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ABSTRACT

INTERNET BASED SEISMIC VULNERABILITY ASSESSMENT

SOFTWARE DEVELOPMENT FOR R/C BUILDINGS

YALIM, Baris
M.Sc., Department of Civil Engineering

Thesis Supervisor: Assoc. Prof. Dr. Ahmet Tiirer

December 2004, 162 pages

Structural evaluation and seismic vulnerability assessment of Reinforced
Concrete (R/C) buildings have especially become the focus of many researches in
Turkey and abroad especially after the August 17, 1999 earthquake causing major
life and property losses. A devastating earthquake being expected in Istanbul-
Marmara region raises many questions on how well the existing buildings are
constructed and whether they can stand a major earthquake. Evaluation of existing
buildings for seismic vulnerability requires time consuming input preparation (pre-
processing), modelling, and post processing of analysis results. The objective of the
study is to perform automated seismic vulnerability assessment of existing R/C
buildings automatically over the internet by asking internet users to enter their
building related data, and streamlining the modelling-analysis-reporting phases by
intelligent programming. The internet based assessment tool is prepared for two
levels of complexity: (a) the detailed level targets to carry out seismic evaluation of
the buildings using a linear structural analysis software developed for this study; (b)
the simplified level produces seismic evaluation index for buildings, based on simple
and easy to enter general building information which can be entered by any person
capable of using an internet browser. Detailed level evaluation program includes a
user friendly interface between the internet user and analysis software, which will

enable data entry, database management, and online evaluation/reporting of R/C
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buildings. Building data entered by numerous users over the internet will also enable

formation of an extensive database of buildings located all around Turkey.

36 buildings from Diizce damage database, generated by the cooperation of
Scientific and Research Council of Turkey (TUBITAK) and Structural Engineering
Research Unit (SERU) after the 17 August 1999 Kocaeli and the 12 November 1999
Diizce earthquakes, are used in the analyses to identify relationship between
calculated indices and observed damage levels of buildings, which will enable
prediction of building damage levels for future earthquakes. The research is funded
by Science Research Program (BAP 2003-03-03-03), NATO-SfP 977231, and
TUBITAK ICTAG-I574 projects.

The contribution of the research is composed of a) online building index -
performance analysis/evaluation software which might be used by any average
internet user, b) an ever-growing R/C building database entered by various internet

users.

Keywords: Earthquake, seismic vulnerability, internet-based, software

development, Diizce earthquake
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BETONARME YAPILARI SiSMiK ACIDAN INTERNET TABANLI
DEGERLENDIRME PROGRAMI

YALIM, Baris
Yiiksek Lisans, insaat Miithendisligi Boliimii
Tez Danigmani: Yard. Doc. Dr. Ahmet Tiirer

Aralik 2004, 162 sayfa

Betonarme binalarin yapisal ve sismik agidan zayiflik degerlendirmesi, birgok
yasam ve miilk kaybina yol acan 17 Agustos 1999 depreminden sonra Tiirkiye’de ve
yurtdisinda birgok arastirmaci tarafindan ilgi odagi haline gelmistir. Istanbul-
Marmara bolgesinde yikict bir deprem beklentisi, varolan binalarin ingaat kalitesi ve
boyle bir depreme karst dayanimlari konusunda bircok soruyu giindeme
getirmektedir. Hali hazirdaki binalarin sismik hasargorebilirlik degerlendirmesi, girdi
hazirlanma, modelleme ve analiz sonuglarinin islenmesi agisindan zaman harcanmasi
gereken bir konudur. Bu ¢aligmanin amaci, internet kullanicilarinin kendi binalariyla
ilgili bilgilere dayanarak, modelleme-analiz-raporlama asamalarindan olusan akilli
programlama sayesinde varolan betonarme binalarin internet iizerinden otomatik
olarak sismik hasargérebilirlik degerlendirmesini yapmaktir. Internet tabanli
degerlendirme programi iki zorluk derecesinde hazirlanmistir: (a) detayli asama, bu
calisma kapsaminda gelistirilen lineer yapisal analiz programini kullanarak binalarin
sismik ag¢idan degerlendirilmesini hedeflemektedir; (b) basitlestirilmis agamanin
amaci ise internet kullanabilen bir kisinin kolayca cevaplayabilecegi, genel bina
bilgilerine dayanan bina sismik degerlendirme indeksi iiretmektir. Detayli
degerlendirme programi internet kullanicisi ile program arasinda kullanimi kolay,
bilgi girdisini, veritabani isletmesini ve betonarme binalarin internet {lizerinden

degerlendirilmesini saglayacak bir arayiiz icermektedir. Tiirkiye’nin heryerinden
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bircok internet kullanicisi tarafindan girilen bina bilgileri genis ¢apli bina veritabani

olusmasini da imkan verecektir.

17 Agustos 1999 Kocaeli ve 12 Kasim 1999 Diizce depremleri sonrasi
Tiirkiye Bilimsel ve Teknik Arastirma Kurumu (TUBITAK) ve Yapi1 Mekanigi
Arastirma Unitesi (YMAU) ortak calismalar1 sonucunda elde edilen Diizce hasar
verileri arasindan secilen 36 bina analiz edilerek, hesaplanan indekslerden binalarin
gelecek depremlerdeki hasar seviyeleri belirlenmeye caligilmistir. Bu arastirma
Bilimsel Arastirma Programi (BAP 2003-03-03-03), NATO-SfP 977231 ve
TUBITAK ICTAG-1574 projeleri tarafindan desteklenmektedir.

Arastirmanin saglayacagi katkilar sunlardir: a) herhangi bir ortalama internet
kullanicisinin  faydalanabilecegi internet iizerinden bina analiz/degerlendirme
programi, b) cesitli internet kullanicilar1 tarafindan girilen betonarme yapi veri

bankasinin olusturulmasi.

Anahtar Kelimeler: Deprem, sismik hasar gorebilirlik, internet tabanli program

gelistirme, Diizce depremi
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Turkey is one of the most unfortunate countries in terms of its seismic activities.
Earthquake prone regions cover approximately 95% of both area and population
in Turkey. Although 130 major earthquakes occurred in Turkey since the
beginning of this century [5], the ones occurred in the last decade, which caused
building collapses and killed about 18000 people, have significantly drawn public
attention. Thus, estimation of the potential damage of the structures is inevitably
essential in order to minimize economic and human live losses during any future

earthquakes.

Amount of time and financing to perform seismic assessment of existing buildings
is directly proportional with the number of buildings which are under seismic risk.
Seismic assessment of buildings is usually conducted in two or more phases.
Quick (walk down survey) assessment is usually the first step to identify possible
defective buildings. Comprehensive evaluation methods are then used on a
smaller number of buildings. Existing comprehensive methods on seismic
evaluation are generally based on performance analyses of the computer model
carried out by a qualified engineer. The time range varies between several days
and couple of weeks. Quick evaluation techniques, on the other hand, are
relatively economical but generally lack accuracy and reliability. Current

approaches in rapid seismic vulnerability methods basically rely on analysis of

1



observations by past experiences. The goal of such methods is to detect the
buildings that need immediate investigation. The time needed for a fast evaluation
of a particular building is about an hour for an average engineer. However, based
on DIE 2000 data, there are close to 4 million reinforced concrete existing
buildings in Turkey, and evaluation of such large quantities requires a vast
number of qualified technical personnel, funding, and time. This study aims to
develop an easy-to-use, internet based seismic evaluation tool to distribute the

data collection work load to the households of each building.

1.2 OBJECTIVE AND SCOPE

The primary objective of this study is to develop a web-based computer program
for seismic assessment of existing reinforced concrete buildings. The web-based
computer program is prepared in two levels of complexity. The simplistic
approach collects general building data (such as in the case of a walk down, quick
survey) and calculates an evaluation index for the seismic assessment of the
building. The second level (complicated) approach consists of entrance of detailed
building information (column, beam sizes, reinforcement, etc.) using a user-
friendly graphical interface through internet and a detailed linear analysis of the
building automatically carried out at METU server. An analysis report is

automatically prepared and sent back to the user through the internet.

The secondary objective of the study is to generate a detailed comprehensive
database of existing buildings entered by a large number of users in Turkey.
Although the collected data’s correctness and accuracy is in the mercy of the user,

the information gathered through internet users is still expected to be valuable.

The final objective of this study is to serve to the needs of the public (quick-
detailed seismic assessment of buildings) and also educate and raise awareness

about earthquake and building resistance through detailed reports.

Two existing buildings (K7 building at METU-Ankara and Isbank Kabatas-

Istanbul branch building) are evaluated using the developed programs for basic
2



and complicated levels. The programs are tested and opened to public use on
November 01, 2004 at “www.idp.metu.edu.tr” internet site address. The building
data entries are mostly expected to be received from populated large cities with

high seismic risk and where internet use is customary in houses and internet cafes.

In chapter 1, general information about the study is briefly given. Objectives and
scope of the study are explained. In chapter 2, previous relevant studies on seismic
vulnerability assessment of existing buildings are summarized in addition to
seismic evaluation techniques in United States and Japan. Chapter 3 involves the
theoretical background of the software developed for seismic evaluation of
existing reinforced concrete buildings. Building modeling and analysis method are
introduced in detail. In chapter 4, results produced by the software are interpreted.
Analysis reliability of the software is tested on the example buildings. Proposed
methods (in two levels of complexity) for seismic vulnerability assessment of the
buildings are described in detail. Then, application of the proposed methods are
performed on 36 buildings from Diizce damage database in order to provide a link
between building damage score and the expected damage level of a building.
Furthermore, validity of the cut-off values for damage states is checked by using 9
buildings (one is from Bingdl database) from the same database. Finally,
summary and main conclusions of the study together with possible

recommendations for the future are included in Chapter 5.



CHAPTER 2

REVIEW OF PAST STUDIES

2.1 INTRODUCTION

Although numerous studies have been carried out in the field of “existing building
vulnerability assessment” and some utility programs are developed, an internet
(web) based analysis/assessment program is a new concept which was not widely
practiced before. Nevertheless, review of past studies would greatly enhance the
theoretical background of the used assessment procedure which is similar to past
studies in theory. In the following sections, key features of internet-based
computer programming will be discussed. After that, the most common seismic
evaluation techniques applied in other countries will be summarized. Next, several
methods on earthquake vulnerability evaluation proposed by different researchers

from Turkey will be discussed.

2.2 WEB-BASED PROGRAMMING AND TRAINING

Technologies, such as advancement of web-based software can offer tremendous
advantages if used in proper context. It is important to note that computers are
excellent tools for helping people to learn through an active and interactive
process rather than a passive one. Consequently, more web based tools should be

developed for the benefit/well-being of public.



Major advantages of web based tools/programs may be as follows;

e low cost, easy to reach

e can be used for teaching/education/training

2.3 EXAMPLE TOOL

One and good example of a web-based computer program is called “OpenSees”
[17] developed at Pacific Earthquake Engineering Research Center at University
of California Berkeley. It is an object-oriented software framework for
applications in earthquake engineering using finite element methods. It is a
framework for building models of structural and geotechnical systems, performing
nonlinear analysis with the model, and processing the response results. As its
name implies, the software is open to public and may be downloaded from the
website: www.opensees.berkeley.edu. Similar to this program developed in this
study, working principle of OpenSees [17] is composed of a number of modules
to perform creation of finite element model, selection of analysis procedures and
output of results. Users conduct a simulation with a scripting language named as
“Tcl”. Definition of model is done through Tcl environment using special

commands. Software is capable of performing nonlinear analysis.

2.4 SEISMIC EVALUATION TECHNIQUES

In this section, seismic vulnerability evaluation methods used in United States and

Japan, which are also earthquake prone countries, are briefly examined.

2.4.1 Methodology in United States [1, 2, 3]

Applied Technology Council (ATC) suggests stepwise seismic evaluation
approach which is composed of three stages. In the first stage, called as “rapid
visual screening”, buildings posing risk of death, injury, or severe curtailment in
case of an earthquake are quickly identified. The methodology can be used by
trained personnel to identify potentially hazardous buildings on the basis of a 15

5



to 30 minute exterior inspection, using a data collection form. These forms may be

different from region to region depending on the expected ground motion.

Initial structural score is calculated for the building if it is one of the structural
types specified in FEMA-154 [3]. Twelve basic structural parameters are
inspected, leading to a numerical basic structural score by means of visual
inspection. These parameters include poor condition of the structure, soft story,
floor torsion, short column, and irregularities in plan and elevation and soil type
etc. Then, basic score is reduced to a final structural score based on several
deficiencies associated by each parameter. A low score implies that further
evaluation is needed, whereas a high score indicates the sufficiency of the

building’s seismic performance.

If the structure is detected as inadequate, the second stage of the evaluation
process, called as “evaluation in detail” is carried out by an engineer. This stage
identifies building deficiencies and search for any vulnerable locations on the
structure or component that present unacceptable risks in the case of an
earthquake. Lateral load carrying capacity is assessed in terms of shear stress and
drift checks. Shear stress check is performed by quick estimation of average shear
stress in columns and shear walls. Drift check basically covers the story drift
judgment which relies on relative rigidity of frame elements. Building is then
subjected to several questions to find out the possible weaknesses. These
questions differ for each of the structural categories given in FEMA-178 [1]. No
further evaluation is required provided that the structure fulfill all statements with
true responses. On the other hand, false responses are the indication of more

detailed study for that structure.

Below areas are suggested by FEMA-178 [1] for evaluation statements of frame

type reinforced concrete structures;

e Building system: weak story, soft story, geometry, mass, vertical

irregularities, torsion, reinforced concrete deterioration, corrosion, etc.



e Moment frames: Shear stress check, drift check, strong column-weak
beam, redundancy, joint eccentricity, stirrup and tie hooks, stirrup spacing,
column and beam-bar splices etc.

e Diaphragms: Plan irregularity, diaphragm continuity, spans etc.

e Connections: Connection of columns to foundation, pile caps etc.

In the case of structural deficiency from previous stages, final evaluation stage,
called as “engineering evaluation” is performed by an experienced structural
engineer. In this detailed investigation stage nonlinear static and dynamic analyses
are carried out based on current design code. Structure is evaluated under the
guidance of FEMA-273 [2]. As far as the final decision about the structure is

concerned, this stage may be treated as the most trusted and in-depth of them all.

2.4.2 Methodology in Japan [15]

The Japanese seismic evaluation standard, named as “Standard and Commentary
for Evaluation of Seismic Capacity of Existing Reinforced Concrete Buildings”
[15] suggests three levels of evaluation procedures with different phases. These
procedures are applicable for low-rise reinforced concrete buildings less than six
stories with or without shear walls. Similar to the methodology in the United

States, screening stages are in order from the simplest to the most complicated.

To diagnose the seismic performances of reinforced concrete buildings, first, the
lateral load carrying capacity and deformation capacity of the building are
evaluated from the strength and deformation capacity of its structural elements.
Then, the structural seismic index, I, is calculated from the shape and aging
related deterioration of the building. The seismic performance of the building is
evaluated by comparing the structural seismic index, I5, with the structural seismic
judgment index, Iy, which is based on the estimation of equivalent static
earthquake forces. If structural index is greater than the seismic performance
index, building is identified as seismically adequate and no additional evaluation
is needed. On the other hand, lower value of structural index requires further

evaluation analysis.



2.5 RELEVANT PAST STUDIES

In this section, past researches on seismic vulnerability estimation of existing

reinforced concrete buildings are briefly summarized.
2.5.1 Hassan & Sozen Method [14]

Hassan and Sozen [14] presented a simplified method for seismic vulnerability
assessment of low-rise buildings. Procedure requires only the column and wall
dimensions of a structure. Authors defined “wall index” and “column index” to be

plotted on two-dimensional graph. These indices are given below.

A+ A
Wall Index (WI) =A—10*100 @2.1)

ft

where Aqy 1S the total cross-sectional area of reinforced concrete walls in one
horizontal direction at the base level, Any is cross-sectional area of masonry walls
in one horizontal direction at the base level, and A is total floor area above the

base.

Column Index (CI) =%*100 (2.2)

ft

where A is the effective cross-sectional area of columns at the base (Acol /2); Acol
is total cross-sectional area of columns above the base. A building is represented
by a point defined by WI and CI. A “priority index (PI)” is defined as the
summation of WI and CI, which shows high vulnerability when PI value is

relatively low.

Authors underlined the fact that proposed method includes too few variables but it
provides general idea to identify the most vulnerable buildings. They also tested
the procedure with post-earthquake data from 1992 Erzincan earthquake and

observed that results proved to be quite satisfactory.



2.5.2 Gulkan & Sozen Method [12]

Gulkan and Sozen [12] proposed a procedure for seismic vulnerability of
reinforced concrete frame type buildings consisting of masonry infills. Method is
simply based on cross-sectional dimensions of columns and masonry infill walls.
Ranking is performed in line with the graphical representation of column and wall
ratios. Column ratio is defined as the ratio of total cross-sectional area of columns
at the base to total floor area above the base. Similarly, wall ratio is defined as the
ratio of the sum of infill wall area at the base to total floor area. Both fractions are
calculated for each direction and critical one is considered. Authors also proposed
a vulnerability formulation based on ground story drift. They indicated that the
ground story drift is directly proportional with the seismic vulnerability of a
structure. Study is conducted on the database collected after 1992 Erzincan
earthquake. Authors concluded that the proposed ranking procedure provides

good conformity with the damage database.

2.5.3 Ersoy & Tankut Method [10]

Ersoy and Tankut [10] proposed another seismic assessment technique for
reinforced concrete buildings with less than seven stories. Authors stated that

detailed evaluation is not needed if structure satisfies below conditions;

¢ minimum requirements for the dimensions of structural elements and the
reinforcement ratios given in the “Specifications for Structures to be Built

in Disaster Areas” [16]

o (KD A+DA)20003> A (23)
e D A, 20002 A 20.01A, 2.4)
where

Z A, : total column area in a given direction at the base level of structure

z A, : total shear wall area in a given direction at the base level of structure



Z A, : total floor area above base level of structure
A,  :floor area at the base level of the structure
K : 1/2 (square and circular columns)
1/3 (rectangular columns in their shorter directions)

2/3 (rectangular columns in their longer directions)

A form of damage identifier is defined as the ratio of column and shear wall areas
of an existing structure to the “required area” based on above states. If the ratio is
greater than one then no severe damage is expected during an earthquake.
Conversely, severe damage is possible for the structure if the ratio is less than one.
Authors tested the soundness of the proposed method with damage data for 1992
Erzincan earthquake and concluded that results show acceptable correlations with

the observed damage states.
2.5.4 Peter Fajfar’s (N2) Method [11]

Fajfar [11] proposed a simple nonlinear method, called as N2 method, for
expected seismic damage evaluation. The method uses an analytical method
producing acceptable results for the structures vibrating in their first fundamental
modes, rather than curve fitting to available post-earthquake data. Most vulnerable
portions of a structure can also be determined using N2 method. Even though
method includes great uncertainty due to the assumptions made for the properties
of expected ground motion, author believes that proposed method (which is
mainly based on pushover analysis) is a practical tool for building seismic
performance evaluation. Author also verifies the reliability of the method by

analyzing a four story reinforced concrete frame building example.
2.5.5 Rodriguez’s (Ip) Method [19]

A coefficient Ip for seismic damage prediction is proposed by researchers

Rodriguez & Aristazabal [19].
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2mAhD 4 (2:9)

Ip

where A is equal to n/T, n being the number of storeys, T is fundamental period

of the structure; 7/:5m/(/,zmuy), dm Is the maximum roof drift ratio, py is

ductility ratio, uy is yield displacement.

Proposed parameters neither include the characteristics of the ground motion nor
also structural properties of the structure. Ip coefficient considers total energy
dissipated by a SDOF system (Ey), and maximum roof drift ratio (D) which is
equal to 0.01. A value in the equation is selected as 10 for typical reinforced
concrete frames and h is the story height. Authors tested the Ip parameter using
data from 11 different earthquakes and concluded that it provides an approximate
measure of structural response and can be used for quick evaluation of existing
regular RC buildings. Another conclusion drawn from the study is that controlling
roof and inter-story drift ratios plays important role in minimizing seismic
damage. The Ip method should be carefully used for irregular buildings due to

inconsistencies with the assumed and actual deflected shapes.
2.5.6 Wasti & Sucuoglu & Utku’s Approach [24]

Authors carried out a rehabilitation research project about moderately damaged
reinforced concrete buildings after 1 October 1995 Dinar-Turkey earthquake. The
structural damage index values for buildings are defined by assigning individual
damage appraisal values to the structural members. A member type damage grade
(Dm) was calculated first for beams, columns, shear walls, infill walls, and

connections separately using the relation [13]:

o (1L + 2M + 4S)

D
m N,

(2.6)

where L, M, and S letters stand for the number of light, medium, and severely

damaged members, Ny, is the total number of members, and o, is the member
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importance factor which takes values of 1, 2, 6, 1, and 0.5 for beams, columns,
shear walls, connections, and infill walls, respectively. The summation of all Dy,
values for all structural members gives the Total Member Damage Grade,

(TMDG). Then, the Structural Damage Grade (SDG) is calculated as:

TMDG *100

SDG =
43, + 83, + 243, +48; +29;

Q2.7

where ¢ is either 0 or 1, depending on the existence of that member type in the
system. According to these scores, a structural damage rating was performed as

below;

0-5 :No structural damage
6-14 : Light structural damage
15-43  : Moderate structural damage

Above 43  : Heavy structural damage

Although the study does not target to define a seismic vulnerability assessment
method, it provides valuable information on how to link member type damage to

the overall building performance evaluation.

2.5.7 Pay’s Approach [18]

Pay [18] proposed a method based on statistical background called as discriminant
analysis for rapid evaluation of buildings. Database was formed after 1999
Kocaeli and Diizce earthquakes and involves 152 R/C type buildings up to 6
stories high with and without shear walls. Five structural parameters (number of
stories, square root of sum of squared moment of inertias (SRSSI), soft story,
overhang ratio, and redundancy) are used to evaluate seismic vulnerability of a
building. Soft story and overhang ratio were detected as statistically insignificant
and removed from the analysis. Four different damage state levels (“immediate

occupancy”, “life safety”, “severe damage”, and ‘“collapse”) are defined. The

overall correct classification rate for the indicated four levels is found to be

12



49.3%, whereas success rate has increased to about 72% when light and heavy

damage states are processed separately.
2.5.8 Aydogan’s Method [4]

Aydogan [4] developed another statistical model for the preliminary seismic
vulnerability assessment of low-to mid rise existing reinforced concrete structures.
Method is based on discriminant analysis of 484 buildings compiled after 1999
Marmara earthquakes using the following basic estimation parameters: number of
stories, minimum normalized lateral stiffness index, minimum normalized lateral
strength index, redundancy score, soft story index, and overhang ratio. The first
group of analysis was performed for two damage state levels namely “immediate
occupancy performace level (IOPL)” and “life safety performance level (LSPL)”.
Correct classification rates of 69.0% in LSPL and 72.5% in IOPL are achieved.
The second group of analysis for three damage state levels produced 54.1%
correct classification rate. On the other hand, optimal classification methodology
was developed for the two damage state groupings. In this case, severely damaged
and collapsed buildings are identified with 80.3% success rate. The number of
stories was found to be the most effective parameter in all groups of

classifications.
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CHAPTER 3

DESCRIPTION OF SOFTWARE

3.1 INTRODUCTION

In this chapter, theoretical background of the software called “EQMASTER” is
explained in detail. Brief description is given on graphical user interface of the
software. Working scheme of the software on the internet platform is introduced.

Program code and capabilities of EQMASTER are theoretically discussed.

3.2 LAYOUT

Software is basically formed by two main parts. The first one is the graphical user
interface (GUI). GUI provides strong visual interaction with the user resulting in
very user friendly environment (see Figure 3.1). Recent trends in almost all
computer programs have progressed in that manner and effectiveness is greatly
increased. Design of GUI is completed by the cooperation of the author and

Komer Ltd. Co. approximately in eight months.

It is very difficult to create 3D GUI since it requires considerable amount of time
and financing. Yet, 2D graphical interface which is used in this study can also be
efficiently applied to 3D structures if properly designed. EQMASTER uses a 2D
interface. Each floor is represented in separate layers. In addition, fast modeling is
provided by means of several facilitative properties including object templates,
quick insertion of objects and story replication. Lack of 3D modeling is tried to be

compensated as much as possible with such properties.
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The second part of the software involves the core program developed by the
author. Code development has been carried out in MATLAB 6.5 [21] which is

available in civil engineering department server.
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Figure 3.1 - Graphical User Interface

Software has been designed as a web-based application that all operations are
performed on the internet platform. Figure 3.2 represents the software’s execution

logic.

15



v

2

. Internet
1 - Downloading...

