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Yalçın and Prof. Ercan Yüksel for accepting to be my thesis juries. Besides, I would
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ABSTRACT

VIBRATION-BASED MONITORING OF TALL

BUILDINGS

Tall buildings are indispensable solutions in cities where economy and popula-

tion grow rapidly. Parallel to advancements in technology, number of tall buildings in

regions with high seismicity increased dramatically in recent years. On the other hand,

it is crucial to conduct condition assessment of such structures after an earthquake

due to public safety and owner-need reasons. Structural Health Monitoring systems

enable condition assessment of structures before, during and after earthquake rapidly,

remotely and objectively. Structural Health Monitoring systems are mandatory to be

installed on tall buildings in Turkey since 2019 because of their significant contribution

to our understanding of dynamic behavior of tall buildings and our capability of condi-

tion monitoring. However, limited number of sensors are instrumented for tall buildings

due to economic reasons. With the motivations and reasons mentioned above, three

unique methodologies on development and updating of simplified models of tall build-

ings based on system identification results are presented. These methodologies are able

to estimate responses of non-instrumented floors from instrumented floors; therefore,

condition assessment of tall buildings after an earthquake can be precisely performed

by computing inter-story drift ratios and tracking changes in modal parameters. In

addition, proposed methodologies are validated with recorded responses of real struc-

tures under different earthquakes. Lastly, in-house developed software platform for real

- time monitoring of tall buildings is presented.
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ÖZET

YÜKSEK YAPILARDA TİTREŞİM BAZLI İZLEME

Yüksek yapılar ekonominin ve nüfusun hızla arttığı şehirlerde vazgeçilmez çözüm-

lerdir. Teknolojideki gelişmelere paralel olarak, depremselliği yüksek olan bölgelerde

yüksek yapı sayısı son yıllarda önemli ölçüde artmıştır. Öte yandan, bu tür yapıların

deprem sonrası durum değerlendirmesinin yapılması kamu güvenliği ve bina sahib-

inin ihtiyacı nedeniyle çok önemlidir. Yapı Sağlığı İzleme sistemleri, deprem öncesi,

sırası ve sonrasında yapıların durum değerlendirilmesinin hızlı, uzaktan ve objektif

şekilde yapılmasını sağlamaktadır. Yapı Sağlığı İzleme sistemlerinin yüksek yapıların

dinamik davranışını anlamamıza ve durum izleme kabiliyetimize önemli katkıları ne-

deniyle Türkiye’de 2019’dan beri yüksek yapılara kurulması zorunludur. Ancak ekono-

mik nedenlerleden dolayı yüksek yapılara sınırlı sayıda sensörler yerleştirilmektedir.

Yukarıda belirtilen motivasyon ve nedenlerle, bu tezde sistem tanımlama sonuçlarına

dayalı basitleştirilmiş yüksek yapı modellerinin geliştirilmesi ve güncellenmesi için üç

yeni metodoloji sunulmuştur. Bu metodolojiler, sensor bulunmayan katların tepki-

lerini sensor bulunan katların tepkilerinden tahmin edebilmektedir; bu nedenle, olası

bir deprem sonrasında yüksek yapıların durum değerlendirilmesi, katlar arası öteleme

oranlarının hesaplanması ve modal değerlerdeki değişikliklerin izlenmesi ile hassas bir

şekilde gerçekleştirilebilmektedir. Ayrıca önerilen metodolojilerin, gerçek yapıların

farklı depremler altındaki titreşim kayıtları kullanılarak doğrulaması yapılmıştır. Son

olarak, yüksek yapıların gerçek zamanlı izlenmesi için geliştirilen yazılım platformu

sunulmuştur.
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1. INTRODUCTION

1.1. Overview and Research Objective

Number of tall buildings in earthquake prone areas increased dramatically in

recent years. Since Structural Health Monitoring (SHM) systems provide significant

benefit to assess condition of structures after earthquakes, installation of these systems

in many tall buildings is required by owners. However, limited number of sensors are

used to identify and control dynamic properties of structures due to economic reasons.

Tracking only the changes in dynamic properties may not always be sufficient

to assess condition of structures after an earthquake. Although changes in dynamic

properties of structure are generally caused by structural stiffness change, some ex-

ternal mechanisms such as soil-structure interaction may change dynamic properties

of structures. Therefore, in this study, a method using both fundamental frequency

changes and maximum inter-story drift ratios was proposed for damage assessment of

structures.

On the other hand limited number of sensors are not enough to accurately cal-

culate inter-story drift ratios throughout entire structure. Linear and polynomial in-

terpolation techniques are preferred to estimate responses of non-instrumented floors

from instrumented floors and to predict inter-story drift ratios along structures. How-

ever, these techniques are not appropriate to detect abnormalities of non-instrumented

floors.

In this study, linear and nonlinear simplified models of modelled tall building

in OpenSess according to seismic code were created to predict dynamic responses of

non-instrumented floors from instrumented floors. However, it is clear that since there

is limited information about structures with Structural Health Monitoring systems,

assumptions of simplified models due to uncertainties in structural parameters were
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updated based on recorded responses and system identification results by using ad-

vanced optimization algorithms.

The main motivation in this study is to use changes in dynamic properties of

structures and inter-story drift ratio as damage indicators because they can be esti-

mated by SHM systems. Therefore, detailed finite element model (FEM) of a rep-

resentative tall building was created to perform necessary simulations and to create

correlation between changes in dynamic properties, inter-story drift ratios and struc-

tural deformations. Finally, reliable threshold values for different performance levels

were proposed for condition assessment of structures.

Proposed methodologies were validated with recorded dynamic responses of real

structures under different earthquakes causing different damage levels. OpenSees [1,

2] was used to create finite element model (FEM) of structures. On the other and,

simplified mathematical models of structures was created in Matlab [3]. Also, Matlab

[3] was utilized in order to develop updating and optimization algorithms.

1.2. Thesis Outline

The thesis consists of 7 main chapters. In the first chapter, a comprehensive

summary of previous studies in literature is presented.

In the second and third chapters, linear and nonlinear finite element models

of a tall building are created. This finite element model is a representative model

for a real structure in order to perform necessary simulations and validate proposed

methodologies.

In the forth chapter, proposed methodologies to create linear and nonlinear

simplified mathematical models of tall buildings are presented in details. Besides,

a methodology for optimization of simplified mathematical models of tall buildings

based on vibration data recorded by Structural Health Monitoring system is presented.
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These simplified models provide estimation of non-instrumented floor responses from

responses of instrumented floors.

In the fifth chapter, a unique approach are proposed for condition assessment and

functionality of tall buildings after earthquake. This method is capable of performing

reliable condition assessment of structures by tracking changes in dynamic properties

and maximum inter-story drift ratios.

