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ABSTRACT

SEISMIC PERFORMANCE OF MASONRY BUILDINGS SUBJECTED TO
SYNTHETIC GROUND MOTIONS

Kog, Ahmet Bahadir
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Murat Altug Erberik
Co-Supervisor: Prof. Dr. Aysegiil Askan Glindogan

June 2019, 124 pages

Over the centuries, strong seismic activities have occurred with uncertain frequencies
in the world which caused earthquake-prone regions to be severely influenced in terms
of structural damage and economic losses. Therefore, seismic assessment approaches
have been developed to minimize the vulnerability of structures, to carry out pre-
earthquake mitigation planning and to mitigate economic losses. This study mainly
focuses on the performance estimation of unreinforced masonry (URM) structures
using synthetic ground motions, which are based on the simulated 1999 Diizce
Earthquake. The performance values of the structural parameters for URM structures
have been obtained in accordance with earthquake design specifications and literature
reviews and also represent their local characteristics. The equivalent single-degree-of-
freedom (SDOF) models are generated to simplify inelastic dynamic analysis by using
these parameters. The synthetic ground motion records are generated in the case study
Diizce region, by considering different earthquake scenarios, soil conditions and
source-to-site distances. The seismic responses of structural simulations represent
base shear versus displacement relationship. By comparing the results of displacement
obtained from inelastic dynamic analyses and the pre-defined limit states, the damage

states (DS) of URM structures are determined. At the end of the study, the sensitivity



of the structural parameters, the estimation of performance levels under different
magnitude and PGA values and the relationships between DS and independent
variables, which comprise seismological and structural parameters, are carried out and

the obtained results are interpreted by using probabilistic and statistical approaches.

Keywords: Equivalent SDOF model, Inelastic Dynamic Analysis, Limit State,

Estimation of Performance Level, Relationships Between Variables
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0z

SENTETIK YER HAREKETLERINE MARUZ KALMIS YIGMA
YAPILARIN SiSMiK PERFORMANSI

Kog, Ahmet Bahadir
Yiiksek Lisans, Insaat Miihendisligi
Tez Danigmani: Prof. Dr. Murat Altug Erberik
Ortak Tez Danigsmani: Prof. Dr. Aysegiil Askan Giindogan

Haziran 2019, 124 sayfa

Yiizyillardir diinya tizerinde kuvvetli sismik aktiviteler belirsiz sikliklarla meydana
gelirken deprem bolgeleri yapisal hasar, can kaybi ve ekonomik kayip yiiziinden ciddi
olarak etkilenmentedir. Bu sebepten dolay1 sismik degerlendirme yontemleri yapilarin
zarar gorebilirligini minimize etmek, gii¢lii depremlerden 6nce 6nlemler alabilmek ve
ekonomik kayiplari azaltmak i¢in gelistirilmektedir. Bu calisma esas olarak donatisiz
yigma yapilarin deprem performansinin tahminine 1999 Diizce depremine bagl
olarak tretilmis olan sentetik yer hareketlerini kullanarak odaklanmistir. Donatisiz
yigma yapilara ait yapisal parametrelerin performans degerleri, deprem tasarim
yonetmeliklerine ve literatiir taramalarina uygun bir sekilde elde edilmistir ve ayrica
bu tiir yapilarin yerel 6zelliklerini yansitmaktadir. Yapisal parametreler kullanilarak
olusturulan ideal tek dereceli modeller yapisal analizi kolaylastirmaktadir. Sentetik
yer hareketi kayitlari, Diizce bolgesindeki farkli senaryo depremleri, zemin tipleri ve
deprem kaynagi-kayit yeri mesafeleri diislinlilerek elde edilmistir. Yapisal
simulasyonlarin analitik davranigi taban kesme kuvveti tepe deplasman iligkisini
yansitmaktadir. Donatisiz yigma yapilarin hasar seviyesi, elastik dtesi dinamik yapisal
analizlerden elde edilen deplasman sonuglar1 ve 6nceden belirlenmis limit durumlari

karsilagtirilarak belirlenmektedir. Caligmanin son kisminda ise yapisal parametrelerin

vil



hassasligi, deprem biytlikliikleri ve yer ivme degerleri altinda performans
seviyelerinin tahmini ile sismolojik ve yapisal parametreleri i¢eren bagimsiz
degiskenler arasindaki iligki olasiliksal ve istatiksel yaklagimlar ile

gerceklestirilmistir.

Anahtar Kelimeler: Esdeger Tek Dereceli Model, Elastik Otesi Yapisal Analiz, Limit

Durumu, Performans Seviye Tahmini, Degiskenler Arasindaki Iliskiler
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CHAPTER 1

INTRODUCTION

1.1. General

Earthquake is an inevitable thread within seismically active regions in the world.
Turkey has major active faults as North Anatolian Fault (NAF), Eastern Anatolian
Fault (EAF) and West Anatolian Fault (WAF). In the last century, Turkey has
experienced serious structural damage and collapse of buildings, casualties and
economic losses due to large scale earthquakes (i.e. magnitude larger than 7.0) that
can be listed as Miirefte-Tekirdag (1912), Erzincan (1939), Erbaa-Tokat (1942),
Ladik-Samsun (1943), Gerede-Bolu (1944), Yenice-Canakkale (1953), Fethiye-
Mugla (1957), Abant-Bolu (1957), Manyas-Balikesir (1964), Mudurnu-Adapazari
(1967), Gediz-Kiitahya (1970), Muradiye-Van (1976), Golciik-Kocaeli (1999),
Kaynasli-Diizce (1999) and Tabanli-Van (2011). In order to mitigate the potential
earthquake losses and enhance safety of structures, precautions and restrictions in the

form of seismic regulations have been considered in Turkey since 1940s.

Unreinforced masonry (URM) is one of the oldest known construction types where
structures are constructed with the combination of mortar and masonry units,
commonly termed as clay brick, concrete block, irregular stone, and adobe. Owing to
their lower tensile strength capacity from the combination of mortar and masonry
units, URM structures represent brittle behavior under earthquake excitation. In
addition to this, their load-bearing masonry walls contribute to the structural system
by carrying vertical and horizontal loads. They have high inertial responses to the
earthquake action due to the existence of large mass. They are dominantly constructed
up to two stories in rural areas of Turkey as illustrated in Figure 1.1. Furthermore, the

design recommendations for URM structures and their quality control are not properly



implemented in Turkey so that they are called as non-engineering structures, which

mostly conceive severe damage or collapse after even a moderate seismic action.

Condition assessment of existing structures is an approach to identify the current
performance or damage status of structures using different techniques, named as
observed vulnerability, expert judgement, simple analytical (macro) modeling, score
assignment and detailed structural analysis in the increasing order of computational

effort, respectively (Lang, 2002).

In this study, the seismic performance of URM structures are investigated by using
simplified structural modeling and dynamic analysis through simulated ground
motions. Structural analyses are carried out with simulated ground motion datasets
obtained from the simulated records of the 12 November 1999 Diizce earthquake as
well as scenario events in Diizce and the simplified Equivalent Single Degree of
Freedom (ESDOF) models of the URM structures. The simulations of the 1999 Diizce
earthquake include different scenario earthquakes, source-to-site distances and site
conditions. Accordingly, the damage state (DS) of a structural model due to a given
seismic excitation is determined via comparing displacements obtained from the
dynamic analyses with its predefined limit states. Considering these performance
levels of URM structural models, the influences of different seismological and
structural parameters are investigated with probabilistic approaches and statistical

tools.



Figure 1.1. The pictures about URM structures from the rural area of Turkey (Tama et al., 2013)

1.2. Literature Survey on Seismic Performance Assessment of Structures

Over the last decade, methods to conduct a seismic performance assessment of
structures have been developed to investigate the challenges of past methods and the
details of the structural system. As mentioned in the previous part, there are five

seismic performance assessment techniques for different objective in literature.

The observed vulnerability technique comprises the investigation of damages of
structures by using field data from the past earthquakes. Since the application of
analytical methods is difficult to constitute structural models, this technique is
convenient for all structures, including URM. The approach by EERI (1996) was one
of the important proposals to explain how to conduct the vulnerability assessments of

buildings after an earthquake with this technique.



According to the study of Pomonis et al. (2014), the past earthquake datasets from
1986 to 2003 were used to evaluate URM structures in Greece. The past earthquake
datasets were mostly composed of technical reports compiled with damage grades of
the European Macroseismic Scale (EMS-98) developed by Griinthal (1998). Damage-
0 means no damage, Damage-1 denotes the hairline cracks in the load-bearing walls,
Damage-2 stands for the falling of larger patches of mortar from load-bearing walls,
Damage-3 presents the heavy damage and distortion of load-bearing walls, and finally
Damage-4 is for the partial or total collapse. By using these definitions of EMS-98,

the damage assessments of URM structures were conducted.

Ingham and Griffith (2011) conducted a study about the damage estimations of URM
structures after the 2010 Darfield earthquake in New Zealand (My=7.1). After the
earthquake, 958 URM buildings were evaluated by utilizing the readily available
damage assessment form constituted by local authorities. According to the results of
that study, many URM buildings remained less than 10% damage. These results reveal
that the existing URM buildings in New Zealand had been constructed by considering

earthquake design criteria.

Another technique to conduct the seismic assessment of structures is the generation of
subjective data from experts. The pioneer attempt to evaluate damage distribution of
structures with this technique was carried out under the assistance of the Applied
Technology Council (ATC), which was financially funded by the Federal Emergency
Management Agency (FEMA). The outcome report ATC-13 (1985) included the
damage probability matrices for 78 structures. 58 structures, which are selected among
78 structures in the report, were employed to predict potential vulnerability of the
structures under the various intensities of seismic actions generated from the
experience and knowledge of experts. In addition to this, the improved report, HAZUS
(1999) funded by FEMA, was published to evaluate the vulnerability of the structures
using spectral displacement-acceleration instead of the predicted intensity of seismic

action.



The major problem in the vulnerability assessment of structures is the consideration
of structural details. Thus, the use of a simple structural model has become popular to
minimize the time-consuming computational efforts in the process of structural

analyses.

D’Ayala et al. (1997) presented a case study regarding the evaluation of damage to
masonry buildings in Lisbon. The collapse mechanisms were considered with the out-
of-plane and in-plane failure modes. Damage functions of the masonry structures were
estimated and verified with the damage report of masonry structures, which was

prepared after the 1755 Lisbon earthquake.

In the study of Calvi (1999), masonry structures in Catania were solely evaluated by
simplified models with the in-plane failure mode and selected structural parameters,
namely the fundamental period, the type of masonry material and the number of
stories. These models were used to estimate the seismic performance by using the limit

states generated in terms of displacement.

Lang and Bachmann (2003) proposed considering macro models with out-of-plane
and in-plane failure modes to assess the vulnerability of URM buildings in
Switzerland. The limit and damage states were employed to achieve similar aims of
Calvi (1999). The damage estimations were carried out by generating the fragility

curve for each limit state.

Erberik (2008) carried out simplified modeling to evaluate the seismic performance
of URM structures in Turkey by using in-plane failure modes only. In that study,
fragility curve sets were generated using different structural parameters and observed
damages to URM structures in the rural area after the 1995 Dinar (My=5.9) earthquake
with the computational results. In field database, 140 rural URM buildings at different
site conditions were examined by using standard damage evaluation form. At the end
of the study, fragility curves generated from the results of structural analyses seemed
to be reasonable with the results of observed damages for the URM buildings in Dinar,

Turkey.



The purpose of the score assignment technique is to investigate seismically vulnerable
structures located in an earthquake-prone area. Major deficiencies of structures are
identified and the damage score of structures are allocated by specialists. Sucuoglu
and Yazgan (2003) carried out such a study in Istanbul by using the sidewalk survey

technique (i.e. score assignment technique).

Erberik® (2010) conducted vulnerability assessment of approximately 20,000 URM
buildings in earthquake prone districts of Istanbul with the sidewalk survey technique,
which enables rapid evaluation for a vast number of buildings. The classification of
URM buildings in terms of vulnerability were fulfilled by utilizing the structural
parameters of URM buildings, termed as the number of stories, plan geometry, load-
bearing wall material and quality, wall length and opening length in the walls. The
damage score for each URM building was obtained in order to make classifications

with respect to the performance levels.

Erberik et al. (2013) focused on a field survey of URM buildings in Antakya, Turkey.
The pre-selected 265 URM buildings were assigned damage scores using the
evaluation form for masonry buildings presented in Figure 1.2. At the end of the study,
18 % of URM buildings were found out at high risk, 72 % at moderate risk, 10% at

low risk.



EVALUATION FORM FOR MASONRY BUILDINGS

General Information:
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Figure 1.2. The evaluation form of URM buildings (Erberik et al., 2013)

In Walsh et al. (2014), commercial URM buildings in Auckland, New Zealand were
chosen to estimate vulnerability with taxonomies, which enable to identify the

buildings in field survey in terms of the geometry of the building, the height of the



building, the presence of bond beam and the type of construction material. Finally, the
researchers published a report about the requirement of retrofitting and demolition of
the URM buildings with considering damage score of each building. It was observed
that various URM buildings in Auckland were not under high risk and retrofitting can

be also a solution to remove some deficiencies of the URM buildings.

The detailed analysis technique focuses on detailed modeling of the structural system.
Even though this technique enables more accurate results while assessing the
vulnerability of structures, it requires more computational effort during structural
analyses. With this technique, finite element model and detailed micro-modeling are
utilized in some sophisticated structural models of URM structures explained as

follows.

The study of Lourenco et al. (1998) was carried out with the micro-model of masonry
structures generated with the anisotropic continuum model and the formulation of
modern plasticity. The mechanical properties of the masonry units, mortar and the
interface of masonry unit-mortar were exhibited in a micro-model. The computational
results were deemed to be reasonable when compared with the experimental results in

terms of base shear-displacement relationship.

Magenes (2006) focused on the evaluation of structural analysis methods, namely the
linear and nonlinear static analysis, with comparing their results in terms of the
distribution of internal force, overstrength ratio, and out-of-plane response. A MDOF
model of URM building was constituted with finite element method based on the

macro-model discretization.

In the recent study of Asteris et al. (2019), two historical URM structures in Athens,
Greece were examined to determine their damage levels. The structural models were
constituted with the anisotropic finite element macro-model. The fragility curves of
each structural model were generated using the results of structural analyses, which
represent displacements at the nodes within each mesh. Finally, the decision on

whether the buildings require strengthening or not was evaluated.



1.3. Objective and Scope

The main objective of this study is to evaluate the seismic performance of URM
structures with certain structural characteristics subjected to simulated ground motion
records generated with well-defined seismological parameters and to investigate the
influences of these seismological and structural parameters on the performance levels

of URM structures using statistical tools.

MDOF masonry models are converted into equivalent SDOF masonry models to
simplify the nonlinear structural dynamic analyses. The performance values of
structural parameters for the ESDOF models; namely the fundamental period, strength
ratio, ductility, post-yielding ratio, post-capping ratio, residual strength, and
degradation parameter, are determined with the local characteristics of URM
structures and also employed to identify limit states in terms of displacement. The
seismic response statistics of URM structures are obtained from the nonlinear
structural analyses conducted with the simulated ground motion datasets in the Diizce
region. This response statistics data is employed to obtain the damage states of URM

structures.

After determining performance levels for the URM structures, sensitivity analyses are
carried out to observe changes in DS for each magnitude earthquake and source-to-
site distance and site conditions with respect to varying performance values of each
structural parameter. The estimation of performance levels of URM structures for each
magnitude of earthquake and PGA value in different soil conditions are subsequently
achieved by using the probabilistic distributions. Finally, statistical tools, termed as
discriminant analysis, multiple regression analysis and principal component analysis,
are used to obtain relationships between DS and independent variables as well as to

find out the most dominant factors influencing the DS values.
The scope of this study can be explained as follows:

In Chapter 2, the ESDOF generated from MDOF models are employed to obtain force

and displacement relationship under dynamic loading in a practical way.