5 5- Receive results 2- Send input data ﬂ
ser

4 - Send output data
Server

A A

vy

1 [ J 3 -Run
teiss)
101

Core Program

Figure 3.2 - Working Scheme

As can it be inferred from the Figure 3.2, process is started by downloading the
free software from the internet. Next, the user creates his model using GUI. As
soon as the modeling is completed, GUI prepares a data file representing what has
been modeled. That file is then transferred into the server by means of internet.
After that server at METU receives the data, the core program is executed and all
necessary analyses are carried out based on the incoming data. Subsequently, an
output file is constructed and saved to the server by the core program. Finally, all
results are automatically organized in a report format and sent to the user in a

suitable format.

Unlike other typical software packages, EQMASTER has particular advantages

due to its web-based environment. Some valuable properties are listed below.

e Available to all users by downloading
e Free of charge
e Reachable 7 days 24 hours

e Forms well-organized and comprehensive database

There are several minor standards that should be followed in writing a computer

program. In particular, software should be as simple as possible to employ if large

16



numbers of user groups are targeted. For instance, a developed program should be
accessed by average computer user in Turkey which is one of the most important
criteria when designing a graphical user interface. On the other hand, it should
produce adequate and reliable results. All of them should also be presented to user
in a well prepared report involving visual aids such as graphics, animations.
Besides, the report should be small in terms of download size since the report will
be transferred via internet. Other important point is that program should be able to
run without errors in all versions of windows based computers. Moreover,
program code should be updated easily. These criteria are met as much as possible

in this study.

3.3 EXPLANATION OF THE CODE

In this section, the code algorithms and logic behind them will be discussed. Total
program code includes eleven subroutines. Each subroutine is identified by a
function containing hundreds of lines. First subroutine is the engine which
executes other functions. At the end, each subroutine’s new variables are stored in

a global data matrix to be used in other parts of the program.

3.3.1 Input Data

Graphical user interface provides visual connection between user and software.
Although the user sees and interacts with a simplified graphical user interface, the
collection, storage and processing of information involves complicated and
lengthy code. Each object defined in GUI is represented by a number which then
sent to a text file. Therefore input data is formed interactively as soon as the
modeling is completed in GUI. Part of the sample input data sent by GUI is shown

in Figure 3.3.

Data shown in Figure 3.3 is read and assigned to variables for further operations.

Explanation of each input variable is given in Appendix D. MATLAB [21] is very

powerful tool in terms of matrix manipulations. MATLAB [21] is the abbreviation

of “Matrix Laboratory”. Thus, each variable is stored as matrix regardless of its
17



size. If the object is defined for each story such as columns, beams etc., necessary
data for each story are combined in a single variable. This is achieved by using
three dimensional matrices. Consequently, very organized input data becomes

available before starting computations.
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Figure 3.3 - Example of Input Data

Up to now, all essential data in order to analyze a structure is obtained. Next step

is the identification of model required for engineering evaluations.

3.3.2 Representation of Model

Definition of model is one of the most important parts of the analysis. All solution
methods and consequences are based on how the model is identified. In this study,
multistory buildings with symmetric and unsymmetrical plans are considered.
Such buildings, when subjected to ground motion in a given direction, would
undergo lateral motion in two horizontal directions and torsion about the vertical
direction simultaneously. Representative lumped-mass model is shown in Figure

3.4.
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Figure 3.4 - Model Designation

There are three degree of freedoms (DOFs) defined at each floor. Two of them is
translational assigned in X and Y directions. Other one is defined in Z-direction
showing torsional motion. Each floor mass is lumped at the center of mass of that

floor.

After the model is constructed, two fundamental dynamic properties, namely,
stiffness matrix and mass matrix of the system can be developed. Theory of
formulations together with the applications in the software is given in the next

sections.

3.3.3 Formation of Frame Lateral Stiffness Matrix

The first step in determination of lateral stiffness matrix of a frame is the
assignment of dofs to joints. Figure 3.5 demonstrates dofs considered for each
frame. Note that diaphragm action is considered for each floor. Thus, two
perpendicular translational dofs and one rotational dof (+z-direction) are defined
for all the joints at a given floor. On the other hand, such an assumption can not
be made when the rotation of slab is considered (rotation in x&y directions) since

floor is flexible in bending. So, different rotational dofs are assigned at each joint.
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However, the axial deformations in structural elements are neglected due to

diaphragm action.
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Figure 3.5 - Frame Degree of Freedoms

Assembly of frame lateral stiffness matrix is a rather simple procedure. Assigned
dofs for each member are identified and properly mapped into the global matrix.
Element stiffness matrix, ke, for an axially rigid element having one translational

and one rotational dof at each node is shown in Figure 3.6.
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Figure 3.6 - Element Stiffness Matrix

Program code recognizes each frame by using the assembly of structural elements
defined on grid lines in the graphical user interface (GUI). Joints are automatically
formed at the intersection points of GUI grids. In this way, frames including

vertical irregularities such as non-existing beams or columns etc. can also be
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modeled. Down side of such idealization is the need for automatic assignment of
degree of freedoms at each grid intersection even if no structural elements are
connected to that joint. This leads to diagonal zero terms in the stiffness matrix. In
order to prevent such singularity, the global stiffness matrix is controlled and
modified by removing both rows and columns that involve only zero values

including their diagonal.

Another obstacle in grid idealization of the frames comes from long span beams.
Many grids in both X and Y directions are defined especially for irregular frame
configurations in plan. Therefore, there is great possibility of these “grid” lines
dividing beams into several segments (Figure 3.7-a). Connection points of these
segments provide, indeed, vertical restraints to the beam since no movement is
allowed in that direction. This causes errors in deformed shape and global
stiffness matrix (Figure 3.7-b&c). Such situations are managed in the software by
introducing special joints at restrained locations and stiffness contributions of

beams are corrected accordingly.
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Figure 3.7 — Formation of Joints by Imaginary Grid Lines
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One of the properties implemented in the software is the definition of non-parallel
axis systems. Frames can sometimes be placed in skewed, non-parallel geometry

which may usually be seen at a corner building (See Figure 3.8).

Angular arrangement of the frames oriented in the x-direction is represented by
angles between the x-axis and the frame itself. Similarly, angles defined between
the vertical direction frames and y-axis direction defines the orientation of these
frames. Angles are positive in clockwise direction for both directions.
Contribution of angular frames into stiffness matrix is determined by multiplying
all stiffness terms by the cosine of frame skew angle. Note that stiffness of parallel

frames is not affected since cosine of zero is equal to unity.

—> X
X1 X2 X3 X4
Y1
Y
Y2

Figure 3.8 - Non-Parallel Axis System

Additional measures are taken in the program for base column stiffness
adjustment. First story columns are considered as fixed at the ground level.
However, such an assumption can be slightly modified including the effects of
soil stiffness. Figure 3.9 illustrates the two extreme cases of support conditions.

Theoretically, “4EI/L” and “3EI/L” are used as stiffness influence coefficients for
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fixed and pinned supports respectively. However, the actual value is expected to
be between these values and can be best estimated as a function of soil type. Note
that adjustment of the assumption can also be made considering building
foundation type. However, foundation is not taken into account in the developed

program.

AEL 3EL
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Figure 3.9 - Stiffness Influence Coefficients Based on Support Condition

The assumed EI/L coefficients implemented into stiffness generation algorithm as

a function of soil type is given in Table 3.1.

Table 3.1 - Coefficient of EI/L Based on Soil Type

Soil Type
Coefficient of EI/L
(specified in the TEC)
Z1 4
72 3.8
Z3 3.6
Z4 3.4

*Turkish Earthquake Code [16]

Next step in formation of frame lateral stiffness matrix is conversion of frame dofs
into global directions (Figure 3.4). For this purpose, static condensation method is
used to eliminate rotational dofs in elevation leaving only translational dofs at
frame level. As it is mentioned in section 3.3.2, floor masses are idealized as

concentrated lumped masses at the center of masses of each floor. Therefore,
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diagonal elements of mass matrix corresponding to rotational dofs contain zero
terms. These terms can be eliminated from the dynamic analysis of the structure
provided that the dynamic excitation does not include any external forces in the

rotational dofs, as in the case of earthquake excitation.

Considering set of equations given in Equation 3.1, eliminated dofs are rotational

whereas translational dofs are kept.

ktt I ktr ut Pt
s e e

where

Ky : Stiffness terms for translation-translation interaction
Ky : Stiffness terms for translation-rotation interaction
K : Stiffness terms for rotation-translation interaction
K., : Stiffness terms for rotation-rotation interaction

U, : Dofs with force assigned (translational)

u, : Dofs with zero force assigned (rotational)

R : Lateral force due to ground motion

Expanding upper and lower partition of Equation 3.1 gives;

k.u, +k,u, =P (3.2.a)

tr=r
Kou, +k,u, =0 3.2.b)

Solving for u, in Equation 3.2.b;

u, = _krrilkrtut 3.3)
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It is important that condensed dofs are not discarded. They are expressed as

functions of remaining dofs as shown in Equation 3.3. Substituting Equation 3.3

into Equation 3.2.a;

kttut —k,k 71krtut = Pt

trotrr

After arranging terms;

(ktt_k k 7lkrt)ut =R

trorr

As it can be seen, Equation 3.1 condenses to the form;

>

F
=3

where condensed stiffness matrix is given by

Ky = (ke —koky, 'k, )

trotrr

(3.4)

(3.5)

(3.6)

3.7

Condensation procedure is applied to all frames in each direction. Uncondensed

forms of the matrices are also stored for determination of eliminated rotational

displacements using Equation 3.3.

v
Z

Figure 3.10 - Condensed Form of Frame Lateral Stiffness Matrix

25

X X X X X




After all rotational dofs are statically condensed, NxN symmetric lateral stiffness
matrix is obtained for each frame oriented in X and Y directions separately
(Figure 3.10). N represents the number of story for a frame. It was pointed out
earlier that two translational and one torsional dof is assigned at each floor.
Subsequent stage of the program flow is to construct the global structural stiffness
matrix referring to directions of dofs defined in global sense (Figure 3.4). Details
on global stiffness matrix generation are given in the section 3.3.6 in further

detail.

3.3.4 Infill Walls

In addition to load carrying members, non-structural elements such as infill walls
provide significant contribution to initial lateral stiffness of frame systems.
Seismic response of frame type structures may basically change leading to
considerable deviations in distribution of internal forces due to existence of infill
walls. Moreover, increase in stiffness may intensify the base shear during
earthquakes. Therefore, infill wall effects on system stiffness and mass needs to

be taken into consideration.

Although there are a number of on-going studies, effect of masonry walls on the
system stiffness is not theoretically well defined. Great percentage of these
uncertainties comes from the complicated interaction between frame-wall systems

and nonlinear behaviour during earthquakes.
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Figure 3.11 - Frame with Infill Wall
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Considering a representative wall given in Figure 3.11, one of the simplest
assumptions that can be made on overall stiffness is summing the contributions of
the frame and wall. Direct summation may be correct if the wall is considered as
independent from enclosing beams and columns. However, combined system
stiffness is larger if there is any interaction between them. Interaction between
wall and surrounding frame depends basically on contact area and degree of bond
at the interface. Such factors produce additional unclear points. As far as the
approximate nature of the software is concerned, it may be acceptable to

formulate wall stiffness based on separate contributions.

Proposed method considers both shear and bending stiffness contributions in order
to determine lateral wall stiffness. First, these contributions are estimated and then
summed up based on simultaneous shear and bending behaviour of the wall.
Figure 3.12 shows deformed shape of a typical wall subjected to unit
displacement in its strong direction. Shear strain in X-y plane is symbolized by yyy
expressed in radians. Note that the deformation is purely shear without any

rotation.
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Figure 3.12 - Deformed Shape of the Infill Wall
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Referring to Figure 3.12,

tany =< (3.8)
h

Since vy 1s very small, Equation 3.8 leads to;

v = 3.9

h

Corresponding shear stress is found by Hooke’s law for shear stress-strain

relation;

Ty =7xG (3.10)

where

G : Shear modulus of wall = 0.4E,,
Ty : Shear stress in x-y plane

After necessary substitutions shear force becomes;
V=r A=y GtL= 0 GtL 11
STyR=7y t _F t @G.11)

Finally, shear based lateral stiffness of the wall is determined by equating o to

unity;
k = %tL 3.12)

Based on elementary structural analysis, bending stiffness of wall shown in Figure

3.12 can be defined by Equation 3.13;

12E, |

w-bending = h 3

K (3.13)
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in which

E : Elastic modulus of the infill wall

w

I : Moment of inertia of wall, =tL*/12

h : Height of wall
Modulus of elasticity for infill wall is computed using the following relation given

in FEMA 273 [2];

E, =550f, (3.14)

Default value for compressive strength of infill, f,, in fair condition is taken as

600 psi (= 4.1 MPa) as stated in FEMA 273 [2]. Accordingly, elastic modulus of
infill wall becomes 2.255x10° kN/m”,

Finally, shear and bending stiffness are combined to calculate total wall stiffness.
Combination is done in such a way that both shear and bending behaviour effect

overall stiffness like in serial spring analogy. Hence, formulation turns out to be;

1

(3.15)

total — 1

1
+
12E 1 GLt
WA3 %.Zh

One observation from Equation 3.15 becomes shear dominant as the length of
wall increases. If two contributions are directly summed up then total stiffness
diverges from shear value which builds up above formulation. Shear stress mainly
develops on middle region of the wall surface. On the edges, it approaches to zero.
Therefore shear stiffness of the wall is slightly modified by the factor of 1.2 which

is shown in Equation 3.15.

29



3.3.5 Shear Walls

Reinforced concrete shear walls provide significant earthquake resistance to
buildings. They also contribute to the ductility of the system considerably.
Collapse may be avoided due to existence of such walls even if other structural
elements have exceeded their capacity. In general, shear walls fundamentally alter
the seismic performance and behaviour of a building by resisting relatively much
greater amount of external forces due to its relatively high resistance and strength.
Consideration of these strong walls gains much importance due to their critical

role in the overall seismic resistance.

Handling of shear walls in the software may be different than that of columns.
Although shear walls are usually placed in between adjacent axes, they may also
be placed independently at axes intersections. In the second case, shear wall is
considered as a single column with the given cross sectional dimensions. On the
other hand, if it is placed between two axes, as usual in practice, it is divided into
two equivalent columns such that total stiffness of the equivalent columns is same
as the shear wall. In other words, stiffness is equally divided and lumped into
adjacent joints. Stiffness of a typical shear wall with length L and height H is
given by Equation 3.15.

Half of the stiffness given in Equation 3.15 is equated to column stiffness. Then, it

1S written as;

12El, 0.5

e 0 ) ] (3.16)

12El GLt
%4 3 % 2H
where G =~ 0.4E and equivalent column inertia, I, is defined as;
tL,’

| == 3.17

e = (3.17)
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After some arrangements and simplifications, equivalent column length (or width)

L. turns out to be;

(3.18)

As the H/L ratio approaches to infinity, equation comes close to the form in which
equivalent column length is approximately %79 of shear wall length (L/1.26).
This percentage also corresponds to equivalent inertia requirement which is

derived as below.

—

U

Figure 3.13 — Top View of Equivalent Column Designation for Single Shear
Walls

Note that equivalent column thickness remains unchanged. Referring to Figure

3.13, moment of inertia of shear wall with respect to y-y direction;
I = —tL’ 3.19)

Isw-y should be equal to total moment of inertia of columns with respect to

y-y direction. Then,

1 1
— 3 =—t(L.) 3.20
St =t (3:20)
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After simplifications, equivalent column width becomes,

L
L, =— 3.21
° 1.26 (3-21)
The Equation 3.21 is valid for cases when H/L ratio converges to infinity. When it
is relatively larger than L, the shear wall converges to a column and shear

contribution in Equation 3.16 becomes negligible. Therefore, the Equation 3.21

turns out to be correct for a column in bending.

Another frequently faced situation in practice is the existence of shear walls
designed for more than one span. It may even surround whole perimeter of the
building. In such cases, inertia contributions from both sides of an axis are taken
into account so that an identical column is formed at the joint (Figure 3.14).

Thickness and length of adjacent shear walls may be different.

t t

t |:| ................................. [ t

Lze L2e

Figure 3.14 - Equivalent Column Designation for Adjacent Shear Walls

Equation 3.18 is simply applied to shear walls 1-2 and 2-3 (L, and L,) separately,
but, further arrangement is necessary for joint 2. Average thickness of columns

located at joint 2 is selected to represent equivalent thickness. Such estimation
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does not bring major error to total inertia in that direction since wall thickness is

negligibly small compared to wall length. Thus, average thickness, t is given by,

t' = (3.22)

From Equation 3.17, the equivalent column stiffness derived from the shear wall

stiffness can be written in the following form;

=1, +1,

) (L) . t'(L,)’ (3.23)

12 12 12

Replacing both column thickness by t and equating total moment of inertia in Y-

direction leads to equivalent length of newly formed column;

*

U =L +L,. )" (3.24)

Exactly similar calculations are also valid for shear walls defined in other

perpendicular direction.
3.3.6 Formation of Global Stiffness Matrix

Stiffness matrix of overall structure is generated by using direct stiffness method
[7]. Multistory buildings with symmetric and unsymmetrical plans may be defined
by the user and program should be capable of handling extremes. Many buildings
have poor structural system configuration resulting in undesirable responses to
strong ground motion. Hence, a general formulation is developed considering
two-way unsymmetrical floor plans. Such systems generally have mass and
rigidity centers away from each other resulting in eccentricities which generate
torsional deformations in addition to translational ones. Figure 3.15 shows an
arbitrary system consisting of several frames oriented in X and Y directions. Note

that framing plan is unsymmetrical about both directions.
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Yv
(a) Multistory System
N —> Uy, N — Uy
— —
— —
1 —> Uy 1 —> Uy
(b) a-a frame in y-direction (¢) b-b frame in x-direction

Figure 3.15 - Two-way Unsymmetrical Floor Plan

Center of mass (point O) of all floor diaphragms may not lie on the same vertical
axis due to differences in mass properties of the frames and possible openings in
the slab. Therefore, single mass center is determined for entire system using the

weighted average relation given in Equation 3.25 and Equation 3.26.
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MC =—— (3.25)

MC =1 3.26)

where,

(X;,Y;) : Distance of each frame to mass center (point O)

M,  : Total mass of i floor
mc,, : Mass center of i floor in x-direction
mc,; : Mass center of i floor in y-direction

MC, : Mass center of entire system in x-direction

MC, : Mass center of entire system in y-direction

Remark: Calculation of floor mass center and total floor mass is given in the

section 3.3.7.

In order to relate dofs for the frame to global dofs for the building, displacement
transformation matrices are used. In the case of multistory buildings with arbitrary
plan with no axis of symmetry, Nx3N (N being the number of stories) matrix is
generated. Each of the 3N modes generally contains coupled X-lateral, Y-lateral
and torsional motion and is excited by ground motion in the X or Y directions.
These transformation matrices are given in Equation 3.27 and Equation 3.28.

Verification of transformation matrices is given in Appendix E.
a;,=[l 0 -yl] (3.27)

a,=[0 1 xI] (3.28)
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In Equations 3.27 and 3.28, X; and Yy, represents the location of i"™ frame oriented

in the Y and X directions, respectively (Figure 3.15). If the frame is skewed
components of the perpendicular distance between that frame and the mass center

are considered. | is an identity matrix of order N and 0 is a square matrix of

order N with all elements equal to zero.

Finally, contribution of each frame to the global stiffness matrix is determined

using the following transformation.

Ki =§xiT Kxigxi (3’29)
T

Ki :Q'yi Kyigyi (3.30)

where;

a.,a, : transformation matrices as shown in Equation 3.27 and 3.28

=Zxio Zyi

K : lateral stiffness matrix of the i frame oriented in x-direction
Kyi : lateral stiffness matrix of the i frame oriented in y-direction
K; : contribution of the i frame to global stiffness matrix

Then, stiffness matrices of all frames are added to obtain global stiffness matrix.

Kglobal = ZK| (3.31)

Three global dofs at each story results in a final global stiffness matrix size of
3Nx3N. Arrangement of stiffness terms in this matrix depends on the orientation
of global dofs. Insertion of frame lateral stiffness matrices of a three-story

building into global stiffness matrix is illustrated in Figure 3.16.

It can be seen from Figure 3.16 that the first NxN set of stiffness terms belongs to
frames oriented in X-direction. The second NxN set corresponds to frames

oriented in Y-direction. Finally, torsional stiffness of floors is represented by last
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NxN stiffness matrix shown in Figure 3.16-b. Existence of coupled terms shown
with letter ¢ in the matrix depends on frame location pattern. Coupled terms
would be equal to zero if the frames are symmetrically placed in x and y

directions.

V4
6 1 2 3 456 789
@ ; i ccccccli
5 ccecececcla
5 xdi. | © o o ¢ ¢ ¢ 3
@ ) ccc ccclaq
ccec ccec
8 4 y-dir. S
ccec ccclg
@ 1 cccececec ;
7 Ay
cccccecel | s
L x ccccecec | 9
(a) 3-Story Model (b) Global Stiffness Matrix %

Figure 3.16 - Assembly of Global Stiffness Matrix

A condensed mathematical designation of global stiffness matrix may be given by
substituting Equation 3.27 (or 3.28) into Equation 3.29 (or 3.30) and latter into
Equation 3.31;

Dxx Dy  Dxo
Kglobal = ny Kyy Kya (3-32)
Koo Ko K
where
Kxx = ZKxi ny = nyT = O Kxe = K&(T = Z yini (3’33)
ky = ZKW Kyo = K@T = Z XKy Kg = Z Xizkyi +Y, Ky, (3.34)
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At this stage of the program code, frame stiffness matrices formation and
assembly of the global stiffness matrix is completed. Note that all stiffness
formulations include the contribution of infill walls and shear walls based on the
theory and related major considerations as discussed in sections 3.3.4 and 3.3.5,

respectively.
3.3.7 Generation of Mass Matrix

Mass matrix is one of the most important dynamic properties of a structural
system. In the preceding sections, it was pointed out that lumped mass idealization
is utilized. For the frames, mass may be considered as lumped at each node. Each
structural element is represented by point masses at its nodes. The amount of
lumped mass at each node is the sum of mass contributions of all structural

elements connected to that node (Figure 3.17).

DA W
L

A4 A4 1 @ L2 L

Figure 3.17 - Lumped Mass Idealization for Frames

Arrangement of mass may further be simplified for multistory buildings because
of the constraining effects of the floor slabs. As it was mentioned previously, each
floor diaphragm is assumed to be infinitively rigid in its own plane. However, slab
is capable of rigid body rotation in the vertical direction (torsion) and translation
in two horizontal directions. Introducing this assumption results in degree of
freedoms of all joints at a floor are functions of three global dofs of the floor
diaphragm (see Figure 3.4). Hence, single rotational mass in the direction of

rotational dof and two translational equal masses in the directions of horizontal
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dofs are assigned for each floor level. Implementation of mass matrix in the

program code depends on these idealizations.

Translational mass of each floor is the sum of contributions from all structural and
non-structural components including beams, columns, walls and slab at that floor

(Equation 3.35).

TM i = (M i )slab + Z(M i )wall + Z(M i )column + Z(M i )beam (3'35)
where

™, : Total translational mass at i floor

(M) ga : Mass due to slab at i" floor

(M) wan : Mass due to a wall at i" floor

(M) corumn : Mass due to a column at i floor

(M))peam : Mass due to a beam at i floor

Concrete density is selected as 25 kN/m’ in calculating beam, column and slab
mass. Infill walls are considered as made up of brick. Dimensions and weight of a
sample was determined to calculate brick density. Table 3.2 shows the geometric

and mass properties taken from laboratory measurements.

Table 3.2 - Laboratory Measurements for Brick Sample

Thickness 66 mm
Width 82 mm
Height 95 mm

Volume | 514140 mm’
Mass 420 gr
Density | ~8.2 kN/m’

Great portion of the mass at a floor comes from the slab as expected. However,
little more effort is needed to find out the slab mass in particularly for the

buildings with non-rectangular plan. Such situation is common in practice due to
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holes or discontinuities in the slab for architectural requirements. In order to
handle this, slab is divided into pieces separated by axes lines. Contribution of
each slab piece are calculated and added up accordingly. Note that each piece may
not necessarily be in rectangular shape depending on the angular position of the
axis. In such cases, corresponding area is considered as two triangular regions for

simplicity.

Mass defined in the direction of rotational dof includes the rotational moment of
inertia of both structural and non-structural elements about vertical axis passing
through the mass center of the building. Formulation of rotational inertia for an

element is given in Equation 3.36.

2
RM, = (RM;),, +Md, (3.36)
where
RM, : Rotational mass inertia of i member about “Center of Mass”
(RM,) s : Rotational mass inertia of i member about its own axis
M, : Mass of i" element
d, : Distance of i element to the center of mass

Equation 3.36 is applied to beams, columns, walls, and slab. Summation gives the
total inertia of the floor corresponding to torsional motion. Relatively greater
contribution to element rotational inertia comes from the second part of Equation
3.36 since distance to the mass center may be quite large. Similar to translational
mass formulation, slab is divided into pieces and contributions from each piece

are added up. Mass center of each floor is found from Equation 3.37.