In the sixth chapter, proposed methodologies are validated through analysis of

vibration data recorded by Structural Health Monitoring systems of two different struc-

tures. One of these structures remained in elastic range and suffered no damage under

earthquake. However, the other structure was severely damaged after strong seismic

event.

In the seventh chapter, in house-developed software for real-time monitoring of

structures is introduced. The main goal of developed software is to determine condi-

tion and functionality of structures remotely, rapidly and objectively by analyzing of

vibration records in real time after earthquakes and send automatically created analysis

report to responsible authorities.

In the final section, a comprehensive summary of the study is provided. Addi-

tionally, detailed recommendations for future researches are presented.

1.3. Literature Review

Today, condition assessment of structures is performed by visual inspections;

however, this method is often time-consuming, person-dependent and sometimes not

possible. On the contrary, SHM systems can help us to assess condition of structures

in rapid, remote and objective fashion. By analyzing vibration records and controlling

the changes in dynamic properties of structures, condition of structures can be reliably

determined. Therefore, SHM systems are preferred for structures that are costly and
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important for economy and human life such as tall buildings, bridges, energy and in-

dustrial structures. For instance, SHM systems are utilized in order to observe effects

of temperature, wind speed and traffic loading on structural members of suspension

bridges [4, 5]. In addition, vibration-based monitoring studies on reinforced concrete

bridges in literature showed that damage on structural members can be detected by

controlling not only the dynamic properties but also the structural parameters [6, 7].

With the developments in technology, the installation of SHM systems increases on in-

frastructures due to their economic importance. Oliveira et al. [8, 9] identified dynamic

properties of wind turbine from one year vibration data and researchers attributed

changes in dynamic properties of the structure to change in foundation stiffness and

small damages on blades by using regression analysis. Pereira et al. [10] analyzed

the vibration data of a dam for six months. The uniqueness of this study, changes in

dynamic properties of dam was controlled during first filling of reservoir. The numeri-

cal model of the structure was validated with the results of system identification and

forced vibration test.

Some researchers have focused to identify the dynamic properties of tall buildings

using ambient vibration records. In many studies, effects of soil-structure interaction

and environmental factors on dynamic properties of monitored structures were investi-

gated with experimental modal analysis and analytical models. Brownjohn [11] identi-

fied dynamic properties of the two different office buildings by using output only system

identification techniques from ambient vibration data. Celebi [12] examined the re-

sponse of a 20-storey steel building under low amplitude vibrations and concluded that

closeness between the dominant frequency of soil and second translational-torsional

mode frequency of structure causes resonance. Nayeri et al. [13] identified dynamic

properties of 17-story building under ambient conditions by using two different system

identification techniques and identified results were analyzed in statistical approach.

In addition, environmental effects on dynamic properties of structure were considered

and a correlation between temperature and modal frequencies was obtained. Yuen

and Kuok [14] collected ambient vibration data from 18-story building during one year

and determine dynamic properties of structure to identify, evaluate and eliminate the
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effects of ambient interference such as temperature and relative humidity on dynamic

properties during vibration data processing. Celebi et al. [15] inferred the dynamic

properties of a tall building from recorded data under ambient condition. Researchers

asserted that response of structure will be different under a seismic action due to out-

rigger columns and water tanks on the roof. Celebi et al. [16] analyzed low-amplitude

ambient data in order to determine dynamic properties of building located on the MIT

campus. It was observed that structure had significant torsional behavior because of

asymmetric placement of both shear walls and heavy equipment at the roof. Zhang

et al. [17] investigated change in dynamic properties of super tall building during its

construction. It was found that modal frequencies were affected by number of floors

and changes in temperature and humidity. Mordret et al. [18] identified dynamic

properties of tall building by using continuous ambient vibration records with the seis-

mic interferometry method. It was observed that variations in velocities calculated by

filtering vibration records in certain frequency range are consistent with changes in

modal properties for corresponding frequency range. Also, it was observed that shear

wave velocity is proportionally related with temperature and inversely related with

humidity.

In addition to these studies, many researchers have analyzed behavior of tall

buildings under earthquakes. These studies significantly increased after Tohoku earth-

quake in Japan. Some of studies in literature used vibration data from real structures,

while others were conducted by using large-scale experimental setups and analytical

models. Celebi and Safak [19, 20] analyzed response of buildings during 1989 Loma

Prieta earthquake. Analysis results showed that rocking behavior and soil-structure

interaction are significant in identifying behavior of structures during an earthquake.

Kohler et al. [21] investigated the changes in dynamic properties of 17-story building

in the University of California campus before and after earthquakes. It was shown

that modal frequencies of structure decreased about 7% to 12% during the earthquake

and reverted to pre-earthquake level in several minutes. Snieder and Safak [22] ana-

lyzed response of building under earthquake by deconvolution method. Deconvolution

method clearly estimate wave propagation profile when top response of building as-
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sumed as reference. On the other hand, fundamental modes of building were clearly

identified by deconvolution method when basement response of building is assumed

as reference. In addition, this study emphasized that shear wave velocity estimated

by seismic interferometry approach is useful to evaluate current situation of building.

Rodgers and Celebi [23] investigated the response of the 13-story steel building in Los

Angeles under the earthquakes that have been recorded since 1971. Changes in modal

frequencies of structure have been checked and wave analysis has been performed to

control the damage that may occur after earthquakes. Todorovska and Trifunac [24-27]

detected damages on six-story reinforced building exposed to the 1979 Imperial Val-

ley earthquake by using different methods. Moaveni et al. [28] created finite element

model of seven-story structure tested on shake table and updated the model by alter-

ing elasticity modulus of shear wall to identify numerically designated damage. Bodin

et al. [29] investigated effects of three earthquakes to the eight-story steel structure.