In Chapter 3, the dummy earthquake stations, which are employed in the simulations,
are randomly selected to obtain ground motion acceleration-time records and kept the
same for each earthquake magnitude and site soil condition. The performance values

of structural parameters are determined to carry out nonlinear structural analyses.

Chapter 4 initially presents the attainment of damage states by comparing the results
of structural analyses and pre-defined limit states of URM structures. Considering the
DS of each structural combination, the sensitivity analyses for each structural
parameter are subsequently carried out with different seismological parameters under

soft and hard soil conditions.

Chapter 5 focuses on relationships between DS and independent variables, which
includes seismological and structural parameters, with using different statistical tools,
named as discriminant analysis, multiple regression analysis and principal component

analysis.

Chapter 6 includes the summary and conclusion of the study as well as recommended

future studies.
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CHAPTER 2

EQUIVALENT SINGLE DEGREE OF FREEDOM SYSTEM

2.1. General

The increasing complexity of structures both in elevation and plan, in addition to the
diversity of architectural styles require complex analytical models with structure-
specific members and many structural parameters to be defined. As a result, structural
analysis takes time and effort and also requires well expertise in terms of the structural
system. This issue becomes even more critical in the case of multiple structural
simulations in order to assess seismic vulnerability of these complex structural
systems. Hence, the researchers in the field generally employ simplified approaches
to solve this problem. One of the most common approaches is to obtain a simple
structural system from the capacity curve of a complex structure with pushover
analysis. The simple structural model is called as an ESDOF model, which is
illustrated in Figure 2.1. According to Graziotti et al. (2014), the main target of an
ESDOF model derived from the multi degree of freedom (MDOF) model is to simplify
structural complexity in a reliable manner, to obtain the structural analysis results
more easily and to interpret the effect of different parameters on the structural
response. This process is carried out to obtain the capacity curve with pushover
analysis for MDOF model; thus, it enables to generate capacity spectrum of the

ESDOF model.

There are various nonlinear static analysis methods, which utilizes ESDOF models to
obtain the response statistics. The most popular ones are the Capacity Spectrum
Method (CSM) first proposed by Freeman et al. (1975), the Improved Capacity
Spectrum Method (ICSM) developed by Chopra and Goel (2000), the N2 method
proposed by Fajfar and Fischinger (1988), and the Modal Pushover Analysis method

11



(MPA) initially stated by Paret et al. (1996). These methods have been stated as the
conventional nonlinear static analysis methods (Themelis, 2008). The most recent
nonlinear static analysis method is the energy-based approach to overcome the

deficiency of the conventional pushover methods explained in the following part.

From the development of the CSM up to date, many different approaches have been
proposed and some of these approaches have also been implemented into the
international documents such as ATC-40 (1996), EC-8 (CEN 1995), FEMA-273
(1997). This chapter deals with the idealized structural modeling used in this study
and the presentation of the parameters for the selected hysteresis model that simulates

the nonlinear responses of the idealized structures.

Q‘H :[

Tes
Fundamental Equivalent
MDOF Mode Shape SDOF
Vector {D}

Figure 2.1. Derivation of ESDOF from MDOF (Themelis, 2008)
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2.2. Previous Research on ESDOF Systems

CSM is the oldest nonlinear static analysis technique that can be used as a practical
tool with the conversion of an MDOF model to an ESDOF model for the seismic
assessment of multi-story structures. This method was proposed in 1970s by Freeman
et al. (1975), who are the pioneers to develop the nonlinear static procedure. In CSM
method, the elastic design spectrum and the capacity curve should intersect with each
other to give the performance point of the selected structure under earthquake
excitation. The capacity curve is obtained by using equivalent maximum base shear
forces and equivalent maximum displacements. Hernandez-Montes et al. (2004) stated
that capacity curve of a structure is obtained by applying incremental lateral loads with
step by step nonlinear static analysis. It is converted to ESDOF model with capacity
spectrum; then, the maximum displacement and maximum base shear of ESDOF
model can be obtained. In CSM, the first mode of structures is dominant to estimate
capacity spectrum according to the ATC-40 (1996) and FEMA-273 (1997). In order
to convert an MDOF system to an SDOF system in this method, bilinearization,
meaning that the capacity spectrum curve and bilinear representation are associated

with the equal energy absorption capacity, is carried out.

Base shear and displacement of ESDOF nonlinear systems are obtained from the
intersection point of capacity spectrum and elastic demand spectrum represented in
the acceleration-displacement spectrum (ADRS) format in Figure 2.2 by utilizing the

spectral acceleration and spectral displacement equations shown as follows:

Sa= al:bm @2.1)
u
Sa= 1 ; (2.2)
oy [m' ]t
PF, = o (2.3)
= _IZmigg)” (2.4)
T m I m gy '
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where S, is the spectral acceleration, Sq is the spectral displacement, V" is the base
shear, m" is the effective mass, u is the roof displacement of the real model, o is the
modal mass coefficient, ¢;; is the modal amplitude at story level “i” for mode “j”, PF;

is the first mode participation factor, @ is the constant deformation shape vector of the

equivalent SDOF model.
A
Elastic Design spectrum
Intersection point of elastic design
1] spectrum and capacity spectrum based
! I on equal displacement rule
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Figure 2.2. The intersection of capacity and elastic design spectrum (Themelis, 2008)

ICSM proposed by Chopra and Goel (2000) is basically a modification of the CSM.
This method is distinguished from the CSM since the ICSM is conducted by using the
inelastic design spectrum with constant ductility instead of the elastic design spectrum

as illustrated in Figure 2.3.
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Figure 2.3. Application of the improved capacity spectrum method (Themelis, 2008)

N2 method proposed by Fajfar and Fischinger (1988) has been developed as an
alternative to the CSM. The method employs base shear versus roof displacement
relationships as other types of the methods, which contribute to the improvement of
nonlinear seismic analysis through ESDOF model. The main assumption of the N2
method is the employment of a constant deflection shape during a ground motion
excitation. After obtaining the inelastic design spectrum in the N2 method, force-
displacement relationship for the nonlinear ESDOF model is developed to calculate
performance-based values of ESDOF model by converting from pushover curve of the
MDOF model (Fajfar, 2000). According to Fajfar and Fischinger (1988), shear force
should be increased with the factor of safety to get the conservative results for the
ESDOF model because they realized that nonlinear static analysis results yield higher
shear forces for the MDOF model than the EDSOF model due to the higher mode

effect. Inelastic spectra of ESDOF model is defined with equations as shown below:

Sa= 1 (2.5)
Sa=r Se (2.6)
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T2
Sde = F Sae (27)

T*
Ry=(u-D) +1 (2.8)

where Sqc is the elastic spectral acceleration, Say is the yield spectral acceleration, Ry,
is the ductility reduction factor, Sqe is the elastic spectral displacement, p is the

ductility factor and T is the fundamental period.

If elastic period value (T") is equal to or greater than the characteristic period of the

ground motion (T¢), the equal displacement rule governs, i.e R,= L.

The base shear (Vy) and the top displacement (Dy) of the MDOF model are used to
calculate the base shear (Vy') and the top displacement (D;) of the ESDOF model,
respectively. The conversion from the MDOF model to the ESDOF model is carried
out with the parameter I', called as the modal participation factor. The related

relationships are shown below:

x Dy

D=3 (2.9)

vy = (2.10)
p— m*

r‘sz 2.11)

m =Ym ¢, (2.12)

Vo=pXm; ¢, (2.13)

Utilizing V»~ and D;" for the ESDOF model as stated in the presented equations,
yielding strength (V") and yielding displacement (Dy") are predicted on the idealized
bilinear curve using T" of the equivalent SDOF model as follows (Figure 2.4):

* *
m ny

T =21 _
Vy

(2.14)
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Figure 2.4. Dy* and Vy* prediction using T* of ESDOF model (Fajfar, 2000)

Another conventional pushover method proposed by Chopra and Goel (2001) is the
modal pushover analysis (MPA). This method is based on the CSM contributions of
modal force distributions for the selected number of modes. Owing to the weakness
of the other mentioned pushover methods in terms of the effect of higher mode, MPA
method can be used to get accurate results. ESDOF model for j™ mode can be obtained
with base shear and deformation obtained by using the idealization of MDOF model

pushover curve as shown in Figure 2.5 as follows:

Fg; %
V= L—JJ my; (2.15)
Dj=—0L 2.16
e (2.16)

where Vy,; is the base shear of MDOF for mode j, m;” is the effective modal mass of
mode j, Fsj is the base shear of ESDOF model for mode j, uy is the top displacement
of MDOF model for mode j and ¢n; is the top modal shape of MDOF model for mode
j, Dj which is derived from Ij, modal participation factor for mode j, is the

displacement of ESDOF model for mode j.
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Figure 2.5. The application of MPA (Chopra and Goel, 2001)

As shown in Figure 2.5, the yielding stiffness and post-yielding stiffness values for

ESDOF model are estimated according to Equations 2.17-2.19.

2_m
0 = 2.17)
Ky = —on (2.18)
Urny
Kun = Kyt (2.19)

where o is the post-yielding stiftness ratio, mn is the frequency of the structure, kyn is
the yielding stiffness, kun is the post-yielding stiffness, Vony is the yielding base shear,
Urmy is the yielding displacement for the n'™ modal shape of ESDOF model.

The contemporary approach to convert an MDOF model to an ESDOF model is the
energy-based method, which eliminates the arbitrary selection of floor and roof
displacement of the conventional pushover methods (Kotanidis and Doudoumis,
2008). Hernandez- Montes et al. (2004) stated that the energy-based approach
fundamentally depends on the work done by lateral forces for each mode at each floor,
and so shear force and displacement at each step are calculated to obtain energy-based

shear force and displacement. These are represented in Figure 2.6 with the equivalent
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SDOF model as the energy-based shear force and total displacement. Furthermore, the
energy-based approach does not enable to the possible reversal negative displacement
at the higher modal shape so that the roof displacement does not decrease with
incremental lateral loads. Krawinkler and Seneviratna (1998) stated that the high
sensitivity relevance for the higher mode in terms of story shear force and story drift

cannot be properly examined with the conventional pushover methods.

F*\' = F¥( d'\.‘mm‘]
O = X (AS%)
HF = (;;'gma\/ 5'*\'

I = 16F* 8x (2% -1)

0 *y Tﬁh Oy
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:
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! F*AS+ = 5, Fy(Ady)

Figure 2.6. Energy-based approach through ESDOF model (Parducci et al., 2006)

As stated above, for all techniques including the conversion of an MDOF model to an
ESDOF model, idealization is a common approach to observe the response of the
structure under lateral load. Furthermore, structural analysis is definitely simplified by
estimating an ESDOF model. Therefore, structural analyses can be carried out in a
practical and simple manner in terms of the displacement and base shear with selecting

a proper hysteresis model.

2.3. Hysteresis Model Used in This Study

Over the last decades, performance-based design has been popular to classify

structural damages, which cause huge economic losses and human casualties with
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severe earthquakes, by using structural hysteresis response. Therefore, extensive
research was carried out to develop hysteresis models that simulate the idealized
seismic behavior of different structural systems and components. One of the first
proposed hysteresis models was the elastoplastic model shown in Figure 2.7. Due to
the fact that this primitive model does not have incremental load capacity after yield
displacement point is exceeded, the bilinear degrading stiffness model was developed
by Clough and Johnston (1966) as illustrated in Figure 2.8. In these models, unloading
stiffness is parallel to the initial elastic stiffness of the structure. Taking into account
the absence of strength degradation of hysteresis model suggested by Clough and

Johnston (1966), various hysteresis models have been developed by researchers.
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Figure 2.7. Elastoplastic hysteresis model
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Figure 2.8. Bilinear hysteresis model by Clough and Johnston (1966)

One of the recent models is the modified Ibarra-Medina-Krawinkler (MIMK)
deterioration model with peak oriented hysteresis response, which simulates all types
of degradation of the structure or the component under the cyclic loading (Ibarra et
al.,, 2005). Owing to the weakness of the original MIMK deterioration model in
representing the asymmetric hysteresis behavior, the deterioration model has been
further enhanced by Lignos and Krawinkler (2012). The model is presented in Figure
2.9 in the form of a cyclic moment versus chord rotation relationship. In this study,
the cyclic moment versus chord rotation relationship is used by converting it into a
cyclic force-displacement relationship of the ESDOF model. There are three cyclic
deterioration modes in the MIMK deterioration model with peak oriented hysteretic
response; basic strength deterioration, post—capping strength deterioration and
unloading stiffness deterioration, respectively. Furthermore, according to this model,
there are three strength limit states as the effective yield strength (fy), capping strength
(fc) and residual strength (f;), respectively. Accordingly, there are four displacement
limit states as the effective yield displacement (uy), capping displacement (uc), residual

displacement (u;) and ultimate displacement (u,) capacity, respectively.
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Figure 2.9. The MIMK deterioration model with peak oriented hysteretic response, Lignos and
Krawinkler (2012)

The strength and displacement limit state parameters stated above can be defined in
terms of stiffness values of the backbone curve as shown in Figure 2.10. These
stiffness values, which are named as initial elastic stiffness (ky), post—yielding

stiffness (ku), post—capping stiffness (k;) are given in Equations 2.20 -2.22.

k=2 (2.20)
Uy

ku=ky(’-s (221)

ke =Ky e 2.22)
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The strain hardening ratio (as) and post-capping stiffness ratio () given in Equations
(2.21) and (2.22) enable to determine the post-yielding stiffness (ku) and post—capping
stiffness (k:), respectively.

Other fundamental parameters related to strength and displacement capacities are
explained in the proceeding equations. The force-based parameters, namely f., f; and
fy, are directly related to the predefined structural and material properties. In Equation

2.24, parameter A is called as the residual strength ratio.

fo =k, (ue- uy)+ £, (2.23)

fi=L1, (2.24)
T.2

uy =[] (f, g)/W (2.25)

T=2n \/kﬁ (2.26)
Yy

Uc =L Uy (2.27)

=gt £ (2.28)

Uy =cC U, (2.29)

In Equation 2.25, the utilized symbols are gravitational acceleration (g) and structural
weight (W), which is depending on the selected size of the structural plan and material.
The symbol ¢ in Equation 2.29 is used to estimate ultimate displacement on the

hysteretic model.
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Figure 2.10. Strength and displacement limit parameters in the bilinear curve

In this study, MIMK deterioration model with peak oriented hysteresis response is

employed to obtain the form of a base shear versus displacement relationship.
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CHAPTER 3

SEISMIC ANALYSIS OF MASONRY STRUCTURE

3.1. General

This chapter focuses on seismic analysis of unreinforced masonry (URM) structures
idealized as an equivalent SDOF model, which employs MIMK deterioration model
with peak oriented hysteretic response. The selection of ground motion dataset is
important to properly observe the effect of the dynamic lateral forces on a URM
structure. In order to observe all damage states of a URM structure in an explicit
manner, the ground-motion dataset should not only cover high intensity levels but
should also have low and moderate levels of seismic intensity. In addition, it is
particularly important to use region-specific ground motions for any structure of
interest. To represent all seismic intensity levels using recorded ground motions of
regional seismic character is not possible given the inherent sparse nature of moderate
to large earthquakes. For these purposes, this study is carried out by using the synthetic
earthquake dataset, which was developed by Karimzadeh et al. (2017) using ground
motion simulation of the 12 November 1999 Diizce Earthquake. In that study, not only
the real records of the 1999 Duzce event are simulated but also dummy stations are
defined where anticipated ground motions are modeled. In this thesis, the recording
stations, which are used to investigate the effects of source, soil types at the stations
and distances to the fault are randomly selected from simulated records of the 1999
Duzce earthquake. Then, the filtering of the ground motion dataset is performed. An
ESDOF model is used to facilitate seismic analysis with the OpenSees software. In
this study, fundamental period, strength ratio, ductility, post-yielding ratio, post-
capping ratio, residual strength and hysteresis model degradation parameters are
selected as the structural parameters to observe their effects on the URM models under

the selected simulated ground motion records. The Newmark method is used to
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conduct the nonlinear dynamic analysis to obtain the results for all combinations of
the structural parameters in the URM models. The statistical evaluations of the

structural analyses results will be presented in detail within the next chapter.