2 (mydy ), +25(mede )+ (m,d,, )+ (m,d)

= 3.37
e (M, +mg +m, +m,), 337

In Equation 3.37, subscripts b, ¢, w, and s stand for beam, column, wall, and slab,

respectively. Denominator is the total mass of these elements at i"™ floor. d is the
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distance to a certain fixed point. Same calculation is carried out for both x and y

directions.

Mapping of all mass terms are also important for the generation of final mass
matrix. True locations of these terms are determined based on the direction of
dofs. Assembly is performed in a fashion similar to formation of global stiffness
matrix. Recall that translational dofs in both directions are first assigned to each
story. Thus, the first 2N diagonal elements of the matrix belong to total
translational mass of each floor. Remaining N diagonal elements correspond to
total rotationals inertias of floors. Better visualization on a simple model is shown

in Figure 3.18.

7 1 3 4 5 6 7 8 9
m, O 0 0 0 0 0 0 0|1
i 6 0 m, O 0 0 0 0 0 0| 2
@ 3 o 0 m; 0 O O O 0 O0/|3
? 5 0 0 0o m, O 0 0 0 0| 4
@é ? o 0 0 0 m;, 0O O O O0]S5s
8 4 0 0 0 0 0 mg O 0 0| 6
@‘ > 1 0 0 0 0 0 0 m, O 0| 7
7 Ay 0 0 0 0 0 0 0 mg, O | 8
B B x L o 0 0 0 0 0 0 0 myj?
9x9
a) 3-Story Model b) 3Nx3N Mass Matrix

Figure 3.18 - Assembly of Mass Matrix

Observe that lumped mass at a floor is associated with two translational dofs (X
and Y direction) and a torsional dof (Z direction) of that floor. Therefore, mass
matrix is always diagonal for lumped-mass idealization as done in this study.

Similar to the stiffness matrix, size of the mass matrix is also 3Nx3N.
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3.3.8 Eigenvalue Analysis

The first step of a dynamic analysis is eigenvalue analysis where the periods and
modes of a structure are determined based on its stiffness and mass properties.
Various researches have been conducted to propose solution to eigenvalue
problem. Several methods have been developed depending on the characteristics
of engineering interests. Solution techniques include vector iteration methods (ex:
Power method) and transformation methods based on orthogonality property of
modes (ex: Jacobi’s method). From theoretical viewpoint, discussion of these
techniques is beyond the scope of this study. However, it is necessary to underline

the major features of eigenvalue problem in structural engineering.

Finding the natural frequencies and modal shapes of a structure requires the

solution of matrix eigenvalue problem which is represented in Equation 3.38.

ke, = w,” mg, (3.38)
where

k : Global stiffness matrix of the system

m : Lumped diagonal mass matrix

w,  :Frequency for the n" mode

@, : Shape vector for the n™ mode

wy and @, are only unknowns in Equation 3.38 which can be rewritten in the form

of;
k- w, mp, =0 (3.39)

Note that Equation 3.39 can always be satisfied if @, is equal to zero. Yet, this
leads to trivial solution meaning that structure does not vibrate. Nontrivial

solution may be provided if;
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detfk —w,>m|=0 (3.40)

Roots of the Equation 3.40 give the eigenvalues which are identical to square of
frequencies. When a frequency of a mode is known, corresponding modal shape
(®y,), which is also known as eigenvector for that mode is determined by Equation
3.39. In general, maximum number of vibration frequencies and modes is limited
with the number of dof in the system. Since total number of dofs is proportional to
the square of number of stories, 3N eigenpairs (w,, ®@,) are obtained for the
structure. All of the modes and frequencies calculated from the eigenvalue

analysis are used to earthquake load demands using CQC method (section 3.3.10).

Finding the roots of Equation 3.40 is an iterative process and requires much
computational effort according to number of dofs. Choice of solution methods for
this purpose depends on geometric properties of mass and global stiffness
matrices. Size of the matrices, bandwidth of Kqiobat, required number of modes and
diagonal condition of m all effect the iterative solution of the eigenvalue problem.
In addition, diagonal mass matrix appears as a result of lumped mass idealization
which intensifies the reliability in obtaining accurate solutions and provides
efficient computations. Although such is the case in many structural engineering
applications, quite complex eigenvalue problems can be easily solved by technical
computing tool such as MATLAB [21] which has superior built-in functions for

these purposes.
3.3.9 Response Spectrum Analysis

Most building codes require that a dynamic lateral force analysis procedure be
used for buildings. Also depending on the seismicity of the area, height and the
fundamental periods of the selected building, codes usually stipulate that only a
theoretically sound dynamic analysis should be carried out. Response spectrum
analysis (RSA) is the most common dynamic analysis procedure developed for

structures subjected to earthquake excitation.
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By definition, RSA involves the evaluation of the maximum value of structure
responses such as displacements, member forces etc. for each mode of vibration
using a spectrum of earthquake records. In other words, objective of such
procedure is to combine the contribution of each mode and therefore to find a
single “peak response” based on a spectrum defining the dynamic characteristics

of the ground motion.

Considering the nonlinear behaviour of ground motion, variation in stiffness
properties according to deformation level obviously provides better estimates.
However, even if the structure experiences structural damage, peak displacements
may be well predicted by linear model approximations. Consequently, application
of RSA in this study results in linear peak response of a system. How well the
computed response agrees with the actual response of structure during an
earthquake depends primarily on the quality of structural idealization. It is
declared earlier that multistory buildings with both symmetric and unsymmetrical
plans are considered. RSA procedure for multi-degree of freedom systems
(MDOF) lead to accurate results enough for design applications. In the following
parts, theoretical explanations of RSA for such systems are discussed and are

implemented in the software.

3.3.9.1. Modal Expansion of Effective Earthquake Forces

For n-story building, distribution of applied forces referring to idealized model

(Figure 3.4) is formulated as;

3n

S=>Tm (3.41)
i=1

where

m : 3n x 3n building mass matrix

@ : Shape vector for i mode
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In Equation 3.41, T is called as modal participation factor. It is a measure of the

degree to which the i™ mode participates in the response and given by:

L"
r =—— 3.42
S (3.42)
where
I‘ih = Z(mtj¢jxi + mtj¢jyi + mrj ¢j6i ) (343)
j=1
Mi =Z(mtj¢jxi2 +mtj¢jyi2 +mrj¢j6iz) (3'44)

j=1

In these equations, ¢, , #,; and ¢,, stand for x, y and z components of the i mode
shape at jth floor respectively. m, is total mass for jth floor and m; represents the

mass due to rotational mass inertia of the j" floor about vertical axis. Using the
orthogonality of the modes i™ mode contribution to the distribution of effective

earthguake force becomes;

§xi mt¢xi
§i = §yi :Fi mt¢yi (345)
§a mr¢ﬂ

3.3.9.2. Modal Static Responses

Modal static response r* is determined by static analysis of the structure

subjected to external forces S, given in Equation 3.45 The i mode contribution

to any response quantity is then given by;

f A (3.46)
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Direction of forces is controlled by the algebraic sign of modal shapes. They are
all in the same direction for the fundamental mode but in reversed direction for

the higher modes.

Modal static responses calculated in the program include shear, torque and
moment on a story basis, base shear in both horizontal directions, base torque,
overturning moment and floor displacements (lateral & torsional). Formulation of

these response quantities based on Figure 3.19 is presented in Table 3.3.
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Figure 3.19 - Computation of Modal Static Forces

Table 3.3 - Summary of Modal Static Responses

Response Modal Static Response

Story Shear (x &)

N
Story Torque (T )" = Z(S ji )g
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Table 3.3 (continued)

N
(M, )xt . (hj _hn—l)(sii)x
J=n
Story Moment (X & y)
N
(M., =3(0,-h)(5,),
st A
(Vb. )x = Z(Sji )X
j=1
Base Shear (x & y)
st :
(Vbl )y = Z(Sji )y
j=1
\ N
Base Torque (To ), = JZ_;(SH )6.
st .
(Mbl )x = Zhl (SJ' )x
Overturning Moment -
(x &Y) t
(Mbl )yS - hj(sjl)y
j=L
S i S ri
(H. )x = Féxi ! (H, )y t :Féyl
Floor Displacements ' '
(lateral & torsional)
s I,
(gi )6’ = W?ﬂ
(A) st _ Fi (?jxi _?jfl,xi)
i) WZ

Story Drifts (x & Y)
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3.3.9.3. Response and Design Spectrum Concepts

Pseudo-acceleration response A, of the system in Equation 3.46 is obtained from

pseudo-acceleration response spectrum. That quantity is generally different from
peak acceleration of the system. Therefore, prefix “pseudo” is used to avoid
confusions. In general, plot of the peak value of a response quantity as a function
of the fundamental vibration period (or frequency) of the system is called
“response spectrum” for that quantity. In case of deformation response spectrum,
peak value of deformation is determined from ground deformation history
characterized by ground motion record. Other two spectra, namely, pseudo-
velocity and pseudo-acceleration are derived from deformation response spectrum

using following equations.

V=wD and A=w’D (3.47)
in which

D : Peak deformation

W, : Frequency of the system for i™ mode

A : calculated peak pseudo-acceleration

\% : calculated peak pseudo-velocity

Similarly, pseudo-acceleration response spectrum is obtained by calculating
pseudo-acceleration at each natural period (or frequency) of the system. Important
observation here is that each response spectrum is the product of only one
excitation. However, it is the “design spectrum” which should be used for seismic

evaluation of existing structures to resist future earthquakes.

By definition, design spectrum is an average of a number of earthquake records
modified for site specific conditions and then smoothed out for design purposes.
Construction of design spectrum is based on statistical analysis of peak spectral

values (D, V, A) obtained from a number of response spectra which are plotted
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for set of ground motions. These values correspond to different vibration periods.
Each ground motion is normalized so that all ground motions have the same peak
ground acceleration. Statistical analysis provides the probability distribution for
spectral values and their means at each period. All mean values are connected and
shifted by amount of one standard deviation. Smooth elastic design spectrum is

finally obtained after idealization of connected straight lines.

Design spectrum represents the ground motions at the sites under similar soil
conditions. Some other factors affecting the prediction of design spectrum are the

fault distance to the site, fault mechanism and earthquake magnitude.

According to Turkish Earthquake Code [16], pseudo-acceleration response
corresponding to %5 damped elastic design spectrum normalized by the

gravitational acceleration is given by;

A= AIS(T) (3.48)

In this equation, A, is the effective ground acceleration coefficient which takes

values 0.4, 0.3, 0.2, 0.1 for seismic zone 1, 2, 3, and 4, respectively. Building
importance factor | is taken as unity specified for residential and office buildings.

Spectrum coefficient S(T) is captured from Figure 3.20 depending on the local

site conditions shown on Table 3.4.

S(T) 4

!J
N
|

S(T)=2.5 (Tg/T)"*

1.0 —

Figure 3.20 - Spectrum Coefficient vs. Period
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Table 3.4 - Spectrum Characteristic Periods

Local Site Class | T4 (second) | Tg (second)
Z1 0.10 0.30
72 0.15 0.40
73 0.15 0.60
74 0.20 0.90

3.3.9.4. Element Forces

In addition to story forces for the building, it is desired to compute element forces
such as bending moment, shear and axial load on beams and columns of each
frame. For this purpose, transformation matrices, relating the frame degree of
freedoms to global ones, for the building are required (Equations 3.27 & 3.28).

For the sake of completeness, it is useful to repeat here;

uj=a.u and U;=a,u (3.49)
where
a;=[1 0 —yl] and a,;=[0 1 xl] (3.50)

Contribution of n™ mode to the global displacement u is given by;

A, A,
Un = 1—‘n¢><n F Hyn = 1—‘n¢yn 2 Up = Fn¢6n F (3'51)

n n

Substituting Equation 3.51 into Equation 3.49 leads to lateral displacements U;, of

th
the i~ frame;

(), =Tya,¢ (Uy), =T,a,¢ A (3.52)
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The first part of the Equation 3.52 is for frames oriented in x-direction and the
second for frames in the y-direction. Note that these relations now represent
dynamic response. The first step in calculation of element forces is to solve for
displacements corresponding to condensed dofs. Equation 3.53 provides link
between joint rotations and lateral floor displacements.

u, =k, 'k,u (3.53)

= =rt=t

Once joint rotations are obtained, element forces can be computed using stiffness
coefficients for a flexural element. Figure 3.21-a shows these coefficients for joint
rotations of an element with length L, moment of inertia I and elastic modulus E.
Coefficients for joint translation of same element is given in Figure 3.21-b.
Considering the identical flexural element having two nodes at the ends (Figure
3.22), there are two translational and two rotational dofs defined at each node

assuming that element is axially inextensible.

LB 'L . GEl 6E
AN 1Y e VP
] 7, | v
6El 6El 12El 12ElI
E |2 E K

(a) (b)

Figure 3.21 - Stiffness Coefficients for a Flexural Element

MI(‘\T/IATQT\/ M;

u. j

Figure 3.22 - Typical Flexural Element
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Then, the bending moments at the nodes are;

4El 2El 6El 6El
+ S+ ——U, ———U

M, = C 0. C 0, T (3.54)
2El 4ElI 6El 6El
M, = |_9i+|_9j+|_2 ui—L2 u; (3.55)
Shear forces at the nodes are;
12EI 12EI 6El 6El
Vi = L3 ui - L3 uJ + L2 ei + L2 HJ (3.56)
V. :_12EI U + 12EI U — 6El 0 _ 6El 0. (3.57)

J L3 I L3 J L2 [ L2 J

These equations are free from fixed-end moments. As far as response spectrum
analysis is concerned, it makes sense since there is no externally applied load on
the element span. In case of static analysis, contribution of fixed-end moments
coming from dead and live loads are added to Equation 3.54 and Equation 3.55 to
find out total nodal moments. More details are given in the section 3.3.11. All
formulation described above for element forces is repeated for every elements in

each frame.
3.3.10 Modal Combination

There are several rules for the combination of peak modal responses. The most
conservative method that is used to estimate a peak value of displacement or

force, r within a structure is to use the sum of the absolute of the modal

> " peak °
response values. This approach, also called as “Absolute Sum”, assumes that the

maximum modal values, for all modes, occur at the same time.

(rpeak )i ‘ (358)

3n
oo < 2
i=1
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Notice that sign is ignored leading to an upper bound to the peak value of the total
response. This method is not popular in structural design applications since it is

too conservative.

Another very common approach is to use the “Square Root of the Sum of the
Squares” (SRSS) on the maximum modal values. The SRSS method assumes that
all of the maximum modal values are statistically independent. The peak response

in each mode is squared and the squared modal peaks are summed. (Equation

3.59)

3n

r-peak = (z (rpeak )i 2j (3.59)

i=l1

The SRSS method of combining modal maximum responses has found wide
acceptance among structural engineers. It is also used in almost all professional
programs for dynamic analysis. However, this method may produce unacceptable
results especially for asymmetrical building systems. In such systems, natural
frequencies are closely spaced and mode shapes are complex. Mode shape can
even include translational as well as torsional components. SRSS method may
underestimate or overestimate exact results for this type of frequency distribution

and coupled mode shapes.

The relatively new method of modal combination is the “Complete Quadratic
Combination” (CQC) method which is the one used in the developed program. It
has been developed by Der Kiureghian [25] in 1981 and incorporated as an option
to SRSS methods in most modern computer programs for seismic analysis. The
peak value of any response quantity can be estimated, from the maximum modal

values, by the CQC method with the application of following double summation;

30 3n 12
rpeak = (z Z pij (rpeak )i (rpeak )j j (3.60)

i=1 j=1
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where (rpeak )i is the modal response associated with mode 1. Cross terms
(rpeak )i ,(rpeak )j may either be positive of negative depending on the corresponding
modal static responses. Sign is lost for r, since Equation 3.60 is always

positive. The equation for correlation coefficients, p;, is proposed by Der

Kiureghian [25]. These coefficients for the CQC method with constant damping
are determined by;

o = 85 (1+,Bij )ﬂij 3.61)

: (1 - B ’ )2 + 4§2ﬂij (1 + 5 )2

in which g, is the ratio of vibration frequencies for the i" and j" mode. It is

remarkable that the correlation coefficient array is symmetric and all terms are
positive. If the frequencies are well-separated, the off-diagonal terms approach

zero and CQC method reduces to SRSS method.

In short, CQC modal combination rule provides very good estimate of the peak
response. The error in the prediction is not more than several percent for typical
structures. In addition to modal static responses summarized in Table 3.3, moment
& shear at top and bottom of columns, moment & shear at beam ends together
with axial load on columns are all combined for their corresponding peaks

according to CQC rule in the developed program.
3.3.11 Static Analysis

Static analysis procedure is an easy task compared to response spectrum analysis.
Static analysis is also performed in frame wise manner to be consistent with RSA.
Main idea is to from load vector due to dead and live loads on structural elements.

The load vector is then multiplied by the inverse of frame stiffness matrix.

k'P=d (3.62)
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Frame displacements including floor translations and joint rotations are solved
using Equation 3.62. Finally, member forces are computed in the similar fashion
described for RSA. This procedure is repeated for all frames oriented in x and y
directions. The most challenging part of the static analysis is the generation of
frame load vector. Initial step for this purpose is to specify the loads on elements.
Distributed dead load due to self weight of beams and infill walls is calculated

using the relations below.

Qbeam = Wbeam hbeam pconc and Qwall = Wwall hwall pwall (3°63)

in which Wy, Npeam » Woan » Ny @re width and height of the beam and infill wall

beam > *wal

respectively. p... 1s the density of concrete (25 kN/m®) and Puan 18 the wall

density (8.2 kN/m?). 12 cm infill wall width is decided as typical value. Notice
that dead load due to existence of infill wall is considered on the beam beneath it.
Amount of live load is used as 0.2 t/m” as stated in the code [22] for residential
buildings. Live load participation factor is chosen as 0.3 which is provided in
Turkish Earthquake Code [16] for residential buildings. Loading also consists of
slab contribution. Total load on each slab piece is transferred to the adjacent
beams. Load sharing of each surrounding beam depends on the geometry of
related slab piece. Beams on the longer edges take trapezoidal where as beams on

the shorter edges are subjected to triangular loading distribution (Figure 3.23).

b b
A A A A i f A A A A
a 1 Kl ; a :
@ : '
<——> <——> a=b
a2 b>a a2
(@) (b)

Figure 3.23 - Types of Load Transfer into Surrounding Beams
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When one edge is longer than other, distributed load on beams is calculated by

finding the total eccentric load coming from dependent area divided by the length
of the beam. In Figure 3.23-(a), area of triangular region (region 1) is a’ /4 and
area of trapezoidal region (region 2) is equal to (ab -a’ / 2) 2. Thus,
corresponding eccentric load TL,, on these regions become;

a‘2
(TL..), =TL, - (3.64)

(ab—a%/2)

(TLecc )2 = TL2 4

(3.65)
where TL, and TL, is sum of dead and live load on region 1 and 2 respectively.
Then, distributed load on beams at shorter and longer edges turns out to be;

2
DistLoad _TLal/4_ TL, % (3.66)

shorteredge
a

DistLoad, .., = T (ab2 - a’/2)_TL,(a = a®/2b)

(3.67)

If the slab piece is square as shown in Figure 3.23-(b), then total load is equally

shared by surrounding beams. In this case, distribute load on each beam is given
by;

b

DistLoad . = TL% =TL (3.68)

alledges

Once all loading values are settled on, they are discretized to joints. Consider a

beam with distributed load q shown in Figure 3.24.
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Figure 3.24 - Designation of Beam End Moments

Moment at either end of the beam is L’ / 12. This value is negative for the left

hand side since direction of the force is opposite to rotational dof at joint. Recall
that rotational dofs in a frame are assigned in counter-clockwise manner to be
positive. Similarly, sign of the moment becomes positive considering the direction
of dof at that joint. It is better to show representative load vector for a simple

frame given in Figure 3.25.

4 4 0 1
(AHHH;LHNHVZJL > 0 )
6 y 0 —/qlle/IZ / 3

oL’ 12-qL, 12| 4

(‘HHH;(AJrH,J,H,S\k », P= aL /12 s

: _Q2L12/12 6

Q2L12/12_q2|-22/12 7

- S< S— q,L,° /12 8
L L,

Figure 3.25 - Formation of Load Vector

Notice that zero terms appear corresponding to translational dofs since no force
exist in that direction. As soon as the load vector is completed, joint
displacements are obtained from Equation 3.62. Next step is the computation of

member forces. Figure 3.26 shows a typical beam element taken out from a frame.

57



I A A A
Mi(‘/gﬁ‘\ )(%3

. o~ —A%Y !
Tv. EI,L V_T M

i J

Figure 3.26 - Member Forces Designation

Connection between joint rotations and resulting moments are given in equations
3.54 and 3.55 (ui =u; = O). Unlike response spectrum analysis additional
moments, also called as fixed-end moments (FEM), come out in static analysis

due to existence of external loads. Hence, final end moments for a beam element

in Figure 3.26 turn into;

M, =2Elg +£9j + FEM (3.69)
L L
M g = %ej +%9i +FEM (3.70)

where FEM is equal to gL’ / 12. Different from load vector formation, algebraic
sign of FEM is now positive for left end and negative for right end of the beam
respectively. On the other hand, shear at the beam ends are determined from

following equations which are derived from preliminary statics.

@3.71)

voo— e Muagn QL (3.72)

The last terms in both equations are due to distributed load on beam. They are

cancelled out in finding shear at column ends. Calculation of end forces (shear &
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moment) for columns is exactly the same as carried out in response spectrum
analysis (Equations 3.54 through 3.57). For both type of analysis, axial load on
columns are derived from shear at beam ends. At a joint, shear coming from
beams connected to that joint is transferred to the bottom column. This transfer
process is also carried out in a story basis by adding i story column axial load to
the column at (i-1)™ story. Lateral displacements obtained from static analysis
belong to separate frames. As global dofs require, they should be converted into a
single displacement value defined for each floor. (see Figure 3.4). For this reason,
actual displacement at i™ floor in x-direction is considered as the average of i"
floor lateral displacements of all frames oriented in x-direction. This makes sense
since the lateral displacements are negligibly small under vertical loading.

Simplification is also valid for actual horizontal displacements in y-direction.

One final remark before closing this section is that algebraic sign of all member
forces gain importance in static analysis. This is not the case for RSA since peak
value of the response quantity is taken into account. In other words, sign is lost

during modal combination.
3.3.12 Load Factors and Load Combinations

Structural safety problem comes from the uncertain nature of the forces acting on
structures, of material strengths and of structural analysis procedures. Codes and
standards provide the foundation of good engineering practice considering the
safety in structural design. Hence, contribution of different type of analysis should

be taken into account.

There are several ways of combining the effect of different analysis types. If
structural model is linear the principle of superposition can be applied. Member
forces for each load case are computed. Then, they are multiplied with a safety
factor and added to each other. When the earthquake loading is considered, the

following load combination for design forces is used as suggested in TS-500 [23];

F, =1G+IQ+IE (3.73)
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and for vertical loads only;

F, =1.4G +1.6Q (3.74)

where

G : Dead load effect
Q : Live load effect

E : Earthquake loading

The coefficients represent the importance of corresponding loading type. In case
of static analysis, live load coefficient is relatively greater since it includes larger
uncertainties. They are all unity for earthquake analysis reflecting the rare
occurrence of the earthquake. In program code, E symbolizes the forces due to

application of RSA. G and Q stand for the forces coming from static analysis.

Member forces resulting from two analyses are combined according

to1G +1Q +1E in the developed program.

There are four different response quantities for the beams computed by both
analyses, namely, shear forces and moments at each end. As previously
mentioned, all of these values are positive as far as RSA is concerned. All the
forces defined for beams change their directions due to cyclic behavior of
earthquake. This reveals that despite being independent from sign, earthquake
forces will always be in the direction of static forces. Therefore, absolute value of
the static forces should be directly added to ones found from RSA. Similarly, five
response quantities are defined for columns involving shear and moment at the
ends together with the axial load. These quantities are combined in the same way
as described for beams. Combination of forces gives overall effect of vertical and
lateral loading in member level. Maximum values of forces should then be
computed for each member. Maximum forces for beams and columns are the ones
which are the greatest of end forces (shear and moment). Note that only one value

of axial load, which is already the highest, exists on columns
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3.3.13 Member Capacity Computations

In this section, the philosophy and procedure for strength of reinforced concrete
beams and columns is explained. All discussion is the mirror of what has been
applied in the developed program code. Before starting detailed description of
analysis it is convenient to summarize the behaviour of reinforced concrete
members subjected to flexure. For this purpose, typical flexural beam having
rectangular cross-section shown in Figure 3.27 is considered. Beam has small
amount of reinforcement located in tension zone. Elasto-plastic stress-strain
relation is used for steel. Model for concrete in compression and tension is

parabolic (Figure 3.28-a,b,c).
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Figure 3.27 - Reinforced Concrete Beam
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Figure 3.28 - Steel and Concrete Models
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Stress-strain distribution on the section under very low loads is shown in Figure
3.29-a. Concrete in tension does not crack yet and contribution is still considered.

