
12mm bars on the bottom. Columns are 25cm by 25cm except for the shear wall.
Longitudinal reinforcements in columns are 12 mm bars placed on each corner. The
shear wall is 250mm by 750mm with 10 12 mm diameter bars placed 3 in the short
and 4 in long side. Stirrups in all elements are closed with 90-degree angles, which

provide no confinement. Concrete cover is 15mm in all elements.
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Figure 5.8:  Centers of mass and stiffness of SPEAR building (Stratan and Fardis,
2003).

5.2.2 Gedikbulak school building

Gedikbulak school building was an irregular 3-story RC building that collapsed due
to 2011 Van earthquake. Each story is 3 meters high, and dimensions vary between
the beams and columns. The structure is irregular as the center of mass, center of
stiffness, and the center of strength are located of different coordinates along the X-Y
plane as shown in figure 5.9. Member cross-sections are given in figure 5.10.
Because stirrup use was unsatisfactory, the model assumed that the cross-sections

were unconfined.

Strength of concrete and yield strength of steel were estimated as 10 MPa and 400
MPa, respectively (Bal et. al 2015).
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Figure 5.9:  Plan of Gedikbulak building (Bal and Symrou, 2016)
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Figure 5.10: Cross-section drawings of Gedikbulak building’s members.

As-built specifications of beam and column reinforcements could not be gathered,
therefore, simple cross-sections have been used. Shear walls have 12mm diameter

bars placed at 15 cm spacing.

5.2.3 Alakdy school building

Alakdy school building was an irregular 3 story RC building that was heavily
damaged due to 2011 Van earthquake. Damage can be seen in figure 5.11. The
building was investigated by EEDMI field teams after the earthquake and Tagkin et.
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al (2014) have conducted a seismic analysis of the building while giving as-built

specifications.

Figure 5.11: Photos of Alakdy building from site investigation (Taskin et. al, 2014;
EEDMI, 2011)

Upon investigation Tagkin et. al (2014) have found that the building had two
frames and 4 bays and an external enclosed staircase. Bays have varying spans
and columns are 2.65 meters tall from slab to slab. Plan geometry of the building

is given in figure 5.13.
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Figure 5.12: Cross-section specifications of Alakdy school building (Tagkin et. al,
2014).
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Taskin et. al (2014) note that upon investigation beam and column elements did not
have confinement even though stirrups were used. Stirrups were constructed at 90
degrees. Taskin et. al (2014) report that estimated steel and concrete classes are S220
and C12, respectively.

A

Figure 5.13: Specifications of Alakdy building (Taskin et al. 2014).
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5.3 Computer Models of Structures

5.3.1 SPEAR calibration structure

The SPEAR building was modeled according to past articles that analyzed the
building (Fardis et. al, 1998; Jeong et. al, 2004; Papanikolaou, 2005; Oyguc et. al,
2015). The modeling approach is influenced by Oyguc et. al (2015). As shown in
figure 5.14, beam elements were divided into multiple sections by assigning a node
at 0.15L away from each end, and at every 0.35L for the rest of the beam’s length.
Masses of each story was assigned to nodes, and distributed according to the
respected tributary areas. SPEAR building was used only for calibration purposes.

Only eigenvalue analysis was conducted in order to crosscheck periods and the

effects of torsion with previous research.
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Figure 5.14: ZEUS-NL model of SPEAR building.

5.3.2 Gedikbulak school building

Gedikbulak building was modeled using ZEUS-NL, a powerful tool for non-linear

analysis. The model was built with according to as-built specifications reported by
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Bal et. al. (2016). As shown is figure 5.15, modeling of masses and structural
elements were done according to Oygug et. al (2017). Each beam element has been
divided into sections, depending on their lengths. The model uses lumped masses for
simplicity, as the partitioning nodes were found to be adequate for such analysis.
Total mass of the stories were distributed evenly among the nodes. Confinement was
not applied due to inadequate in-situ stirrup hook angle. Reinforcements were
simplified and placed on the bottom of beams. Reinforcements used specified

materials ;=400 MPa, f,= 10 MPa as reported by Bal. et. al (2007).
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Figure 5.15: ZEUS-NL model of Gedikbulak school building.