3.2. Ground Motion Dataset of the Diizce Earthquake

The selected input ground motion dataset has an important role in obtaining reasonable
and physical results from seismic analyses. The following sub-sections explain
processes of the generation and selection of the simulated ground motion dataset in

detail.

3.2.1. General Information About the Diizce Earthquake

Anatolian plate is located between the Eurasian plate in the north and the African and
Arabian plates in the south. North Anatolian Fault (NAF) Zone is the longest and the
most active tectonic structure on the Anatolian plate. The Diizce earthquake that
occurred on 12 November 1999 is one of the recent major earthquakes generated by

the NAF within the last century (Figure 3.1).

The Diizce earthquake is characterized by a right lateral strike-slip fault rupture with
a moment magnitude (My) of 7.1, and it caused thousands of fatalities and injuries as

well as extensive damage to structures (Sucuoglu, 2002).
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Figure 3.1. The location of the Diizce earthquake (Tanircan et al., 2017)

3.2.2. Simulated Ground Motion Records of the Diizce Earthquake

Owing to the existence of severe earthquake excitations, many engineering structures
are exposed to nonlinear behavior. In order to represent nonlinear behavior of
structures in a simplified manner, it is essential to conduct nonlinear time history
analyses by using the full-time acceleration records of ground motions. Recently, the
simulation techniques for ground motions have been prevailed among the

seismologists due to the existence of sparse seismic networks (Askan et al., 2013).

Ground motion simulations used in this study were conducted for the Diizce
earthquake as a case study in Karimzadeh et al. (2017) to understand whether
simulated ground motion records can be practically and realistically used for the

dynamic analysis of MDOF structures. For the simulation of the ground motion
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records, the stochastic finite-fault method, based on dynamic frequency approach, was
utilized. Previously, Ugurhan and Askan (2010) stated that the method can be
considered as a suitable method to constitute synthetic ground motions since
stochastic technique enables to generate acceleration records containing a wide range
of frequencies. Stochastic finite fault method can be conducted at dummy stations,
where there are no real records with the simulation parameters. It must be noted that
the simulation parameters are first validated at real station locations by comparing
against real records. Then, they are used to simulate acceleration records at dummy
stations. In the stochastic finite fault method, smaller sub-faults are initially defined
on the original rectangular fault plane with discretization. Thus, each sub-fault can be
associated with a stochastic point source and the motions of each sub-fault are
accumulated to model the acceleration time histories of the 1999 Diizce earthquake at

the selected dummy and real stations.

3.2.3. The Selection of the Simulated Time-History Records from the Generated

Stations

In the study of Karimzadeh (2016), two different regions around Duzce were designed
to model the simulated time-history records. One of them was generated in a larger
area with 66 dummy earthquake stations, and another one contains a smaller area with
280 dummy earthquake stations closer to the fault zone. Thus, a total of 344 dummy
earthquake stations were considered between the Eastern longitudes 30° and 32° and
the Northern latitudes 40° and 42°. In order to observe the variations in PGA values,
the 280 nodes (dummy earthquake stations), which are represented in Figure 3.2, are

used in this study.
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Figure 3.2. The 280 dummy earthquake stations defined in Karimzadeh (2016) in the smaller box
within the Duzce region

Scenario events of magnitudes Myw= 5.0, 5.5, 6.0, 6.5, 7.0, 7.1 were previously
simulated in Karimzadeh (2016) for two site conditions which are classified as the soft
and hard soil type. Out of 280 stations, 20 of them as represented in Figure 3.3, are
selected in this study. Therefore, 240 distinctive time-history earthquake records are
obtained to carry out nonlinear dynamic analysis of the ESDOF models. The first 120
records represent the soft soil type, including 20 records for each magnitude value.

The last 120 records represent the hard soil in the same manner.

29



41

€338
40,95 221
116
40,9 150
o G
40,85 - 331
198
40,8 | |9 129 c ¢
[ e = |~
40,75 @ [ [ 279
¢ e 5 128 179 214
40,7 ¢ 262
95 e 177
40,65 127 176
207 306
40,6 € ©
31 31,2 31,4
® Selected Earthquake Stations Estimation of Surface Projection of the Fault Plane

Figure 3.3. The location of the selected earthquake stations with respect to the Duzce fault

PGA is employed as the major parameter to select the earthquake stations and the
corresponding stations since it is dominantly effective in representing the seismic
response of masonry structures. Therefore, selection of the earthquake stations is
carried out by using the PGA values between 0.1g and 1.0g (g is the gravitational
acceleration) taken from the magnitude 7.1 scenario for the soft soil conditions. The
same stations are used for the entire magnitude range of interest. The PGA values are
equally divided to ten intervals to have a minimum of random two PGA values at each
interval as given in Table 3.1. The purpose is to cover all the range of seismic response

from the elastic behavior to collapse for the ESDOF models considered.
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Table 3.1. PGA values of the selected nodes

Soft Soil (PGA Values) Hard Soil (PGA Values)
Sfli)e(‘l’gd M5 | M5.5 | M6 | M6.5 | M7 | M7.1 | M5 | M5.5| M6 |M6.5| M7 [ M7.1
306 0.01] 0.03 [0.06] 0.07 [0.11] 0.16 [0.01] 0.02 [0.05] 0.06 [0.10] 0.13
338 [0.01] 0.04 [0.07] 0.11 [0.14] 0.19 [0.01] 0.03 [0.06] 0.08 [0.16] 0.15
207 [0.01] 0.03 [0.07] 0.10 [0.13] 0.21 [0.01] 0.03 [0.06] 0.08 [0.10] 0.14
221 [0.02] 0.05 [0.10] 0.13 [0.21] 0.26 [0.01] 0.04 [0.08] 0.10 [0.17] 0.21
176 0.02] 0.05 [0.11] 0.17 [0.22] 0.32 [0.01] 0.04 [0.09] 0.13 [0.17] 0.23
150 [0.02] 0.06 [0.15] 0.30 [0.35] 0.39 [0.02] 0.05 [0.12] 0.24 [0.31] 0.34
177 [0.02] 0.05 [0.14] 0.18 [0.29] 0.40 [0.02] 0.04 [0.11] 0.14 [0.22] 0.32
116 [0.02] 0.04 [0.11] 0.28 [0.43] 0.47 [0.01] 0.03 [0.09] 0.22 [0.35] 0.35
128 [0.02] 0.06 [0.11] 0.32 [0.62] 0.55 [0.01] 0.04 [0.09] 0.26 [0.34] 0.50
127 [0.02] 0.05 [0.10] 0.23 [0.48] 0.57 [0.01] 0.04 [0.08] 0.19 [0.26] 0.41
179 [0.02] 0.08 [0.19] 0.31 [0.44] 0.61 [0.02] 0.06 [0.29] 0.25 [0.55] 0.44
262 [0.04] 0.12 [0.25] 0.25 [0.51] 0.65 [0.03] 0.10 [0.19] 0.20 [0.32] 0.46
95 [0.01] 0.03 [0.09] 0.21 [0.52] 0.71 [0.01] 0.03 [0.07] 0.17 [0.34] 0.49
279 [0.04] 0.10 [0.26] 0.28 [0.48] 0.72 [0.03] 0.08 [0.20] 0.22 [0.30] 0.51
230 [0.04] 0.14 [0.37] 0.37 [0.64] 0.78 [0.03] 0.11 [0.30] 0.29 [0.38] 0.56
214 [0.02] 0.12 [0.33] 033 [0.64] 0.82 [0.02] 0.10 [0.28] 0.26 [0.43] 0.61
198 [0.05] 0.10 [0.37] 0.56 [0.91] 0.84 [0.04] 0.08 [0.29] 0.44 [0.55] 0.68
96 [0.01] 0.05 [0.11] 0.30 [0.71] 0.88 [0.01] 0.04 [0.08] 0.23 [0.57] 0.69
331 [0.02] 0.07 [0.16] 0.23 [0.70] 0.93 [0.02] 0.06 [0.12] 0.18 [0.51] 0.71
129 [0.02] 0.05 [0.13] 0.42 [ 1.00] 0.99 [0.01] 0.04 [0.10] 0.33 |0.51] 0.68

Even though ground motions result from complex phenomenon beneath the ground
during earthquakes, the differences of PGA values among the earthquake stations for
the same moment magnitude are usually due to two fundamental independent
variables, namely the site condition and distance of the earthquake stations to the fault.
The site classes are defined as a function of the top 30-meter average S wave velocity
Vs30 while the distance metric used in this study is Joyner-Boore distance (Rjg). In
Figure 3.4, the most commonly used source to site distance measurements are
represented that Ry is defined as the shortest horizontal distance to the surface
projection of the rupture area, epicentral distance metric (i.e. Repic or Ry) is the distance

from earthquake epicenter to source and the minimum distance from fault plane to

source is stood for Rrup.
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Figure 3.4. The most commonly used fault distances types (Kaklamanos et al., 2011)

Epicentral distance metric has been used widely in the past; however, Rjg is a better

metric to represent the effect of fault rupture particularly for large earthquakes.

3.2.4. Filtering and Baseline Correction of the Time-History Records

Existence of noise in ground motion records can prevent getting appropriate seismic
responses from acceleration time-histories. Therefore, the frequency filtering, one of
the popular seismic filtering techniques, can be applied when the frequency of signal

and noise are different from each other.

Frequency filtering is being conducted with five major filter types; namely band-pass
filter, low pass filter, high pass filter, notch filter, and band reject. Among these, the
band-pass filter is the most common filtering technique since a seismic trace can
consist of lower and higher frequencies such as ambient noise (Smith, 1958). In order
to examine higher and lower period values together in this study, the band-pass filter

is preferred to meet the requirements of the filtering. SeismoSignal software is used
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to filter the time-history data with the band-pass frequency, ranging from 0.10 to 25.0
Hertz.

Guorui and Tao (2015) stated that baseline correction enables seismological studies to
have credible displacement, velocity, and acceleration time series. In order to get
reasonable outcomes from the baseline correction application, it requires the following

two conditions:
(1) The end of velocity time-history of the ground motion record should be zero.
(2) The displacement history approaches a constant value with time.

Linear baseline correction is carried out by utilizing SeismoSignal software as well as

the frequency filtering.

3.3. The Modeling of the URM Structures as ESDOF Systems

The URM structures are modeled with the OpenSees software command rules for the
node, element, constraint, material property, and element section. The ESDOF models
are defined by the model basic command. Each node of the model is described and
assigned to construct a nodal object. As shown in Figure 3.5, the element of the model

is constituted among the 1% and 2" nodes.

The single-point homogeneous boundary constraint is assigned to the 1% node as fully
fixed support. The hysteretic response is considered with MIMK deterioration model
with the peak-oriented to demonstrate the force-displacement relationship of the
model under the lateral loads. The section of the object is identified as the uniaxial
section that enables to represent a single section force-deformation response quantity.
The rotational hinge also captures the nonlinear behavior of the element; therefore, it
is used to represent a bilinear hysteretic response based on the MIMK deterioration

model.
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Figure 3.5. The model of URM structure

3.4. ESDOF Parameters for the URM Models

URM structures are seismically vulnerable because they can be destroyed during even
moderate earthquakes. Therefore, they have caused serious physical losses during past
earthquakes. Masonry structures generally exhibit rigid and brittle behavior, therefore
although they have high lateral capacity, if threshold is exceeded during a major
earthquake, the structures reaches to the displacement capacity rapidly due to limited
ductility.

In this part, the prominent structural parameters, namely fundamental period, strength
ratio, ductility ratio, post-yielding ratio, post-capping ratio, residual strength and
hysteresis model degradation parameters, are investigated to elaborate their effects on
URM structures in terms of seismic vulnerability. In order to conduct a parametric
study, the considered parameters are varied in discrete values within a range of

minimum and maximum limits, which are determined by the local characteristics of
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masonry structures. The aforementioned parameters are introduced in the following

sub-sections.

3.4.1. Fundamental Period

Fundamental period of the structure (abbreviated as T) is one of the most essential
parameters to demonstrate the dynamic behavior of the ESDOF model. Fundamental
period of the structure is predicted by utilizing the vibration measurements taken from

real structures. It is, then, verified with computational eigenvalue analysis.

There are three commonly used empirical formulas to estimate the fundamental period
of masonry structures: the formulation in ASCE (2005), the formulation in Eurocode-
8 (1995), and the simple rule of thumb formula in Erberik (2008) for masonry

buildings as given in Equations 3.1 -3.3.

According to ASCE (2005):

T=0.02H*7 (3.1)
According to Eurocode-8 (1995):

T=0.05H°7° (3.2)
According to the basic formulation:

T=0.06N (3.3)

where T is a fundamental period of masonry structure, H is the height of the structure,
and N is the number of stories. Based on these formulations and the work of Guerrini
et al. (2017) on Italian masonry buildings, the parametric values for fundamental

period of masonry buildings are selected as 0.05, 0.1, 0.2, 0.3, and 0.4 seconds.

The weight of the ESDOF models is also correlated to the fundamental period of the
structure with consideration of the number of stories. Similarly, the fundamental

period values are orderly matched with the number of stories as represented in Table
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3.2. In addition to this, the weight of the structural model is calculated by multiplying
the unit weight of URM buildings, assumed as 15 kN/m?. This value has been used in
some studies including Shahzada et al. (2012), who conducted an experimental study
with brick material for two story URM buildings. The area of the plan geometry is
assumed as 10x10 m? for regular URM building as shown in Figure 3.6.

Table 3.2. The weight of the structure with respect to the fundamental period

period number width length unit weight total weight
(second) | of stories | (meter) (meter) (kN/m?) (kN)
0.05 1 10 10 15 150
0.1 2 10 10 15 300
0.2 3 10 10 15 450
0.3 4 10 10 15 600
0.4 5 10 10 15 750
el L Ly

10

Figure 3.6. The structural plan of URM structure
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3.4.2. Strength Ratio

There are few experimental studies to estimate the strength ratio (abbreviated as n) of
URM structures. In the literature, Benedetti et al. (1998) carried out the experimental
tests with 119 shaking-table tests on 24 non-engineering URM buildings, which were
constructed with stone and brick units. The specimen buildings were constructed as
half-scale two-story structures. The base shear coefficient, considered as strength

ratio, was determined in the range of 0.1-0.3 according to the results of the tests.

Yi et al. (2004) conducted some experimental tests to find out the shear behavior of
several URM wall specimens. The authors aimed to specify failure type and propose
a strength ratio for the tested URM wall specimens by applying a multivariate
regression analysis. According to the test results, the tested walls were primarily
influenced by rocking failure mode. In addition, a best fit equation was obtained from
the regression analysis with the coefficient of correlation R 0.9889 and the rocking

strength / actual strength ratio for the tested specimens was proposed as 1.03.

Tomazevic et al. (2004) performed an experimental study to determine the base shear
coefficient of masonry buildings by testing 1/5 scale multi-story URM buildings and
confined masonry buildings with different types of masonry materials. The test results
revealed that the strength ratios of the tested masonry structures were approximately

ranging from 0.5 to 1.9 as illustrated in Figure 3.7.
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Figure 3.7. Experimental base shear coefficient versus rotation angle relationship (Tomazevic et al.,
2004)
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The strength ratio of URM buildings in the literature is generally higher than the
strength ratio of actual URM buildings constructed in Turkey since material quality,
workmanship, quality control, and design standards are not properly implemented in
Turkey. If the previous Turkish Earthquake Code (TEC)-2007 is considered to assess
the design strength ratio for Turkish masonry structures, the following equation can

be employed.