On the next stage, tension concrete cracks as the tensile strain capacity of concrete

. £ . .. . .
in the extreme fiber, ““t is reached. Hairline cracks perpendicular to beam axis

develop and stress distribution in the compression zone is linear (Figure 3.29-b).

As the load increases stress block in compression zone resembles the shape of
o—¢curve for concrete in compression and thus becomes nonlinear.
Corresponding stress-strain distribution is shown in Figure 3.29-c Then, strain in

the tension steel becomes &, and yielding begins. But beam is able to carry more

loads due to concrete in compression zone (Figure 3.29-d).

Ss << Ssy 85 << gsy Ss < gsy 85 = 8Sy 85 > Ssy SS >> SSy
Ect < Ectu  Ect > Ectu  Ect > Ectu Ect >> Ectu
O¢ F O¢ O¢ < fck O¢ < fck O¢ = fck prk
F F F F ‘ F
c c c c
<+— <+— /<_C /< ¢ ] +—— -
< > J / = _.
el F.= A, Fo= Ay Fo= Adfy
—»F, [—»Fy |— Fs |15 “shk —
(a) (b) (c) (d) (e) ()

Figure 3.29 — Stress & Strain Distribution

Stress-strain distribution is shown in Figure 3.29-¢ when the strain in the concrete
reaches tog, . Steel force is constant after yielding. However, stress in the

concrete becomes larger which increases concrete force. In order to keep the
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sectional equilibrium rise of neutral axis is inevitable. At the final stage, ultimate

strain in extreme compression fiber, &, is reached and failure occurs. Stress-

cu >’
strain distribution now represents the full o —¢ curve of concrete  (Figure 3.29-

f). Corresponding load is called as the ultimate strength of the member.

Strength of reinforced concrete members subjected to flexure falls into the
“analysis problem” in which objective is to find resisting moment using known
cross-sectional dimensions, steel area and design material strengths. Analysis of
beams is exactly the same as that of columns except axial load existing in force

equilibrium on the section.

Besides singly reinforced, beams may be in practice, double reinforced meaning
that steel bars available in the compression zone. This kind of application is used
either to increase ductility of the beam or to decrease section size for architectural
requirement. Figure 3.30 shows the forces acting on the typical double reinforced
beam section. Resulting moment is divided into two couples. The first couple
consists of concrete force and tension steel force. The second one is composed of

both tension and compression steel forces.
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Figure 3.30 - Free Body Diagram for Double Reinforced Beam Section

In case of double reinforced beam analysis, known variables
are A,A,,b,,d,d’, f, and fi. Unknown variables are ¢,0,,&, and M.

Equation of the force equilibrium leads to;
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f,, A —0.85f b kc—Ac, =0 (3.75)
Resisting moment is calculated by taking moment with respect to tension steel,;
M, =0.85fb,k,c(d —0.5kc)+ Ao, (d-d') (3.76)

Strain in the compression zone using compatibility relations is given by;

g =g, S0 3.77)
c

Then, corresponding stress becomes;

o, =¢, E, (3.78)

There are now four equations (Equations 3.75, 3.76, 3.77 and 3.78) and four

unknowns (C,s,,0, ,M,) to solve. Observe that two equilibrium equations are

s

sufficient if compression steel also yields which is common in practice. In that

case, 0'5' is replaced by f , and further simplifications in Equations 3.75 and

3.76 leads to;

—A )

k,C = (AS—S)W (3.79)
0.85f b,

M, =0.85f b k,c(d —0.5kc)+ A fq(d—d') (3.80)

In addition to double reinforced beams steel bars can be located at several layers
on the section. In Figure 3.31, steel strains and sectional forces for beams with

multi-layer steel are shown.
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Figure 3.31 - Free Body Diagram for Beam with Multi-Layer Steel

In many professional structural engineering programs beams are characterized as
double reinforced. This is basically because applied load is mostly shared by the
top and bottom reinforcements. Nevertheless, intermediate steel layers have
considerable contribution to moment capacity. Depending on the cross-sectional
dimensions, %20 - %30 increase in the moment capacity is acquired. Even though
solution of such beams requires more computational effort it is thus better to come
up with more approximate results by simply applying certain procedure. Below

steps are followed in the analysis of rectangular beams with multi-layer steel.

e Neutral axis depth, C, is assumed.

e Based on c, strains at each layer of steel is determined using compatibility
relations (see Figure 3.31).

e Steel strains for each layer is calculated and compared with the yield

stress, f,

e Corresponding steel forces are computed.
e Concrete force in the compression zone is determined using rectangular

stress block.
e Force equilibrium on the section is checked.
e Above steps are repeated until each force equilibrium is satisfied.

e Moment capacity is calculated by taking moment about a convenient point.
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Iterative procedure outlined above is followed in the developed program code.
Accuracy criterion in the force equilibrium is selected as 1N which is absolutely

sufficient. Convergence is usually achieved at most after ten iterations.

The only difference in capacity calculation of columns comes from the existence
of axial load. Therefore, force equilibrium is established accordingly.
Theoretically, effect of axial load on the moment capacity is represented by
“interaction diagram” shown in Figure 3.32. For each assumed cvalue, (N,M)
pair is computed using equilibrium and compatibility relations. Final curve
obtained in this way consists of points defining the safety region. Any (N,M)

combination falling outside of this region leads to failure.

Similar to flexural failure classifications in beams two types of failure are possible
for columns, namely compression and tension failures. Point A in between these
two cases corresponds to balanced failure. Region 1 in Figure 3.32 shows possible
compression failure locations. In this region, tension steel does not yield where as
concrete strain at the uppermost compression fiber reaches to crushing strain

leading to brittle failure.

N
A
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Figure 3.32 - Axial Load — Moment Interaction Diagram
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On the other hand, tension failure is observed in region 2 in which tension steel
yields before extreme fiber in compression reaches to crushing strain. It is
mentioned earlier that this type of failure is desirable due to its ductile behaviour.
For the balanced failure, concrete in extreme compression fiber crushes
simultaneously with the yielding tension steel. As it can be inferred from Figure
3.32, high level of axial load results in sudden failure (region 3) and is not

allowed by the code [16] according to the following limitation;

(Ng )y S 05T A, (3.81)

While bending is most often the critical failure mechanism for reinforced concrete
sections, shear should always be taken into account. Design shear is resisted by
the contributions of both concrete and shear reinforcement as shown in Equation

3.82.
V. =V, +V, (3.82)

According to specifications in TS-500 [23] shear strength provided by concrete,

V. , is in general defined as %80 of diagonal cracking strength V, which is given

c ?

in the following equation.

V, =0.65fb,d (3.83)

ctd Mw

where f,, is design tensile strength of concrete and equal to 0.35,f, .

Contribution of shear reinforcement to shear strength is calculated by;

VL (3.84)

w d
S yw

in which A, is the total cross-sectional area of shear reinforcement and s is the

stirrup spacing. After substitutions shear strength of reinforced concrete member

is written in the form of;
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ctd M'w

V, = 0.8(0.65f b, d +% fywde (3.85)

To prevent brittle failure, upper limit for design shear in TS-500 [23] is set to;
V, <0.22f b,d (3.86)

This limit is represented in the developed program code as a graphical format

showing whether it is exceeded or not for each member.

Input data coming from user is essential as far as the reliability of analyses results
are concerned. Geometrical properties such as cross-sectional dimensions for
members, story heights, bay widths etc. may approximately estimated by visual
inspection. However, it is very possible for the average user not knowing the
reinforcement detailing for a given building. In order to eliminate such an
obstacle, an option is provided to assign minimum reinforcement amounts which
are given in Table 3.5 specified in Turkish Earthquake Code [16]. These values

are also valid for equivalently formed columns representing shear wall between

axes.
Table 3.5 - Minimum Reinforcement Quantities
Beam longitudinal reinf. p= A Fo
b,d f, p=12
Column longitudinal reinf. p= % >0.01 or 6¢14

$=8

Beam lateral reinf. spacing = min(g 84,150 mmj

>50 mm

Column lateral reinf. $p=8 spacing= {<100 mm
shorter side
< 3
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Another option is provided by three default reinforcement arrangements shown in

Figure 3.33. These are the typical ones used in most of the buildings.

(a) (b)

(©)

Figure 3.33 - Default Reinforcement Configurations

Additional stirrup connecting longitudinal reinforcement at the same level can be
added in all types of configurations. Furthermore, number of layer for longitudinal

reinforcement in both directions can be increased for the case in Figure 3.33-a.

Due to non-homogenous nature of concrete and unsymmetrically placed vertical
loads, pure axial compression is not possible reinforced concrete. Yet, it is
necessary to clarify the axial load capacity of columns subjected to uniaxial
compression since it is the limiting case for combined flexure and axial load (see
Figure 3.32). Thus, axial strength of columns subjected to uniaxial compression is
determined by the sum of strengths of concrete and the longitudinal

reinforcement;

N, =0.85f, A + A, f, (3.87)

Before closing this section, it is necessary to present all constant values used in

the developed program code for ultimate strength calculations. (Table 3.6)
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Table 3.6 - Constants Used in Member Capacity Calculations

Constant Definition Value

E Elastic modulus of steel 2 x 10° MPa

S

Equivalent rectangular
K, _ 0.85
compression block depth factor

Strain at the extreme concrete
€ ) ) 0.003
fiber in compression

Value of ¢, is selected based on the assumptions for ultimate strength theory

(TS-500) [23]. It decreases under high axial load level since strain distribution
turns to be rectangular. But this is not the case since axial load is limited in

Turkish Earthquake Code.

3.3.14 Demand-Capacity Checks

In the preceding sections, computation of element forces through two types of
analyses, namely “response spectrum analysis” and “static analysis”, is discussed.
CQC method is explained in detail for the peak value of each response quantity as
far as the RSA is concerned. In the next stage, selection of load combination is
notified to properly combine resulting forces. Then, determination of the
maximum (design) value of these forces involving axial load, shear and moment is
presented. Furthermore, shear and flexural behaviour of reinforced concrete
beams and columns are briefly summarized in line with the theoretical
formulations for their ultimate strength computations. It is now appropriate to
look at the demand-capacity ratio from which linear safety of members is
identified. For columns, interaction of shear with torsion is considered. Combined

axial load and flexure behaviour is also taken into account for columns.

Many reinforced concrete members, in particularly columns are subjected to
simultaneous effect of shear and torsion. Besides shear force itself, additional
shear stresses appear on the member due to torsion. Such an interaction can not be

ignored since shear stresses caused by these two actions are additive in one face of
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the member. The interaction theory proposed by Ersoy and Ferguson [9] can be

used to predict ultimate strength of columns;

T\ (Ve)
) -

where

T, : Applied torque

V, : Applied shear

T,, :Ultimate torsional capacity when V, =0
V,, :Ultimate shear capacity when T, =0

Safety of column under combined shear and torsion can be decided using
Equation 3.88. Note that both directions should be checked and the ones giving
greater value should be considered. Graphical representation of Equation 3.88 is
shown in Figure 3.34. Shear capacity is calculated from Equation 3.85. On the

other hand, torsional capacity is determined from the following equation;

To = 22A 1, (3.89)
T
TrO
A
1
UNSAFE
SAFE
Vv
0 1 Vo

Figure 3.34 - Interaction Diagram for Combined Shear and Torsion
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In Equation 3.89, s is the spacing of shear reinforcement. A, is the cross-

sectional area of transverse steel required for torsion only. Confined area on the

section is represented by A, and f , is the yield strength of steel. Besides the

capacity, applied torque on the column is computed by multiplying torsional

displacement of the floor with the torsional stiffness of the column at that floor;

Ty = ke, (3.90)
in which

o, : Torsional displacement of the "™ floor

kr;  : Torsional stiffness of the i column at the j" floor

T; - Torque on the i™ column at the j"™ floor

Torsional stiffness of a member subjected to pure torsion is given by;

o =22 (3.91)
where

G : Shear modulus of concrete, = 0.4E,

J : Polar moment of inertia with respect to centroid of the section, for a

section having width b and height h, J = %bh(b2 +h?)
L : Length of the member

Although columns are likely to carry vertical loads they are in practice designed
as combined axial and flexure. Appreciable bending moment exists on columns
mainly because of initial crookedness and unbalanced gravity loads. In addition,
second order moments are present due to deflection of columns. For these reasons,
most of the design codes specify minimum eccentricity on the column even if

resulting moment is very small.
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As it is stated previously, existence of axial load is also considered in capacity
calculation of columns. Free body diagram shown in Figure 3.35 forms the basis
for this purpose. Referring to Figure 3.35, necessary equilibrium and
compatibility equations are written as described in the section 3.3.13 and moment
capacity is determined accordingly. Despite being designed for uniaxial bending
in many applications, great majority of the columns are subjected to biaxial
bending in addition to axial loads. In practice, minor moment along one axis is
ignored for simplicity. Biaxial moments are especially important for the corner
columns. However, analysis of such columns is not very feasible since it requires

many iterations in trial and error approach.
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Figure 3.35 - Free Body Diagram of Column Subjected to Axial Load

Different from columns subjected uniaxial bending and axial load, (N,M)
interaction in case of combined biaxial bending and axial load is defined by a
surface formed by series of two dimensional diagrams (Figure 3.36). Each point
on the surface represents a set of axial load and moments about both axes. Every
horizontal plane obtained by cutting the surface corresponds to interaction

between two moments, M, and M,, under the constant axial load.
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Figure 3.36 - Interaction Surface for Combined Biaxial Bending and Axial Load

[9]

Approximate method for combined biaxial bending and axial load action

implemented in the program is the following;

al a2
M M,
[ - J LT 392
M xz0 M Xy 0
where
M,, :moment about the z-axis
M,, :moment about the y-axis
M,,, :Uniaxial flexural strength about the z-axis under applied axial load
M

wo - Uniaxial flexural strength about the y-axis under applied axial load

The values of ¢, and «, depend on the column properties and the level of axial

load. They linearly change between 1.0 and 2.0. Following relations are suggested
in British Code (CP110-72) for their variations based on ratio of design axial

load, N, to the uniaxial strength, N ;

N
a, =a,=1.0 for N_d <0.2 (3.93)

or
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1208 (3.94)

or

N
a, =a, =0.67+ 1.67(—"] for 0.2<
N

or

N
a, =a,=20 for N_d >0.8 (3.95)

or

In the developed program code, interaction between shear & torsion and uniaxial
bending & axial load provides good estimation as far as the column safety is
concerned. Flexural and shear safety of beams is directly found from their
demand-capacity ratios. Flexural strength of beams is compared with maximum
moment on beams which mostly occurs at the supports. Although uniaxial
compression for columns is unlikely to happen, safety of columns in terms of pure

axial compression are also checkhed from corresponding demand-capacity ratios.
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CHAPTER 4

INTERPRETATION OF RESULTS: SEISMIC
VULNERABILITY ASSESSMENT

4.1 INTRODUCTION

In this chapter, analyses results produced by the developed software are discussed
and validated. Proposed methods for the seismic vulnerability assessment of
buildings are explained. Detailed assessment method is tested by using 36
buildings from Diizce damage database to define cutoff values to predict the
damage levels of building on possible future earthquakes. In addition, the
developed software’s structural analysis module is verified by two example

buildings.

4.2 PROGRAM VERIFICATION

In order to test the consistency of the program two buildings are selected. First
one is the structural mechanics laboratory extension building (K7). Second one is
Is Bankas1 (Kabatas Branch) building in Istanbul. They are modeled and analyzed
using both EQMASTER and SAP2000 [8]. Static and response spectrum analyses
are run in SAP2000 [8]. Then, results such as periods, modal shapes, base

reactions, and member forces are compared.
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4.2.1 Structural Mechanics Building, K7

K7 building belongs to the Civil Engineering Department of METU in Ankara.
K7 has two stories and is a prefabricated reinforced concrete building. The first
and second storey heights are 4.4 m and 3.25 m, respectively. Floor plans of both
stories are rectangular having 6.3 m width and 30 m length. External view of the

building is shown in Figure 4.1.

Figure 4.1 - Structural Mechanics Building, K7

Structural system consists of five frames in short direction and two frames in long
direction. Frames in short direction have single-bay width of 6.3 m while frames
in long direction include four bays having equal width of 7.5 m. Floor plans for
the two stories are given in Figure 4.2. All columns are 40 cm by 40 cm size and
located at the axes intersections. Beams in short direction are 40 cm by 65 cm size
whereas the ones in long direction have cross-sections of 40 cm by 55 cm size.

Slabs are put in place as prefabricated blocks having 15 cm thickness.

There are no irregularities in structural system configuration. However, existence
of partition and outer walls disturb the symmetric floor plan of the building. The
first story is designed for laboratory use and therefore large empty spaces are set

aside. Small part of this story is reserved for office use. The second story is
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completely designed for offices and contains eight rooms. Location of partition

and outer walls are also shown in Figure 4.2.
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Figure 4.2 - Structural Floor Plan and Wall Locations

Celik [6], tested this building to measure the first two periods and modal shapes.
In that study, building is modeled as bare frame and with infill walls. Test results
are compared with analytical study in which good agreement is observed. These

test results are also used in this study for comparison purposes.

In order to check the infill wall application in the program, K7 building was
modeled as bare frame and with infill walls in EQMASTER’s graphical interface.
2D view of the both models is shown in Figure 4.3 and Figure 4.4. K7 analytical

models analysis results are compared against SAP2000 analysis results not only
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for vibration periods, but also modal shapes, base reactions, and member forces to

cover both static and dynamic results.

Figure 4.3 - 2D Model for K7 Building as Bare Frame (same for two stories)

Figure 4.4 - 2D Model for K7 Building with Infill Walls (1* and 2™ story)

The analysis results obtained from both programs for K7 building are discussed
below. Results are presented for both bare frame and with infill wall models.
Comparison of base reactions, vibration periods, and modal shapes may be seen
from Figure 4.5 through Figure 4.7. Due to large number of members, comparison
of member forces is limited to the first story columns and beams. Note that these
forces are combined loading condition for 1G+1Q+1E. Designations used for
beam and column names are shown in Figure 4.2. X and Y directions stand for

long and short directions, respectively.
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Comparison of Base Reactions
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Figure 4.5 - Comparison of Base Reactions for K7 (Bare Frame Model)

Comparison of Vibration Periods (second)

Mode 1 0.521
0.521

- =
G

o [

-

-g;gg

B SAP2000
B EQMASTER

Figure 4.6 - Comparison of Vibration Periods for K7 (Bare Frame Model)
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Figure 4.7 - Comparison of Modal Shapes for K7 (Bare Frame Model)

Note that the dimensionless numbers on the vertical axes of the graphs in Figure

4.7 represent the relative movements of all dofs (scaled to unity). Numbers on
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horizontal axis stand for dofs assigned based on lumped mass model. The first two
modal shapes correspond to translations in Y and X directions respectively.
Torsional mode appears in the third mode. Second bending modes in X and Y
directions and the second torsional mode follows the order of the first three
modes. Comparison of maximum member forces is given in Table 4.1 and Table

4.2.

Table 4.1 - Comparison of Column Forces for K7 (Bare Frame Model)
COLUMNS — EQMASTER

Moment in X- Shear in X- Moment in Y- Shear in Y- Axial
Element ID | Direction (My.y) Direction Direction (Mxx) Direction
(kN.m) (kN) (kN.m) (kN) Load (kN)
Al-1 101.13 42.44 105.46 45.93 258.9
A2-1 104.49 44.73 107.8 47.52 444.96
A3-1 102.31 43.24 107.8 47.52 425.79
A4-1 104.49 44.73 107.8 47.52 444.96
A5-1 101.13 42.44 105.46 45.93 258.9
B1-1 101.13 42.44 105.46 45.93 258.9
B2-1 104.49 44.73 107.8 47.52 444.96
B3-1 102.31 43.24 107.8 47.52 425.79
B4-1 104.49 44.73 107.8 47.52 444.96
B5-1 101.13 42.44 105.46 45.93 258.9
COLUMNS - SAP2000
Moment in X- Shear in X- Moment in Y- Shear in Y- Axial
Element ID | Direction (My.y) Direction Direction (Mxx) Direction
(kN.m) (kN) (kN.m) (kN) Load (kN)
Al-1 96.43 40.55 100.48 43.81 254.73
A2-1 99.34 42.53 102.82 45.41 439.6
A3-1 97.23 41.09 102.82 4541 420.74
A4-1 99.34 42.53 102.82 4541 439.6
A5-1 96.43 40.55 100.48 43.81 254.73
B1-1 96.43 40.55 100.48 43.81 254.73
B2-1 99.34 42.53 102.82 4541 439.6
B3-1 97.23 41.09 102.82 4541 420.74
B4-1 99.34 42.53 102.82 4541 439.6
B5-1 96.43 40.55 100.48 43.81 254.73
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Table 4.2 - Comparison of Beam Forces for K7 (Bare Frame Model)

BEAMS - EQMASTER BEAMS - SAP2000
Element ID | Moment (KN.m) | Shear (kN) Element ID Moment (KN.m) [ Shear (kN)
BX11-1 144 75.37 BX11-1 140.38 74.31
BX21-1 126.63 67.53 BX21-1 123.59 66.71
BX31-1 126.63 67.53 BX31-1 123.59 66.71
BX41-1 144 75.37 BX41-1 140.38 74.31
BX12-1 144 75.37 BX12-1 140.38 74.31
BX22-1 126.63 67.53 BX22-1 123.59 66.71
BX32-1 126.63 67.53 BX32-1 123.59 66.71
BX42-1 144 75.37 BX42-1 140.38 74.31
BY11-1 151.23 80.38 BY11-1 145.28 78.49
BY12-1 166.87 101.96 BY12-1 160.92 100.08
BY13-1 166.87 101.96 BY13-1 160.92 100.08
BY14-1 166.87 101.96 BY14-1 160.92 100.08
BY15-1 151.23 80.38 BY15-1 145.28 78.49

A good match between base reactions is observed as shown in Figure 4.5.
Correlations in periods and modal shapes are even better. Moreover, member

forces turned out to be satisfactorily close.

The following analysis results belong to the same building which is modeled with
infill walls. Acceptable conformity between base reactions is seen in Figure 4.8.
Maximum error for base reactions is less than %35. Comparison of vibration
periods and modal shapes is given in Figure 4.9 and Figure 4.10, respectively.
Although there is 26.7% difference in the second fundamental mode periods, the
mode shapes are almost exactly matched. Note that the second mode is
dominantly torsional but also includes translation. Existence of infill walls makes
it difficult to attain a perfect agreement especially in the coupled modes (i.e.,
modes 2 and 5). Experimental results for K7 building are also quite close to those
determined by EQMASTER. Comparison of fundamental periods provided by
Celik [6] with analytical values is given in Table 4.3.

Table 4.3 — Fundamental Period Comparison

Celik [6] EQMASTER
K7 (Bare Frame) - 0.521 (sec)
K7 (Infill Walls) 0.17 (sec) 0.205 (sec)
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Comparison of Base Reactions
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Figure 4.8 - Comparison of Base Reactions for K7 (Infill wall model)
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Figure 4.9 - Comparison of Vibration Periods for K7 (Infill wall model)
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Figure 4.10 - Comparison of Modal Shapes for K7 (Infill Wall Model)
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In general, agreement of results from infill wall model is inferior to the bare frame
comparison but still quite satisfactory. Observed deviations from the SAP2000 [8]
model are most probably due to differences in the infill wall modeling, although
the wall model of EQMASTER is verified using a simple wall model solved by
SAP2000 [8] using meshed shell element. Existence of additional parameters in a

wall model in SAP2000 [8] may also cause this difference.
4.2.2 15 Bankasi Kabatas Branch Building

This reinforced concrete building is one of the branches of Is Bankas1 located in
Istanbul. It has four stories in which the first story height is 3.10 m and remaining

three stories are 2.90 m. Outside view of the building is given in Figure 4.11.

Figure 4.11 - Is Bankasi Kabatas Branch Building, Istanbul

Several types of column and beam cross-sections exist in the structural system.
Almost all beams are located between columns. All floors are in rectangular shape
having 16.7 m by 16 m in size. Floor plan includes four frames in each direction.
Slab consists of small opening for landing located at the upper right region. Floor
plan of the first and the other stories can be seen in Figure 4.12 and Figure 4.13.