Dynamic response analysis of the structure presented that frequencies of fundamental

modes reduced approximately 45% after earthquakes. However, analysis of ambient vi-

bration records collected after earthquakes indicated that there was a recovery period

for E-W direction. On the other hand, natural frequencies of N-S direction remained

below those before earthquakes due to permanent damage. Saito et al. [30] examined

effects of earthquakes in Japan on high-rise buildings located in different cities. Ac-

cording to identification results, first mode frequencies of reinforced concrete structures

decreased by 20% and the first mode damping ratio increased by 3% due to the cracks

in structural elements. Ebrahimian et al. [31] modelled Millikan Library with Tim-

oshenko Beam and validated model by analyzing vibration records of building under

Yorba Linda earthquake with seismic interferometry. Results showed that simulated

shear wave velocity for Timoshenko Beam model is greater than measured shear wave

velocity. Therefore, it was concluded that Timoshenko Beam approach is more ap-

propriate for structures with low fundamental frequencies such as reinforced concrete

buildings with shear walls. Celebi et al. [32] analyzed dynamic properties of tall build-

ings before, during and after severe earthquakes. Identification results clearly showed

that modal frequencies decreased during main shock event compared to those com-

puted before earthquake. Researchers asserted that permanent non-linearity resulted



7

in higher fundamental modal period and damping ratio after events than expected

for some tall buildings. In addition to that, soil-structure interaction, rocking motion

and low damping ratio are significant effects causing prolonged shaking for some tall

buildings according to researchers. Abazarsa et al. [33] proposed new system identifi-

cation technique to reliably determine mode shapes of structures from non-stationary

vibration response during earthquakes. After verification and validation of proposed

model, results obtained from shake table test and finite element model updated based

on identification results were compared. Astorga et al. [34] proposed robust correla-

tion between variation of natural frequencies and inter-story drift ratios. It provides

useful and unique way to quantify structural damages after severe ground motions. For

this purpose, researchers analyzed dynamic responses of 24 buildings in Japan under

strong earthquakes. Gharari et al. [35] improved blind modal identification technique

to identify dynamic properties of the structure during seismic excitation. In order

to reliably identify complex mode shape, improved technique combines generalized

eigen-decomposition and rough–fuzzy c-means clustering techniques. Kashima [36] in-

vestigated dynamic properties of four high-rise steel structures suffered from Tohoku

Earthquake in Japan to understand effects of severe earthquakes on the structures

as well as to observe which effects change dynamic properties of the structures with

time. For this purpose, correlation between response amplitude and natural periods

were established by using regression analysis in order to effectively evaluate variation

in natural periods of structures. Taciroglu et al. [37] proposed new method to predict

soil-foundation stiffness of structure under ground motion. In this method, Timoshenko

beam considering soil properties with springs is updated based on identified results.

The proposed method is validated by using vibration record of Millikan Library under

2002 Yorba Linda earthquake. Shirzad et al. [38] developed new method to identify

soil-foundation stiffness from recorded seismic response. For this method, mathemat-

ical Timoshenko beam model considering soil properties with springs is created and

Baseyian method is utilized to identify dynamic properties of model.

Recently, important studies about estimation of non-instrumented floor responses

from instrumented floors have increased. Miranda and Taghavi [39] developed simpli-
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fied mathematical model with combination of shear and flexural beams to predict

dynamic response of structures under earthquakes. Also, it was concluded that effect

of non-uniform stiffness distribution is limited on response of buildings that behave

like flexural beam. Taghavi and Miranda [40] quantified accuracy of developed method

by comparing exact and approximate results. Goel [41] compared piece-wise cubic

interpolation technique and mode-based interpolation technique for estimation of non-

instrumented floor responses by using recorded dynamic responses of two buildings

under Northridge Earthquake. It was concluded that accelerometers should be located

at points where mechanical properties of structures change to obtain more reliable re-

sults from piece-wise cubic interpolation technique. On the other hand, mode-based

method gives more accurate results than piece-wise cubic interpolation technique and

effects of senor location were limited. The most important disadvantage of mode-based

method is that modal parameters must be obtained from previously created computer

model or mathematical model. Kaya et al. [42] developed mode shape-based method

to estimate responses of non-instrumented floors from instrumented floors for build-

ings. This method uses linear combination of shear and flexural beams with least

square algorithm. Also, mode shape-based method is compared with linear and cu-

bic interpolation approaches and predicted responses of non-instrumented floors better

than other two methods. Limongelli [43] used cubic interpolation method to estimate

responses of non-instrumented floors from instrumented floors for three different build-

ings. In addition, parametric studies were conducted to determine the most accurate

sensor locations for buildings. Limongelli suggested that if a single sensor is used to

monitor responses of structures, it would be appropriate to place it at intermediate

floor. Besides, Limongelli [44, 45] used cubic interpolation method to detect structural

damages with probabilistic approach by calculating frequency response functions of in-

strumented floors. Acunzo et al. [46] proposed new approach for mathematical models

of structures by using virtual sensors to predict responses of non-instrumented floor

from instrumented floors. Mathematical models created by this method were validated

with vibration records of real building under various earthquake records. Hoult [47]

developed simple mathematical model of structures based on modal parameters to es-

timate inter-story drift ratio along the entire structure with minimal instrumentation.
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Proposed method was used for damage assessment of 20-story building. Differences

between simulated and measured responses were encountered due to assumed damping

ratio. Also, it was concluded that suggested method may be insufficient to estimate re-

sponses of non-instrumented floors for buildings show nonlinear behavior under severe

earthquake and have geometric irregularity.

Considering relevant studies in literature, important studies have been carried

out on vibration-based structural health monitoring of tall buildings and understand-

ing dynamic behavior of tall buildings under severe earthquakes. In addition, some

researchers focused on determination of building functionality by using different dam-

age indicators such as changes in dynamic properties, maximum inter-story drift ratios

and wave propagation speeds. However, limited number of sensors is generally preferred

for monitoring of structures which is not appropriate to estimate inter-story drift ra-

tios and wave propagation profiles accurately. This study proposes a new approach

for condition assessment of structures which uses changes in dynamic properties and

maximum inter-story drift ratio as damage indicators together. In addition, correlation

between these parameters and structural deformations was created for reliable assess-

ment. For this purpose, detailed FEM of a representative tall building was created to

perform necessary simulations. Afterwards, relation between damage indicators and

deformation of coupling beams was created to determine threshold values for reliable

condition assessment. The main reason of using deformation of coupling beams is that

changes in stiffness and integrity of coupling beams due to damage directly influence

dynamic properties and inter-story drift ratios of structures.
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2. FINITE ELEMENT MODEL OF TALL BUILDING

In this study, it was aimed to create a robust correlation between deformations of

structural elements and inter-story drift ratios and also changes in dynamic properties

of structures because inter-story drift ratios during an earthquake and dynamic prop-

erties of structures can be obtained by SHM systems. Therefore, a tall building was

modelled in OpenSees in order to perform necessary simulations according to Turkish

Building Seismic Code (TBSC) [48].

Modelling of the tall building was performed in three stages with different ap-

proaches and performance levels. Detailed information about modelling stages of the

tall building is presented in Table 2.1.

Table 2.1. Modelling stages of tall building.

Stage Approach Ground Motion Level Performance Level

I Strength-Based Design Level Earthquake Life Safety

II Strength-Based Service Level Earthquake Operational

III Deformation-Based Maximum Considered Earthquake Collapse Prevention

Firstly, the tall building was analyzed in OpenSees [1, 2] under Design Level

Earthquake and Service Level Earthquake and modelled with Strength-Based Approach

in order to satisfy Life Safety and Operational performance levels, respectively. Struc-

ture was divided into six different sections and all structural members were modelled

with elastic frame and shell elements in OpenSees. Boundary condition of FEM was

assumed as fixed and foundation model was neglected for the sake of simplicity. Ma-

terial properties used in modelling process are given in Table 2.2. Also, gravity loads

defined according to the seismic code are shown in Table 2.3.
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Table 2.2. Material properties.