Vo AGIS(T)
w1\ TR,

(3.4)
where Vy is the base shear force, W is the weight, A, is the seismic zone coefficient,
I is the building importance factor, S(T) is the spectrum coefficient, and Ra is the
seismic load reduction factor. In the code, the values R,=2, S(T)=2.5 and I=1 are
proposed to design a masonry building. Since coefficient A, is a function pf seismic
zone in TEC (2007), the values of design strength ratios range between 0.125 and 0.5

as given in Table 3.3.

Table 3.3. Design strength ratio values according to TEC (2007)

Seismic Zone 1 2 3 4
Ao 04 0.3 0.2 0.1
Vb/W 0.5 0.375 0.25 0.125

Considering all the discussion above, the parametric values of strength ratio for URM

structures in this study are considered as 0.1, 0.3, 0.5, 0.7 and 0.9, respectively.

3.4.3. Ductility Ratio

Ductility ratio (abbreviated as p) is another important structural parameter that
represents displacement capacity of structures. The relationship of p with the

maximum displacement is known as
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= e (3.5)

Uy

where p is the ductility ratio, umax is the maximum displacement, and uy is the yield

displacement.

In the literature, Zavala et al. (2004) carried out a field test for a full-scale two-story
URM building composed of brick units. The test was conducted with a static load.
According to the test results which demonstrate hysteresis response of the structures,

the authors stated that ductility ratio was approximately obtained as 2.8.

Magenes (2006) conducted nonlinear static analyses of URM buildings ranging from
one to three story, with a simple plan and constructed with hollow clay elements. It
was aimed to find the ductility ratio and compare the value with the one obtained from
the Italian seismic code. According to the results, the ductility of regular URM

structures was proposed as 4.4.

Magenes and Penna (2011) carried shaking table tests with three stone masonry
building specimens. The buildings were scaled by a 1/2 model. At the end of the tests,
ductility ratio was approximately determined from the cyclic force-displacement

curves as 5.0 as illustrated in Figure 3.8.
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Figure 3.8. Cyclic force-displacement curve (Magenes and Penna, 2011)
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Lourenco et al. (2012) conducted shaking table tests with an URM building composed
of concrete masonry units. The structure was scaled by a 1/2 model. According to the

test results, the ductile ratio of the structure was observed as 5.57.

As stated above, Turkish URM buildings generally have poor material quality and
workmanship so the values of structural parameters for Turkish URM structures
should be lower than the ones in the countries where the aforementioned studies in the
literature have been carried out. Therefore, the parametric values of ductility ratio are

respectively assumed as 2.0, 2.5, 3.0, 3.5 and 4.0 in this study.

3.4.4. Other ESDOF Model Parameters

In addition to the major structural parameters for URM buildings in the previous
sections, there are also secondary parameters of the employed hysteresis model such
as post-yielding ratio, post-capping ratio, residual strength ratio, and model
degradation parameter that should be utilized for the parametric study. In this study,
the presumed values of these secondary parameters can be stated with 3 different
discrete values that the post-yielding ratio (as) is assumed as 0.0, 0.05 and 0.1, the
post-capping ratio (o) is assumed as -0.4, -0.3 and -0.2, the residual strength ratio (L)
is assumed as 0.0, 0.2 and 0.4, and the model degradation parameter (y) is assumed as
200, 400 and 800. Furthermore, the rate of strength deterioration is taken constant as

1.0, which is the default value in the OpenSees platform.

3.5. Classification of the URM Structural Parameters

Finally, all the selected values for URM buildings are represented in Table 3.4. As
seen in Table 3.4, the URM buildings are classified as very rigid, rigid, average,
flexible, and very flexible in terms of period while classified as very poor, poor,
moderate, high, and very high in terms of seismic performance for the remaining

structural parameters.
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Table 3.4. Assigned values of structural parameters for URM buildings in this study

. . . - . . . Very
Vibrational Properties | Very rigid | Rigid | Average |Flexible flexible
Period (T) 0.05 0.1 0.2 0.3 0.4
Seismic Performance | Very poor | Poor |Moderate| High | Very High
Strength Ratio (1) 0.1 0.3 0.5 0.7 0.9
Ductility Ratio (p) 2.0 2.5 3.0 3.5 4.0
Post-yield ratio (as) 0 0.05 0.1
Post-capping ratio (o) -0.4 -0.3 -0.2
Residual strength ratio 0 0.2 0.4
) .

Model degradation 200 400 200

parameter (y)

There are either 3 or 5 sub-classes with discrete values, depending on the considered
structural parameter. Accordingly, major parameters (T, n and p) have 5 different
values whereas secondary parameters (as, or, A and y) have 3 different values. The
average (or moderate) values can be considered as the central (or mean) values. Other
values are regarded as plus or minus deviations from the central value. In total, 10,125
unique structural combinations can be obtained for the URM model simulations.
Besides, 240 different time-acceleration ground motion records are applied to each
combination of the structural model. At the end of the structural analyses, 2,430,000
distinctive displacement and force responses are obtained to carry out damage
estimation of the structures and statistical approaches. In order to handle this huge
response statistics and draw conclusions out of it, some abbreviations are used for the

sub-classes of each parameter as given in Table 3.5.
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Table 3.5. The abbreviations for each sub-class of the structural parameters

parameter (y)

:’igg Rigid | Average | Flexible | Very flexible
Period (T) T1 T2 T3 T4 T5
Very
poor | Poor | Moderate | High Very High
Strength Ratio (n) F1 F2 F3 F4 F5
Ductility Ratio (p) Ml M2 M3 M4 M5
Post-yield ratio (o) Y2 Y3 Y4
Post-capping ratio (o) C2 C3 C4
Residual strength ratio (A) R2 R3 R4
Model degradation D2 D3 D4

3.6. Structural Nonlinear Dynamic Analysis

As mentioned previously, approximately 2.5 million dynamic analyses are carried out

in this thesis in order to investigate the effect of seismological and structural

parameters on the seismic performance of URM structures. This is a huge number of

analyses and can only be realized in the case of SDOF analysis demanding little

computational effort, where a single analysis takes a few seconds. All of the analyses

have been carried out with the OpenSees software. The Newmark integration method

has been used to obtain the numerical results of SDOF analyses. The following

chapters are devoted to the presentation of the seismic analyses results and their

statistical evaluation.
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CHAPTER 4

ASSESSMENT OF PERFORMANCE FOR URM STRUCTURES

4.1. General

This chapter focuses on the sensitivity analysis regarding the effect of different
seismological and structural parameters on seismic performance of URM structures.
Structural modeling and idealization of URM structures were discussed in Chapter 2
and the modeling parameters were determined in Chapter 3. In this chapter, results of
the dynamic analyses are evaluated using a parametric approach and the significance
of each parameter is assessed in a detailed manner. In this study, the limit states (LS)
are defined in terms of the yielding displacement (uy), capping displacement (uc),
residual displacement (u;) and ultimate displacement (u,) for each structural
simulation. These limit states are indeed the bounds of the damage states (DS), which
are employed to determine the performance levels of URM models. These damage
states are used to assess the influence of different seismological and structural

parameters on the seismic performance of URM models.

4.2. Attainment of Limit and Damage States

Limit states are predefined specific performance thresholds, which are expressed in
terms of a local or a global structural parameter such as capacity, stress, displacement,
strain, rotation, etc. They have been commonly used within the last decades in
performance-based design and analysis methodologies, seismic risk assessment
studies, earthquake damage and loss estimation approaches. Exceedance of LS leads
to the conditional performance of that specific structure, called as a damage or

performance state.
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The concept of LS is employed to define DS due to the exceedance or non-exceedance
criteria, meaning that LS-1 is a threshold between DS-1 and DS-2, LS-2 between DS-
2 and DS-3 and LS-3 between DS-3 and DS-4. Table 4.1 shows the relationship
between LS and DS for a generic case. Hence if there are three LS defined, this means

there should be four damage states ranging from the elastic behavior to collapse.

Table 4.1. General Definitions of Limit and Damage States

LS Definition of Limit DS Definition of Damage
State State

Very limited structural

LS-1 [Immediate Occupancy |[DS-1<LS-1
damage

Moderate damage-

LS-2 |Damage Control LS-1<DS-2<LS-2 .
repairable

Significant damage — non

LS-3 |Life Safety LS-2<DS-3<LS-3 repairable

Severe damage / partial

LS-4 [Collapse Prevention LS-3<DS-4
collapse

Different limit state definitions have been used in the literature. Calvi (1999)
employed LS to assess the seismic risk of the SDOF model of masonry and reinforced
concrete structures. In that study, LS-1 was considered as 0.1%, LS-2 was identified
as the closer ratio to LS-1, LS-3 as 0.3% in terms of the drift ratio for masonry
structures. He defined the first DS as “no damage”, the second DS as “minor structural
damage”, the third DS as “significant structural damage™ and the fourth DS as

“collapse” for masonry structures.

Collins and Stojadinovic (2000) conducted performance-based design (PBD) with a
reliability-based approach. As demonstrated in Figure 4.1, they used different LS

definitions to match the structural performance with the performance objective.

44



performance objective

01

structure
peformance

.01

exceedance probability

design check

L

a‘@e N:;B@W“ s HQB@WG wa'#w EG\P&;M structural response

Figure 4.1. Performance-based design with reliability-based approach (Collins and Stojadinovic,
2000)

Bazzurro et al. (2004) stated that the identification of DS levels is essential to describe
the vulnerability of buildings before the occurrence of a seismic event. Therefore, they
used nonlinear static analyses up to the failure point of the buildings. The purpose of
this study was to determine the probabilistic performance of structures by using

fragility curves developed with predefined LS.

In the study of Erberik (2008), seismic vulnerability of mid-rise and low-rise
reinforced concrete buildings was assessed by generating fragility curves. The
buildings were converted from MDOF models to SDOF models to simplify the
structural analysis. Three limit states, termed as the “serviceability”, “damage control”
and “collapse prevention”, were defined by using the structural characteristics of the
considered class of structures. At end of the study, the damage estimated with the
fragility curves was compared with the actual damage observed during the 1999 Duzce

earthquake.

Yakut and Solmaz (2012) studied the seismic performance of reinforced concrete

frame structures in order to propose equations about the relationship between
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structural parameters via using nonlinear regression analyses. In order to get these
equations, the seismic codes, namely Eurocode 8 (2003), FEMA 356 (2000) and TEC
(2007), were used to define LS of the structures during nonlinear static analyses, which

were carried out with the OpenSees software.

Mouyiannou et al. (2014) carried out nonlinear dynamic analysis to identify DS levels
of stone masonry buildings, which were represented by SDOF models. The analyses
were conducted with the TREMURI program. The results of structural analyses are
represented in Figure 4.2. In their study, three LS were considered to evaluate the
seismic risk of stone masonry structures as they were deemed risky between LS-3 and
LS-4. Therefore, the DS of the structure was assumed as collapse after LS-3 is

exceeded.
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Figure 4.2. The results of nonlinear dynamic analysis (Mouyiannou et al., 2014)

Petry and Beyer (2014) performed quasi-static cyclic tests to find out the force-
displacement capacity of the URM walls. LS of the walls were defined by using
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FEMA 306 (1998). This study was performed in order to explain the behavior of the
walls in different failure modes as shear and flexural. At end of the tests, the walls

were classified according to their displacement capacity.

Chaudhari and Dhoot (2016) stated that PBD provides life safety and minimum
economic losses by assessing the seismic performance of structures. The main target
of the study was to estimate maximum displacement capacity with the base shear so

that the damage levels of the structures can be identified with the performance levels

shown in Figure 4.3.
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Figure 4.3. Performance-based design of structures (Chaudhari and Dhoot, 2016)

As discussed in the previous chapter, the MIMK with peak-oriented hysteresis model
(Ibarra et al., 2015) is employed in this study to carry out the dynamic analysis of the
idealized (equivalent SDOF) masonry building models. Accordingly, the limit states
are selected to be yield displacement (uy), capping displacement (uc) and residual
displacement (u;), or shortly LS-1, LS-2 and LS-3, respectively. This means that there
are four DS, which are denoted as “none/light damage”, “moderate damage”,

“extensive/heavy damage” and “collapse” between these LS. After each dynamic
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analysis, the maximum displacement values obtained are compared with LS values
and the performance level of the ESDOF model is determined for different values of
selected seismological and structural parameters. This means that there is a
performance level (or DS) output for every dynamic analysis. The following sections
present the results of this parametric study by examining the effect of each parameter

on the seismic performance of the ESDOF models.

As shown in Table 3.5 and 3.6, discrete values are assigned to 7 different structural
parameters related with the considered hysteresis model. Among these, period,
strength ratio and ductility ratio have 5 different values whereas the remaining
parameters have 3 different values, each containing a central (average) value and
deviations from this central value for both favorable and unfavorable conditions. If all
different combinations of structural simulations are considered, it makes up to 10,125
cases. In terms of seismological parameters, magnitude is considered with 6 discrete
values (5.0, 5.5, 6.0, 6.5, 7.0, 7.1), Ryg distance has 5 different intervals (0-5 km, 5-10
km, 10-15 km, 15-20 km, 20-25 km) and finally there are two different soil conditions
(hard, soft) as obtained from the simulated ground motion database. When 20 different
earthquake stations are selected for the synthetic records with 6 different magnitudes
and 2 different soil conditions, the total number of records used in the dynamic
analyses is 240. Hence when structural simulations are subjected to this selected set
of records, the total number of analyses becomes 2,430,000. This is also equal to the
number of response data in terms of DS, which is considered to interpret the results of

the parametric study presented in the following sections.

4.3. Sensitivity Analyses

Sensitivity analysis is essential to investigate the influence of the seismological and
the structural parameters on DS. In this study, sensitivity analyses are conducted by
considering all of the possible discrete values of a selected structural parameter while

keeping the other parameters constant at their central (average) values. In addition to
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this, combinations of the structural parameters that yield the most favorable and
unfavorable conditions for soft and hard soil type are also used to examine the effects
of the magnitude and distance on seismic performance. The mean values of DS (i.e.
DSM) given in the following tables are obtained by taking the mean of all DS values
obtained from dynamic analyses for that specific combination of parameters. In order

to quantify the mean value, weighting factors are provided for DS-1, DS-2, DS-3, DS-
4 as 1.0, 2.0, 3.0 and 4.0, respectively.

First, the results from the combination of parameters with the most unfavorable values,
stated as T1-F1-M1-Y2-C2-R2-D2, are presented for soft soil conditions in Figure 4.4,
and the DSM values for each magnitude and Rjs distance interval are also given in

Table 4.2. This is the combination of parameters for which the lowest level of

performance is expected from dynamic analyses.
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Figure 4.4. The performance assessment for the structural combination T1-F1-M1-Y2-C2-R2-D2
under soft soil conditions
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In Table 4.2, value of 1.0 means that all the structural simulations have behaved within
the elastic limit (no damage) for the corresponding magnitude-distance interval pair.
Abbreviation “N.A” stands for the condition that there is no data for that specific pair
of seismological values. Accordingly, the given values in the table reveal that for near
fault-distances and large magnitude events, the structural models can easily

experience collapse (i.e. value of 4.0) or heavy damage (i.e. 3.0<DSM<4.0).