Model view in graphical interface is also given in Figure 4.14.
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Figure 4.13 - Structural Floor Plan for Stories 2, 3 and 4
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Figure 4.14 — Model View of Is Bankas1 Building (stories 2, 3 and 4)

There is no vertical discontinuity. Dimensions of some columns slightly change
through the height of the building. Four columns located in the middle have
relatively larger cross-sections. Most of the perimeter and inner beams are 23 cm
by 70 cm in size. Building location corresponds to earthquake zone 2. Building
importance factor is unity and local site class according to Turkish Earthquake

Code [16] is Z4.

Analysis results from two programs are given below. Note that building is
modeled without infill walls. Tolerable differences appear in the base reactions.
Different from previous models, considerable base torque exist for this building
due to unsymmetrical floor plan. Vibration periods and modal shapes are

compared in Figure 4.16 and Figure 4.17 respectively.
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Comparison of Base Reactions
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Figure 4.15 - Comparison of Base Reactions for Is Bankasi Building
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MODE 1

12
1.0 1
0.8 -
0.6 -
0.4 -
0.2 -

0.0 o
_0_2123456789101112

DOFs

—e— SAP2000 —m— EQMASTER

MODE 2

1.2

1 2 3 4 5 6
DOFs

—&— SAP2000 —B— EQMASTER

MODE 3

0.0
02 | 2 3 4 6 7 8 9
0.4 4
-0.6 1
-0.8 1

-1.0

-1.2
DOFs

| —#—SAP2000 —8— EQVASTER |

Figure 4.17 — (a) Comparison of Modal Shapes for Is Bankas1 Building
(modes 1, 2 and 3)

90



MODE 4

-1.5
DOFs
—&— SAP2000 —— EQMASTER
MODE 5
15

-15
DOFs
—&— SAP2000 —®— EQMASTER
MODE 6
15
1.0

4 5 6 7 8 9 10 11 12

DOFs
| —#—SAP2000 —8— EQVASTER |

Figure 4.17 — (b) Comparison of Modal Shapes for Is Bankas1 Building
(modes 4, 5 and 6)

91



Although there are totally twelve modes, the first six modes are enough to
examine similarities between modal shapes produced by two programs. The first
translational mode is in Y-direction. The second and third modes include
translation in X-direction and torsion. It is clear that satisfactory agreement is
observed in all periods and modal shapes. Same level of conformity is also seen in
member force comparisons which are given in Table 4.4 and Table 4.5. The last
number in element ID stands for the corresponding story number. Due to large
number of members existing in this building, only beam and column forces at the

first story are tabulated.

Table 4.4 - Comparison of Column Forces for Is Bankas1 Building
COLUMNS — EQMASTER

Moment in X- . Moment in Y- )
Element ID Direction (My-y) ?heér n X Direction (Mx-x) .Shea-r Y-
Direction (kN) Direction (kN)
(kN.m) (kN.m)

Al-1 10.91 6.99 132.35 56.06
B1-1 33.83 19.78 15.77 1.79
C1l-1 35.00 21.06 14.29 1.71
D1-1 92.17 47.92 15.47 9.65
El-1 11.07 7.09 89.98 38.74
A2-1 18.15 10.93 282.28 132.33
B2-1 247.03 98.17 36.52 4.61
D2-1 515.07 189.10 53.03 19.62
E2-1 17.57 10.62 189.84 89.09
A3-1 7.71 2.09 273.77 124.09
B3-1 167.29 35.59 33.24 3.33
D3-1 159.01 30.05 27.83 3.46
E3-1 6.29 0.99 184.14 83.58
A4-1 13.03 7.30 135.11 58.67
B4-1 39.25 18.78 36.97 4.30
D4-1 38.79 18.38 33.26 4.69
E4-1 12.76 7.05 91.46 40.11

Maximum error in member force calculation is around %10. The developed
software consideres frame stiffness in a global reduced number of dofs and
development of software producing exactly the same analysis results as SAP2000
[8] requires professional computer programming which is beyond the scope of
this study. Thus, such approximate results may be within acceptable limits as the

complexity of the structure and approximate nature of this program is concerned.
92



Table 4.4 — (continued)

COLUMNS - SAP2000

Moment in X- ) Moment in Y- )
Element ID Direction (My-y) Shearin X- Direction (Mx-x) Shearin Y-
Direction (kN) Direction (kN)
(kN.m) (kN.m)

Al-1 14.00 8.45 118.73 51.75
B1-1 34.86 21.23 14.65 0.85
Cl-1 33.98 20.31 14.13 0.82
D1-1 94.15 50.46 15.32 9.64
El-1 13.29 8.10 112.06 47.89
A2-1 21.21 12.59 238.00 107.65
B2-1 255.22 93.89 34.05 3.89
D2-1 539.12 185.11 61.08 22.15
E2-1 20.41 12.21 226.33 100.92
A3-1 8.46 2.26 239.85 108.75
B3-1 180.51 33.38 31.47 2.63
D3-1 175.85 29.98 28.52 2.61
E3-1 7.52 1.05 228.63 102.96
A4-1 14.55 8.12 117.81 51.22
B4-1 41.33 18.43 34.46 2.88
D4-1 41.73 18.58 33.43 2.73
E4-1 14.36 7.86 110.71 48.00

Table 4.5 — Comparison of Beam Forces for Is Bankas1 Building

BEAMS - EQMASTER BEAMS - SAP2000
Element ID Moment | Shear Element ID Moment | Shear
(kN.m) (kN) (kN.m) (kN)
AB-1-1 62.12 35.96 AB-1-1 60.10 42.12
BC-1-1 61.04 46.17 BC-1-1 57.93 41.69
CD-1-1 68.28 45.03 CD-1-1 63.22 42.24
DE-1-1 45.65 47.13 DE-1-1 54.00 32.56
AB-2-1 138.65 74.49 AB-2-1 142.20 73.52
BD-2-1 141.58 73.56 BD-2-1 158.31 77.49
DE-2-1 105.20 53.29 DE-2-1 125.61 56.97
AB-4-1 31.25 26.95 AB-4-1 35.42 21.58
BD-4-1 31.55 27.15 BD-4-1 35.93 21.93
DE-4-1 29.98 34.09 DE-4-1 33.17 19.34
12-A-1 115.30 60.88 12-A-1 109.42 55.24
23-A-1 110.02 62.55 23-A-1 101.53 49.39
34-A-1 125.02 63.67 34-A-1 108.50 56.7
12-D-1 74.58 35.85 12-D-1 82.27 38.54
12-E-1 100.94 43.77 12-E-1 101.21 48.92
23-E-1 97.44 45.99 23-E-1 95.80 45.75
34-E-1 106.98 46.11 34-E-1 101.50 52.05
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As far as the user-friendly content of the program is considered all of the above
results are served to the user in much more effective format. Explicable graphical
representations are used for the results of member forces besides their tabular
form. Simple 3D animation is utilized to demonstrate modal shapes. All related

graphs and other visual materials are described in Appendix A.

4.3 Proposed Methods

Two different seismic vulnerability assessment methods are proposed in this
study. The first one is relatively more complicated and based on the analysis
results produced by EQMASTER. The second approach contains several
questions and in the form of simple questionnaire which may be directly used
through a HTML based internet page. However, complete analysis of the building
is required for the first approach. Reply to the user is in the online report format

for both methods. Explanation of the second approach is given in Appendix B.

4.3.1 Approach 1: Detailed Analysis

The first method uses demand-capacity ratios of beams and columns as two major
variables which are then factored by their importance factors (Equation 4.1).
Demand-capacity ratios are checked in terms of both shear&torsion and
flexure&axial load as explained in section 3.3.13. Shear&torsion interaction may
be considered as relatively less critical than flexure&axial interaction especially if
the axial load on a column is below the balanced point (Figure 3.32). Hence, the
shear&torsion and flexure&axial demand capacity ratios are modified by
coefficients of 1.2 and 2, respectively. Same modifications are done for beams and
columns. Note that torsion is considered together with shear. Axial load - moment
relationship is taken into account when the flexural safety is concerned for
columns. Corresponding maximum values are selected as their final demand-

capacity ratios.
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Building is given a damage score using the following formulation;

n

IF,,.. *( % )beam +1F i ¥ 21:( IF )ico|umn *( % )icolumn

DS, ,iing = = 4.1
P II:beam + II:column ( )
where
(%) : demand-capacity ratio of beams on a building scale
beam
(IF )::olumn - importance factor of columns at the i story
(%) : average demand-capacity ratio of columns at the i" story
column
(IF )beam : importance factor of beams on a building scale
(IF )column : importance factor of columns on a building scale

Development of importance factors is based on energy dissipation capacity of
beams. Two limiting cases are investigated for this purpose. In the first case all
beams are considered as infinitely flexible meaning that hinges carrying zero
moment are formed at the ends (Figure 4.18) and beams transmit axial forces
between columns. Cantilever behaviour of columns is observed under such

condition. All floors are assumed to be equal height.

NP ——— mf—. N
_— @@

Figure 4.18 — Infinitely Flexible Beams
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Then all beams are assumed as infinitely rigid in the second case (Figure 4.19).
Bilinear capacity curves relating base shear to top floor displacement are defined
for infinitely rigid and infinitely flexible beam cases. The difference in areas
under these curves reflects the energy dissipated by beams which quantifies their
level of importance. The area between these two curves is normalized by the area
under rigid-beam curve. Derivation of this process is given below. Referring to
Figure 4.18, displacement at the top floor due to applied earthquake load at the i

floor is given by;

. - (iH3);EiP)+(iH2);iP)(N i 42)

The first term in Equation 4.2 is the lateral top floor displacement due to applied
load at the i™ floor. Second term is rotation multiplied by the distance of the
applied load to the top floor which results in additional lateral top floor
displacement. Summing up Equation 4.2 for all floors leads to the total top floor

displacement;

flexible PH3 & =3 s -4
Oun =BT IND PP =D (4.3)
i=1

i=1

Similar calculations are performed for the second case in which beams are
considered as infinitely rigid. However, displacement pattern is different due to

rigid beams as shown in Figure 4.19.
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Displacement at the top floor due to earthquake load at i™ floor in Figure 4.19 is

given by;

(4.4)

! 2 2 |12El

5 {N(Nﬂ) (i—l)i} pH

Note that the displacement at the first floor when number of story is equal to one
becomes PH%zEI which is the ratio of P to the stiffness of a fixed ended

column. Then, top floor displacement is obtained through summation of each

floor displacement;

Z'('_l) 4.5)

2 i 2

g PH? {NZ(N +1) i
o 12EI =

The last part of the derivation is to construct base shear vs. top displacement
graphs for both cases (Figure 4.21). When the beams are infinitely flexible,
system has a tendency to form a mechanism earlier as compared to “rigid case”
and the yielding base shear is smaller than the rigid beam case. Thus, shear

corresponding to yield point of “rigid case” is reduced by a factor of » in order to

obtain yielding shear force for “flexible case” (Vi= y * V; as shown in Figure
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4.21). Coefficient y is calculated by equating plastic moment at the base column

for both cases by referring the free body diagrams as shown in Figure 4.20.

inflection v
) t
Vt / point - NH
IH/Q
t +— Vt
X

«—V
X
M, M,
H M, =N H'
M p =Vt ? p YVi
Rigid Case Flexible Case

Figure 4.20 — Free Body Diagrams for “Rigid” and “Flexible” Cases

Note that base shear is applied on the inflection point of the base column for the
“rigid case” whereas base shear acts on the height [H" = H*(2N+1)/3] in case of

infinitely flexible beams. Base shear for flexible case (Figure 4.18) is given by;

v :N(N+1)

t P (4.6)

After equating M, values in Figure 4.20 and substituting Equation 4.6;

N(N+1)P%:NH* 4.7

2

Note that V,H" can be replaced by overturning moment in Figure 4.18;

N
M overturning = PH Z i2 (4’8)
i=1
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Hence, substituting Equation 4.8 into Equation 4.7 yields;

N(N+1) 3
N =
4z|2 4N +2

i=1

4.9)
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Figure 4.21 — Base Shear vs. Top Floor Displacement Curves

Displacements corresponding to yield points of both cases are determined by
dividing base shear values with their corresponding stiffness (slope) values. Areas
under the curves shown in Figure 4.21 can now be calculated. The area Ar relates
to the energy dissipation due to columns only, whereas A, relates energy
dissipation due to beams and columns together. Column importance factor is
therefore calculated as the ratio of area under dashed line curve (Ay) to the area
under rigid beam curve (A;). Aris given by;
V 1

/4 flexible f
A =—L§ V| R —— 4.10
f Vt top 7/ r [ 2) ( )
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Finally, column importance factor becomes;

, 1
5 erxanej/z (Rf _j
A top
II:column = f = 2
Acal 5 risid (Rr _ 1}
2

top

@.11)

where R" and R", which are taken as 2.5 and 5 respectively, stand for the ratio of
top displacement resulting in failure to that corresponding to yielding for “flexible

case” and “rigid case” respectively. That ratio is smaller for “flexible case” since

system in this case is on the verge of a mechanism. Selection of R" and R" also
affects the variation of importance factors with the total number of story in a
building (Figure 4.22). Thus, above values may be used accordingly. Note that
importance factor for beams is identical throughout the building. However,
importance of columns should decrease for those located in higher floors since
they are different in the sense of their contribution to the energy dissipation.
Therefore, the distribution shown in Table 4.6 is utilized in order to signify

column importance factor assigned for each floor.

Table 4.6 - Column Importance Factor Distribution for Floors

Floor 1 2 3 4 5 6 7 8 9 10

1 100%

2 100% | 44%

3 100% | 69% 25%

4 100% | 81% | 49% 16%

5 100% | 87% 64% 36% 11%

6 100% | 91% 73% 51% 27% 8%

7 100% | 93% 80% 62% | 41% 22% 6%

8 100% | 95% 84% 69% 52% 34% 17% 5%

9 100% | 96% 87% 75% 60% 44% 28% 14% 4%
10 100% | 96% 89% 79% 67% 53% 38% 24% 12% 3%

When the interstorey drift is taken as a linear function of the interstorey shear, the
energy dissipated at each floor would be a function of shear square. Relative
importance factors can be assigned to each floor’s columns as a function of
interstorey shear value square. Percentages shown in Table 4.6 are obtained from

the ratio of the squares of shear forces at each floor to the base shear square. The
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energy dissipations of higher storey columns are assumed to be smaller than the
lower storey columns. The summation of factors in Table 4.6 is larger than unity;
therefore, these factors are scaled for better interpretation so that the summation of

all floors becomes unity (Table 4.7).

Table 4.7 - Column Importance Factor Distribution for Floors (Scaled)

Floor 1 2 3 4 5 6 7 8 9 10

1 100%

2 69% 31%

3 51% 36% 13%

4 41% 33% 20% 7%

5 34% 29% 21% 12% 4%

6 29% 26% 21% 15% 8% 2%

7 25% 23% 20% 15% 10% 5% 2%

8 22% 21% 18% 15% 11% 7% 4% 1%

9 20% 19% 17% 15% 12% 9% 6% 3% 1%

10 18% 17% 16% 14% 12% 9% 7% 4% 2% 1%

Importance of a column at a particular story changes according to the total story
number of that building. For instance, a column at the second story has 0.36
importance in a three story building. This number reduces to 0.21 as in the case of

an eighth story building.

Importance of beams is also related to their energy dissipation capacity and equal
to the ratio of difference between areas of the two curves (Arand A;) to total area

(A;) as shown in the following equation;

é}op ﬂexiblej/z (R f_ ;j

beam A’ é‘t rigid (RI’ _lj
op B

4.12)

Similar to columns, different factors are used to represent beam importance for
buildings with different total number of storeys. Figure 4.22 illustrates the
variation of beam and column importance factors with the total number of storeys.
The beam importance factors for different storeys are assumed to be constant in a

building.
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Importance Factors vs. Number of Story
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Figure 4.22 - Variation of Importance Factors with Number of Story

Figure 4.22 shows that the beams are more critical in a single story building
compared to higher buildings. Change in beam importance factor gets smaller as
the number of story increases and the factor itself approaches to 0.2 after fifteen
story buildings. Similar change is observed in columns approaching to a value of
0.8 after 15 storeys. Note that the summation of beam and column importance

factors is always unity.

Importance factors developed for beams and columns are similar in terms of their
theoretical derivations. Columns are always relatively more critical from ductility
and collapse point of view in practice (strong column — weak beam concept)

which is supported by the suggested method as well.

4.3.2 Application of Approach 1 on Example Buildings

Although the derivation for damage score of the building is little complicated,
application on a building is quite simple and requires several program runs.
Damage score assigned to the building is out of 100; however the damage score
may exceed 100 based on the overall demand-capacity ratios. Clearly, the more

score the building has, the more damage it is expected or the more vulnerable it
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will be during an earthquake. Calculation of the ultimate capacities shown in
Equation 4.1, requires information on reinforcement details of members. This kind
of difficulty is prevented in the program by an option where minimum
reinforcement amounts specified in the Turkish Earthquake Code [16] can be
automatically assigned. Application of the first approach using these minimum
values may lead to extreme damage scores. On the other hand, infill walls may
significantly contribute to the overall performance of a building. Table 4.8 shows
the damage scores of the example buildings based on minimum level of

reinforcement.

Table 4.8 — Damage Scores of the Example Buildings

K7 Building | K7 Building Is Bankasi
(Bare) (Infill) Building

Damage Score 981.6 139.8 175.6

It 1s observed that damage score for the bare frame of K7 building is extremely
high. This is simply because minimum reinforcement specifications are not
adequate despite favorable conditions of the building such as earthquake zone,
number of storeys etc. On the other hand, the damage score reduces to an
acceptable level when infill walls are considered. Load carrying members still
have minimum reinforcement amounts in this case. Existence of infill walls
significantly diminishes the earthquake demand on beams and columns. Damage
score of the Is Bankasi building is also obtained from its bare frame model.
However, cross-sectional areas of members (columns in particularly) are
considerably large compared to K7 building. This leads to relatively greater
reinforcement amounts and decreases the damage score significantly. Beams are
also effective in such situation where only 20% exceeded their flexural capacity.

That ratio is around %80 for K7 building (bare frame).
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4.3.3 Application of Previous Methods on Example Buildings

Additional observations are done based on previous assessment approaches. The
methodology developed by Ersoy and Tankut [10] is applied to example
buildings. Detail procedure of this method is given in 2.5.3. The aim, at this point,
is to provide supplementary idea about possible damage that the building will
suffer during earthquake. Figure 4.23 and Figure 4.24 illustrates the application of
the method on example buildings shown by larger square. Figures also
demonstrate the distribution of buildings obtained from Diizce damage database in
order to show the reliability of the method to the user. Note that existence of infill
walls for K7 building does not affect the result since they are not included in the

procedure.

Ersoy & Tankut Metodunun Duzce Binalarina Uygulanmasi
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Figure 4.23 — Application of Ersoy & Tankut Method [10] on K7 Building

Based on Ersoy and Tankut [10] method, Is Bankas1 building comes out to be

comparatively safer than K7 building.
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Figure 4.24 - Application of Ersoy & Tankut Method [10] on is Bankasi Building

Similar representation is performed using another assessment method proposed by
Hassan and Sozen [14]. Application of method on example buildings together
with Diizce damage database shown in Figure 4.25, Figure 4.26 and Figure 4.27.
Note that boundary lines used in the figures were suggested by authors for the
1992 Erzincan Earthquake. Although these boundary lines were suitable for the
Erzincan damage database, they seem to be unconservative for Diizce records.
Method also includes the existence of infill walls. Detail explanation of the

method is given in 2.5.1.
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Hassan & Sozen Metodunun Duzce Binalarina Uygulanmasi
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Figure 4.25 - Application of Hassan & Sozen Method [14] on K7 (Bare frame)

Hassan & Sozen Metodunun Duzce Binalarina Uygulanmasi
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Figure 4.26 - Application of Hassan & Sozen Method [14] on K7 (Infill walls)
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Hassan & Sozen Metodunun Duzce Binalarina Uygulanmasi
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Figure 4.27 - Application of Hassan & Sozen Method [14] on Is Bankas1 Building

Effect of infill walls on priority index is clear when compared with bare frame.
Priority index for the bare frame is within boundary lines indicating its relative
weakness. On the other hand, Is Bankas1 building falls inbetween of the margins

and comes out to be safer according to this method.
4.3.4 Application of Approach 1 on Diizce Damage Database

In order to observe the correlation between building damage score and
corresponding damage level, 36 buildings from Diizce damage database are
analyzed. Four groups of damage levels, namely, none, light, medium and severe
are defined for Diizce buildings. 9 buildings from each damage level are selected.
Buildings from each damage level are equally distributed as three, four and five
story buildings. For the buildings having same number of story, the ones with
different overhang ratios (OR) and minimum lateral stiffness indexes (MNLSTFI)

are picked up to represent complete building stock as much as possible.
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After each building is analyzed in EQMASTER, damage score is plotted against
observed damage level. Boundary lines for damage levels are then determined on
the graph given in Figure 4.28. Buildings used in the analysis and their damage

scores are shown in Table 4.9.

Table 4.9 - Damage Scores of the Buildings from Diizce Database

D Time of # of IRREQULARITIES DamageinRIC 1\ Ty OR Building Damage

Construction | Stories Al | A2 | A3 ] A4 | BL | B2 ] B3 members Score
E-A-4 1975 3 1 2 2 2 2 2 2 L 0,0580 0,1160 141,6
E-G-20 1987 3 2 2 2 2 2 1 2 L 0,0660 0,0000 136,4
E-NB-146 1980 3 2 2 2 2 2 2 2 L 0,0563 0,0461 126,0
A-20-EKS-36 1985 4 2 2 2 2 2 2 2 L 0,1215 0,0750 160,0
E-G-3 1974 4 2 2 2 2 2 1 2 L 0,0189 0,0000 102,8
E-J-30 1990 4 2 2 2 2 1 1 2 L 0,0579 0,1178 130,4
A-38-EKS-60 1990 5 2 2 2 2 2 1 2 L 0,0466 0,0864 162,8
A-9-EKS-19 1995 5 2 2 2 2 2 1 2 L 0,1239 0,1059 176,4
E-G-17 1992 5 2 1 2 2 2 1 2 L 0,0367 0,0000 164,8
C-B10-144 1988 3 2 2 2 2 2 2 2 M 0,0171 0,0000 166,4
C-B20-237 1982 3 2 2 2 2 2 1 2 M 0,1745 0,0909 171,2
M-EKS-36 1990 3 1 2 2 2 2 2 2 M 0,0940 0,0659 191,6
A-5-EKS-41 1989 4 2 2 2 2 2 2 2 M 0,1997 0,1732 242,0
A-5-EKS-42 1989 4 2 2 2 2 2 2 2 M 0,2664 0,0553 126,0
E-NB-127 1980 4 2 2 2 2 2 1 2 M 0,0699 0,0000 166,0
A-55-EKS-97 1984 5 2 1 2 2 2 1 2 M 0,0787 0,0000 274,4
I-E-32 1980 5 2 2 2 2 2 2 2 M 0,0675 0,1110 198,8
M-7-EKS-11 1985 5 1 2 2 2 2 1 2 M 0,0468 0,1145 173,2
C-B6-101 1995 3 2 2 2 1 2 2 2 N 0,0749 0,0702 118,0
1-A-2 1950 3 2 2 2 2 2 1 2 N 0,0181 0,0000 132,0
I-F-44 1975 3 2 2 2 2 2 2 2 N 0,1316 0,0908 135,6
C-B21-38 1982 4 1 2 2 1 2 1 2 N 0,0764 0,0393 116,4
C-B4-88 1979 4 1 2 2 2 2 1 2 N 0,0738 0,0884 121,6
I-C-21 1976 4 2 2 2 2 2 1 2 N 0,0356 0,0000 105,6
C-B21-37 1989 5 2 2 2 1 2 1 2 N 0,0857 0,0848 99,6
1-E-33 1985 5 2 2 2 2 2 2 2 N 0,1187 0,0000 150,4
I-E-35 1993 5 2 2 2 1 1 1 2 N 0,1610 0,1884 86,0
C-B1-1 1988 3 1 2 1 1 2 1 2 S 0,0631 0,3489 397,6
E-1-42 1980 3 2 2 2 2 2 1 2 S 0,0648 0,0000 325,2
G-C-40 1983 3 2 2 2 2 2 2 2 S 0,1628 0,0452 216,8
E-G-14 1980 4 2 2 2 2 2 1 2 S 0,0711 0,1105 273,6
E-G-19 1976 4 2 2 2 2 2 1 2 S 0,0293 0,0331 325,2
E-NB-106 1975 4 2 2 2 1 2 1 2 S 0,0421 0,0435 246,4
E-G-13 1980 5 2 2 1 2 2 1 1 S 0,0378 0,0000 243,6
E-K-39 1985 5 1 2 2 2 2 1 2 S 0,0673 0,1148 240,4
M-7-EKS-10 1985 5 1 2 2 2 2 1 2 S 0,1385 0,0469 262,8

Irregularities 1: Exist 2: Not Exist

Figure 4.28 shows the damage score distribution for the buildings from Diizce
database. As can be seen from Figure 4.28, buildings are categorized under three
different damage levels. None and light damage levels are combined whereas
medium and severe damage levels are considered separately. Finally, the

following cut-off values are chosen for three damage levels:

0 < None+ Light <165
165 < Medium <210
210 < Severe
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Within the above boundary values, %94.4 of none and light damaged buildings
fall into the selected range while that ratio becomes %66.7 for medium damaged
buildings. On the other hand, %100 of severely damaged buildings is successfully
detached by corresponding cut-off value.