Material Type Mechanical Properties

Concrete C50

Einit = 5000
√
fck = 35355.34 MPa

Esecant = 22(fck/10)
0.3 = 35654.40 MPa

fcd = fck/1.5, fce = 1.3fck

Steel S420
E=200 GPa fyk = 420 MPa

fyd = fyk/1.15, fye = 1.2fyk

Table 2.3. Gravity loads.

Dead Loads Live Loads

Self-weight of concrete 25.0 kN/m3 Residential floors 2.0 kN/m2

Celling plaster+Floor finishing+Installments 2.0kN/m2 Basement floors 5.0 kN/m2

Infill walls for residential floors 1.0kN/m2 Snow load (roof) 1.0 kN/m2

Landscape (ground floor) 5.0kN/m2 Garden (ground) floor 3.5 kN/m2

Load combinations were determined according to the seismic code and the stan-

dards. Load combinations considering both horizontal and vertical components of

ground motions are expressed as

G+Q+ 0.2S + EH
e + 0.3EZ

e , (2.1)

0.9G+H + EH
e − 0.3EZ

e , (2.2)

where horizontal seismic loads are defined as

EH
e = ± EX

e ± 0.3EY
e , (2.3)

EH
e = ± 0.3EX

e ± EY
e , (2.4)

and vertical component of ground motion is included with simplified approach as

EZ
e = (2/3)(SDS)G, (2.5)

where G is dead load of the structure. Additionally, S is snow load and H is lateral soil

pressure on basement walls. For the sake of simplicity, H was assumed 0.



12

Effective stiffness multipliers for stage I and stage II were defined according to

TBSC and represented in Table 2.4. Also, total mass during earthquake was defined

according to the seismic code. While no coefficient was used for dead loads, live loads

were scaled by 0.3.

Table 2.4. Effective stiffness multipliers for design stages.

Modelling Stages

I II I II

Walls-Slab (In-Plane) Axial Shear

Structural Walls 0.50 0.75 0.50 1.00

Basement Walls 0.80 1.00 0.50 1.00

Slabs 0.25 0.50 0.25 0.80

Walls - Slab (Out of Plane) Bending Shear

Structural Walls 0.25 1.00 1.00 1.00

Basement Walls 0.50 1.00 1.00 1.00

Slabs 0.25 0.50 1.00 1.00

Frame Elements Bending Shear

Coupling Beams 0.15 0.30 1.00 1.00

Moment Frame Beams 0.35 0.70 1.00 1.00

Moment Frame Columns 0.70 0.90 1.00 1.00

Structural Walls (Equivalent frame) 0.50 0.80 0.50 1.00

Dynamic loads were defined for Design Level Earthquake and Service Level Earth-

quake according to the seismic code and were represented in Figure 2.1. Detailed infor-

mation about definition of elastic spectra is given in Ground Motion Selection section.

Structural system behavior factors (R) in X and Y directions were determined 8 and

7, respectively according to the seismic code. Dynamic loads were reduced based on

these values for stage I. On the other hand, R was assumed as 1 for stage II for each

direction.
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Figure 2.1. Elastic spectra.

After linear seismic analyses, dimensions of structural elements were determined

according to inter-story drift ratios and demand/capacity ratios of ductile and brit-

tle structural members. Dimensions and reinforcement details of insufficient members

were updated to satisfy limits in the seismic code. Figure 2.2 represents dimension of

structural members and 3D geometry of tall building.

Figure 2.2. Dimension of structural members and 3D geometry of the tall building.
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Nonlinear analysis has started to be used more widely thanks to development

of computer technology and many studies improved modelling methods of structures.

Nonlinear analysis more accurately estimates demand of external loads under dynamic

loads because there are limited assumptions compared to linear modelling. In litera-

ture, many techniques have been developed for nonlinear modelling of structural mem-

bers. Figure 2.3 shows the most significant nonlinear modelling methods of structural

members. These modelling techniques generally aimed to consider material-induced

nonlinear behavior of structural members. Concentrated plasticity modelling meth-

ods is preferred to simply reflect nonlinear behavior of structural elements. The main

advantage of this modelling technique is short analysis time. On the other hand, dis-

tributed plasticity modelling methods need more detail study on structural members.

Nonlinear concrete and steel reinforcement material models must be precisely defined

to estimate realistic global nonlinear behavior of structure. The main disadvantage of

this modelling technique is long analysis time.

Figure 2.3. Nonlinear modelling methods of structural members [49].
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Finally, nonlinear FEM of tall building was modelled to conduct time history

analyses under Maximum Considered Earthquake ground motion level in OpenSees.

Since some of commercial earthquake engineering programs do not provide stiffness

matrix during and after analysis, it is not possible to control changes in dynamic

properties of structural model. On the other hand, since OpenSees enables to control

mass, damping and stiffness matrices after each analysis step, dynamic properties of

structure can be followed.

In the following sections, modelling approaches of structural elements in FEM is

explained in detail.

2.1. Modelling of Frame Elements

Frame elements (columns and beams) of the tall building were modelled with

fiber sections. Displacement-based element and force-based element are two different

modelling types of fiber elements in OpenSees. There are important studies comparing

nonlinear behavior of structural models created by using these two different element

types [50-52].

Displacement-based element assumes linear curvature distribution and constant

axial strain along element. Therefore, multiple elements per story are needed for each

element in order to accurately calculate inelastic behavior of sections. On the other

hand, force-based element assumes constant axial and shear force between nodes of

element. Also, moments of integration sections between nodes are estimated with lin-

ear distribution. Therefore, it is possible to accurately capture inelastic behavior of

sections satisfying compatibility equations by using single element with appropriate

number of integration section. Figure 2.4 shows fundamental modelling principles of

displacement-based element and force-based element. In this study, displacement-based

element was utilized to create fiber sections of frame elements.
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Figure 2.4. Modelling principles of displacement-based element and force-based

element.

Fiber sections for displacement-based frame elements were constructed by a four-

node quad element object. This element uses a bilinear isoperimetric formulation to

create fiber sections. Confined and unconfined concrete material models were defined

with uniaxial Kent-Scott-Park concrete material model (Concrete01). This material

type uses cyclic degradation parameters based on Karsan-Jirsa loading-unloading pro-

cedure. Reinforcement steel material was modelled by uniaxial Giuffre-Menegotto-

Pinto steel material object (Steel02) [53, 54]. This material type considers kinematic

hardening and isotropic hardening for nonlinear behavior. Figure 2.5 and Figure 2.6

represent concrete and reinforcement steel material models used in FEM, respectively.
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Figure 2.5. Concrete material model in finite element model.