Table 4.2. The DSM values for T1-F1-M1-Y2-C2-R2-D2 in soft soil conditions

Distance interval (km)

Magnitude 0-5 5-10 10-15 15-20 20-25

5 DS-1 | DS-1 DS-1 DS-1 DS-1

(1.0) | (1.00) (1.00) (1.00) (1.00)

55 DS-3 | DS-2 DS-1 DS-1 DS-1

(2.80) | (1.50) (1.00) (1.00) (1.00)

6 DS-4 | DS-4 DS-3 DS-2 DS-2

(3.20) | (3.25) (2.71) (1.50) (1.50)

6.5 DS4 | DS-4 DS-4 NA DS-3

(4.00) | (4.00) (3.50) ' (2.50)

7 DS-4 | DS-4 DS-4 NA DS-3

(4.00) | (4.00) (3.33) ' (3.00)

71 DS-4 | DS-4 DS-4 DS-4 NA
(4.00) | (3.33) (4.00) (4.00) ‘

For hard soil conditions, the DSM values for the same structural combination of
parameters are presented in Figure 4.5 while the mean values of DS for each
magnitude and Rjp distance interval are given in Table 4.3. The mean values show
that there is a similar trend between the DSM values and the two seismological
parameters just like the one for soft soil conditions in Table 4.2. When the values in
Table 4.2 and 4.3 are compared, it is observed that there is not a consistent trend
between the seismic performance of these deficient URM models under soft and hard

soil conditions.
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Figure 4.5. The performance assessment for the structural combination T1-F1-M1-Y2-C2-R2-D2

under hard soil conditions

Table 4.3. The DSM values for T1-F1-M1-Y2-C2-R2-D2 in hard soil conditions

Magnitude

5
5.5
6
6.5
7

7.1

Distance interval (km)

0-5 5-10 10-15 15-20 20-25
DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)
DS-3 | DS-2 DS-1 DS-1 DS-1
(2.80) | (1.50) | (1.00) (1.00) (1.00)
DS-4 | DS-4 DS-3 DS-1 DS-1
(3.40) | (3.25) | (2.43) (1.00) (1.00)
DS4 | DS-4 DS-3 NA DS-2
(3.50) | (4.00) | (2.50) ' (1.50)
DS4 | DS3 DS-4 NA DS-3
(3.58) | (2.66) | (4.00) ' (3.00)
DS4 | DS-3 DS-4 DS-2 NA
(3.85) | (2.66) | (4.00) (2.00) '
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Next, results from the combination of parameters with central (mean) values, stated as
T3-F3-M3-Y3-C3-R3-D3, are represented for soft soil conditions in Figure 4.6, while
the DSM values for each magnitude and Rjp distance interval is given in Table 4.4.

This is the combination of parameters for which average performance is expected from

dynamic analyses.

Damage State-DS
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71
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Figure 4.6. The performance assessment for the structural combination T3-F3-M3-Y3-C3-R3-D3
under soft soil conditions

The DSM values obtained from this analysis indicate that ESDOF models with
average values of parameters exhibit satisfactory seismic performance with no

inelastic action except for large magnitudes and close distances in soft soil conditions.
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Table 4.4. The DSM values for T3-F3-M3-Y3-C3-R3-D3 in soft soil conditions

Magnitude
5

5.5
6
6.5
7

7.1

For hard soil conditions, the DSM values for the same structural combination of
parameters are represented in Figure 4.7 while the mean values of DS for each

magnitude and Rjp distance interval is given in Table 4.5. The mean values show

Distance interval (km)

0-5  5-10 10-15 15-20 20-25
DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)
DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)
DS-2 | DS-1 DS-1 DS-1 DS-1
(1.60) | (1.00) | (1.00) (1.00) (1.00)
DS2 | DS2 | Ds-1 NA DS-1
(1.90) | (1.50) | (1.00) A (1.00)
DS-3 | DS2 | Ds-1 NA DS-1
(2.50) | (2.00) | (1.00) A (1.00)
DS3 | DS2 | DS=2 DS-1 DS-1
2.85) | (2.00) | (2.00) (1.00) (1.00)

similar trends with the ones obtained in the case of soft soil conditions.
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Figure 4.7. The performance assessment for the structural combination T3-F3-M3-Y3-C3-R3-D3
under hard soil conditions

Table 4.5. The DSM values for T3-F3-M3-Y3-C3-R3-D3 in hard soil conditions

Distance interval (km)

Magnitude 0-5 5-10 10-15 15-20 20-25
5 DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) (1.00) (1.00) (1.00)

55 DS-1 | Ds-1 DS-1 DS-1 DS-1
(1.00) | (1.00) (1.00) (1.00) (1.00)

6 DS-2 | DS-1 DS-1 DS-1 DS-1
(1.40) | (1.00) (1.00) (1.00) (1.00)

6.5 DS2 | DS-2 DS-1 NA DS-1
(1.60) | (1.75) (1.00) ' (1.00)

7 DS2 | DS-2 DS-2 NA DS-1
(1.92) | (1.66) (1.33) ' (1.00)

71 DS-3 | DS-2 DS-1 DS-1 DS-1
2.14) | (1.66) (1.00) (1.00) (1.00)

Finally, the results from the combination of parameters with the most favorable values,

stated as T5-F5-M5-Y4-C4-R4-D4, are presented for soft soil conditions in Figure 4.8
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while the DSM values for each magnitude and R;g distance interval is given in Table

4.6. This is the combination of parameters for which the highest level of performance

is expected from dynamic analyses.
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Figure 4.8. The performance assessment for the structural combination T5-F5-M5-Y4-C4-R4-D4
under soft soil conditions

The results indicate that the ESDOF models with the most favorable values of
parameters generally behave in the elastic range with some exceptional cases, in which

the elastic limit is exceeded for large magnitudes and close distances.
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Table 4.6. The DSM values for T5-F5-M5-Y4-C4-R4-D4 in soft soil conditions

Magnitude
5

5.5
6
6.5
7

7.1

For hard soil conditions, the DSM values for the same structural combination of
parameters are presented in Figure 4.9 and mean values of DS for each magnitude and
Ryp distance interval are given in Table 4.7. Similar to the results in soft soil

conditions, the ESDOF models do not exhibit any inelastic behavior except two cases,

Distance interval (km)

0-5 5-10 10-15 15-20 20-25
DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) (1.00) (1.00) (1.00)
DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) (1.00) (1.00) (1.00)
DS2 | DS-1 DS-1 DS-1 DS-1
(1.20) | (1.00) (1.00) (1.00) (1.00)
DS-1 | DS-1 DS-1 NA DS-1
(1.00) | (1.00) (1.00) A (1.00)
DS2 | DS-1 DS-1 NA DS-1
(1.33) | (1.00) (1.00) A (1.00)
DS2 | DS=2 DS-1 DS-1 DS-1
(1.78) | (1.33) (1.00) (1.00) (1.00)

in which My>7.0 and 0<R,g<5km.
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Figure 4.9. The performance assessment for the structural combination T5-F5-M5-Y4-C4-R4-D4
under hard soil conditions

Table 4.7. The DSM values for T5-F5-M5-Y4-C4-R4-D4 in hard soil conditions

Distance interval (km)

Magnitude  0-5 5-10 10-15 15-20 20-25
5 DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)

55 DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)

6 DS-1 | DS-1 DS-1 DS-1 DS-1
(1.00) | (1.00) | (1.00) (1.00) (1.00)

6.5 DS-1 | DS-1 DS-1 NA DS-1
(1.00) | (1.00) | (1.00) i (1.00)

7 DS2 | DS-1 DS-1 NA DS-1
(1.08) | (1.00) | (1.00) i (1.00)

71 DS-2 | DS-1 DS-1 DS-1 DS-1
(1.21) | (1.00) | (1.00) (1.00) (1.00)

According to the results, it can be stated that
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e The damage level of the structures generally increases with larger magnitude
values.

e If Ryp distance increases, the effect of the ground excitation becomes smaller
causing a decrease in the damage levels.

e The site conditions are generally effective on damage levels with magnitude
values My>6.0 within the distance interval (0-5) km. In general, shifting from
soft to hard soil conditions decreases the damage level of the structures for the
same magnitude and Rjg distance interval.

e Considering Tables 4.2-4.7, DSM is prone to decrease from the lowest
performance level to the highest performance level of the structural
parameters, respectively.

e The DSM values are unexpectedly higher in some farther R;jg distance intervals
than the closer ones. Sucuoglu (2002) stated that larger ground motion
amplitudes can be obtained at farther earthquake stations in the case of Diizce
earthquake. This observation was explained with the relative role of directivity
of the fault rupture. It is dominantly observed in the magnitude of 7.0 and 7.1

for the case of most unfavorable values of structural parameters.

In the second phase of the sensitivity analysis, the influence of each structural
parameter is investigated individually while all of the other parameters are kept
constant at their central (average) values. The first parameter to be investigated is
period (T) with 5 discrete values, i.e. T=0.05, 0.1, 0.2, 0.3 and 0.4 sec. The other
structural parameters have the following constant values: n=0.5, u=3, 0s=0.05, o,—=-
0.3, 2=0.2 and y=400. The linear trendlines of DS versus T relationships for different
values of magnitude and Rjg in soft and hard soil conditions are shown in Figures
4.10-4.13. The discrete values of DS and T forms a grid network with a cluster of data
at each node and the trendlines are obtained in accordance with the number of data

points at each related node of this grid.
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Figure 4.10. Trendlines of each magnitude with T values in terms of DS for soft soil
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Figure 4.11. Trendlines of each magnitude with T values in terms of DS for hard soil
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Figure 4.12. Trendlines of Rjp intervals with T values in terms of DS for soft soil
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Considering the trendlines in Figures 4.10-4.13, the following observations can be

stated:

e The change in period values is not effective on the DS values for the magnitude
of 5.0 and 5.5 and the R distance intervals of 15-20 and 20-25 km. It slightly
affects the DS values for the magnitude values of 6.0 and 6.5 and the Rjp
distance intervals of 5-10 and 10-15 km. For the moment magnitude values of
7.0 and 7.1 and the Ryp distance interval 0-5 km, it is highly sensitive on the
DS. These generalizations are valid for both soil conditions.

e DS generally decreases with T values varying from 0.05 up to 0.4 depending
on the magnitudes and Rjg distance intervals.

e DS is generally prone to decrease with T values as it shifts from soft soil to

hard soil condition.

The second parameter to be investigated is the strength ratio (n) with 5 discrete values,
1.e.n=0.1, 0.3, 0.5, 0.7 and 0.9 sec. The other structural parameters have the following
constant values: T=0.2 sec, u=3, as=0.05, o,=-0.3, A=0.2 and y=400. The linear
trendlines of the DS versus n relationship for different values of magnitude and R;g in

soft and hard soil conditions are shown in Figures 4.14-4.17.
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Figure 4.14. Trendlines of each magnitude with n values in terms of DS for soft soil

4@

0,1

0,3

0,5 0,7
Strength Ratio (n)

= M5
m M55

A M6
M6.5

¢ M7
- M7.1

=== o | inear (M5)
e= = [inear (MS5.5)
@= = [incar (M6)
Linear (M6.5)
@ e e [ incar (M7)
Linear (M7.1)

0,9

Figure 4.15. Trendlines of each magnitude with n values in terms of DS for hard soil
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Considering the trendlines in Figures 4.14-4.17, the following observations can be

stated:

The change in strength ratio values is less effective on the DS values for the
magnitude value of 5.0 and the Rjp distance interval of 15-20 km. In general,
the sensitivity of strength ratio on DS increases with the magnitude varying
from 5.5 to 7.1 and the Rjp distance intervals changing from 20-25 to 0-5 km.
The interval of 15-20 km is normally expected to have a closer or slightly
higher sensitivity than 20-25 km; however, there are a smaller number of
records in the interval 15-20 km due to the selection of the earthquake stations
in terms of PGA. Overall, strength ratio has more sensitivity on DS when
compared to the period parameter.

DS explicitly decreases with n values varying from 0.1 to 0.9 for all
magnitudes and Rjg distance intervals except for the magnitude of 5.0 in both
soil conditions.

DS has a tendency to decrease with n values by shifting from soft soil to hard

soil conditions.

The third parameter to be investigated is the ductility ratio (1) with 5 discrete values,

re. u =2.0, 2.5, 3.0, 3.5 and 4.0. The other structural parameters have the following

constant values: T=0.2 sec, n=0.5, as=0.05, a,=-0.3, A=0.2 and y=400. The linear

trendlines of the DS versus p relationship for different values of magnitude and Rjg in

soft and hard soil conditions are shown in Figures 4.18-4.21.
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Considering the trendlines in Figures 4.18-4.21, the following observations can be

stated:

e The change in ductility values is not sensitive to DS for the magnitude values
varying from 5.0 to 6.5 and Rjp distance intervals ranging from 20-25 to 5-10
km. Ductility is found to be only slightly sensitive for the magnitude of 7.0
and 7.1 and the R distance interval of 0-5 km.

e DS generally tends to decrease with p values from 2.0 to 4.0 for all of the
magnitudes and Rjp distance intervals.

e DS has a slight tendency to decrease with p values by shifting from soft soil

to hard soil conditions.

The fourth parameter to be investigated is the post-yielding ratio (o) with 3 discrete
values, i.e. o= 0.0, 0.05 and 0.1. The other structural parameters have the following
constant values: T=0.2 sec, n=0.5, u=3.0, 0,=-0.3, A2=0.2 and y=400. The linear
trendlines of the DS versus as relationship for different values of magnitude and Rjg

in soft and hard soil conditions are shown in Figures 4.22-4.25.
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Figure 4.22. Trendlines of each magnitude with os values in terms of DS for soft soil
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Considering the trendlines in Figures 4.22-4.25, the following observations can be

stated:

e The change in post-yielding ratio values is observed not to be sensitive to DS
for all magnitudes and R distance intervals.
e DS slightly tends to decrease with os values by shifting from soft soil to hard

soil conditions.

The fifth parameter to be investigated is the post-capping ratio (o), with 3 discrete
values, i.e. a,=-0.4, -0.3 and -0.2. The other structural parameters have the following
constant values: T=0.2 sec, n=0.5, p=3.0, as=0.05, A=0.2 and y=400. The linear
trendlines of the DS versus o, relationship for different values of magnitude and Rjg

in soft and hard soil conditions are shown in Figures 4.26-4.29.
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Considering the trendlines in Figures 4.26-4.29, the following observations can be

stated:

e The change in post-capping ratio is observed not to be sensitive to DS for all
of the magnitudes and Rjg distance intervals.
e DS has a slight tendency to decrease with ar values by shifting from soft soil

to hard soil conditions.

The sixth parameter to be investigated is the residual strength ratio (A) with 3 discrete
values, i.e. A=0.0, 0.2 and 0.4. The other structural parameters have the following
constant values: T=0.2 sec, n=0.5, p=3.0, 0s=0.05, a,=-0.3, y=400. The linear
trendlines of the DS versus A relationship for different values of magnitude and Rjs in

soft and hard soil conditions are shown in Figures 4.30-4.33.

m M55
M6
M6.5

w
*
2
*

* M7
------------ -2 - M7.1
== o inear (M5)

e = [inear (M5.5)
I " -4 Linear (M6)

Damage State-DS
9
0
0
0
0
0
0
0
0
0
0
0
0
|
9

Linear (M6.5)
@ e e [ incar (M7)
0 0,2 0,4 e T inear (M7.1)
Residual Strength Ratio (A)

Figure 4.30. Trendlines of each magnitude with A values in terms of DS for soft soil
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Considering the trendlines in Figures 4.30-4.33, the following observations can be

stated:

e The change in residual strength ratio is absolutely not sensitive to DS for all
magnitudes and Rjp distance intervals.
e DS has a slight tendency to decrease with A values by shifting from soft soil to

hard soil conditions.