Section types vary among columns and beams. The building has 4 shear walls that
have different specifications that run from ground to the top. Shear walls were
modeled in 9 and 5 equivalent shear walls for W35x720 and W25x450, respectively.
Building consisted of four C50x40 columns along the midline, two C30x50 on the
edges, and several C25x50 that spread across the rest the building. Even though the
as-built beams were rectangular, beams are modeled as T-beams calculated using
effective slab width as noted in Eurocode. Floor slabs were also modeled to simulate
diaphragm effect, using 20cm x1000cm RC sections. Only the support nodes were
restrained in every direction and rotation, except for the dynamic time-history
analysis, where the software requires freeing the support nodes in the direction of

applied force/acceleration. Every other node is free in every direction and rotation.
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5.3.3 Alakdy school building

Alakdy school building was modeled according to the article by Tagkin et. al (2014).
Using the 2D plan they have published, the building was modeled with the same
notion that was applied for the Gedikbulak building, as in figure 5.16.
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Figure 5.16: ZEUS-NL model of the Alakoy school building.

Concrete and steel classes were C12 and S220, respectively. Load configuration was
calculated and distributed among connection nodes, as well as partitioning nodes, in
the form of lumped masses. Confinement effects were neglected due to insufficient
hook angle of stirrups. Beams were modeled as T-beams according to Eurocode 8.
Details of beam model are given in section 6.4. Floor slabs were modeled using thin

elements with 20cm by 1000 cm RC sections.

Only the support nodes were restrained in every direction and rotation, except for the
dynamic time-history analysis, where the software requires freeing the support nodes
in the direction of applied force/acceleration. Every other node is free in every

direction and rotation.
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5.4 Modeling Principles

The building models have been generated using a similar approach that was used by
Oyguc et. al (2017). The beam elements were separated by nodes, at every 0.35L and
the two from 0.15L away from the beam ends. In order to account for P-delta effects
the weight of the structures were applied onto respected columns for pushover,
adaptive pushover, and dynamic time-history analyses. The mass of the structures;

however, were distributed onto each node.

For both models, the beam cross-sections were modeled as T-beams. The web acts as
the beam itself, and the flange acts as the floor slab. Slab effective width was
calculated using Eurocode effective flange formula as shown in figure 5.17. Floors
were assumed to have diaphragm behavior. In order to model that, floor slabs were
built with a very low depth to width ratio. 15cm x 100cm. And the longitudinal
reinforcements were placed 20cm apart. To create the diaphragm behavior, slab

elements were placed between corner nodes crossing from side to side.
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Figure 5.17: Effective slab calculation (Eurocode 8)

5.5 Material Models

Degrading and non-degrading models were used for comparison purposes. Non-
degrading models were offered within ZEUS-NL software. Bi-linear steel model
with constant strain hardening and constant confinement Mander model were
implemented For degrading model, modified Menegotto-Pinto model with added
bar-fracture feature was implemented. As depicted by Gomes and Appleton (1997),
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material constants R, al, and a2 were used as 20.0, 19.0, and 0.3, respectively. For

degrading concrete model, Lee and Fenves degrading concrete model was used.

5.6 Non-linear Static Analyses

Pushover and force-based adaptive pushover with spectral acceleration were selected
for this study for comparison purposes. Earlier studies show adaptive pushover with
spectral acceleration results in a 20% lower capacity of buildings. N2 procedure was
followed in order to calculate capacities in both pushover and adaptive pushover
analyses. Analyses involved P-delta effects with axial loads placed on columns. Only
non-degrading models were used in non-linear static analyses, since hysteresis is not

a possible outcome.

Non-linear static analyses were conducted in order to determine weaker directions

and shear capacities of selected buildings.