Figure 2.6. Reinforcement steel material model in finite element model.
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2.2. Modelling of Coupling Beams

Coupling beams are the most critical structural members for tall buildings due

to fact that significant portion of inelastic energy is dissipated by them during earth-

quakes. Therefore, proper modelling of coupling beams increases reliability of analysis

results. There are two different options for modelling of coupling beams in literature.

While one of them uses moment-rotation hinges at the end zones of beams, other one

uses shear force-displacement hinge at the mid-span of beam.

In this study, coupling beams were modelled by using two-node link element

option in OpenSees with nonlinear shear force-displacement spring at mid-span of sec-

tion [55]. In addition, elastic behaviors were assumed with constant stiffness for axial

force-displacement and flexural moment-rotation springs.

There are many options for modelling nonlinear behavior of shear force-displacement

springs in literature [56, 57]. In this study, hysteretic behavior of nonlinear shear force-

displacement springs was defined by uniaxial Giuffre-Menegotto-Pinto material model

(Steel02) [53, 54]. With this material model, it is aimed to define nonlinear behavior

that is very close to elastic perfectly behavior and takes into account cyclic degrada-

tion [58, 59]. Therefore, parameter values used in material model of coupling beams to

define cyclic degradation were assumed from studies in literature [57]. Figure 7 repre-

sents simple visualization and mechanical properties of two-node link element used for

coupling beams.

2.3. Modelling of Structural Walls

In tall buildings, it is mandatory to use structural walls in order to reduce inter-

story drifts. The combination of structural walls and frames (beams and columns)

creates more ductile systems to withstand external loads. Structural walls are forced

to deform under bending moments at generally upper floors. On the other hand, lateral

displacements in frames are observed at lower floors due to high shear force. Therefore,
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large amount of load due to bending is resisted by frames at upper part of building

and large amount of shear forces is resisted by structural walls at lower part of building.

Figure 2.7. Two-node link element and mechanical properties for coupling beams in

finite element model.

There are several methods to create finite element model of structural walls in

OpenSees. One of them is to create fiber sections by using displacement-based element

or force-based element between nodes. Appropriate geometry of FEM can be obtained

by connecting structural walls modelled by fiber sections to frames with rigid elements

such as rigid beams or rigid bars. However, main disadvantages of models developed in

this way are long analysis time and convergence problems. [56], [60-62]. Second option

is to use multiple-vertical-line-element-model (MVLEM) [63, 64]. This element model is

calibrated and validated by experiments and reasonably estimates axial-flexural behav-

ior of structural walls. However, this model does not consider contribution of shear be-

havior to flexural behavior. On the other hand, subsequently developed element model
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which is shear-flexure interaction multiple-vertical-line-element-model (SFI-MVLEM)

is capable to take into account interaction between shear and axial-flexural for non-

linear behavior of structural walls [65-67]. The disadvantage of these two wall models

is that they can be utilized only for 2D finite element models. The most preferred

element model to create nonlinear structural walls for FEM in OpenSees is multi-layer

shell element because it does not increase analysis time and does not cause significant

convergence problems [57], [68]. This element model consists of nonlinear concrete layer

and nonlinear smeared rebar layers (Figure 2.8). This element model was preferred to

simulate response of nonlinear structural walls in different tall building FEMs [69-71].

In this study, multi-layer shell element was preferred to create nonlinear structural

walls for FEM. The main reasons is that it provides fast convergence during analysis of

FEM by considering nonlinear behavior of concrete under cracking and crushing and

nonlinear behavior of steel reinforcement by taking into account Bauschinger effect.

Five internal nodes were used at each story for modelling of multi-layer shell elements

in order to properly simulate nonlinear response of structural walls.

Figure 2.8. Mechanism of multi-layer shell element [69].
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2.4. Modelling of Basement Walls

Basement walls around structures are load-bearing structural elements that trans-

fer most of inertial forces formed in upper floors onto foundation and also resist forces

and moments created by ground motions. Therefore, it is assumed that perimeter

basement walls show completely elastic behavior under ground motions and does not

pass into plastic range. In this study, perimeter basement walls were modelled by using

elastic shell elements (ShellMITC4).

2.5. Modelling of Slabs and Floor Diaphragm Consideration

In nonlinear analyses, realistic representation of in-plane behavior of floor di-

aphragms is important since transfer of inertial forces at story levels is controlled by

diaphragm behavior. Due to limitations on available modeling options in current soft-

ware for nonlinear modeling of slab behavior, floor diaphragms are modeled with either

elastic shell elements or employing rigid diaphragm assumptions.

In most cases, rigid diaphragm assumption is preferred since including elastic slab

elements in nonlinear model increases both modeling and computational effort. How-

ever, rigid diaphragm assumption is not appropriate and may lead to unreasonable

lateral load distribution among vertical members in structures with torsional irregular-

ities and diaphragm discontinuities. Also, rigid diaphragm assumption is not appropri-

ate at transfer floors due to backstay effects that may develop where shear forces are

transferred from vertical elements in tower to rigid basement walls around perimeter

of basement. Modeling in-plane diaphragm behavior as rigid diaphragm overestimates

backstay effects and may result in unrealistically high shear force demands on tower

walls in basement, due to reversal in direction of shear force of walls.

Even though force transfer due to backstay effects mainly develop at first transfer

floor, diaphragms under first transfer floor may also contribute to transfer mechanism.

Due to this reason, first two basement floor diaphragms were modeled with elastic
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shell elements (ShellMITC4) in nonlinear FEM to consider possible redistribution of

in-plane forces between diaphragms. Also, tower floors of structure were also modelled

with elastic shell elements (ShellMITC4) to consider out-of-plane behavior of slabs.

2.6. Modelling of P-∆ Columns and Geometric Non-linearity

Geometric non-linearity (second order effects) due to combination of lateral dis-

placement and vertical load must be considered to evaluate behavior of tall buildings

under ground motions. It is a fact that second-order moments are so critical in tall

buildings because these structures are more flexible and their structural elements carry

more vertical load when compared to shorter structures. These effects amplify base

shear force, story moments and axial loads on vertical structural members, so it is clear

that contribution of geometric non-linearity must be considered in seismic analysis of

tall buildings.