Damage Score Distribution (Detailed Approach)
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Figure 4.28 — Damage Score Distribution (Detailed Approach)

Additional 9 buildings from Diizce damage database (one is from Bingdl
database) are randomly selected in order to verify the consistency of boundary
values. Two buildings from none, light and medium damage levels and three
buildings from severe damage level are tested and damage scores are checked
whether the buildings are correctly classified. Observed damage levels and

damage scores of the test buildings are given in Table 4.10.

Table 4.10 — Damage Scores of the Test Buildings

Time of # of IRREQULARITIES Damage in R/C} Building Damage

ID Construction] Stories | A1 [ A2 | A3 ] a4 [ B1] B2 ] B3 members MNLSTFI OR Score
E-G-16 1990 3 2 2 2 1 2 2 2 L 0,1507 0,0684 158,8
E-J-23 1986 4 1 2 2 2 2 1 2 L 0,0582 0,0171 131,6
C-B20-246 1970 3 2 2 2 2 2 2 2 M 0,0487 0,1230 178,8
A-5-EKS-15 1981 4 2 2 2 2 2 2 2 M 0,0677 0,0681 180,0
|-D-27 1987 3 2 2 2 2 2 1 2 N 0,2648 0,0620 140,8
1-C-19 1973 4 2 2 2 1 2 1 2 N 0,0489 0,0000 146,0
C-B2-77 1980 3 1 2 2 1 1 1 2 S 0,0490 0,1446 228,4
E-H-25 1983 4 2 2 1 2 2 1 2 S 0,0459 0,0929 257,2
BNG-6-2-8 1980 2 1 2 1 2 2 1 2 S 0,2429 422,7
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Note that four buildings with none and light damage have damage scores less than
40. Two buildings with medium damage fall into the range between 40 and 52.
Severely damaged two buildings, on the other hand, have damage scores above

52.

Relatively simplified method is also proposed as an alternative to detailed

approach. Discussions and explanations are given in Appendix B & C.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 SUMMARY

In this study, a web-based computer program is developed for seismic
vulnerability assessment of existing reinforced concrete buildings. Developed

software includes two different levels of evaluation methods.

Simple:

The simplified method (Appendix B & C) targets to produce building evaluation
index by means of several simple questions in the form of a questionnaire.
Evaluation index is calculated according to response to each question which
reveals possible seismic defects of a building. All questions are tried to be

designed as self explanatory addressing average internet users in Turkey.

Detailed:

The second method, which is much more detailed compared to the first simplified
method, computes a damage score for a building based on linear structural
analysis. The building properties are entered by the user through a user-friendly
graphical interface. The analysis results are used to compute capacity demand
ratios for all beams and columns. Building damage score is obtained by
calculating weighted average of all members based on their assigned importance
factors. The ranges of damage score values corresponding to building damage

levels (severe, medium, none-light damage) are determined by using 36 different
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buildings from Diizce damage database. Buildings are randomly selected to
represent the entire building stock as much as possible. Nine buildings are
selected for each one of the four damage levels. Among each nine building group,
subgroups of three buildings are selected for three, four, and five storey buildings.
Each three building subgroup has different properties such as overhang ratios,
lateral stiffness terms, etc. None and light damage states are combined as none-to-
light, whereas medium and severe damage states are considered separately during
damage estimation stage. Cutoff values for the three groups of damage
classifications are determined as the building damage scores obtained from
detailed method are plotted against damage levels. The cutoff values and ranges
are then tested by using randomly selected 9 buildings from the same database
(one is from Bingdl database) with two buildings from each of none, light and
medium damage levels and three buildings from severe damage level. In the
detailed method, the user has to download a user interface and need to define
structural properties (e.g., dimensions, coordinates, reinforcement, etc.). Different
than the simplified method, setting up a building model and execution of analysis
for the detailed method require intermediate level of civil engineering background

and higher level of computer competency.

5.2 CONCLUSIONS

Under the light of the results of this analytical study, following conclusions can be

drawn;

e Methods of two complexity levels are proposed for the seismic
vulnerability assessment and simple evaluation of existing R/C buildings.
The detailed method is found to be reliable and effective in assigning
building damage score and predicting corresponding damage level.
Simplified method (Appendix B & C) addresses average level of internet
users, questions are easy to answer, and the resulting report is more

socially oriented than engineering. The report also intents to give general
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information about commonly known facts on building parameters and
their effects on seismic performance, in an attempt to educate public.

36 + 9 buildings are used from Diizce damage database to correlate
damage scores against damage level. The 36 building training set is
successfully separated into three damage level groups (severe damage
100%, medium damage 66.7%, none-light 94.4 % success rate). The
medium damage level is subjective to the naked eye. Two of the three
misclassified buildings in the medium damage level are assigned to severe
damage, which is on the safe side. One misclassified building in the none-
light damage level is assigned to medium damage level, which is again on
the safe side. All of the nine test buildings are successfully coupled with
their corresponding observed damage levels (100% success rate). Using a
larger number of buildings might affect the calculated success rates.

In its current form, simplified approach (Appendix B & C) may be used to
quickly calculate online building evaluation index. Although there is no
damage estimation due to lack of appropriate database, this method may
provide an idea about the relative seismic vulnerability of a reinforced
concrete building by comparing building evaluation index against indices
obtained for other buildings. A histogram of all building evaluation indices
in the database might give an idea about the evaluation index of a building
relative to all buildings in the database.

Numerous earlier (nonlinear analysis, regression, approximate, etc.)
studies on understanding and linking structural parameters to observed
damage have not been as successful as it is desired. Although current
study involves linear solution and uncertainties regarding reinforcement,
the results are much superior to any earlier studies on separating the
observed damage using a single analysis tool for classification. Sensitivity
studies showed that the infill wall contribution is a very important
parameter, which probably underestimated by previous linear/nonlinear
analyses. Reducing the infill wall contribution makes the damage score

distribution versus observed damage inseparable.
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5.3 FUTURE RECOMMENDATIONS

e More buildings should be involved in determination of cut-off values for
building damage level prediction for the detailed approach. Number of
buildings for testing of cut-off values should also be increased.

e Damage level estimation should be done in case of simplified method after
appropriate database with large number of building stock is generated.

e Further complicated nonlinear analyses (pushover, time history etc.)
should be performed by using different professional softwares to improve
the seismic vulnerability assessment technique and compare the results

with linear analysis.
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APPENDIX A

ANALYSIS WIZARD FOR EQMASTER

Step by step explanations may provide better understanding in order to use the
program effectively. Details on how to analyze a building from the beginning and
getting final report are given in this part. One of the example buildings (K7) is
selected for this purpose.

Since this is internet-based software, user must receive his own account from the
server before starting analysis. Such process is achieved by using additional utility
called “communication”. User is to specify his username and password on the
welcome screen shown below. If user uninstalls the software there is no need to
indicate different username & password on reinstallation. User can obtain his past

information by selecting “receive from server” option after pressing “new” button.

Kullamao Girisi =

Kullamici Girigi

Kullaricr adi we sfrenizi vazin ve Tamam didmesine basin, Eder
kaydiniz waoksa ¥=ni didmesine basin ve kayik vaphirn,

kullamic Adi |

kullamic Sifresi

Tarmarm l [ Kapak

Figure A.1 - Welcome Screen
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User must select a folder on the computer to locate his projects. Having specified
required information, following communication tool appears on the screen (Figure
A.2). User may see his projects grouped under different headings. Before sending
the project for analysis, they are located in “projects to be sent” folder. They pass

to “projects in analysis” during analysis. Final analysis report is saved in “analysis

2
reports™.
(I METU Earthquake Analyse Software - ||IO m
! File Edit Wew Tools Help
N | [ | =1 Send and Receive | 5 Bs B |
[ Qje
Project Shortcuts || Folders X | |Fi|e MName Analyse Date |Fi|e Size [byte] |Ereat
= ¥ Bang Yalm @ Istkabatas.pro 23.06.2004 14:33:57 10555
g Projects To Be Sent & k7infill.pro 07.06.2004 09:21:37 4633
Projects In Analysis & Kkbare.pro 07.06.2004 09:10:52 3689
(i Analyze Reports
# Deleted Projects
=1 72 Project Shortcuts
@ My Projects
Analyze 4 | | »

Projects Found : 3 | Total File Size : 18,877 byte(s) | Selected File Count : | Selected Filefs) Size : | 05,10,2004 | 12:09:27

Figure A.2 — Interface for Communication Tool

Project arrangements can easily be done using communication tool. Projects can

be opened, modified or deleted on this utility.

The next step is modeling of the building using EQMASTER’s graphical user
interface (GUI) which can be run by selecting “design” from start menu. Design
of GUI has been prepared as simple as possible for all kind of users. New model
is created by clicking “new project”. At this stage, user must sign and accept the
agreement (disclaimer) determined by software developers. Window shown in

Figure A.3 is then displayed on the screen.
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Hew Project

Project Infarmations | Skorey Informations | Horizonkal Axis Bay | ertical Axis Bay | Ter ~ [*

Project Name
K7
Prowince Diskinck Posta Kodu
Ankara W Cankava v 0a531
Soil Type Conskruction Date
Wery dense sar| =000 A

w
Horizontal Size Yertical Size Yerkical Axis Count  Horizonkal Axis Count
30 = 6.3 = |5 S v
e WARNING: Please check your dimension before
m d pressing OK.

(0] 4 l [ Cancel

Figure A.3 — New Project Window

General properties of the building such as the location, soil type, geometric layout
etc. are provided on this window. Height and slab thickness for each floor is
entered in “storey information”. Location of horizontal and vertical axis can also
be arranged using this menu. These properties can later be modified. However,
change in unit is not possible therefore user must be careful about unit selection
before carrying on. Initial view of the building for these properties is shown in

Figure A 4.

Next part is identification of members. Columns, beams, infill walls and shear
walls are all defined using template manager. Once sectional properties are
specified for a member it is recorded as unique in the template. Such an option is
extremely useful in buildings having numerous same types of members. Member
properties are automatically updated when changed on the template. New member

is defined using the buttons located on the left (Figure A.5).
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5 ﬁpfﬂn Analiz Program - Tasanm T

4

ﬁ

| Object List

- x|

ﬂf_\c@
| I

T
| EEEEE—

| Object Properties

Object Shown:
O General

Storey Height 3
Slab Thickness 0.12

Show Workspar 2l

No Selected Template! | Select & Move

Figure A.4 - Initial View of the Building (Axes System)

l@_ﬂeprem Analiz F-'-'rugram1 - Tasarim - *K7

: File Edit Miew Tools Help

Zoom %% 15,19 -

*
[
1

Figure A.5 — Template Buttons
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@ Template Manager g@

| Template List | Template Preview | [ Template Properties
@ L-};J g; Refresh | Showing Template @ C1 & save | Defaulk | Unic mm -
O Cl Caolor < Change =
ﬂ Beamn Templates Selected Colar « Change >
& il wal Templates Width 400
O Shear Wall Templates [ [ Height 400

Reinfarcement Style Single Stirrup
Steel Diameter (Long 18

Steel Diameter (Lat. 8

Spacing &0

Clear Cover 30

# of Harizontal Lave 2

# of Vertical Layer 2

E ¥ Layer 1
Left 23
# of Steel 2
Stirrup v
B X Layer 2
[ Material Strength | Left 363
) [ ] # of Steel 2
Concrete @ 16 w Stirrup v

Longitudinal Reinf. 5220 [v] S BYLayer1

Figure A.6 — Template Manager

Reinforcement details are also required while defining new section. In case not
knowing such details user can assign minimum amounts by clicking “default”
button. Parameters related to material strength are also provided in the template.
Same operations are done for each member type. Slabs are defined for each floor
by clicking on empty areas formed by axes intersections after selecting “slab

button”.

Members can now be drawn on the interface using corresponding buttons on the
left. After selecting any type of member its property is shown on the right. If no
member is selected general project properties are listed. Axes are very flexible to
use. Rotations and relative distances can be specified both by keyboard and
mouse. Another important property is provided in “object list”. Every single
element can be reached from this menu. In addition to each element, floors can
also be locked so that any change in the floor is not permitted. If building contains
floors with same structural elements then there is a chance to copy complete floor

to any destination floor which may save considerable time. Project of a typical
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building can be finished in fifteen minutes. User does not need complete a project

in single session. It can be saved at any time to be continued later.

As long as modeling is finished, the only thing that user must do is sending the
project to the server for analysis. This is done by clicking “send” button located
under “file” menu. Note that such process requires internet connection and takes
few minutes depending on connection speed and project size. Project moves to
“project in analysis” folder in communication tool. User may disconnect from
internet at this time. Analysis report may be received at any time later by means of
internet connection. “Send and receive” button is used in the communication tool
for this purpose. Reports are then put in “analysis reports” folder and opened by

double clicking.

Analysis report includes general information about building (building summary),
properties of structural members, stiffness & mass properties of both frames and
building. Member forces, floor displacements and overall building forces are also
listed. Graphical representation is used to show member forces more

comprehensibly. Parts of the analysis report are given in following figures.

D e
EQ MASTER REPORT

Version 1.0.000
Copyright & 2002-2004
WARNING: This progeam has been devaloped 38 3 part of masher Shade shudy. It i tha resporsbilty of S user o veetfy all resubte produced by this progran.

Sagarvior

amt. Prof. Or, ahm
T

Deselopied by

Start of Analysis 7 Brim 2004 - 17:55:52

Bu”d.‘nﬁ Summaz

ab Thickness (m})
1.5try 0.15
2.5ty 0.15%

<

Figure A.7 —Analysis Report (Building Summary)
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) Analyse Report

i Fie
~
Geometric Propetties
Column Dimensions in X-Direction ﬁi
0.4000 0.4000 0.4000 0.4000 0.4000
0.4000 0.4000 0.4000 0.4000 00,4000
0.4000 0.4000 0.4000 0.4000 0.4000
0.4000 0.4000 0.4000 0.4000 0.4000
Column Dimensions in Y-Direction ﬁi
0.4000 0.4000 0.4000 0.4000 0.4000
0.4000 0.4000 0.4000 0.4000 0.4000
0.4000 0.4000 0.4000 0.4000 0.4000
0.4000 0.4000 0.4000 0.4000 0.4000
Moment of Inertia of Columns about X-Direction (m*4,
2.1333e-002 2,1333e-003 2,1333e-003 2,1333=2-003 2.1333e-003
2.1333e-002 2,1333e-003 2,1333e-003 2,1333=2-003 2.1333e-003
2.1333e-002 2,1333e-003 2,1332e-003 2,1332e-003 2.1333e-002
2.1333e-002 2,1333e-003 2,1332e-003 2,1332e-003 2.1333e-002
Moment of inertia of Columns about Y-Direction (in"4,
2.1333e-003 2,1333e-003 2,1333e-003 2,1333=2-003 2.1333e-003
2.1333e-002 2,1333e-003 2,1332e-003 2,13322-003 2.1333e-002
2.1333e-003 2,1333e-003 2,1333e-003 2,1333=2-003 2.1333e-003
2.1333e-003 2,1333e-003 2,1333e-003 2,1333=2-003 2.1333e-003
. . . .
Figure A.8 — Analysis Report (Geometric Properties)
) Analyse Report @@
i Fie
~

Depth of Beams in X-Direction

0.5500 0.5500 0.5500 10,5500
0.5500 0.5500 0.5500 10,5500
0.5500 0.5500 0.5500 10,5500
0.5500 0.5500 0.5500 10,5500

Width of Beams in X-Direction

0.4000 0.4000 0.4000 10,4000
0.4000 0.4000 0.4000 10,4000
0.4000 0.4000 0.4000 10,4000
0.4000 0.4000 0.4000 10,4000

Moment of Inertia of Beams in X-Direction (im*4

5.5458e-003 5.5458e-003 5.5458e-003 5.5458e-003
5.5458e-003 5.5458e-003 5.5458e-003 5.5458e-003
5.5458e-003 5.9458e-003 5.9458e-003 5.5458e-003
5.5458e-003 5.5458e-003 5.5458e-003 5.54582-003

Figure A.8 — Analysis Report (Geometric Properties, continued)
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DeEth of Beams in Y-Direction ﬂi

0.6500 0.6300 0.6300 0.6500 0.6300

0.6500 0.6500 0.6500 0.6500 0.6500
Width of Beams in Y-Direction ﬁi

0.4000 0.4000 0.4000 0.4000 00,4000

0.4000 0.4000 0.4000 0.4000 0.4000

Moment of Inertia of Beams in Y-Direction (in"4,

9.1542e-003 9.1542e-003 9.1342e-003 9.1542e-003 9.1542e-003

9.1542e-003 9.1542e-003 9.1542e-003 9.1542e-003 9.1542e-003

GridInfo

f<-Coordinates of Grid Intersections

0.00 7.50 15.00 22,50 30,00
0.00 7.50 15.00 22,50 30,00

-Coordinates of Grid Intersections
0.00 0.00 0.00 0.00 0.00
(.30 6.30 6.30 6.20 (.30

Figure A.8 — Analysis Report (Geometric Properties, continued)

All results for beams and columns are arranged according to following style: Size
of the matrices for columns is equal to number of axes in x & y directions in floor
plan. For instance, the first element of any column matrix corresponds to column
at upper left corner of that floor. Style for beams on the other hand are little
different. They are grouped into two parts: beams defined in x-direction (parallel
to x-axis) and beams defined in y-direction (parallel to y-axis). All matrices for
beams in x-direction resemble those beam locations on the floor plan. Therefore,
its row & column size is always equal to number of axes in x-direction and one
less of number of axes in y-direction respectively. Similar style is valid for all
matrices for beams in y-direction. In this case, size of the matrices is equal to one

less of number of axes in x-direction by number of axes in y-direction.

Stiffness matrices for frames are obviously always symmetric and square (Figure
A.9). Note that condensed forms are given so that size is n by n where n is the

number of story.
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(=1

) Anatyse Report g
i Elle

X

Frames

Stiffness Malrices of X-Frames (kN/imn,
8.7022e+004 -5.48032+004
-5.48032+004 4.8601e+004

Frame
8.7022e+004 -5.4803e+004
-5.4803e+004 4.8601e+004

Stiffness Matrices of Y-Frames {kiN/n,

3.615%e+004 -2,3312e+004
-2,3312e+004 2.1154e+004
3.6159e+004 -2.3312e+004
-2,3312e+004 2.1154e+004
3.6159e+004 -2.3312e+004
-2.3312e+004 2.1154e+004
3.615%e+004 -2,3312e+004
-2.3312e+004 2.1154e+004
3.6159e+004 -2.3312e+004
-2,3312e+004 2.1154e+004

Figure A.9 — Analysis Report (Frame Properties)

Mass and stiffness matrices for building are in same size (3n x 3n). Note th.

building mass matrix is always diagonal while building stiffness matrix is square

and symmetric (Figure A.10).

) Analyse Report E]E]

i Eile

at

Mass & Stiffness Properties

Building Mass Matrix (tons)

1.39652+002 0.0000e+000 0,0000e+000 0.0000e+000 0.0000e+000 0.0000e+000
0.0000e+000 1.30852+002 0,0000e+000 0.0000e+000 0.0000e+000 0.0000e+000
0.0000e+000 0.0000e+000 1.3965e+002 0.0000e+000 0.0000e+000 0.0000e+000
0.0000e+000 0.0000&+000 0,0000e+000 1.3085e+002 0.0000e+000 0.0000e-+000
0.0000e+000 0.0000&+000 0,0000e+000 0.0000&+000 1.25972+004 0.0000e-+000
0.0000e+000 0.0000e+000 0,0000e+000 0.0000e+000 0.0000e+000 1.1520e+004

Building Stiffness Matrix (kN/m)

1.7404e+0035 -1.0961e+003 0.0000e+000 0,0000e+000 0.0000e+000 0.0000e+000
-1.0961e+005 9.7202e+004 0.0000e+000 0,0000e+000 0.0000e+000 0.0000e+000
0.0000e+000 0.0000e+000 1.8080e+005 -1.1656e+005 0.0000e+000 -5.8208e-011
0.0000e+000 0.0000e+000 -1.1656e+005 1.0577e+005 -5.8208e-011 0.0000e+000
0.0000e+000 0.0000e+000 0.0000e+000 -5.8208e-011 2.2067e+007 -1.4200e+007
0.0000e+000 0.0000e+000 -5.82082-011 0.0000e+000 -1.4200e+007 1.28632+007

Figure A.10 — Analysis Report (Mass & Stiffness Properties)

In addition to structural matrices, mass of each floor (translational & rotational),

total building mass, mass and stiffness centers in both directions and

corresponding eccentricities are also given. They are listed for each floor as

shown in Figure A10.
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) Anatyse Report ﬁ @

: File
~
story Mass (tons)
1.Story 139.65
2.Story 130,85
story Rotational Mass (ton-m)
1.5tory 12597.12
2.Story 11519.56

‘'otal Building Mass (tons)

Total Mass 270,50
1.Story 15.00
2.Story 15.00
Mass Center in Y-Direction {(m)
1.5tory 3.15
2 Story 3.15

tiffness Center in X-Direction (m)

1.Story 15.00
2Story 15.00
tiffness Center in Y-Direction (m)
1.Story 315
2,Story 315

ccentiricity in X-Direction (m})
1.5tory 1.77642-015
2.Story 1.77642-015

ccentiricity in ¥-Direction {m)
1.5tory 4.4400e-016
2 Story 4.4409e-016

Figure A.10 — Analysis Report (Mass & Stiffness Properties, continued)

Maximum forces developed at each floor and at the base of building are shown in

Figure A.11. Results from now on are based on analysis by EQMASTER.

) Anatyse Report ﬁ @

i File

A

Analyse Report

General

1.Story 415,33
2 Stary 233,71

story Shear in Y-Direction (kN)
1.5tory 428,20
2.Story 243.65

story Torque (kN.m)
1,Story 0.00
2 Story 0.00

tory Moment in X-Direction (kN.m)
1.Story 779.06

story Moment in ¥-Direction (kN.m)
1.5tory 7o1.87

Base Shear in X-Direction (kN)

415,33

Base Shear in ¥-Direction (kN)
428,20

Overturning Moment in X-Direction (kN.m)
2501.49

Dverturning Moment in ¥-Direction (kn.m)

266341

Base Torque (kN.m)

0.00

Figure A.11 — Analysis Report (Story Forces & Base Reactions)
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In addition to forces, floor displacements (translational and rotational) and story

drifts are listed as shown in Figure A.12.

) Anatyse Report g

!
]

loor Displacement in X-Direction (m)
1.5tory 2.82e-003
2.Story 1. 24e-002

loor Displacement in Y-Direction {(m)
1.5tory 2 64e-003
2.Story 1.18e-002

loor Rotation (rad)
1.5tory 5.77e-019
2 Story 7.71e-019

story Drift in X-Direction
1.5tory 0.002005
2 Story 0.001100

story Drift in Y-Direction
1.Story 0001965
2.5ty 0.000976

Figure A.12 — Analysis Report (Floor Displacements & Story Drifts)

Graphical representation is utilized to for member forces. Style for numerical
results is exactly the same as those used for geometric properties (Figure A.13).
Beam graphics are in the form of 3D plates located in floor plan. Interpolated
color scale makes it much more efficient and user friendly. Shear and moment
graphs of beams are shown separately for each floor. Due to large number of such
graphs only those representing beam moments for the two floors are presented in

Figure A.14 and Figure A.15.

(=1
]

) Anatyse Report g

o
b3

Member Forces 8
Maximum Beam Moments in X-Frames (kN.m

144,01 126.64 126.64 144.01
144.01 126.64 126.64 144.01

Story
102,51 0314 03.14 102.51
102,51 0314 03.14 102.51

Maximum Beam Moments in Y-Frames (kN.m,

15122 166.88 166.88 166828 15123

Story

(0,41 B1.83 B1.83 81.83 (0,41

Figure A.13 — Analysis Report (Numerical Representation of Member Forces,

Beams)
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) analyse Report E@

i File
s
GraEhical View
165
Kiris Momert Degerleri 1.Kat 160
[Momert at Beams 1.Floor|
155
-150
£
:
= 145
:
z
- 140
V-AKSLARI 136
AAKSLARI i}
130
. . . . st
Figure A.14 — Analysis Report (Graphical View of Beam Moments, 1™ floor)
) Analyse Report E]@
i Eil
. _
Story
iriz Moment Degerleri 2 kat
[Momert st Beams 2.Floor)
_ oo
E
1
g
ig
W-AKSLARI
AAKSLARI i}

Figure A.15 - Analysis Report (Graphical View of Beam Moments, 2™ floor)
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Visual style for columns, on the other hand, is based on 2D top view of floor plan.
Distribution of column forces on the floor plan is symbolized using interpolated

color scaling. Two selected graphs are shown in below.