The seventh and the last parameter to be investigated is the degradation parameter (y)
with 3 discrete values, i.e. y=200, 400 and 800. The other structural parameters have
the following constant values: T=0.2 sec, n=0.5, u=3.0, 0s=0.05, 0,=-0.3, A=0.2. The
linear trendlines of the DS versus vy relationship for different values of magnitude and

Ry in soft and hard soil conditions are shown in Figures 4.34-4.37.
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Considering the trendlines in Figures 4.34-4.37, the following observations can be

stated:

e The change in degradation parameter is found to be not sensitive to DS for all
magnitudes and Rjp distance intervals.

e DS generally becomes constant with varying y values for all of the magnitudes
and R;g distance intervals.

e DS has a slight tendency to decrease with y values by shifting from soft soil to

hard soil conditions.

4.4. Estimation of the Damage State Probabilities

Determination of the damage state probabilities for the URM buildings models in
terms of PGA and magnitude for soft and hard soil conditions is the last study in this
chapter. In Karimzadeh et al. (2018), the assessment of performance level of structures
was carried out with using the target limit states, which were identified by determining
the displacement capacity of the equivalent SDOF models. With this approach, the
conditional probability of exceeding the predefined LS can be generated by
determining the probabilities of being in a damage state at a predetermined PGA or
magnitude value in accordance with the relationship between LS and DS in Table 4.1.
To demonstrate the changes of DS with the PGA and magnitude values, the probability
density function (PDF) for each damage state is generated by using the normal
distribution function and it is calculated with the mean and standard deviation of the
PGA and magnitude values for the performance level of interest. In this study, the log-
normal distributions of DS, which are constituted with fitting them to each node of
normal distributions of DS in a grid network, are employed to represent all of the
probabilistic meaning of DS with merely changing in positive PGA and magnitude

values.

Figures 4.38-4.41 are related to soft soil conditions with PGA values ranging from

0.1g to 1.0g and magnitude values from My5.0 to My7.1. The curves as represented
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in Figure 4.39 and 4.41 represent the probability of exceedance values of LS of interest

at each ground motion intensity level.

As shown in Figure 4.38, the occurrence probabilities of DS-1, DS-2, DS-3 and DS-4
are highly observed between 0.1g and 0.2g, 0.3g and 0.4g, 0.4g and 0.5g, 0.5g and
0.6g, respectively. This shows that the mean PGA value of being in a damage state is

increasing while DS is shifting from 1 to 4 as expected.
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Figure 4.38. PDF of the log-normal distributions of DS with changing PGA values for soft soil
conditions

In Figure 4.39, the LS curve is obtained by calculating the number of incidents that
exceed the corresponding DS that is normalized by the total number of incidents for
each ground motion intensity. Then, this is repeated for all LS to yield a set of curves.
From the figure it is observed that LS-2 and LS-3 are very close to each other so that

they can be treated as a single LS. This is expected since masonry structures have

78



limited ductility and a narrow margin of safety between the first inelastic action and

the collapse state.
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Figure 4.39. The generation of LS boundaries with PGA values for soft soil conditions

Figure 4.40 presents the probability distributions of each DS this time for magnitude.
Since the data is only valid for 6 discrete magnitude values, it is not possible to obtain
good fits for this case. The trends reveal that masonry structures are expected to be in
DS-1 for earthquakes with magnitude of 5.5-6.0 whereas they are expected to be in
DS-4 for earthquakes with magnitude close to 7.0. In between, DS-2 and DS-3 seem

to be close to each other with characteristic magnitude between 6.5 and 7.0.
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Figure 4.41 gives the probabilities of exceeding each LS for discrete values of
magnitude, just like it has been carried out for PGA. There is a similar trend in which

LS-2 and LS-3 are close to each other again as expected.
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Figure 4.41. The generation of LS boundaries with magnitude values for soft soil conditions
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Figures 4.42-4.45 show the similar plots related to hard soil conditions, which consist

of PGA values ranging from 0.1g to 0.8g and magnitude values from My5.0 to My/7.1.

As shown in Figure 4.42, the probability of DS-1, DS-2, DS-3 and DS-4 are highly
observed between 0.1g and 0.2g, 0.2g and 0.3g, 0.2g and 0.3g, 0.3g and 0.4g,

respectively.
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Figure 4.42. PDF of the log-normal distributions of DS with changing PGA values for hard soil
conditions

It should be pointed out that the second and third limit state have a tendency to be
constant between 0.7g and 0.8g owing to the existence of fewer data of DS between

0.7g and 0.8g as seen in Figure 4.43.
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Figure 4.43. The generation of LS boundaries with PGA values for hard soil conditions

As shown in Figure 4.44, DS-1 is obtained with My5.0, DS-2 and DS-3 with My5.5
and DS-4 with My,6.0. Considering Figure 4.45, once again it can be stated that the
performance assessment of the URM structures can be carried out with two distinct

limit states considering all cases of ground motion intensity measures.

——DS-1
—o—DS-2
——DS-3
—e—DS4
B DS-1-dot
¢ DS-2-dot
DS-3-dot

PDF

5 5,5 6 6,5 7 7.1 DS-4-dot
Magnitude

Figure 4.44. PDF of the log-normal distributions of DS with changing magnitude values for hard soil
conditions
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Figure 4.45. The generation of LS boundaries with magnitude values for hard soil conditions

4.5. Comparisons of the Performance Levels for Structural Combinations

Comparing the probability of exceedance curves for each LS in terms of PGA values
for soft and hard soil conditions as shown in Figure 4.46, the following outcomes can

be stated:

e The influence of soil conditions on the probability exceedance of the LS of
interest does not seem to be significant with changing PGA. It should also be
noted that different quantities of data at the same PGA value for both site
conditions lead to the undesired trend in the interval of 0.7g and 0.8g.

e The recorded maximum PGA value is observed as 1.0g in soft soil conditions

while reducing to 0.8g in hard soil conditions.
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Figure 4.46. Comparison of LS with changing PGA values for both soil conditions

Comparing the same probability of exceedance curves with changing magnitude

values for soft and hard soil conditions as shown in Figure 4.47, the following results

can be stated:

Considering the influence of soil conditions on the performance levels of
structural simulations, it can be stated that except a slight difference for LS-1
the probabilities of other LS are nearly similar for both site conditions.
Furthermore, the probability of exceedance of all boundaries of LS with
changing the magnitude values in hard soil conditions has a tendency to reduce
when compared with the case of soft soil conditions.

Masonry models are slightly more vulnerable to simulated ground motions in
soft soil conditions for all LS, especially for higher magnitudes. The

differences seem to be at most 10% for magnitude value of 7.0.
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CHAPTER 5

STATISTICAL EVALUATION OF SEISMIC PERFORMANCE OF URM
STRUCTURES

There are various statistical methods to collect and analyze numerical data in large
quantities as demonstrated in Table 5.1. In this study, three statistical methods are
selected among them to conduct statistical assessment of seismic performance of
URM buildings. The selected methods are discriminant analysis, multiple regression
analysis and principal component analysis. Discriminant analysis is more appropriate
to determine effective independent variables on DS since the dependent variable is
categorical in this study. Multiple regression analysis is employed to find out the best
prediction for DS with the independent variables. Principal component analysis is also
preferred to compare the influences of independent variables on DS by reducing the
dimensionality of the data. The selected three statistical methods in this study
approach to the results with the different ways and the purpose of these three statistical

methods is to compare their suitability for this case study.

Table 5.1. The model types of statistical analyses

o . Regression & . .
Descriptive Models Predictive Models Classification Models
Principal Component Multiple Llnear Support Vector Machine
Analysis Regression
Basic Statistics Principal Component Linear Discriminant Analysis
Regression
. Partial Least Squares Partial Least Squares -
Clustering . . )
Regression Discriminant Analysis
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The main purpose of this chapter is to determine the most effective seismological or
structural parameters on damage state via these statistical methods. The relationships
between the dependent variable (i.e. DS) and independent variables, consisting of the
seismological and structural parameters, are investigated by discriminant and multiple
regression analyses. Finally, principal component analysis is employed to examine the
relationships between each group of damage state and independent variables of

interest.

In this study, the linear combination in an equation, which is a combination of several
variables such that no variable is multiplied by either itself or another, is employed to
represent the relationships between DS and independent variables by conceptualizing
them in a simple way and conducting the calculations readily. Besides, a large amount
of data as 2.430.000 distinct seismic responses in terms of displacement obtained after
nonlinear dynamic analyses can be expressed with the statistical tools by using the
linear combination in order to explain the influences of each independent variable on

DS in a simple manner.

5.1. Discriminant Analysis

Discriminant analysis (DA) is a multivariate technique to classify the relative weights
of independent variables between the groups of a case. This analysis enables to obtain
a discriminant relationship between dependent and independent variables as given in
Equation 5.1, which is a linear combination of independent variables to define a

dependent variable:
Zi=WiX1+WoXo+ ... + WiXa (5.1)

where Z; is the score of discriminant relationship i, Wy is the discriminant coefficient

of independent variable n, and X, is the n™ independent variable.

In this study, DA is employed to obtain the independent variables that discriminate

DS successfully or that are the most effective on DS. The independent variables
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consist of seismological parameters, which are magnitude, soil condition and Rjs
distance, and the structural parameters, namely period, strength ratio, ductility ratio,
post-yielding ratio, post-capping ratio, residual strength ratio and hysteresis model
degradation parameter. Discrete performance values of the independent variables for
each ESDOF model are used in the SPSS software, which enables to analyze big
datasets and run statistical tests. DA fundamentally identifies a discriminant
relationship to determine the most effective parameter on a dependent variable. The
statistical significance of the analysis depends on two parameters, termed as the
eigenvalue (A¢) and Wilks’ lambda (A). According to Bruin (2006), the eigenvalue
and Wilks’ lambda can be estimated with the canonical correlation (cc), which are
used to identify and measure the associations between the independent parameters and

DS as follows:
Le=(cc)?/ (1-(cc)?) (5.2)
A =1-(cc)? (5.3)

The eigenvalue with a canonical correlation value closer to 1.0 represents the best
discriminant relationship of DS with the independent variables. In other words, a large

eigenvalue is considered as an indicator of a strong relationship.

The Wilks’ lambda, which takes a value between 0.0 and 1.0, becomes acceptable
when it takes a smaller value and close to 0.0 for a strong discriminant relationship.
The significance value also contributes to determine whether the difference between

the groups is significant or not. The results of the DA are presented in Tables 5.2-5.5.

According to Table 5.2, three reasonable discriminant relationships are obtained. The
first relationship should be selected as its eigenvalue is greater than 1.0 and the
canonical correlation of the eigenvalue at the first relationship is the closest to 1.0. It
is also observed that the first relationship has a 96.7% of the discriminating ability as
far as three continuous discriminant relationships are considered. Dividing the
eigenvalue of the relationship to the sum of all eigenvalues determines the percentage

of variance.
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Table 5.2. Eigenvalues of the discriminant relationship

Relg‘?([))nss hip Eigenvalue % of Variance |Cumulative % (?oarrrl(e)lng; ggil
1 1.299 96.7 96.7 0.752
2 .036 2.7 99.4 0.188
3 .008 0.6 100.0 0.087

Since the significance of the relationships obtained from the chi-square test, which is
carried out to determine the discriminating ability of the relationships, is equal to 0.0,
all of these three relationships extracted in the DA seem to be reasonable to interpret
the relationships of the dependent variable (i.e. DS). However, one of them has the
most accurate relationship when Wilks’ lambda values are compared as given in Table
5.3. Accordingly, the first damage state relationship for the structural simulations

seems more suitable than others.

Table 5.3. Wilks’ lambda values of the discriminant relationships

RelaIiec)SIEs%f;p (s) L\Z/I;H];Z'a Chi-square df Significance
1 through 3 0.417 2128298.682 30 0.000
2 through 3 0.958 105484.680 18 0.000
3 0.992 18462.286 8 0.000

The following discriminant relationship of DS is obtained from Table 5.4.

Z=-0.687My + 0.141S + 0.513Rys + 0.105T + 0.8121,+ 0.027u + 0.001 0 + 0.003 0
—0.015)% +0.006y (5.4)
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Table 5.4. Coefficients of the independent variables for each relationship

Relationship | Relationship | Relationship
1 2 3
Magnitude (My) -.687 367 -.100
Soil (S) 141 126 -.046
Distance (RB) 513 -.081 -.017
Period (T) 105 .632 452
Strength Ratio (n) 812 444 -.133
Ductility Ratio (n) .027 320 -.683
Post-yielding Ratio (as) .001 A11 171
Post-capping Ratio (o) .003 057 488
Residual Strength Ratio (L) -.015 -.089 -.139
Degradation Parameter (y) .006 .033 071

where My, S, R, T, 1, W, ds, ar, A and y stand for magnitude, soil condition, Joyner
and Boore distance, period, strength ratio, ductility ratio, post-yielding ratio, post-

capping ratio, residual strength ratio and degradation parameter, respectively.

Considering Equation 5.4, it is observed that the strength ratio, magnitude of the
earthquake and source-to-site distance are the most effective parameters for the URM

structures, respectively.

Period is also known as an important structural parameter for the identification of
seismic behavior during an earthquake excitation. However, the strength ratio of URM
structures seems to dominate its influence in this study. The influences of other
structural parameters, namely ductility, residual strength ratio, post-yielding ratio,
post-capping ratio and hysteresis model degradation parameter do not appear

significant for the URM structures.

According to Table 5.5, 77.5% of DS-1 is correctly classified, whereas this percentage
15 56.3%, 53.6% and 68.2% for DS-2, DS-3 and DS-4, respectively. Totally, 71.7% of

original grouped cases is correctly classified. It is observed that the DS-1 and DS-4
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are better classified due to their more certain nature as compared to the intermediate

damage states.

Table 5.5. Classification of the results between the groups of DS

Predicted Group Membership Total
DS 1.00 2.00 3.00 4.00
Count 1.00 1252896 | 269369 | 72578 | 22220 | 1617063
2.00 20975 ] 256936 | 120661 | 57867 456439
3.00 0 17454 | 39878 | 17000 74332
4.00 2 22010 | 67618 | 192536 | 282166
% 1.00 77.5 16.7 4.5 1.4 100.0
2.00 4.6 56.3 26.4 12.7 100.0
3.00 0.0 23.5 53.6 22.9 100.0
4.00 0.0 7.8 24.0 68.2 100.0

5.2. Multiple Regression Analysis

Multiple regression analysis (MRA) is used to predict the value of a dependent
variable based on the values of two or more independent variables. This method is the
most common form of simple linear regression. MRA also enables to determine the
overall fit of the model and the relative contribution of each of the predictors to the

total variance.

The multiple regression relationship as given in Equation 5.5 is similar to the
discriminant relationship in terms of the dependent variable, which is identical for
both analyses. The main difference among them can be stated that MRA relies on a
continuous dependent variable whereas DA relates to a discrete dependent variable

along with classifying objects into groups.

Y=a+ciKi+....... + coKa (5.5)
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In Equation 5.5, Y is a predictive value of the dependent variable, c, is the coefficient
of the n'" independent variable, K, is value of the n™ independent variable and a is a

constant.

In this study, MRA is carried out to construct linear relationships between the
dependent variable and the independent variables via the SPSS software. The results

of MRA are presented in Tables 5.6-5.8.

In Table 5.6, R (multiple correlation coefficient) is a measure of the strength of the
relationship between the independent variables and the dependent variables. The term
R? is a measurement of the variability in the dependent variable due to the independent
variables in the model. The adjusted R-square is another version of R-square which is
modified for the number of independent variables in the model. The adjusted R-square
increases only if a new predictor improves the model. Its best value it attained when

it is closer or equal to the R-square value.

Next, Durbin-Watson statistics, ranging between 0.0 and 4.0, is employed to
determine whether an autocorrelation exists or not in the error of the independent
variables. If the range of Durbin-Watson is between 1.5 and 2.5, it means there is no
autocorrelation. If it is less than 1.5, a positive autocorrelation can be predicted in the
error terms. If it is higher than 2.5, a negative autocorrelation can be expected in the
error terms. In this study, the value of Durbin-Watson is obtained as 1.002, which is

potentially consistent with the nonlinear structural analyses conducted in this study.