5.7 Dynamic time-history Analysis

To account for P-delta effects the weight of the buildings were applied as axial forces
initially. Then both buildings were analyzed applying both components of the 7
records in the weak direction of Alakdy and Gedikbulak buildings. Non-degrading
and degrading material models were used in the analyses. Therefore, 28 dynamic
time-history analyses were conducted. For integration of equation of motion,
Newmark’s beta method was implemented using 0.5 and 0.25 for gamma and beta,

respectively.
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6. RESULTS

Prior to conducting any analyses, the building’s mode shapes and eigenvectors were
investigated and cross checked with the original articles of both subject buildings.
The Alakdy building article by Taskin et. al (2014) mentions their calculation of the
natural period; however, Bal et. al (2016) does not. The natural period of
Gedikbulak building was crosschecked with the article by Bilgin et. al (2005).
Alakoy building verifies the model that is built in this study; however, there is
significant difference in between Bilgin et. al and this study. The weight of the
structure that was calculated in this study correlate with Bal et. al (2016). Bilgin et
al. reports that the weight is 30% lighter and its natural period is 0.1 seconds, which
is quite low for a 3-story building. Natural periods that were calculated in this study

are given in table 6.1.

Table 6.1 : Natural vibration periods of the x-x and y-y modes and ()values.

Periods Ti(x-x)  T2(y-y) Ox Oy
SPEAR 0.67 0.59 1.17 0.95
Alakoy 0.34 0.25 1.22 0.95
Gedikbulak 0.46 0.35 1.02 0.92

According to Fajfar et. al (2005), the ratio of an uncoupled lateral frequency to an

uncoupled torsional frequency, called () gives an impression of the building’s

behavior. If the ratio is equal or greater than 1.00, the building behaves translational
meaning torsionally stiff. If the ratio is less than 1.00, the building behaves
torsionally, meaning torsionally flexible. In addition, the building can be
translational in one direction, and torsional in the other direction. Therefore, both
Alakdy and Gedikbulak buildings are translational in X-X direction, and torsional

in Y-Y direction, which backs the dynamic time-history results.
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6.1 Pushover and Adaptive Pushover Analyses

The results of the initial push for X and Y directions are given in the below
sections. The lateral push was converted into acceleration units by using the N2
method’s conversion into the SDOF system. Where Sa = F* / m*. Then, the
resulting graph was compared to the elastic spectrum in ADRS format.
Furthermore, adaptive pushover results have been compared with the regular
pushover curves. Only the weak directions of the two buildings were evaluated in
the adaptive pushover phase. Bi-linearization graphs and details are given in the

appendices.

Table 6.2 : Gedikbulak Building’s first mode shape and corresponding lateral.

forces.
Lat Force Force per Story Node per  Force per node
Distribution N) floor N)
0.50 8,668,708.56 4 2,167,177
0.35 6,012,592.77 4 1,503,148
0.16 2,718,698.66 4 679,675
Total Weight (N) 17,400,000

Table 6.3 : Alakdy building’s first mode shape and corresponding lateral forces.

Lat Force Force per Story Node per  Force per node
Distribution ™) floor ™)
0.47 2,718,490.76 5 543,698
0.36 2,078,614.00 5 415,723
0.17 1,002,895.24 5 200,579
Total Weight (N) 5,800,000
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6.1.1 Gedikbulak school building

Shear capacity and target displacement were calculated as 5234 kN and 0.0762
meters in the —Y direction, respectively. The shear capacity of adaptive pushover
was 15% lower than the regular pushover analysis. It was found that adaptive and
regular pushover curves were coinciding until the plastic region is reached.
Therefore, it is safe to say that adaptive pushover results in a more conservative

plasticity.

Plastic hinging occurred at columns as well as beams. Hinging in columns occurred
more at top ends than bottom ends by 25 to 46. Beams also encountered plastic

hinging, mostly on the first floor and at the far ends in the X direction.
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Figure 6.1:Gedikbulak building’s pushover curve comparison.

It is worth noting that the +X and +Y directions are almost identical, whereas the —
Y direction is much weaker than the —Y direction. It is also noteworthy that the

strongest direction is the —X direction, which suggests irregularity.

Plastic hinges in the Y direction is almost the same as the X direction. In columns,
48 hinges occurred on the top end, and 18 hinges occurred on the bottom end.
However, the number of nodes in wall members is higher. Since the long shear
walls of the building are in the X-X direction, it is evident that much more column-

beam connection nodes have yielded in the —Y direction.
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Table 6.4 : Number of nodes where hinging occurred in Gedikbulak building.
Numbers represent a total of both top and bottom of columns.