) Analyse Report Q@
i Eile
-~
.Story
69.41 B1.83 81.83 B1.83 639.41
69.41 B1.83 81.83 B1.83 63.41

Kol \dkang\ml[kNm][  yanu,
lus‘m n of Column Momerts in kN.m (M ]a‘ZF\ r)

Y.AKSLARI

KARSLARI

Figure A.16 - Analysis Report (Graphical View of Column Moments, 2™ floor)

W) Analyse Report E]@

: File

Story
110.2519 200.0207 190.5205 200.0907 110.2519
1102519 200.0907 190,520 200.0907 1102519

200

Kolorlardaki Elsenel ‘fuk Dagilimi [kN)2.Kat
[Distribution of Axisl Load an Columns (kN]at 2 Flaor]

S AKSLARI

r-AKSLARI

60

40

20

Figure A.17 - Analysis Report (Graphical View of Column Axial Load, 2™ floor)
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Demand-capacity ratio for each member is given in the report as well. Same
graphical styles as above are used for this purpose. Shear limits of columns are
shown in 3D graphical format to observe any brittle failure (Figure A.18). Same
format is employed for axial load limit for columns. Beams are also graphically

illustrated whether they exceeded shear brittle limit or not.

1) Analyse Beparl

HE
Brittle Behaviour Limits
Exceedence for Shear in Columns @ Dl'riecﬂonsi
1.0000 Lou 100w 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000
Hid eord oy Hot i Borw il Limilind A s [ Hear il yonda ) 1.l

Hirmizi: Limit usty  heai: Limit alt

HAKELARL N

“VAKSLARE

Figure A.18 — Analysis Report (Shear Brittle Behavior Limits for Columns,
1* floor)

Analysis result related with seismic vulnerability assessment is given as “Building
Damage Score” in the report. Application of previous studies is listed together
with proposed method (Figure A.19). Relevant graphics for previous methods are

already given in chapter 4.

) Analyse Report [BEE]

: Eile

Seismic Vulnerability Assessment
Building Damage Score @ 261,3/100

Previous Assessment Methods
rsoy & Tankut Method (1996)
Mo severe damage is expected or building is safe.

assan & Sozen Method (1997)

Column Index @ 0.423
\Whall Index @ 0.000
Priority Index : 0.423

Figure A.19 — Analysis Report (Seismic Vulnerability Assessment)
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Dynamic properties such as building vibration periods and corresponding modal
shapes are presented at the end. Simple 3D animation is developed to simulate
modal shapes. In this way, user has a chance to visualize building vibration rather
than looking complicated numerical values. Animation speed and view angle is
optional to user. Screen shot from the animation of the first mode is shown in

Figure A.20.

Modal Shapes
P » ” i i || Made List Mode 1 - ]~

Period @ 0,521 sec | Frequency : 12,065 Hz | Orientation: 2 & !

Figure A.20 — Analysis Report (Animation for Modal Shapes)
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APPENDIX B

ALTERNATIVE SIMPLIFIED APPROACH

The second method (alternative approach) is quick assessment of the building
based on responses to several questions. It is much more simple and
straightforward compared to detailed approach. Working scheme on the internet
platform is quite similar to detailed analysis in which user responses are obtained,
evaluated, and sent back in the report format. All of these processes are performed

on internet environment. User responses are recorded in a database.

Key part of the method is to prepare basic questions which can be easily replied
by an average internet user in Turkey. Hence, difficulty appears while evaluating
the query containing such simple questions. Questions are selected in such a way
that they may give some clues about seismic condition of the building and reveal
critical points to make quick earthquake vulnerability evaluation. Important
parameters used in previous applications in quick assessment are also utilized.

The questionnaire is given in the Appendix C.

The most important part of the method is the assessment of the form and
assignment of building evaluation index. Method proposed by Sucuoglu and
Yazgan [20] is utilized in determination of vulnerability scores for eight of the
seventeen questions (number of story, earthquake zone, soft story, overhang,
apparent concrete quality, short column, hammering effect, plan irregularity).
Vulnerability scores for remaining questions are assigned as much smaller

compared to those eight questions since effect of parameters in the remaining
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questions on building vulnerability are not known. Both initial scores assigned for
each zone according to peak ground velocity and corresponding vulnerability
scores for eight parameters are scaled so that initial score always start from 100.
Building evaluation index is reduced according to drawbacks of a building
determined based upon user responses. Vulnerability scores after scaling of eight
parameters from Sucuoglu and Yazgan [20] are shown in Table B.1. Vulnerability

scores for the remaining parameters are shown in Table B.2.

Table B.1 — Initial and Vulnerability Scores for Eight Parameters

Apparent .
Story| Zonel Zone 2 Zone 3 | Soft Story Heavy Concrete Short Hammering Plan .
Overhang Ouality Column Effect Irregularity
60<PGV<80 | 40<PGV<60 | 20<PGV<40
1,2 95 130 170 0 -5 -5 5 0 0
3 90 125 160 -10 -5 -10 5 -2 2
4 90 115 145 -15 -10 -10 5 -3 2
5 90 105 130 -15 -15 -15 5 -3 5
6,7 80 90 105 -20 -15 -15 5 -3 5

After Scaling of Initial Score to 100

Apparent .
Story| Zonel Zone 2 Zone 3 Zone 4 | Soft Story Heavy Concrete Short Hammering Plan .
Overhang Ouality Column Effect Irregularity
12 44,2 60,5 79,1 100,0 0,0 -2,3 -2,3 -2,3 0,0 0,0
3 41,9 58,1 74,4 90,7 -4,7 -2,3 -4,7 -2,3 -0,9 -0,9
4 41,9 53,5 67,4 83,7 -7,0 -4,7 -4,7 -2,3 -1,4 -0,9
5 41,9 48,8 60,5 76,7 -7,0 -7,0 -7,0 -2,3 -1,4 -2,3
6,7 37,2 41,9 48,8 58,1 -9,3 -7,0 -7,0 -2,3 -1,4 -2,3

Vulnerability Parameters

Soft Story: No (0); Yes (1)

Heavy Overhangs: No (0); Yes (1)

Apparent Concrete Quality: Good (0); Moderate (1); Poor (2)
Short Column: No (0); Yes (1)

Hammering Effect: No (0); Yes (1)

Plan Irregularity: No (0); Yes (1)

Table B.2 — Vulnerability Scores for the Remaining Nine Parameters

Parameter Evaluation Option 1 | Option 2 | Option 3 | Option 4 | Option 5

if doc<1975 — -1

Date of construction (doc) if 1975<doc<1998 — —0.5 NA NA NA NA NA
if doc>1999 —0

Vertical Discontinuity (vd) 0 1 NA NA NA
Soil Type (st) 0 -0,5 -0,8 -1 NA
Basement (b) 0 0 0,3 0,6 1
Ground inclination (gi) 0 -0,3 -0,8 NA NA
Window size (ws) 0 -0,2 -0,5 NA NA
Mezzanine (m) 0 1 NA NA NA
Strong Beam - Weak Column (sb-wc) 0 -1 NA NA NA

135



It should be noted that output of the method should be as understandable as
possible. User is preferred to get useful information in order to relate his building
with earthquake concepts which are currently very popular in Turkey. On the
other hand, giving a reliable building evaluation index requires a large database
consisting of all necessary information applicable to questionnaire. Therefore, at

this stage, it is better to provide user report mainly for educational purposes.

Index criterion in date of construction depends on the release date of the code at
that time. The worst case is assigned to those constructed before 1975 since they
are potentially out of date in terms of current construction requirements. Building
is additionally punished based on its seismic zone. The highest decline is assigned

to ones located in the first zone.

In some buildings, the first story is relatively higher than others due to
commercial use of that floor. This may cause building to behave like an elevated
mass and makes the first storey columns more vulnerable. Ratio of the first story
height to typical story height is used to reduce building evaluation index for this
purpose. In addition, when lateral stiffness provided by the vertical members at
any particular floor is appreciably less than the upper or lower neighboring floor,
then that story acts as a “soft story”. Although such defect may exist in any floor,
ground floor is the most possible location. Building is given negative points based

on the number of sides surrounded mainly by windows.

Beside structural configuration, architectural properties of buildings are effective
in earthquake resistance if not properly designed. Unsymmetrical floor plans
strengthen torsional effect on columns. Sudden changes in stiffness throughout the
elevation or in the plan significantly modify lateral load distribution on the
building. Evaluation index of the building is decreased considering above
conditions. In case the area of the ground floor is considerably smaller than that of
typical floors, earthquake resistance of structural members on these floors is

affected. Elevated masses such as heavy balconies are among main problems.
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Expected damage of the building is related with overhang values in four

directions.

Hammering of two neighboring buildings may produce additional structural
damage. Column collapse is also possible if the neighbouring building slabs are
not at the same elevation and hammers against columns. Negative points are given

based on these criteria.

Apparent concrete quality may be considered as one of the significant factors in
building vulnerability. Despite properly selected cross-sections of load carrying

members, local or total failures may be observed due to poor concrete quality.

Existence of “short column” in a building may lead to brittle shear failure of such

columns and should also be taken into account.

“Strong beam — weak column” concept may be another parameter for building
vulnerability. Failure of columns lead direct failure of a building, while prior
failure of beams would still keep the building standing while adding additional
damping and ductility. The columns should be designed stronger than beams for a
preferred earthquake response. Evaluation index of the building is reduced based

on whether such defect exists in the building or not.

Other helpful parameters in assigning building evaluation index are soil type,
ground water level, ground inclination, window sizes, and existence of mezzanine.
These are detailed questions and may have relatively small contribution to
building evaluation index. Some of them may be removed if a database study is
carried out. Older version of the vulnerability scores for each of the seventeen
questions is shown in Table B.3. Different questions have different number of
options; therefore, the irrelevant options are shown as “NA” for some questions.
The remaining point from 100 after all questions is equal to the evaluation index
for the building. Explanations of options can be seen in the questionnaire given in

Appendix C.
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Application of Approach 2 on Duizce Damage Database

The same buildings analyzed in the first approach are also utilized for the

simplified case to observe the relation between damage level and building

evaluation index. However, the Dilzce damage database does not include

information for all of the questions asked in the simple approach. Therefore, only

a subset of questions is answered, while keeping the answers to other questions

constant. For instance, soil type is taken as Z1 [16] and window size is chosen as

medium for all buildings. “Short column” and “strong beam — weak column”

existence is discarded. The answers to the answered questions are also generally

similar for a vast majority of the buildings causing a small variation in the

building evaluation index. Table B.4 shows damage levels and corresponding

evaluation indexes of the buildings.

Table B.4 — Evaluation Indices of the Buildings from Duzce Database

D Time Of #(?f IRREQULARITIES Damage in R/C] MNLSTEI OR Bui!ding
Construction| Stories | AL | A2 | A3 | a4 | B1 | B2 | B3 members Evaluation Index
E-A-4 1975 3 1 2 2 2 2 2 2 L 0,0580 0,1160 35,7
E-G-20 1987 3 2 2 2 2 2 1 2 L 0,0660 0,0000 20,0
E-NB-146 1980 3 2 2 2 2 2 2 2 L 0,0563 0,0461 34,6
A-20-EKS-36 1985 4 2 2 2 2 2 2 2 L 0,1215 0,0750 33,7
E-G-3 1974 4 2 2 2 2 2 1 2 L 0,0189 0,0000 24,7
E-J-30 1990 4 2 2 2 2 1 1 2 L 0,0579 0,1178 29,0
A-38-EKS-60 1990 5 2 2 2 2 2 1 2 L 0,0466 0,0864 25,3
A-9-EKS-19 1995 5 2 2 2 2 2 1 2 L 0,1239 0,1059 26,7
E-G-17 1992 5 2 1 2 2 2 1 2 L 0,0367 0,0000 17,7
C-B10-144 1988 3 2 2 2 2 2 2 2 M 0,0171 0,0000 36,0
C-B20-237 1982 3 2 2 2 2 2 1 2 M 0,1745 0,0909 29,0
M-EKS-36 1990 3 1 2 2 2 2 2 2 M 0,0940 0,0659 36,0
A-5-EKS-41 1989 4 2 2 2 2 2 2 2 M 0,1997 0,1732 32,3
A-5-EKS-42 1989 4 2 2 2 2 2 2 2 M 0,2664 0,0553 32,3
E-NB-127 1980 4 2 2 2 2 2 1 2 M 0,0699 0,0000 27,6
A-55-EKS-97 1984 5 2 1 2 2 2 1 2 M 0,0787 0,0000 24,7
I-E-32 1980 5 2 2 2 2 2 2 2 M 0,0675 0,1110 32,3
M-7-EKS-11 1985 5 1 2 2 2 2 1 2 M 0,0468 0,1145 18,3
C-B6-101 1995 3 2 2 2 1 2 2 2 N 0,0749 0,0702 35,1
1-A-2 1950 3 2 2 2 2 2 1 2 N 0,0181 0,0000 27,8
|-F-44 1975 3 2 2 2 2 2 2 2 N 0,1316 0,0908 34,3
C-B21-38 1982 4 1 2 2 1 2 1 2 N 0,0764 0,0393 24,4
C-B4-88 1979 4 1 2 2 2 2 1 2 N 0,0738 0,0884 28,1
1-C-21 1976 4 2 2 2 2 2 1 2 N 0,0356 0,0000 25,0
C-B21-37 1989 5 2 2 2 1 2 1 2 N 0,0857 0,0848 17,4
1-E-33 1985 5 2 2 2 2 2 2 2 N 0,1187 0,0000 25,3
|-E-35 1993 5 2 2 2 1 1 1 2 N 0,1610 0,1884 15,5
C-B1-1 1988 3 1 2 1 1 2 1 2 S 0,0631 0,3489 26,2
E-1-42 1980 3 2 2 2 2 2 1 2 S 0,0648 0,0000 28,7
G-C-40 1983 3 2 2 2 2 2 2 2 S 0,1628 0,0452 34,6
E-G-14 1980 4 2 2 2 2 2 1 2 S 0,0711 0,1105 19,7
E-G-19 1976 4 2 2 2 2 2 1 2 S 0,0293 0,0331 27,6
E-NB-106 1975 4 2 2 2 1 2 1 2 S 0,0421 0,0435 27,8
E-G-13 1980 5 2 2 1 2 2 1 1 S 0,0378 0,0000 16,0
E-K-39 1985 5 1 2 2 2 2 1 2 S 0,0673 0,1148 34,6
M-7-EKS-10 1985 5 1 2 2 2 2 1 2 S 0,1385 0,0469 27,6

Irregularities 1: Exist 2: Not Exist
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Correlation between building evaluation index and damage level can be better
observed if a suitable database is prepared to serve the questionnaire. Thus,
simplified method, at this stage may be useful in terms of only giving general

information and creating public more conscious about future earthquakes.
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APPENDIX C

QUESTIONNAIRE FORM & REPORT

User Information 1

E-Posta Adresiniz
User Information 2
Adresiniz - J_|
. Posta
Sehir | ADANA [} =5 | (06610 gibi)
uestion 1
Toplam Kat Sayisi ‘ (bodrum dahil)
Question 2
Binanin Ingaat Tarihi | yil (6rnek: 1997)
uestion 3
Giris Kat Yﬁksekligi | metre (Ondalik sayi girmek igin virgiil kullaniniz)
Question 4
Tipik Kat Y'Liksekliﬁi | metre (Ondalik sayi girmek igin virgl kullaniniz)
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Question 5

L Dikdortgen L L Bina L 3 Blok L. Yamuk L. Diger
; O | U
Binanin Sekli
a | metre (Ondalik say girmek igin virgiil kullaniniz)
b | metre (Ondalik sayi girmek icin virgiil kullaniniz)
a ve b degerleri sadece dikddrtgen seklindeki binalar igin gegerlidir.
Question 6

Her katin sekli ayni mi? (Binada diizensizlik var mi?)
Ornedin, ilk lic kattan sonra genis bir teras ve devam eden
daha kiiciik alanh (birden fazla) katlar, bir katin toplam
alaninin %20'sinden biiyiik dosemede bosluklar, ani

Bina Diizeni degisen kolon boyutlan gibi...

L
L

Evet, her katin sekli ayni (Binada diizensizlik yok)

Hayir, her katin sekli ayni degil (Binada diizensizlik var)

Question 7

Cok siki kum, cakil, sert kil ve siltli kil (Z1)
Siki kum, cakil, cok kati kil ve siltli kil (Z2)
Orta siki kum, cakil, kati kil ve siltli kil (Z3)
Gevsek kum, Yumusak kil, siltli kil (Z4)

Zemin Tiirii

el eille] e

Question 8

Bodrum katta su problemi var mi?

L. Bodrum yok

Bodrum L Tiimiiyle kuru
Duvarlar nemli ve kiiflii

Hafif seviyede su sizintisi var

el eile

Bodrum su doluyor veya pompa ile su siirekli bosaltiliyor
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Question 9

Arazi Bilgileri

Binanin bulundugu arazinin egimi,

L
L
C

Diize yakin
Hafif egimli
Dik egimli (yamag gibi)

Question 10
Pencerelerin biyiikliigii,
Pencereler [l Kiiiik
L. Orta
L Buyuk
Question 11
Asma Kat Asma kat yok
Asma kat var
uestion 12
Giris katin kag yiizii camekan agirhikh,
L Girig kat mesken, camlar normal
Giris Kat [

£

L
L

Giris katin 6n cephesi diikkan/camekan agirlik

Giris ve yan cephe dikkan/camekan
Ug cephe camekan

Dért cephe camekan
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Question 13

Gozle goriiliir beton kalitesi,

Beton Kalitesi [ iyi
L Orta
L Kot

Question 14

L

Kisa Kolon Kisa kolon yok

» Kisa kolon var

Kisa Kolon
N

Question 15

Kuvvetli Kiris - Zayif L Kuvvetli Kiris - Zayif Kolon yok

Kolon
» Kuvvetli Kirig - Zayif Kolon var

Kiris Kiris

Kolonlar kirisler daha zayif

Kolonlar kirislerden daha kal ki tli
i ar Bl BEUER Dald ha Il Ve sy e "Zawif kolon - kuwvetli kiris™ var

"Zawif kolon - kuvvetli kiris” yok
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Question 16

Bina Yapisi

normal
katlar

bodrum
katlar

Bodrum Kat
Sayisi

Normal Kat
Sayisi

On Cephenin
Cikmasi

Arka Cephenin
Cikmasi

Sag Cephenin
Cikmasi

Sol Cephenin
Cikmasi

Resimde goriildiiga gibi

metre (Ondalik sayi girmek igin virgiil
kullaniniz)

metre (Ondalik sayi girmek igin virgil
kullaniniz)

metre (Ondalik sayi girmek igin virgiil
kullaniniz)

metre (Ondalik sayi girmek igin virgil
kullaniniz)

Question 17
Yapisik bina var mi?
Yon Var Kat Seviyeleri Ayni
Sol taraf [ [
Yapisik Bina
Sag taraf [ [
Arka taraf [ [
Analiz Ft ‘ Sifurla |

Figure B.1 — Questionnaire Form
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Analysis report based on filling out above form is immediately shown on the
screen by pressing “analyze” button. Before getting report, user is warned if there
are any missing or incorrect entries. User must be connected to the internet to fill
the form and obtain report. Analysis report consists of building summary and
general explanations according to response to each question. Earthquake zone
map of the province is also included. Educational comments are added. Score
reduction due to each question and resulting building evaluation index is given.

Sample report for K7 building is shown below.

Basit Analiz Raporu

Copyright Internet Deprem Projesi © 2004

Bu rapor Orta Dogu Teknik Universitesi BAP 2003 - 03 - 03 - 03 nolu proje igin arastirma
ve egitim amagli olarak hazirlanmistir. Baska bir amacla kullaniimasi veya ¢odaltiimasi
yasaktir.

Size sunulan bu rapor bir deprem emniyet dederlendirmesi degildir. Amerikan FEMA-154
ve ATC-21 kodlarindan faydalanilarak Dizce depremi bina hasarlari igin Prof. Dr. Haluk
Sucuoglu tarafindan kalibre edilen metod ve tekniklerden esinlenerek elde edilmis bu
puanlama binalar icin bir 6n eleme niteligi tasimaktadir. Yaklasimin basitligi ve
parametrelerin yetersizligi sebebiyle glivenilirligi disiiktir. Elde edilen puan, binanin
deprem performansini géstermez fakat goreceli, yaklasik bir fikir verir. Verilerin tecriibeli
ingaat muhendisleri tarafindan girilmemis olabilmesi ve sorularin herkesin
cevaplayabilecedi kadar basitlestirilmesi ihtiyaci ise ek belirsizlikler getirmektedir. Basit
sorular cevaplayarak olusturulmus bu rapor, akademik calisma ve egitim amaglidir. Baska
bir amag icin kullanilamaz. Ucretsiz sunulan rapor, kullanicinin sorumlulugundadir ve
niversite ile calisanlarini baglayamaz.

Baslangi¢ Skorunuz 100
Girilen Bilgiler Puan
Bulundugunuz il ve Ilce Ankara - Cankaya

Deprem Bolgesi 4

Bina Insaat Tarihi 2000 0
Bina Kat Sayisi 2

Girig Kat Ylksekligi 4,4 metre

Tipik Kat Yiksekligi 3,25 metre
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Gok siki kum, cakil, sert kil ve siltli kil

Zemin Tipi 1) 0
Zayif Kat Yok (Girig kat mesken) 0
Bitisik Bina Sayisi 0 0
Gikma Sayisi 0 0
Bina Geometrisi Dikdortgen 0
Binada Diizensizlik Yok 0
Pencereler Orta -0,2
Asma Kat Yok 0
Bodrum Yok 0
Arazi Egimi Diize yakin 0
Beton Kalitesi Orta -2,3
Kisa Kolon Yok 0
Kuvvetli Kirig-Zayif Kolon Var -0,5
Degerlendirme

Bina Degerlendirme Puani 97 / 100

Liitfen aciklamalarn okuyunuz.

Acgiklamalar

Sert zeminlerde ve ¢ok yliksek olmayan binalarda deprem dalgalan yumusak ve dolgu
zeminlerde oldudu gibi fazla biiylimez ve binalar bazi dizayn ve insaat hatalarini tolere
edebilir. Hem zeminin kuvvetli olmasi hem de kat sayisinin az olmasina ragmen kolon -
kiris boyutlari, donati miktari, beton kalitesi, etriye siklastirmasi yapilmasi, ankraj boyu ve
bikilme sekli, temel tipi, bag kirisi, perde duvarlarin varli§i, diizenli cerceve sisteminin
bulunmasi, zayif kat ve diizensizlikler olasi depremde olusacak hasarin biyGklGiguni
dogrudan etkileyecek 6nemli faktorlerdir. Bunlara ek olarak, yapinizin bulundugu bélgenin

hangi deprem bolgesi oldugu ve aktif faylara uzakhidi da gok 6nemlidir.

Binanizin bulundudu ilin Tirkiye Deprem Bolgeleri Haritasi'na gore adirlikli olarak 4.

derece deprem bolgesi oldugu gorilmektedir. Deprem bolgeleri 1 ile 4 arasinda
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degismektedir ve 1. derece en yiiksek riske sahip bodlgedir. Bu risk 4. bélgeye dogru
azalmaktadir. Deprem bdlgeleri haritasi bolgenin fay hatlarina olan uzakhdi ve gegmis
deprem kayitlari goz 6niine alinarak olusturulmustur. Bulundugunuz ilin detayll deprem

haritasi asagida verilmektedir.
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DEPREM ARASTIRMA DAIRESI ANKARA %\-\

Tuzr G.

Binanizin projesi 1998 deprem yonetmeliginden sonra vyapilmistir. Bu ydnetmelik
oncekilere gore olasi depremlere karsi daha giivenli insaat ve tasarim uygulamalan
icermektedir. Fakat bu durumda binanizin tasarimi ve ingaatinin yénetmelige uygun olarak
yapllip yapilmadigi énem tasimaktadir. Daha genis bilgi alabilmek icin ana sayfa altindan

'Detayli' kismi tiklanarak indirilecek program kullanilabilir.