Table 5.6. Model summary of MRA

. Std. Error .
Model R R Square Adjusted R of the Durbin-
Square . Watson
Estimate
1 0.721% 0.520 0.520 0.69251 1.002
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Table 5.7 provides information about the model significance via F test when R Square
is equal to 0.0. The sum of squares from regression (SSregression) and the sum of squares

from residual (SSiesiqual) are given as follows:
Ssregression = Z (Yﬁt - YA)2 (5 6)
SSresidual = Z (Y - Yﬁt)2 (57)

where Y” is the mean of the dependent variable, Yy is the value of the dependent
variable of the fitted model and Y is the value of the dependent variable. The test

statistic (F) is calculated as follows:

_ ((SSregression (full model)-SS earession (reduced model))/df

mean square of residual (full model)

F

(5.8)

where df is the number of degrees of freedom for the regression, the dfregression 1S the
total number of the independent variables in an MRA and the dfiesiqual 1S obtained with
the dfiegression-1. Considering Table 5.7, the regression model of MRA seems

reasonable as the significance value is equal to 0.0.

Table 5.7. ANOVA in MRA

Sum of Mean o
Model Squares df Square F Significance

Regression | 1260760.962 10 126076.096 | 262891.299 .000°

—

Residual | 1165361.987]2429989 0.480
Total  [2426122.949 2429999

The unstandardized coefficients and the standardized coefficients of the independent
variables are presented in Table 5.8. Both of them can be employed to predict linear

relationship between the dependent and independent variables.

94



Table 5.8. Coefficients of the independent variables in MRA

Unstandardized Standardized
Model Coefficients Coefficients ¢ Significance
Std.
B Beta
Error

1[(Constant) 0316 0.005 58254 0.000
g\[/';‘g)mmde 0.474 0.001 0.363 731.681 0.000
Soil Type (S) 20.148 0.001 20.074 2166.588 0.000
Distance (Ris) | -0.039 | 0.000 20271 2546.071 0.000
Period (T) 20.653 0.003 20.084 2188.148 0.000
?Igength Ratio | 1 ¢35 | 0.002 0462 |-1038.870|  0.000
a‘;"“hty Ratio | 044 | 0.001 0,031 70814 | 0.000
Post-yielding -0.146 0.011 -0.006 -13.390 0.000
Ratio (as)
Post-capping -0.041 0.005 -0.003 -7.448 0.000
Ratio (o)
Residual
Strength Ratio |  0.072 0.003 0.012 26.623 0.000
(9]
Degradation

-1.783E-05| 0.000 -0.004 -10.010 0.000

Parameter (y)

The multiple regression relationship as given in Equation 5.9 is generated to obtain
the value of the dependent variable of interest by using the unstandardized

coefficients.

Y'=0.316 + 0.474M,, — 0.1488 — 0.039R 5 — 0.653T — 1.632n — 0.044p — 0.1460; —
0.0410; +0.072% — 0.0000178y (5.9)

Strength ratio, magnitude of the earthquake, and source-to-distance are observed to be
the first three dominant parameters for the damage states of URM buildings
considering the standardized coefficients of the independent variables in MRA. The
discrete values of soil conditions in the statistical analyses are used as “1” for soft soil

condition, “2” for hard soil condition. Furthermore, 52% of the discrete performance
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values of the independent variables precisely participate in MRA to express their
relationship with DS. As the participation rate of the independent variable to MRA is
lower, the discriminant relationship as stated in Equation 5.4 with classification rate
as 71.7% seems more reliable to obtain relationships between damage states and the

independent variables in this study.

5.3. Principal Component Analysis

Principal component analysis (PCA) focuses on reducing a large set of independent
variables into a smaller number of factors. PCA is also known as the factor analysis.
The purpose of PCA is to generate a linear combination between the independent

variables by extracting the maximum variance from them.

In this study, PCA is carried out to determine which independent variables are the
most effective on each group of the DS. The following Tables 5.9-5.13 are presented

to explain the correlation between the independent variables for DS-1.

A correlation matrix, which is symmetric, contains the covariances between all

possible pairs of variables in the dataset.
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Table 5.9. The correlation Matrix for DS-1

My, S RiB T n w Os Ol A Y

My | 1.000 | .040 |-.258] .003 | .275 |-.003 | -.004 | -.001 [-.003 [ .001
S .040 [1.000(-.038 | .015 [-.009 | .000 | .000 | .000 | .001 | .000
R | -.258 |-.038(1.000|-.012-.185] .003 | .003 | .001 | .003 |-.001
T .003 [ .015 [-.012(1.000(-.017 | .000 |-.001 | .000 | .002 | .001
n 275 [-.009 [-.185(-.017 | 1.000| .003 | .004 | .001 | .003 | .000
p -.003 | .000 | .003 | .000 [ .003 [1.000( .000 [ .000 [ .001 [ .000
Os -.004 | .000 | .003 [-.001 [ .004 [ .000 [1.000( .000 [ .000 [ .000
O -.001 | .000 | .001 | .000 [ .001 [ .000 [ .000 [1.000( .000 [ .000
A -.003 | .001 | .003 | .002 [ .003 [ .001 [ .000 [ .000 [1.000| .000
Y .001 [ .000 [-.001 | .001 | .000 | .000 | .000 [ .000 | .000 |1.000

a. Only cases for which DS =1 are used in the analysis phase.

As the correlation between two variables can be influenced by the others, the partial
correlation is utilized to identify the relationship between two variables. The Kaiser-
Meyer-Olkin measure of sampling adequacy (KMO) index ranges between 0.0 and
1.0 to compare the correlation values between independent variables. If the KMO
index approaches 1.0, it means that PCA is completed efficiently; however, if it
approaches 0.0, PCA should be reviewed. In this study, the KMO index of DS-1
obtained in Table 5.10 as 0.592, which can be stated as critical for the correlation

between the independent variables.

Bartlett’s test of sphericity compares the observed correlation matrix with the identity
matrix generated from all diagonal elements of the correlation matrix. It is also carried
out to determine the overall significance of all correlations within a correlation matrix.
In order to measure the overall correlation between the independent variables, the
determinant of the correlation matrix is computed. To classify the independent
variables as highly correlated, the determinant of the correlation matrix should
approach 0.0. In Table 5.10, as the significance is equal to 0.0 via chi-square test, PCA
for DS-1 is acceptable.
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Table 5.10. KMO and Bartlett’s Test for DS-1

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.592

Bartlett's Test of | Approx. Chi-Square 269743.138

Sphericity df 36
Significance 0.000

The communality explains the proportion of variance for each independent variable
by looking at the extraction values of the independent variables. If the extraction
values of the independent variables are close to 0.0, the independent variables are not
well represented in PCA. According to the results of Table 5.11, the post-capping ratio
and hysteresis model degradation parameter have the lower participation ratio for PCA

in DS-1.

Table 5.11. The communalities for DS-1

Initial Extraction
Magnitude (My) 1.000 0.565
Soil (S) 1.000 0.507
Distance (RjB) 1.000 0.453
Period (T) 1.000 0.482
Strength Ratio (n) 1.000 0.497
Ductility Ratio (u) 1.000 0.512
Post-yielding Ratio () 1.000 0.683
Post-capping Ratio (o) 1.000 0.170
Residual Strength Ratio (\) 1.000 0.516
Degradation Parameter (y) 1.000 0.122

In Table 5.12, the numbers of components represent the numbers of the independent
variables of which the relationship with DS-1 is studied in PCA. The initial
eigenvalues are the variances of the principal components. The first component has
the highest eigenvalue owing to the presence of the highest variance. The extraction

sum of squared loading explains the extracted components required to assess PCA by
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using the eigenvalue, which should be greater than 1.0. If the eigenvalue of the
component is less than 1.0, the components are not extracted due to the low variance.
In the study, four components are extracted to evaluate PCA for DS-1 with respect to

the eigenvalues of the components.

Table 5.12. The total variance of DS-1

. ) Extraction Sums of Squared
Initial Eigenvalues .
Component - Loadings -
Total % of |Cumulative Total % of |Cumulative
Variance % Variance %
1 1.484 | 14.843 14.843 1.484 | 14.843 14.843
2 1.022 | 10.218 25.060 1.022 | 10.218 25.060
3 1.001 | 10.010 35.071 1.001 | 10.010 35.071
4 1.000 | 10.003 45.074 1.000 | 10.003 45.074
5 1.000 | 10.000 55.074
6 1.000 | 9.998 65.072
7 0.999 | 9.991 75.063
8 0.984 | 9.836 84.899
9 0.809 | 8.086 92.985
10 0.701| 7.015 100.000

Considering the results of Table 5.13, coefficients of the first component enable to
generate the principal component relationship of DS-1 with the independent variables
of interest as given in Equation 5.10 due to the existence of the highest variance. The
magnitude of the earthquake, strength ratio and source-to-site distance are dominant
parameters for DS-1 for the URM structures. The first three important independent
variables are similar to those obtained from the aforementioned statistical approaches
because DS-1 is highly observed than other damage states as far as results of the
nonlinear structural analyses are considered. It can be also said that the magnitude

becomes the most effective parameter in the elastic range (i.e. DS-1):

DS-1=0.751M,, + 0.6801 - 0.668Rp + 0.103S + 0.000T - 0.003% -0.004p - 0.001c, -
0.00505 + 0.003y (5.10)
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Table 5.13. The component matrix of DS-1

Components
1 2 3 4
Magnitude (My) 0.751 0.000 -0.007 0.002
Strength Ratio (n) 0.680 -0.184 0.032 -0.006
Distance (RjB) -0.668 -0.078 0.016 -0.002
Soil (S) 0.103 0.704 -0.001 -0.029
Period (T) 0.000 0.692 0.043 -0.026
Residual Strength Ratio (L) -0.003 0.031 0.702 -0.151
Ductility Ratio (p) -0.004 -0.036 0.553 0.454
Post-capping Ratio (o) -0.001 -0.011 0.348 0.220
Post-yielding Ratio (o) -0.005 -0.068 0.281 -0.774
Degradation Parameter () 0.003 0.022 -0.007 0.349

Tables 5.14-5.18 are presented to explain the correlation between the independent

variables for DS-2.

Table 5.14. The correlation Matrix for DS-2

My, S RiB T n u Ols Or A Y
My | 1.000| .076 | -292 | .086 | .528 | .016 | .002 | -.003 | -.008 | .003
S | .076 |1.000 | -.043 | -.061 | -.072 | -.008 | .002 | .000 | .002 |-.002
Rj|-292(-.043|1.000 |-.022 |-.575|-.012 | -.001 | .000 | .006 |-.001
T | .086 |-.061|-.022 {1.000|-.065 | .001 | -.009 | .001 | .008 | .002
n | .528 |-.072|-.575|-.065|1.000|-.039 | -.008 | .005 | .012 |-.004
u | .016 [-.008|-.012| .001 |-.039|1.000| .002 | .002 | .002 | .001
as | -002 | .002 | -.001 [-.009 | -.008 | .002 |1.000|-.001 | .002 | .000
o |-.003|.000 | .000 | .001 | .005 | .002 |-.001|1.000| .002 | .000
A |-.008| .002 | .006 | .008 | .012 | .002 | .002 | .002 |1.000| .001
y | .003 [-.002 |-.001]| .002 |-.004]| .001 | .000 | .000 | .001 |1.000

a. Only cases for which DS = 2 are used in the analysis phase.
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In Table 5.15, the KMO index of DS-2 is obtained as 0.518, meaning that its value is
less than the KMO index of DS-1, mostly because DS-2 is obtained less frequently
than DS-1 according to results of the structural parametric analyses. PCA seems

appropriate in accordance with the significance, which is equal to 0.0.

Table 5.15. KMO and Bartlett’s Test for DS-2

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.518

Bartlett's Test of Sphericity Approx. Chi-Square 370241.333
df 45
Significance 0.000

When Table 5.16 is examined, the post-yielding ratio has only a lower participation
ratio than the other independent variables participating with extraction values greater

than 0.50 to explain DS-2.

Table 5.16. The communalities for DS-2

Initial Extraction
Magnitude (My) 1.000 0.560
Soil (S) 1.000 0.539
Distance (Rjp) 1.000 0.601
Period (T) 1.000 0.548
Strength Ratio (n) 1.000 0.794
Ductility Ratio (p) 1.000 0.755
Post-yielding Ratio (as) 1.000 0.239
Post-capping Ratio (o) 1.000 0.613
Residual Strength Ratio () 1.000 0.530
Degradation Parameter (y) 1.000 0.836
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In Table 5.17, five components are extracted to define the relationship of DS-2 in

accordance with the eigenvalues of the components.

Table 5.17. The total variance of DS-2

Initial Eigenvalues Extraction Sums of Squared

Loadings
% of [Cumulative % of [ Cumulative
Component | Total [ Variance % Total | Variance %
1 1.941 | 19.406 19.406 1.941 | 19.406 19.406
2 1.064 | 10.640 30.046 1.064 | 10.640 30.046
3 1.006 | 10.063 40.109 1.006 | 10.063 40.109
4 1.002 | 10.015 50.124 1.002 | 10.015 50.124
5 1.000 | 10.003 60.127 1.000 | 10.003 60.127
6 1.000 9.996 70.124
7 0.997 9.966 80.090
8 0.980 9.802 89.891
9 0.697 6.974 96.866
10 0.313 3.134 100.000

In Table 5.18, the coefficients of the first component represent the correlation between
the independent variables due to the existence of the highest variance. Therefore, the
strength ratio, source-to-site distance and magnitude of the earthquake are stated as
dominant independent parameters in the relationship of DS-2 with the independent
variables. As the URM structures are exposed to the strain hardening between LS-1
and LS-2, the strength ratio becomes the most effective parameter in this interval. The

principal component relationship of DS-2 for the URM structures is given as follows:

DS-2 = 0.888n - 0.774Ry5 + 0.743M,, + 0.023T + 0.025S - 0.015u -0.0060; + 0.003 0
+0.001% - 0.001y (5.11)
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Table 5.18. The component matrix of DS-2

Components
1 2 3 4 5
Strength Ratio (n) 0.888 0.002 | -0.062 | 0.039 -0.019
Distance (RyB) -0.774 | 0.033 -0.013 0.013 0.006
Magnitude (M) 0.743 0.033 0.068 | -0.045 0.023
Period (T) 0.023 0.734 0.075 | -0.045 0.028
Soil (S) 0.025 -0.702 | 0.177 0.010 0.119
Ductility Ratio (u) -0.015 0.093 0.739 | -0.433 | -0.109
Post-yielding Ratio (as) -0.006 | -0.113 0.386 -0.243 | -0.134
Post-capping Ratio (o) 0.003 0.010 0.268 0.640 -0.362
Residual Strength Ratio (A) | 0.001 0.074 0.411 0.577 0.149
Degradation Parameter (y) | -0.001 0.056 0.159 0.076 0.895

Tables 5.19-5.23 are presented to explain the correlation of the independent variables

for DS-3.

Table 5.19. The correlation Matrix for DS-3

My, S RiB T n u Ois Oir A Y
M, |1.000|-.027 | -.160 | .065 | .484 |-.030 |-.003| .017 | .001 | .015
S |-.027|1.000| .014 | -.062 | -.249 | -.007 | -.007 | .001 | -.005 | -.003
R | -.160 | .014 | 1.000 | -.065 | -.499 | -.039 | .004 | -.015| .001 | -.013
T .065 | -.062 | -.065 |1.000 | -.155| -.088 | -.039 | -.016 | .043 | .003
n | 484 |-2491-499 | -.155]1.000 | -.142 | -.030 | -.021 | .043 | -.004
u | -.0301|-.007|-.039 | -.088 | -.142 | 1.000 | .032 | .018 | -.001 | .009
os |[-.003 |-.007 | .004 | -.039|-.030| .032 | 1.000 | -.007 | .005 | .004
o |.017 | .001 |-.015]|-.016]-.021| .018 |-.007 | 1.000 | .001 | -.008
A .001 [ -.005| .001 | .043 | .043 | -.001 | .005 | .001 [1.000 | -.004
Y .015 | -.003 [ -.013 | .003 | -.004 | .009 | .004 | -.008 | -.004 | 1.000

a. Only cases for which DS = 3 are used in the analysis phase.