Therefore, P-∆ leaning column was modelled in order to consider second order

effect during nonlinear time history analysis. In P-∆ leaning column method, elastic

bar elements that can only resist axial loads are included in nonlinear model and story

weight of each story is additionally loaded on these P-∆ columns. Story masses of

elastic bars were calculated from (G + nQ + (0.3(2/3)SDSG). Young’s modulus of

elastic bars was assumed as initial stiffness value of expected concrete. Also, area of

elastic bars was calculated from total cross-sectional area of columns and structural

walls obtained from plan view of certain floor.
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3. NONLINEAR TIME HISTORY ANALYSIS OF TALL

BUILDING

Nonlinear time history analysis (NLTHA) of tall buildings is important to simu-

late and understand dynamic response of these structures under extreme ground mo-

tions. In order to perform NLTHA, ground motion records are selected and scaled

according to target spectrum. In this chapter, ground motion selection and assessment

of structural element deformations after NLTHA are explained in detail.

3.1. Ground Motion Selection

Ground motions are selected according to target spectrum which can be uniform

hazard spectrum obtained from probabilistic or deterministic seismic hazard analysis.

Deterministic seismic hazard analysis calculates level of ground motion created by the

largest earthquake for specific region independent of time dimension. On the other

hand, probabilistic seismic hazard analysis investigates probability of earthquake oc-

curring for different return periods. Theoretically, seismic hazard curve obtained from

deterministic or probabilistic seismic hazard analysis represents seismicity of specific

region and gives valuable information about seismic demand resisted by structures.

Alternatively, target spectrum can be design spectrum which is defined by seismic

codes.

In this study, target spectrum was determined according to equations in TBSC.

These equations use spectral acceleration values at short period and 1.0s period. Also,

local soil conditions are considered with Fs and F1 coefficients. The target spectrum was

scaled with 1.3. This coefficient is intended to replace the spectral acceleration values

obtained from the hazard map (which is the geometric mean of the two components)

with the maximum resultant of the two components (maximum spectral acceleration in

any horizontal direction). Figure 3.1 represents target spectrum, spectral acceleration

values for different return periods and location of structure and North Anatolian Fault.
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Figure 3.1. Target spectrum defined in TBSC, spectral acceleration values for

different return periods and location of structure and North Anatolian Fault.

Ground motion records were selected from PEER NGA-WEST2 ground motion

database. Magnitude and distance of selected ground motions should be reasonable

for the structure and the fault location. For this, the most appropriate method is

to choose magnitude and distance pair estimated from dis-aggregation analysis. In

dis-aggregation analysis, magnitude and distance pair which has large amount of con-

tribution to seismic risk of specific region is obtained after seismic hazard analysis.

Selected ground motion records were scaled by using amplitude scaling method.

In this method, firstly square root of sum of squares (SRSS) of response spectra (X

and Y directions) of each ground motion record was calculated in order to determine

average resultant response spectrum. Finally, scale factor of each ground motion record

were determined so that geometric mean of average resultant response spectra stays

above target spectrum between 0.2T and 1.5T (T: fundamental period of structure).

In selection and scaling of ground motion records, it is aimed to limit scale factors

of ground motion records to 5, but it is difficult to find ground motion records for

determined fault properties, magnitude, distance and Vs30 ranges. Therefore, some

scale factors turned out to be greater than 5. In addition, lowest usable frequencies of

selected ground motion records are compatible with fundamental period of structure.
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Due to nature of ground motion selection, there is scattering between response spectra

of selected ground motions. Therefore, it is aimed that response spectra of selected

ground motions stay between mean±1σ. Table 3.1 represents selected ground motion

records. Response spectrum of each earthquake, average response spectrum of all

earthquakes and target spectrum were also shown in Figure 3.2. Also, unscaled ground

motion records were represented in Figure 3.3.

Table 3.1. Selected ground motion records and scale factors.

ID Ground Motion Magnitude
Rjb

(km)

Vs30

(m/s)

Lowest Usable

Frequency

(Hz)

Sampling

Rate

(s)

Scale Factor

(2475 Year

Return Period)

178 Imperial Valley 6.53 10.79 162.94 0.063 0.005 2.54

549 Chalfant Valley 6.19 14.38 303.47 0.125 0.005 4.73

879 Landers 7.28 2.19 1369.00 0.000 0.005 1.51

1115 Kobe 6.90 28.08 256.00 0.125 0.010 4.12

1165 Kocaeli 7.51 3.62 811.00 0.125 0.005 3.20

1615 Duzce 7.14 9.14 338.00 0.063 0.010 7.64

1633 Manjil 7.37 12.55 723.95 0.130 0.020 1.94

1794 Hector Mine 7.13 31.06 379.32 0.017 0.005 5.27

3954 Tottori 6.61 15.58 967.27 0.038 0.005 5.98

5836 El Mayor 7.20 28.53 264.57 0.100 0.005 2.77

6980 Darfield 7.00 72.50 484.49 0.038 0.005 5.38

3.2. Results of Nonlinear Time History Analysis

In this section, results of NLTHA performed under selected 11 ground motion

records were presented. Scale factors of ground motion records were determined ac-

cording to target spectrum for 2475 return period. However, analyses were performed

for two additional coefficients to observe different damage levels. For this purpose,

scale factors determined based on 2475 return period target spectrum were multiplied

by 0.33 and 0.67 in order to simulate minor and moderate damage levels.
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Figure 3.2. Response spectra of earthquakes, mean spectra and target spectra.

Figure 3.3. Time history graphs of ground motion records.

FEM of tall building does not have geometric irregularities. Also, structural

members are positioned in symmetrical order. Therefore, it was not necessary to rotate
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ground motions 90 degree and reanalyze them. In this study, ground motion records

were applied in the horizontal direction and vertical ground motion records were not

used in analyzes.

Work Station that has Intel(R) Xeon(R) W-2133 CPU @3.60 GHz processor with

six cores and 128 GB RAM was used to complete 33 analyses. Six different analyses

were performed simultaneously. Analysis time was long when compared to analysis time

of standard tall building model. One of the most important reasons is that changes

in dynamic properties of structure such as modal frequencies and mode shapes were

controlled after each analysis step. Another important reason is that rigid diaphragms

were not used in FEM, slabs were modelled by shell elements with appropriate meshing

approaches. Also, zero-path (duration: 2[(Tx + Ty)/2]) was added to end of ground

motion records to observe damping effect to dynamic response of structure during free

vibration.

Modal analysis results after nonlinear gravity load analysis were represented in

Table 3.2. Accumulated mass factor up to 50th mode were obtained 0.968 for X direc-

tion and 0.972 for Y direction.

Rayleigh Damping was used to describe damping behavior of structure during

analyses [72]. In this method, damping matrix is generated from mass and stiffness

matrix with α and β coefficients (ζ = αK+βM). OpenSees introduces various options

for stiffness matrix to define Rayleigh Damping based on studies in literature [73-75].