Cadde kenarlarinda bitisik diizen bina yapilmasi oldukca yaygindir. Deprem sirasinda
yapisik diizen binalar, farkl hareket ederek birbirlerine carparak ‘'cekicleme etkisi'
yaparlar. Bu binalarin depremde yikilmalarini kolaylastiran bir etkendir. Yapisik binalarin
kat seviyelerinin farkli olmasi durumunda bu etki daha kot olur: farkh seviyedeki kat
dosemeleri diger binanin kolonlarina carpar ve adir hasar gormelerine sebep olur.

Binaniza bitisik ayr bir bina bulunmamaktadir ve gekicleme etkisi yoktur.
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Binanin yapisal ozellikleri yaninda mimari tasarimi da depreme karsi dayaniminda biylk
énem tasir. Ornegin, simetrik bir yapiya sahip olmayan ve yiikseklik boyunca kat planinda
degisimler (bliyiime) goriilen binalarin depremden daha fazla etkilenmesi beklenir. Bu tir
binalarin 6zellikle kolonlarina ek yiik gelmesinden dolayl deprem yiiklerinin giivenli olarak
tasinmasi zorlasir. Ayrica, tasiyici sistemin mimari nedenlerden dolayi siireksiz olmasi (kat
alani boyunca kiris ve kolonlarin devam etmemesi) binanin deprem dayanimini olumsuz
etkilemektedir. Ozellikle Tirkiye'de depremlerden sonra gorillen hasarlarin nedenleri
arasinda bu tir kusurlar gézlemlenmektedir. Unutmamalidir ki, bu tip olumsuz 6zellikler
binanin deprem dayaniminda tek basina etkili dedildir. Binanizin geometrisi genel olarak
simetrinin en ¢ok ve dizensizligin en az goruldigiu sekle sahiptir. Bunun yaninda tim kat
planlarinin ayni olmasi (ya da birbirine yakin olmasi) yukarida sayillan olumsuzluklari
ortadan kaldirmaktadir. Bu durum deprem yiklerinin tasiyici elemanlara mimkiin

oldugunca diizgiin olarak dagiimasini sadlar.

Betonarme ve dolgu duvarlara karsin pencereler, biyikliklerine ve bulunduklarn yere
gore binanin deprem dayanimini azaltici etken olarak gériilebilir. Yine biyiikliiklerine bagh
olarak bulunduklari katin diger katlara goére daha zayif olmasina ve deprem yiklerinin bu
bolgede toplanmasina yol agarlar. Dis cephenin camekan adirlikli olmasi (veya biiyiik
pencere alanlari bulunmasi), bulundugu katin digerlerine gore daha zayif olmasina neden
olur. Duvarlarda birakilan pencere bosluklarinin dar ve sirekli bir bant halinde olmasi ise
'kisa kolon' olarak isimlendirilen bir sakinca olusturur. Kisa kolon ile ilgili detayli anlatim

asadida verilmektedir.

Pratikte asma kat kullanimi binalarin birinci kati izerinde goriiliir ve genelde isyerleri
tarafindan kullanilir. Fakat bu katin tim kat alanini kaplamamasi ve dolayisiyla o kattaki
kolonlara hesapta olmayan ek yiik getirmesi sebebiyle tercih edilmemelidir. Binanizda

asma kat yoktur.

Giris kat alaninin diger tipik katlarinkinden bliyiik 6lclide kiicik olmasi durumu (cikma),
ozellikle giris katindaki kolonlara ek yiik bindirir. Genellikle agir balkonlar ve désemelerin
giris katindan sonra uzatilmasi binada c¢ikma yaratmaktadir. Cikma uzunlugunun bina
uzunluguna goére fazla olmasi deprem etkilerinin diger binalara gdére daha g¢ok
hissedilmesini sadlar. Dolayisiyla bu durumdan miimkiin oldukca kaciniimalidir. Binanizda

herhangi bir ydnde gikma bulunmamaktadir. Pratikte 6nerilen en ideal durumdur.

Bodrum katta su probleminin olmasi yeralti su seviyesinin (su tablasi) ylizeye yakin

oldugunun gostergesi olabilir. Yiiksek su tablasi bulunan bdlgelerde, sirf kum, siltli kum
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veya kumlu siltten olusan suya doygun zeminler deprem sirasinda ylikselen bosluk basinci
sebebiyle sivilasabilir. Boyle zeminlerde deprem sirasinda zemin sivilasarak binada biiyiik
oturmalar, yan donmeler, vb. hareketler goriilebilir. 1999 Marmara depremlerinde bu
duruma o6zellikle deniz veya dere kenarindaki binalarda sik rastlanmistir. Bu depremlerde
binada hasar olmamasina ragmen denizin icine girmis veya oldugu yerde yan yatmis
binalar sivilasma etkisinin bir sonucudur. Bodrum katta goriilen su miktari sivilasmanin
olup olmayacadi konusunda kesin bir yargi getirmemekle beraber bu konuda bir
parametre olarak kullanilabilir. Binanizin bodrum katinda su problemi gériinmiyor. Bu
durum bodrum katinizda iyi derecede su izolasyonu oldugunu ya da su tablasinin diisiik

oldugunu gosterir.

Binanin oturdugu zeminin yani sira bulundudu arazinin edimi de depreme karsi bina
tasariminda etkili bir faktordir. Yumusak zeminli dik yamaglara insa edilen binalarda
zemin kayma riski vardir. Diger yandan diiz veya diize yakin araziye yapilmis binalarda
zemin kayma riski minimumdur. Daha genel bakilacak olursa, zemin tipine, arazi egimine
ve zemin suyu seviyesine bagli olarak olasi depremde olusacak zemin kaymasi riski
degismektedir. Binaniz diize yakin bir arazide bulunmaktadir. Zemin kaymasi ihtimali

dislktir.

Binalarin deprem davranisini etkileyen faktorlerden birisi beton kalitesidir. Beton kalitesi
genellikle 'schmit hammer' denilen el biiyikligiinde bir cihaz vasitasi ile ylzeysel olarak
ya da 10cm cgapinda 15-20 cm boyunda silindirik g¢ekirdek (karot) numunesi alip
laboratuvarda test ederek oOgrenilir. Bu teknik ve cihazlarin bulunmadigi durumlarda
Uzerinde siva boya olmayan, agik olarak goriilen beton kisimlara bakarak genel olarak
betonun kalitesi hakkinda fikir sahibi olunabilir. Olciime dayali olmayan bu gézlem, kisinin
tecriibesi ve gorebildigi beton yiizeyi ile sinirlidir ve kisiye 6zeldir (subjektiftir). Beton
yiizeyinde goriilen iri bosluklar betonun iyi yerlesemediginin gdstergesidir. iri taslar
genellikle kot kaliteye isarettir. Donatinin (demirlerin) beton ylizeyine yakin olarak
gorilebilmesi, donatinin bir kisminin agikta kalarak gozle gérilebilmesi kot isgilik ve/ya
kotli betonarme gdstergeleridir. Sulanmamis ve yanmis beton ile donmus beton ya
ylizeyde ufalanir ya da koéselerden elle kopartilabilir. Betonun hazir alinmis olmasi ya da
ingaat sahasinda imal edilmis olmasi, ingaat tarihi, kullanilan agrega ve kum (kontolli
kirma tas genellikle deniz-dere yatagi kumuna tercih edilir. kullanilan taslarin gok biyiik
ve yuvarlak ve sadece ¢ok ince olmamasi, gesitli gaplara diizglin dadiimis olmasi gerekir.),
kumun organik madde veya kil icermesi, kullanilan ¢imento miktari, kullanilan su ve

cimento orani, iscilik kalitesi, betonun yliksekten dokiilmesi (segregasyon), vibrasyon
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uygulanmasi (az yada cok-ikisi de kotil), betonun sicak havalarda en az 2-3 hafta hergiin
sulanmasi, soduk havalarda donmadan korunmasi, alkali-silika reaksiyonu, betonun islak
mekanlarda bulunmasi gibi faktérlerden etkilenir. Binanizda goézle gorinir beton
kalitesinin iyi veya orta kalitede olmasi tek basina binanin depreme dayanikli oldugu
manasina gelmemekle birlikte, olumlu ydnde etkili bir durumdur. lyi beton kaitesi
genellikle hazir beton alimlarinda tutturulabilmektedir. Santiye ortaminda hazirlanan
betonlar codunlukla disik kalitede olmaktadir. Beton kalitesinin tek basina iyi olmasi
yeterli degildir ve demirin (donati) dogru ve eksiksiz yerlestirilmesi ile etriyelerin yeterli

arallkta ve kolon-kiris badlantilarinda siklastirilarak  badlanmasi ile iliskilidir.

'KISA KOLON' herhangi bir katta iki kolon arasinda oriilmiis duvarlarda birakilan stirekli ve
kolona yakin biten kiicik ve yayvan pencereler ve acikliklar ile olusur. Bu acikliklar
genellikle tuvalet pencereleri, soyunma ve depo odalar olarak kullanilan mekanlarda
bulunmaktadir. Codunlukla duvarin Gst kisimlarinda bulunan ve sirekliye yakin bu
bosluklara yakin kolonlarin alt bolgeleri tugla duvar ile destek gérmekte ve kisa pencereye
yakin Ust kisimlar birer 'kisa kolon' olusturmaktadir. Binanizda siirekli, yayvan ve dar
pencerelerin bulunmamasi kisa kolon olusumunu engeller. Bu durum yukarida belirtilen

sebeplerden dolayi binaniz igin olumlu bir durumdur.

Kisa Kolon
/ . %

Bir binanin yiikiinii temellere aktaran ve katlar ayakta tutan tasiyici sistemin en dnemli
elemanlar (dik yonde duran) kolonlardir. Deprem esnasinda, kolonlarin sistemi tagsimaya
devam etmesi istenir. Esyalarin ve insanlarin bulundugu odalarin ve binanin agirligini
kolonlara aktaran yatay elemanlara kiris denilir ve kiris kolon birlesim bdlgeleri en cok
zorlanan bolgelerdir. Deprem esnasinda, kolonlarin degil, kirislerin hasar gérmesi, tasiyici
sistemin sagligi agisindan tercih edilir. Kirislerin kolonlardan daha kuvvetli yapildigi
binalarda, kolon-kiris birlesim bdlgelerindeki hasarlar kolonlar izerinde yodunlasir ve

binanin daha cabuk yikilmasina sebep olur. Kirislerin kolonlardan daha zayif oldugu
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durumlarda ise, kolonlar yiik tasimaya devam eder ve kirislerde olusan hasarlar binaya
stineklik, deprem enerijisinin emilimi ve sdniim saglar. 'Kuvvetli kiris - Zayif kolon' olmasi
durumunda, tiim kolonlarin alt ve Ust noktalarinda plastik mafsallar olusmasi ve bunun
sonucunda katlarin birbirleri tizerine yikilmasi (su boredi - pan cake) gérilebilir. Binanizda
'Kuvvetli kiris - Zayif kolon' olusumu goézlenmektedir. Ancak bu durum diger bircok

olumsuzlukla beraber oldugunda etkilidir.

Kiris

Kolonlar kirisler daha zayif
"Zayif kolon - kuvvetli kiris" var

Binaniz ile ilgili olarak anket tiirii sorulara verdiginiz yanitlar kullanilarak asagida bina
degerlendirme puani olusturulmustur. Bu dederlendirme puani, heniiz binanizin deprem
performansini belirlememekte, fakat diger binalar ile goreceli olarak bir dederlendirme
imkani sadlamaktadir. Arastirmanin ilerleyen asamalarinda bina puani ile depremde
beklenen hasar seviyeleri arasinda bir baglanti kurulacaktir. E-mail adresinizi dogru girmis
olmaniz durumunda, ileride yapilacak gelistirilmis yeni degerlendirmeler otomatik olarak
e-mail adresinize gonderilecektir. Daha kapsamli dederlendirme sonucunda 'hasar skoru'
ve binanizin (Diizce depremindeki binalarin performanslari kullanilarak hazirlanan)
performans dederlendirmesi icin (hafif, orta, adir hasar gibi) ana sayfamizda bulunan
'detayll' dederlendirme secenedini kullanabilirsiniz. Bu raporun sizin icin bilgilendirici ve
editici oldugunu Umit ederiz. Raporda, ankette ya da sitede anlasiimasi gii¢ ve sizin icin

problemli kisimlar oldugu durumda bize (konu kismina 'idp' yazarak) e-mail mesajl
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Gorls ve

iyilestirilmesinde kullanilacaktir.

bu gorisleriniz sitemizin

gonderirseniz,

katkilariniz igin simdiden gok tesekkiir ederiz.
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APPENDIX D

DEFINITION OF INPUT VARIABLES

In this section, definition of variables required to carry out an analysis in
EQMASTER are given. Input variables are obtained in the form of single text file
sent by EQMASTER’s graphical interface. All variables are stored in matrices
regardless of their sizes which usually depend on number of axes and number of
story. Each variable together with its explanation is shown in alphabetical order

below. Size is given in parenthesis.
A0 : Effective ground acceleration coefficient. (1 x 1)
availSWx : Total available shear wall area in x-direction for each story. (n x 1)

availSWy : Total available shear wall area in y-direction for each story. (n x 1)

ax : Angle for frames in X-direction. Pivot point: Left end of the axis, CW as
positive. (1 x fx)

ay : Angle for frames in y-direction. Pivot point: Bottom end of the axis, CW as
positive. (1 x fy)

b2xd : Depth of beams in X-direction. Data for each story are successively added.
Matrix is later separated as the number of story. 1% column is the transpose
of the 1% x-axis. Initial size: 2(fy — 1) x fx

b2xw : Width of beams in x-direction. Data for each story are successively added.
Matrix is later separated as the number of story. 1% column is the transpose
of the 1% x-axis. Initial size: 2(fy — 1) x fx

b2yd : Depth of beams in y-direction. Data for each story are successively added.
Matrix is later separated as the number of story. 1* column is for the 1*

y-axis. Initial size: 2(fx — 1) x fy
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b2yw : Width of beams in y-direction. Data for each story are successively added.
Matrix is later separated as the number of story. 1* column is for the 1*
y-axis. Initial size: 2(fx — 1) x fy

capinfobeamX :

capinfobeamY :

Required info for ultimate shear & moment capacity calculation
of beams in x-direction. It includes eight related data;

IDX : Identification matrix for the beam.

0ID(1) : Frame number on which beam is located
0ID(2) : Order number for the beam in that frame
0ID(3) : Story number for the beam

Layer : Number of steel layers

Steelloc : Steel locations from the top of the section (mm)
Steelnum : Number of steel at each layer

Steeldia : Diameter of steel at each layer (mm)
Stirrupdia : Diameter of stirrup (mm)

Spacing : Stirrup spacing (mm)

Cover : Clear cover (mm)

Required info for ultimate shear & moment capacity calculation
of beams in y-direction. It includes eight related data;

IDY : Identification matrix for the beam.

oID(1) : Frame number on which beam is located
0ID(2) : Order number for the beam in that frame
0ID(3) : Story number for the beam

Layer : Number of steel layers

Steelloc : Steel locations from top of the section (mm)
Steelnum : Number of steel at each layer

Steeldia : Diameter of steel at each layer (mm)
Stirrupdia : Diameter of stirrup (mm)

Spacing : Stirrup spacing (mm)

Cover : Clear cover (mm)

col2x : Column dimension parallel to x-direction, upper-left corner being the
origin. Data for each story are successively added. Matrix is later separated
as the number of story. Initial size: (2fx x fy)

col2y : Column dimension parallel to y-direction, upper-left corner being the
origin. Data for each story are successively added. Matrix is later separated
as the number of story. Initial size: (2fx x fy)
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columncapinfo :

Required info for ultimate shear & moment capacity calculation
of columns. It includes fourteen related data;

ID : Identification matrix for the beam.

oID(1) : Row index of the column

0ID(2) : Column index of the column

0ID(3) : Story number for the column

LayerX : Number of steel layers for capacity in x-direction
LayerY : Number of steel layers for capacity in y-direction
SteellocX : Steel locations from top of the section for
capacity in x-direction (mm)

SteellocY : Steel locations from top of the section for
capacity in y-direction (mm)

SteelnumX : Number of steel at each layer for capacity in
x-direction

SteelnumY : Number of steel at each layer for capacity in
y-direction

SteeldiaX : Diameter of steel at each layer for capacity in
x-direction (mm)

SteeldiaY : Diameter of steel at each layer for capacity in
y-direction (mm)

Stirrupdia : Diameter of stirrup (mm)

Spacing : Stirrup spacing (mm)

CutX : Number of cut for shear capacity in X-direction
(cut is paralel to Y)

CutY : Number of cut for shear capacity in y-direction
(cut is paralel to X)

Cover : Clear cover (mm)

coorx : x-coordinates of grid intersections. (fX x fy)

coory : y-coordinates of grid intersections. (fx x fy)

fed : Design compressive strength of concrete in MPa. (1 x 1)

floorarea : Area of each floor in m?. (n x 1)

fx : Number of frames in x-direction. (1 x 1)

fy : Number of frames in y-direction. (1 x 1)

fyd : Design yield strength of longitudinal steel in MPa. (1 x 1)

fywd : Design yield strength of transverse steel in MPa. (1 x 1)

gridx : Distances for axes in X-direction to origin in meter. (1 x fX)

156



gridy : Distances for axes in y-direction to origin in meter. (1 x fy)
h : Height of each floor in meter. (n x 1)

jx : Information for joints at each frame in x-direction. Data for each story are
successively added. Matrix is later separated as the number of story. Numbers
corresponding to three different joint types are as below. Initial size: (2fx x fy)

0 :Regular joint
-1 : Beam intersecting joint
-2 : Free end joint (like cantilever)
-3 : Space joint (not connected to anywhere)

jy : Information for joints at each frame in y-direction. Data for each story are
successively added. Matrix is later separated as the number of story. Numbers
corresponding to three different joint types are as below. Initial size: (2fy x fX)

0 :Regular joint
-1 : Beam intersecting joint
-2 : Free end joint (like cantilever)
-3 : Space joint (not connected to anywhere)

n : Number of story (n x 1)

slab2 : Matrix showing whether slab exists or not at each region formed by
intersection of axes. Data for each story are successively added. Matrix is
later separated as the number of story. Initial size: 2(fx-1) x (fy -1)

e (: Slab exists
e 1 :Slab does not exist

soil : Local site class specified in the code [ref] (1 x 1)

spanx : Number of spans for each axis parallel to x-direction. Each column of the
matrix corresponds to floor. Each element of the column stands for single
axis. Ex: Element at (1,1) represents the span number for the 1% x-axis at
the 1% floor. (fx x n)

spany : Number of spans for each axis parallel to y-direction. Each column of the
matrix corresponds to floor. Each element of the column stands for single
axis. Ex: Element at (2,1) represents the span number for the 2™ y-axis at
the 1% floor. (fy x n)

t : Slab thickness for each floor in meter (n x 1)
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TA & TB : Spectrum characteristic periods [ref] assigned according to local site
class. (1x 1)

wallX2 : Matrix showing whether infill wall exists or not on the beams defined in
x-direction. Data for each story are successively added. Matrix is later
separated as the number of story. Initial size: 2(fy — 1) x fx

e 0 : Infill wall does not exist
e 1 : Infill wall exists

wallY2 : Matrix showing whether infill wall exists or not on the beams defined in
y-direction. Data for each story are successively added. Matrix is later
separated as the number of story. Initial size: 2(fx — 1) x fy

e 0 : Infill wall does not exist
e 1 : Infill wall exists

Xswleft2x : Dimension in x-direction for the shear wall defined in x-direction
corresponding to width of the wall. Value in the matrix represents the
length contribution due to shear wall to adjacent joint on the left. Data
for each story are successively added. Matrix is later separated as the
number of story. Initial size: (2fx x fy)

Xswleft2y : Dimension in y-direction for the shear wall defined in x-direction
corresponding to thickness of the wall. Value in the matrix represents
the length contribution due to shear wall to adjacent joint on the left.
Data for each story are successively added. Matrix is later separated as
the number of story. Initial size: (2fx x fy)

Xswright2x : Dimension in X-direction for the shear wall defined in x-direction
corresponding to width of the wall. Value in the matrix represents
the length contribution due to shear wall to adjacent joint on the
right. Data for each story are successively added. Matrix is later
separated as the number of story. Initial size: (2fx x fy)

Xswright2y : Dimension in y-direction for the shear wall defined in x-direction
corresponding  to thickness of the wall. Value in the matrix
represents the length contribution due to shear wall to adjacent joint
on the right. Data for each story are successively added. Matrix is
later separated as the number of story. Initial size: (2fx x fy)

Yswleft2x : Dimension in x-direction for the shear wall defined in y-direction
corresponding to thickness of the wall. Value in the matrix represents
the length contribution due to shear wall to adjacent joint on the left.
Data for each story are successively added. Matrix is later separated as
the number of story. Initial size: (2fX x fy)
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Yswleft2y : Dimension in y-direction for the shear wall defined in y-direction
corresponding to width of the wall. Value in the matrix represents the
length contribution due to shear wall to adjacent joint on the left. Data
for each story are successively added. Matrix is later separated as the
number of story. Initial size: (2fx x fy)

Yswright2x : Dimension in x-direction for the shear wall defined in y-direction
corresponding to thickness of the wall. Value in the matrix represents
the length contribution due to shear wall to adjacent joint on the
right. Data for each story are successively added. Matrix is later
separated as the number of story. Initial size: (2fx x fy)

Yswright2y : Dimension in y-direction for the shear wall defined in y-direction
corresponding to width of the wall. Value in the matrix represents
the length contribution due to shear wall to adjacent joint on the
right. Data for each story are successively added. Matrix is later
separated as the number of story. Initial size: (2fx x fy)
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APPENDIX E

DEMONSTRATION OF TRANFORMATION MATRIX USAGE

In this section, application example of transformation matrices, which relate frame

dofs to global dofs, is given for one-story one-bay frame (Figure E.1).

y
3
'//E;
4 ' 2
] " R X
y2 VO \\\\[\7/
: .
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1

Figure E.1 — Frame Configuration

Frame system shown in Figure E.1 involves two perpendicular and two skewed
frames. Stiffness of each frame is defined as 5 units in both directions
(k,, =k,, =5) for demonstration purposes. Distance of the i"™ frame to the center

of mass (point O) is defined by x; and y;. Distance of each frame to the mass
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center is shown in Table E.. Transformation matrix for each frame is given

inTable .

Table E.1 — Frame Distances to Center of Mass

Frame | x (in unit) | y (in unit)
1 0 -2
2 2 -0.5
3 -0.5 2
4 -2 0

Table E.2 — Transformation Matrices of the Frames

Frame | a,=[I 0 -yl] a;=[L 0 xl]
1 Lo 2] [0 1 0]
2 [1 0 05] [0 1 2]
3 [1 0 -2 [0 1 -0.5]
4 [1 0 0] [0 1 -2]

Contribution of the first frame to the global stiffness matrix is determined by

applying Equation 3.29 and 3.30;

K= gxlT Kade +§y1TKy1§y1 (E.1)
1 0 5 0 10

k,=10 [5][1 0 2]+ 1 [0][0 1 0]2 0 0 O (E.2)
2 0 10 0 20

Equation E.2 implies that 5 unit force is required to give a unit displacement to the
first frame in x-direction (element [1,1] of K,,). In addition, 10 unit force in
torsion, which is equal to translational force multiplied by moment arm (5*2), is
generated when the first frame is given a unit displacement in x-direction (element

[3,1] of K,,). Finally, 20 unit force, which corresponds to the moment due to
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translational force multiplied by moment arm (5*%2%*2), is necessary to give a unit

rotation to the floor which is shown in element [3,3] of k,, . Similarly, 10 units of
lateral force is generated in frame #1 (element [1,3] of K,,) when a unit rotation is

given causing displacement of two units (2*1*5).

Similar detailed check can also be performed for the second frame (skewed) by

using the following relation;

K, =8, K,a,+a,, k,,a,, (E3)

After substitutions in Equation E.3, contribution of the second frame to the global

stiffness matrix becomes,

1 0

k, =4 0 ¢[5cosa]{l 0 05}+41¢[5sina]{0 1 2} (E.4)
0.5 2
Scosa 0 2.5cosa 0 0 0

k, = 0 0 0 +/0 Ssina  10sina (E.5)

2.5cosa 0 1.25cosa 0 10sina 20cosa

Note that the second frame has stiffness in both x and y directions as 5Scosa and
Ssina respectively. In global stiffness matrix generation algorithm, element [3,1]
of stiffness in x-direction includes the effect of x-translation on torsion and
corresponds to Y,K,, (5cosa*0.5). Similarly, the effect of y-translation on torsion
is given by element [3,2] of stiffness in y-direction and equals to X,K,, (5sina*2).
Torsional stiffness shown by element [3,3] of stiffness in both directions is given

as the sum of y,’k , and Xzzkyz (5cosa*0.5% + 5sina*2*2) since the displacement

generated in x and y directions are 0.5 and 2.0, respectively which causes a force

when multiplied by the distance to the origin (0.5 and 2.0 respectively).
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