Plastic hinges X Y -X -Y
1° Floor 48 12 27 49
2" Floor 10 0 18 19
3" Floor 3 0 0 10

6.1.2 Alakdy school building

The building model has experienced a similar damage distribution to the site
investigation. Most of the plastic hinging were evident at the top part of columns at
the first floor (second story). Target displacement in the +X direction was found to
be 0.061 meters. Target displacement in the —X direction was calculated as 0.070
meters. In the +Y direction the target displacement has been calculated as 0.106
meters, whereas the target displacement of the —Y direction has been found as
0.089 meters. Besides target displacements, the weakest direction of the building
can be determined by comparing pushover data of the four directions. The adaptive
pushover resulted in a 14% more conservative capacity, 1052 kN at 0.10074 meters
of target displacement in the —Y direction. The adaptive and regular pushover
capacity curves are identical until the yield point. Figure 7.2 shows the comparison
of roof displacement versus base shear for all directions. Bi-linearization curves and

response spectra in the ADRS format are presented in the Appendix A.
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Figure 6.2: Alakoy building pushover capacity curve comparison.
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Table 6.5 : Number of spots where plastic behavior was observed in Alakoy
building. Numbers represent a total of both top and bottom of columns.

Plastic hinges X Y -X -Y
1° Floor 36 34 17 36
2" Floor 21 20 24 24
3" Floor 12 3 5 8

6.2 Dynamic Time-History Analysis

28 analyses were conducted during dynamic time-history analyses. Results from
degrading and non-degrading models were compared in overlapping plots and
tables. It should be noted that in order to reduce data management efforts, only the
strong ground motion components that caused a higher response in the buildings

were plotted and tabulated.

6.2.1 Gedikbulak building

Gedikbulak building’s members have exceeded the yield strength therefore crossed
into plastic hinge region in numerous locations including column-beam connections
and in beam sections. Figure 7.3 shows the number of plastic hinging occurring at
beams and columns with the respected material model. In both material model it is
noteworthy that the columns have reached plastic hinging more than beams,
suggesting strong beam-weak column situation. These results are in correlation

with the field investigation findings.
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Figure 6.3:Gedikbulak building’s total number of plastic hinges.
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Table 6.6 : Summary of dynamic time-history results of Alakdy building.

Non-Degrading Degrading

Roof Drift (%) Base Shear (kN) Roof Drift (%) Base Shear (kN)

138H2 1.02% Exceeding 5634 Exceeding 1.14% Exceeding 7540 Exceeding
900H1 1.22% Exceeding 7908 Exceeding 1.29% Exceeding 7818 Exceeding
3748H1 2.02% Exceeding 8445 Exceeding 1.14% Exceeding 7215 Exceeding
5837H1 1.10% Exceeding 6101 Exceeding 1.05% Exceeding 6954 Exceeding
6888H1 0.92% Exceeding 6398 Exceeding 1.00% Exceeding 6094 Exceeding
6889H1 0.99% Exceeding 5548 Exceeding 0.99% Exceeding 6583 Exceeding
6952H1 1.06% Exceeding 7332 Exceeding 2.07% Exceeding 6627 Exceeding

Furthermore, all of the records have caused exceedance of allowable roof drift of 0.5% and base shear capacity. As in table 6.6,

degrading materials have been shown to cause a higher amount of exceedance with two exceptions.
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Figure 6.4: Base shear (kN) versus roof drift (%) of Gedikbulak building. Degrading material model (red), non-degrading

material model (blue).
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Table 6.7 : Residual displacement of Gedikbulak building.

Residual Displacements (mm)
Non-degrading Degrading

138H2 2.2 25.6
900H1 1.1 18.3
3748H1 5.1 17.1
5837H1 0.7 50.4
6888H1 3.2 3.4
6889H1 3.1 13.2
6952H1 2.9 56.6

Residual displacements have occurred during analyses. Permanent deformations
given in table 6.7 can be seen on time plots in the appendices.