In this study, initial stiffness matrix was used to define Rayleigh Damping ratio and

2.5% damping ratio was assumed for all modes. In addition, nonlinear behavior of

structural elements contribute to total damping ratio of structure during nonlinear

analysis.

Analyses results showed that beams and columns remained in elastic region for

Maximum Considered Earthquake (2475 return period) according to thresholds in the

seismic code. Also, axial deformations of structural walls are below limits. Therefore,
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there will be no additional discussions about structural parameters remaining in elastic

region. Figure 3.4 shows labels and points for nonlinear analysis results presented in

between Figure 3.5 - Figure 3.25. These figures show NLTHA results for:

• Shear forces and rotations of beams

• Shear forces and rotations of columns

• Inter-story drift ratios

• Shear forces of structural walls

• Chord rotations of coupling beams

Table 3.2. Modal analysis results.

Mode Number Period (s) Mass X Mass Y
∑

Mass X
∑

Mass Y

1 4.60 1.42e-6 0.46 1.42e-6 0.46

2 4.15 0.48 1.13e-6 0.48 0.46

3 3.34 1.15e-6 8.41e-6 0.48 0.46

4 1.07 0.009 3.49e-4 0.48 0.46

5 1.01 0.127 6.37e-6 0.61 0.46

6 1.00 3.93e-6 0.149 0.61 0.61

7 0.49 2.31e-5 1.60e-5 0.61 0.61

8 0.47 0.057 4.64-7 0.67 0.61

9 0.41 2.71e-7 0.070 0.67 0.68

10 0.29 2.36e-5 1.48-5 0.67 0.68

11 0.27 0.046 2.59e-7 0.72 0.68

12 0.23 5.22e-8 0.057 0.72 0.74

..... ..... . . . .. . . . .. . . . .. . . . ..

49 0.05 0.006 9.56e-4 0.97 0.97

50 0.05 3.32e-4 3.36e-8 0.97 0.97
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Figure 3.4. Labels and points for nonlinear time history analysis results.

Figure 3.5. P1-X inter-story drift ratios.
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Figure 3.6. P1-Y inter-story drift ratios.

Figure 3.7. P2-X inter-story drift ratios.
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Figure 3.8. P2-Y inter-story drift ratios.

Figure 3.9. P01 shear forces.
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Figure 3.10. P02 shear forces.

Figure 3.11. P03 shear forces.
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Figure 3.12. P04 shear forces.

Figure 3.13. P05 shear forces.
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Figure 3.14. P06 shear forces.

Figure 3.15. P07 shear forces.
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Figure 3.16. P08 shear forces.

Figure 3.17. P09 shear forces.
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Figure 3.18. P10 shear forces.

Figure 3.19. Chord rotation of coupling beams - down.
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Figure 3.20. Chord rotation of coupling beams - up.

Figure 3.21. Strain-gauge results.
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Figure 3.22. Demand/Capacity ratio for beam rotations.

Figure 3.23. Demand/Capacity ratio for beam shear forces.
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Figure 3.24. Demand/Capacity ratio for column rotations.

Figure 3.25. Demand/Capacity ratio for column shear forces.
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4. ESTIMATION OF NON-INSTRUMENTED FLOOR

RESPONSES

Tracking changes in modal parameters is one way of condition assessment. How-

ever, different mechanism occurring during earthquakes such as soil-structure inter-

action can also change modal values of structures. Therefore, alternative approaches

such as controlling inter-story drift ratios can be used for condition assessment of tall

buildings. On the other hand, using accelerometers on each story is not preferred to

monitor tall buildings due to practical and economical reasons. Therefore, estimation

of non-instrumented floor responses from instrumented floor responses has always been

an important research topic.

It is very difficult to create detailed FEM of each tall building instrumented with

SHM systems. Therefore, different methods were utilized to estimate response of non-

instrumented floors from instrumented floors in literature. Linear interpolation and

cubic interpolation methods are most preferred approaches due to their fast calcula-

tion times and simple algorithms [41], [43], [76, 77]. These methods need identification

of dynamic properties and recorded displacements at instrumented floors to predict

modal displacement of non-instrumented floors. Although linear and cubic interpola-

tion methods estimate similar responses of non-instrumented floors for the first mode,

capability of cubic interpolation method to estimate responses of non-instrumented

floors for higher modes is better due to its high degree polynomial function. In addi-

tion, there are significant studies in literature that create correlation between frequency

response function of instrument floors by cubic interpolation technique to estimate re-

sponse of non-instrumented floors and to detect damage locations [44, 45]. It is a fact

that sensors should be located at regular intervals along structure in accordance with

stiffness change locations to increase accuracy of these methods. The main disadvan-

tage of these methods is to use mode shapes before and/or after earthquake and not

considering nonlinear effects for estimation of non-instrumented floor responses during

earthquakes. Therefore, these methods are capable to accurately predict responses
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of non-instrumented floors in cases that structures show elastic behavior under weak

earthquakes.

On the other hand, estimation of non-instrumented floor responses under strong

earthquake causing high non-linearity is a challenging topic because dynamic properties

and responses of structure significantly change. Therefore, simplified mathematical

models of structures created based on basic geometric and mechanical properties of

structures provide great advantage to understand behavior of structures. In addition,

response of non-instrumented floors can be obtained from instrumented floor responses

by optimizing simplified mathematical models based on vibration data recorded by

SHM systems.

In this study, simplified analytical models of tall building were created with dif-

ferent methods as alternative approaches. The most important advantage of these

models is that they can be updated and optimized by vibration data recorded by SHM

systems. In these models, combination of shear and flexural behaviors of tall buildings

were considered to estimate responses of non-instrumented floors from instrumented

floors. Also, nonlinear behavior of structural elements in analytical model can be con-

sidered with nonlinear springs. Simple visualization of created simplified mathematical

models is shown in Figure 4.1.

4.1. Stepped Timoshenko Beam Model (STBM)

In early studies, Euler-Bernoulli beam equations were used to estimate elastic

response of tall buildings under external effects such as wind and earthquake. Al-

though flexural behavior dominates response of tall buildings due to their slenderness,

structural walls increase their shear rigidity. Therefore, Timoshenko beam model [78],

which takes into account contributions of both flexural and shear behaviors in differen-

tial equation of a beam vibration, provides great advantage for simplified mathematical

model of tall buildings.
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Figure 4.1. Mathematical models of tall building with different approaches.