103



As shown in Table 5.20, the KMO index of DS-3 reduces to 0.347, meaning that the
obtainment of DS-3 from the nonlinear structural analyses is less than the
aforementioned damage states in PCA. Although the measurement of this index for
DS-3 is low to express correlations between the independent variables in high

accuracy, the analysis model is acceptable since the significance value is equal to 0.0.

Table 5.20. KMO and Bartlett’s Test for DS-3

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.347

Approx. Chi-Square 64282.137
Bartle.tt s Test of af 450
Sphericity

Significance 0.000

As far as Table 5.21 is investigated, the extraction value of magnitude, soil condition,
post-yielding ratio and residual strength ratio has lower participation ratio to explain

the relationship of DS-3 than other independent variables.

Table 5.21. The communalities for DS-3

Initial Extraction
Magnitude (My) 1.000 0.470
Soil (S) 1.000 0.474
Distance (Rjp) 1.000 0.509
Period (T) 1.000 0.690
Strength Ratio (n) 1.000 0.848
Ductility Ratio (j) 1.000 0.558
Post-yielding Ratio (o) 1.000 0.437
Post-capping Ratio (o) 1.000 0.667
Residual Strength Ratio () 1.000 0.481
Degradation Parameter (y) 1.000 0.864
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According to the results given in Table 5.22, five components are extracted to express

the relationship of DS-3 in accordance with the eigenvalues of the components.

Table 5.22. The total variance of DS-3

Extraction Sums of Squared
Initial Eigenvalues Loadings
% of | Cumulative % of | Cumulative
Component | Total | Variance % Total | Variance %

1 1.835 18.354 18.354 1.835 18.354 18.354
2 1.125 11.247 29.601 1.125 11.247 29.601
3 1.023 10.225 39.826 1.023 10.225 39.826
4 1.013 10.125 49.951 1.013 10.125 49.951
5 1.005 10.048 59.999 1.005 10.048 59.999
6 0.990 9.901 69.900
7 0.967 9.666 79.567
8 0.958 9.580 89.146
9 0.827 8.266 97.412
10 0.259 2.588 100.000

Table 5.23 shows that the coefficients of the first component represent an effective
correlation between the independent variables due to the highest variance. Therefore,
the strength ratio, magnitude of the earthquake and source-to-site distance are
prominent parameters in the relationship of DS-3 with the independent variables,
respectively. Since the URM structures are exposed to the necking between LS-2 and
LS-3, the strength ratio can become the most effective parameter in this range as well
as DS-2. The principal component relationship of DS-3 for the URM structures is

given as follows:

DS-3 = 0.909n + 0.669M,, - 0.668Ry5 - 0.022T - 0.144 - 0.0400; -0.300S + 0.047) -
0.0010; +0.017y (5.12)
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Table 5.23. The component matrix of DS-3

Components
1 2 3 4 5
Strength Ratio (n) 0.909 0.095 -0.028 -0.066 -0.090
Magnitude (My) 0.669 | -0.043 | -0.100 0.025 0.102
Distance (RB) -0.668 | -0.109 0.027 -0.129 -0.183
Period (T) -0.022 | -0.755 0.197 0.190 0.212
Ductility Ratio (p) -0.144 | 0.572 0.306 0.288 0.184
Post-yielding Ratio (as) -0.040 | 0.334 0.534 -0.125 -0.151
Soil (S) -0.300 | 0.138 -0.512 0.061 0.315
Residual Strength Ratio () 0.047 | -0.226 0.470 0.452 -0.061
Post-capping Ratio (o) -0.001 0.151 -0.225 0.762 0.114
Degradation Parameter () 0.017 0.028 0.245 -0.260 0.858

Tables 5.24-5.28 are presented to present correlation of the independent variables for

DS-4.

Table 5.24. The correlation Matrix for DS-4

M, |1.000| .029 |-.167 | .108 | .275 | .031 | .013 | .014 | .000 | -.006

S .029 | 1.000 | -.015 | -.041 | -.151 | -.010 | -.003 | -.003 | .003 | .003
R |-167 |-015|1.000 | -.103 | -.322 | -.035 | -.019 | -.008 | .003 | .001
T .108 | -.041 | -.103 | 1.000 | -.154 | -.027 | .000 | -.025 | -.009 | -.020
n | 275 |-151|-322-.154 | 1.000 | -.062 | -.028 | -.031 | -.005 | -.012
M .031 |-.010 | -.035 | -.027 | -.062 | 1.000 | -.013 | .007 | -.003 | -.003
Qs .013 |-.003 | -.019 | .000 | -.028 | -.013 | 1.000 | -.004 | -.002 | -.001
O .014 | -.003 | -.008 | -.025 | -.031 | .007 | -.004 | 1.000 | .001 | .000
Iy .000 | .003 | .003 | -.009 | -.005 | -.003 | -.002 | .001 | 1.000 | .000
y |-006]| .003 | .001 |-.020-.012|-.003 | -.001 | .000 | .000 | 1.000

a. Only cases for which DS = 4 are used in the analysis phase
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As shown in Table 5.25, when the KMO index of DS-4, which is calculated as 0.425,
1s compared with values of other damage state relationships, its value for DS-4 is less
than the value of DS-1 and DS-2 and higher than the value of DS-3. Even though the
relationship between DS-4 and the independent variables of interest is not more
reliable due to the low variance in this analysis, the significance value of the model is

obtained as 0.0, meaning that the model of analysis is acceptable.

Table 5.25. KMO and Bartlett’s Test for DS-4

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.425

Bartlett's Test of Sphericity Approx. Chi-Square 92836.870
df 45.0
Significance 0.000

Considering the results in Table 5.26, the extraction value of post-yielding ratio, post
capping ratio and degradation parameter has lower participation ratio to explain the

relationship of DS-4.

Table 5.26. The communalities for DS-4

Initial Extraction
Magnitude (My) 1.000 0.509
Soil (S) 1.000 0.796
Distance (RjB) 1.000 0.525
Period (T) 1.000 0.855
Strength Ratio (n) 1.000 0.775
Ductility Ratio (p) 1.000 0.624
Post-yielding Ratio (as) 1.000 0.334
Post-capping Ratio (o) 1.000 0.241
Residual Strength Ratio (L) 1.000 0.769
Degradation Parameter (y) 1.000 0.268
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According to Table 5.27, five components are extracted to represent the relationship

of DS-4 in PCA by comparing each eigenvalue of the components.

Table 5.27. The total variance of DS-4

Initial Eigenvalues Extraction Sums of Squared

Loadings
Total % of | Cumulative Total % of | Cumulative
Component Variance % Variance %
1 1.525 | 15.254 15.254 1.525 | 15.254 15.254
2 1.115 | 11.151 26.405 1.115 | 11.151 26.405
3 1.039 | 10.386 36.791 1.039 | 10.386 36.791
4 1.016 | 10.161 46.952 1.016 | 10.161 46.952
5 1.001 [ 10.007 56.959 1.001 [ 10.007 56.959
6 0.999 | 9.986 66.944
7 0.994 | 9.936 76.880
8 0.990 | 9.897 86.778
9 0.832 | 8.317 95.095
10 0.491 4.905 100.000

In Table 5.28, the coefficients of the first component represent the best correlation
between the independent variables due to its highest variance. Therefore, the strength
ratio, source-to-site distance and magnitude of the earthquake are outstanding
independent variables in the relationship of DS-4. The principal component

relationship of DS-4 for the URM structures is given as follows:

DS-4 = 0.7891 - 0.687Ry5 + 0.630My + 0.049T - 0.1758S - 0.02 10, - 0.009p + 0.0010is
-0.013%-0.030y (5.13)
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Table 5.28. The component matrix of DS-4

Components
1 2 3 4 5
Strength Ratio (n) 0.789 | -0.383 | -0.065 0.041 0.011
Distance (RB) -0.687 | -0.189 | -0.125 | -0.045 0.022
Magnitude (My) 0.630 | 0.278 0.177 0.058 0.019
Period (T) 0.049 | 0.854 -0.317 | -0.145 0.045
Soil (S) -0.175 | 0.278 0.638 0.527 0.059
Post-capping Ratio (o) -0.021 | -0.042 0.409 -0.252 -0.093
Ductility Ratio (n) -0.009 | 0.100 0.520 -0.580 | -0.079
Post-yielding Ratio (as) 0.001 0.144 -0.117 0.429 -0.340
Residual Strength Ratio (A) | -0.013 | -0.052 0.084 0.193 0.849
Degradation Parameter (y) | -0.030 | -0.120 0.146 0.298 -0.377

5.4. Evaluations of the Results Obtained from the Statistical Analyses

In this section, the relationships between different DS values and the independent
variables of interest obtained via the mentioned statistical analyses methods are
evaluated. It is observed that the most three effective parameters, named as the
strength ratio, magnitude of the earthquake and source-to-site distance, are the same
for all of the statistical analyses. However, there are some differences in terms of their
priority emerged from the classification rate of each DS in discriminant analysis, the
participation rate of each independent variable in the DS in multiple regression
analysis and extraction value of an independent variable in the related DS in principal

component analysis.

The most three effective parameters for each statistical analysis can be consecutively
stated as follows: The strength ratio, magnitude of the earthquake and source-to-site
distance for DA and MRA; the magnitude of the earthquake, strength ratio and source-
to-site distance for PCA of DS-1; the strength ratio, source-to-site distance and
magnitude of the earthquake for PCA of DS-2 and DS-4; the strength ratio, magnitude
of the earthquake and source-to-site distance for PCA of DS-3. These differences in
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the order of significance for the same parameters may be attributed to the differences

in the statistical methodologies.

Finally, the modeling uncertainty involved in the structural simulations may have also
influenced the outcomes such as the low extraction value of an independent variable
and the low classification rate of the group of DS and DA is the most appropriate

statistical method for this case study.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1. Summary

This study mainly focuses on seismic performance assessment of URM structures
subjected to simulated ground motion records for Diizce region. The simulation
parameters were previously validated with the records of the 1999 Diizce (Mw=7.1)
earthquake. With this fundamental aim, the structural model is initially generated in a
simplified manner by converting the MDOF system into an ESDOF model. The
performance values of structural parameters, which are fundamental period, strength
ratio, ductility, post-yielding ratio, post-capping ratio, residual strength ratio, and
degradation parameter, are obtained by previous experimental and analytical studies
in addition to the global and local earthquake design regulations for URM structures.
The ESDOF model is employed to obtain limit states in terms of displacement with
MIMK hysteresis model while the damage states of the structural simulations obtained
through dynamic analyses are utilized to compare the global seismic response
statistics and the pre-defined limit states. In order to obtain ground motion records
from the simulated ground motion database, the dummy earthquake stations are
randomly selected to have at least two PGA values in each interval between 0.1g
tol.0g at Myw=7.1 in soft soil condition. The same procedure is applied for all cases.
With 240 different acceleration-time records, 10125 unique structural simulations,
which represents the combination of each performance value of the structural

parameters, are carried out to determine seismic responses of URM buildings.

During the study, the DS of an ESDOF model is determined by comparing the results
of nonlinear structural analyses and the pre-defined limit states in terms of

displacement. Sensitivity analysis is employed to observe changes in DS with
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changing discrete values of each structural parameter under different earthquake
magnitudes and Rjp distance intervals for soft and hard soil conditions. After that, the
probabilistic estimation of performance levels of URM structures for each magnitude
of the earthquake and PGA value is carried out in different soil conditions.
Discriminant and multiple regression analysis are conducted in order to obtain
relationships between the dependent variable (i.e. DS) and independent variables,
namely the magnitude of an earthquake, soil condition, Rjs distance and all of the
structural parameters. Another method, which is called as principal component
analysis is used to focus on the determining relationships between each DS and the

independent variables.

The results of this study can be used as a reference to evaluate the potential damage
to URM structures. Besides, they can be employed to take precautions in order to

mitigate earthquake losses.

6.2. Conclusions

Considering all the limitations and simplifications employed in this study, the
following conclusions can be drawn from the results of seismic performance analysis

of URM structures:

e The strength ratio seems to be the most effective independent variable, which
affects the DS of URM structures; hence, it should be majorly considered in
seismic design and assessment of URM structures. In addition, the strength
ratio leads to an increased effect of fundamental period, which is the second
most effective structural parameter.

e The earthquake magnitude is found to be the second most effective
independent variable that determines DS of URM structures according to
discriminant analysis and multiple regression analysis. Seismic damage
initially begins to appear around My=5.5 for URM structures. In general, DS

decreases with higher performance values of the structural parameters. For
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instance, the mean value of DS for the lowest performance values of the
structural parameters with the My=7.1 is 3.85 and it is 1.78 for the same
earthquake when the highest performance values are used.

Source-to-site distance is the third most effective variable on the DS-score of
URM structures according to discriminant analysis and multiple regression
analysis. As expected, source-to-site distance highly affects performance level
of the URM structures. In this study, the effect of Rz distance becomes
pronounced with My=6.0.

Soft and hard soil conditions have the same mean DS values for My=5.0 and
5.5. The influence of site condition begins to increase with My=6.0 and slight
differences are observed with changing magnitudes.

The fault rupture directivity effects lead to the occurrence of higher DS values
at dummy stations far from the fault plane. In this study, the variation of mean
DS values at different Rjg distance intervals demonstrated directivity effects
under the same earthquake magnitudes.

Ductility is an essential structural parameter to represent the displacement
capacity of structures and the capability of absorption of earthquake energy.
However, URM structures represent brittle behavior under seismic excitations.
According to the numerical results in this study, URM structures have
tendency to be in DS-1, DS-2 and DS-4. Thus, the effect of ductility for URM
structures is observed to be less than the effects of the strength ratio and
fundamental period.

Other structural parameters as the post-yielding ratio, post-capping ratio,
residual strength ratio, and degradation parameter are found to be non-
effective variables on the DS of URM structures. For instance, even though
higher degradation parameter enables to absorb more energy in a hysteretic
curve, a URM structure has lower energy absorption capacity due to its

material characteristic and thus its DS value is not affected by this parameter.
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The results of this study verify that URM structures are under high seismic risk
even in the case of moderate ground motion intensities. Therefore, new
masonry buildings should be constructed according to the current seismic
regulations and the existing masonry buildings should be retrofitted to enhance
their strength and displacement capacity.

Furthermore, strength seems to be the most important structural parameter for
rigid and brittle URM structures. If the capacity is not exceeded during ground
shaking, the building survives without severe damage. However, if the
capacity is exceeded, then the structure generally gets heavy damage or
collapses since the safety margin in the inelastic range is narrow due to limited
ductility and energy dissipation capacity. This means URM structures should
be designed or evaluated by using force-based approaches and sufficient force
capacity should be ensured in all the cases rather than the displacement

capacity.

6.3. Future Studies

Following recommendations can be made for potential future studies:

Further detailed models of URM structures can be employed to get more
accurate results about the seismic performance of this structure type. Although
it causes significant computational effort, historical URM  structures
particularly require to be analyzed with a detailed modeling approach.
Therefore, in the future studies, seismic vulnerability of such structures can be
investigated by using refined models and simulations.

The parametric study can be extended to include other structure types such as
reinforced concrete and steel buildings. The inherent structural characteristics
of these buildings can be obtained from available studies and can be employed

to assess their seismic performance.
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e Ground motions from one region are employed in this study. In a future effort,

simulated motions from different areas can also be employed.
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