6.2.2 Alakdy building

Alakdy building have experienced plastic hinging in beams in 9 cases, whereas,
columns experienced plastic hinging more in 5 cases. Degrading and non-degrading

models have similar results prooving correct correlation between them.
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Figure 6.5:Number of plastic hinges that occurred in Alakoy building.
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Table 6.8 : Summary of dynamic time-history results of Alakdy building.

Non-Degrading Degrading
Roof Drift (%) Base Shear (kN) Roof Drift (%) Base Shear (kN)
138H2 0.85% Exceeding 1353 Exceeding 1.24% Exceeding 1622 Exceeding
900H2 1.87%  Exceeding 1569  Exceeding 1.83%  Exceeding 1564  Exceeding
3748H1 2.12%  Exceeding 1634  Exceeding 1.84%  Exceeding 1572 Exceeding
5837H1 0.61%  Exceeding 1186  Exceeding  0.75%  Exceeding 1467  Exceeding
6888H1 0.69%  Exceeding 1487  Exceeding  0.71%  Exceeding 1599  Exceeding
6889H2 0.91% Exceeding 1367 Exceeding 0.77% Exceeding 1543 Exceeding
6952H2 1.35%  Exceeding 1429  Exceeding 1.75%  Exceeding 1289  Exceeding
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Figure 6.6: Base shear (kN) versus roof drift (%) of Alakdy building. Degrading material model (red), non-degrading material model
(blue).
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Table 6.9 shows residual displacement occurred during analyses. Analyses of
records 5837 H1 and 6888 H2 were stopped due to convergence issues; however,

the results are satisfactory besides residual displacements.

Table 6.9 : Residual displacement of Alakdy building.

Residual Displacements (mm)

Non-degrading Degrading
138H2 5.84 14.69
900H2 33.4 22.3
3748H1 24.1 20.8
5837H1 3.01 --
6888H1 4.49 --
6889H1 7.96 7.77
6952H2 0.72 0.82

6.3 Discussion of Results

Degrading models have resulted in greater absorbed energy, which is visible
through visual inspection of figures 6.6 and 6.4. According to Di Sarno et. al
(2015), high damage indicates high energy absorption, which occurs through
permanent deformations. That means higher damage is indicated by a greater area
covered by the base shear versus roof drift graphs. The area under the curve equals
total absorbed energy. Higher absorbed energy can also be seen on story drift
versus time graphs, in the form of residual deformations. For example, in case 6952
HI1 of Gedikbulak building, the final displacement has reached 56.6 millimeters
when degrading materials were used. At time 30.9s, the roof displacement’s
baseline shifts 40 millimeters. That is explained in part by P-delta effect’s

contribution to degraded cross sections.
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Figure 6.7: Gedikbulak building’s roof displacement versus time plot for case
6952 H1.

Generally, after reaching 0.5% drift, analyses yielded large areas under drift versus
base shear graphs,, in figures 6.4 and 6.6. This finding resonates with the fact that

damage is expected when story drift exceeds 0.5%.

Story drifts and roof displacements give valuable information about building’s
dynamic behavior. Case 6952 HI1 of Gedikbulak building shows significant
difference between non-degrading and degrading material models as shown in
figures 6.8 and 6.9. Furthermore, figure 7.8 shows the behavior of first floor and its

contribution to roof drift when degrading effects are enabled.
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Figure 6.8:  Story drift results from degrading model of case 6952 H1 of
Gedikbulak building.

74



3.00%

2.00%
1.00% H I
2 . M
2 0.00% = w-“ A
o
a

R | AN
-1.00% %
I

-2.00% 1

-3.00%

Time (s)
2nd Story 3rd Story

= 15t Story

Figure 6.9:  Story drift results from non-degrading model of case 6952 H1 of
Gedikbulak building.

Figures 6.8 and 6.9 present the strongest evidence for the difference between
degrading and non-degrading models. Non-degrading model has reached a high
story drift as well; however, despite present P-delta effects the building show

insignificant permanent deformations.

There are cases where response of non-degrading materials exceeded degrading
material cases. Non-degrading cases 900 H2 and 3748 H1 of Alakdy building have
experienced significant permanent deformation, as shown in figure 7.10. After
largest excursions in cases 3748 Hl and 900 H2, Alakdy building becomes
permanently deformed possibly due to P-delta effects. According to Abdelnaby
(2013), stiffness of the non-degrading model depends solely on maximum
displacement. Following maximum displacement, stiffness of the system reaches its
lowest value, and stays constant until the end of strong ground motion record.
Abdelnaby (2013) adds that P-delta effects have minimal role on stiffness
reduction; however, some cases in his study have experienced permanent

deformations.

Number of plastic hinging varies greatly between earthquakes. That verifies the

effect of earthquake characteristics on dynamic response.
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7. CONCLUSION

In this study two reinforced concrete school buildings have analyzed in an attempt
to simulate their behavior in Van Earthquake of 2011. The results are in good
correlation between themselves, such as pushover analyses and dynamic time-
history analyses. The results also represent the in-situ damage that has occurred
during the Van Earthquake. It can be seen from the analyses that irregularity can
affect a building’s seismic behavior. Torsionally flexible directions were the weak
directions of both buildings, as shown on pushover analyses. Also adaptive
pushover results indicate irregularity where Alakdy building 14% and Gedikbulak

building 15% more conservative results than conventional pushover analysis.

Dynamic time history analyses resulted in good correlation with in-situ conditions
of both buildings. About an equal amount of plastic hinges have occurred between
beams and columns in Alakdy building, explaining why the building have taken
serious damage but have not collapse. On the contrary, Gedikbulak building have
had more damage in the columns than in beams, explaining why the building have
collapsed catastrophically. Gedikbulak building is a government-designed building;
however, there was significant design flaws in the construction where the contractor
skipped some of the shear walls was in the original design. Conclusions of the

study are given below:
e Both buildings have behaved in-elastically in all earthquake cases.

e Even carefully selected hazard-compatible earthquakes have had drastic
differences between each other in terms of damage mechanism, prooving the
necessity of using a set of earthquake records when simulating strong ground

motion.

e Degrading models have had much more permanent deformation than non-
degrading models. Also degrading models have greater base shear to roof drift
ratio, showing that degrading models have dissipated more energy, indicating

more occurred damage.
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oStory drift threshold ratio of 0.5% was exceeded in al cases. Shear capacity

was exceeded 1n all cases as well.
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APPENDICES

APPENDIX A.1 : Capacity curves and corresponding response spectra.
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APPENDIX A.2. Gedikbulak Building’s Roof displacement versus time (s) plots.

138H2

. 150
€
£ 100
e
c
qé 50 25.6 mm of residual
Q displacement
(%]
£ o '
38 40
5 -50
<]
[~

-100

Non-degrading  <-<--<- Degrading
900H1

150
t
€ 100
=
o
€ 50 18.3 mm of residual
§ displacement
s 0 |
)
2 50
6 -50
o
<

-100

seesese Degrading Non-degrading

93



Roof Displacement (mm)

200
150
100

3748 H2

17.1 mm of residual
displacement

eeeeee Degrading

non-degrading

Roof Displacement (mm)

150

100

50

-100

-150

5837H1

50.4 mm of residual
displacement

Non-degrading

«e++e-+ Degrading

94




6889H1

13.2 mm of residual

displacement

(w) 3uswade|dsiq jooy

6888H1

-
100

RS
ek A
90

W AN NI ADNTTLS o o8 S .
70 80

LV ASCAANAS AT Y VAV SAS Y ATYPASURAS ey
'

)

0.10

(

;

-_
LN o
Q Q
o o
(w) 3uswadedsiq jooy

-0.05

-0.10

95



Roof Displacement (mm)

100

50

-100

-150

.........

Degrading

96

Non-degrading

56.5 mm of residual
displacement




Alakoy building’s roof displacement versus time plots
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Appendix A4: First Story Drifts of Gedikbulak Building
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Appendix A5: Story Drifts of Alakdy Building
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APPENDIX A.6
: Alakdy building’s plastic hinge locations. From southern end to northern end.
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APPENDIX A.7.: Gedikbulak building’s plastic hinge locations.
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APPENDIX A.7. : Earthquake records that were used in the analyses in g units.
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