Closed-form equations of Timoshenko beam model [79, 80] were developed for tall

buildings whose mass and stiffness distribution are uniform or close to uniform along

their height. Therefore, the equations were rearranged for non-uniform tall building

model to properly estimate dynamic responses with mathematical beam model because

the structure has five wide basement floors surrounded by rigid walls and so, rigidity

of the structure abruptly changes at transfer floor. In order to consider this non-

uniformity, the beam model was divided into three sub-steps and normal functions of

transverse deflection, Wi(ξ), and rotational angle due to bending, ϕi(ξ), for each step

can be written as

Wi(ξ) = Aicosh(λi,1ξ) +Bisinh(λi,1ξ)

+Cicos(λi,2ξ) +Disin(λi,2ξ),
(4.1)

ϕi(ξ) = Aimi,1sinh(λi,1ξ) +Bimi,1cosh(λi,1ξ)

+Cimi,2sin(λi,2ξ) +Dimi,2cos(λi,2ξ),
(4.2)

where li < ξ < li+1, ξ = x/L, νi = Ei/(kiGi), ri = 1/(AiL
2), si = νiri, τi =

(ρiAiL
4ω2)/(EiIi), αi = (τi(ri + si))/2, βi = τi(τirisi − 1), λi,1 = ((α2

i − βi)
0.5 − αi)

0.5,

λi,2 = ((α2
i − βi)

0.5 + αi)
0.5, mi,1 = (τisi + λ2i,1)/λi,1, mi,1 = (τisi − λ2i,2)/λi,2. Arbitrary
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constants in equations (Ai, Bi, Ci, Di) are calculated from continuity equations and

boundary conditions. These relations can be expressed as

W1(ξ) = W2(ξ) at ξ =l1, (4.3)

W1
′
(ξ) = W2

′
(ξ) at ξ =l1, (4.4)

E1I1ϕ
′

1(ξ) = E2I2ϕ
′

2(ξ) at ξ =l1, (4.5)

k1G1A1(W1
′
(ξ)− ϕ1(ξ)) = k2G2A2(W2

′
(ξ)− ϕ2(ξ)) at ξ =l1, (4.6)

W2(ξ) = W3(ξ) at ξ =l2, (4.7)

W2
′
(ξ) = W3

′
(ξ) at ξ =l2, (4.8)

E2I2ϕ
′

2(ξ) = E3I3ϕ
′

3(ξ) at ξ =l2, (4.9)

k2G2A2(W2
′
(ξ)− ϕ2(ξ)) = k3G3A3(W3

′
(ξ)− ϕ3(ξ)) at ξ =l2, (4.10)

W1(ξ) = 0 at ξ =0, (4.11)

ϕ1(ξ) = 0 at ξ =0, (4.12)

ϕ
′

2(ξ) = 0 at ξ =1, (4.13)

W2
′
(ξ)− ϕ2(ξ) = 0 at ξ =1. (4.14)

When these equations are reorganized in matrix form, X(ω), the values equalizing

determinant of the matrix to zero give modal frequencies of the structure in that direc-

tion. Solution of the equation in these frequency values gives the arbitrary constants,

CV, for corresponding frequency value. Relation between X(ω) and CV is defined as

X(ω)CV = 0, (4.15)

where CV is coefficient vector of Ai-Di i=1,2,3 and X(ω) is 12x12 characteristic ma-

trix. Although basic geometrical properties of tall building is known, effective elastic

modulus and effective shear modulus of the structure, E∗ and G∗, which are needed

to create the most appropriate Timoshenko beam model, must be properly estimated.

Although there are many methods to estimate E∗ and G∗ from geometrical properties

of structural elements, recommended method in literature [81] was used to estimate

relation between effective elastic modulus and effective shear modulus of the structure.

Based on this method, relation between the effective bending rigidity and the effective
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shear rigidity was created by using modal frequency ratios obtained from modal anal-

ysis of FEM as shown in Figure 4.2.

Figure 4.2. Relation between effective bending rigidity and effective shear rigidity.

In order to obtain the most suitable mathematical beam model for the structure,

an algorithm was developed by using error function. The error function is expressed as

E(α) =
∑

(ki [(f
∗
i − fi)/f

∗
i ]

2 + hi [1−MACi ]
2), (4.16)

where α is correction coefficient, i is mode number, ki is weighting coefficient for

ith modal frequency, hi is weighing coefficient for ith modal assurance criteria, f ∗
i is

modal frequency of ith mode for FEM, fi is estimated modal frequency of ith mode for

mathematical model, MACi is modal assurance criteria for ith mode shape.

In the algorithm, initial values of G∗ are separately calculated from shear beam

formula (G∗
initial = ρ(4Lf1)

2) for each direction and correlation between E∗ and G∗ are

provided by using C values calculated based on modal frequency ratios of FEM for

both directions [82]. Algorithm updates mass and G∗ value in each step until it finds

minimum error value between results of FEM and stepped Timoshenko beam model.
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In the analyses, it was assumed that there were sensors at only five points of

modelled tall building (Story 0, Story 5, Story 18, Story 31 and Story 45). Updated

modal frequencies and mode shapes were represented for both directions in Figure 4.3

and Figure 4.4.

In algorithm, non-updated models are stepped beam models of the structure

whose geometry, mass and stiffness distribution is uniform. On the other hand, up-

dated models represent mathematical beam models of the structure consisting of three

different sections with different mass and stiffness values.

According to mathematical representation of Timoshenko beam, dynamic prop-

erties of uniform numerical beam model are highly dependent on ratio between the

flexural rigidity and shear rigidity (C value).

In addition to C value, proper definition of mass and stiffness distribution in

mathematical model is critical to estimate consistent modal frequencies and mode

shapes with identification results for non-uniform stepped models.

It is obvious from modal frequencies and MAC values that updating algorithm

creates the most suitable mathematical model by calibrating mass, E∗ and G∗ values

for three different sections to obtain minimum error value between results of FEM and

stepped Timoshenko beam model.

Although contribution of MAC values to error value is limited, obtaining con-

sistent mode shapes with identification results is essential to estimate more reliable

acceleration values of non-instrumented floors.
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Figure 4.3. STBM-X: updated and identified modal properties.

Figure 4.4. STBM-Y: updated and identified modal properties.
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Recorded modal accelerations at each instrumented story, z̈j,k(t), were calculated

by band-pass filtering of recorded accelerations around each identified modal frequency.

On the other hand, modal acceleration of jth mode for multi-story buildings can be

calculated by linear transformation and orthogonality of modes [72]. Therefore, time-

variation of modal acceleration for kth floor of beam model can be defined as

ÿj,k = Γjcjϕj,kq̈j(t) = cjϕj,kD̈j(t), (4.17)

where Γj is j
th modal participation factor, cj is j

th mode unknown weighting coefficient,

ϕj is jth normalized mode shape of Timoshenko beam and q̈j(t) is jth mode acceler-

ation of single-degree-of-freedom system. In this study, error function represented in

Equation 4.18 is utilized to estimate time-variation of modal acceleration for kth floor

of mathematical model, ÿj,k. Error values can be calculated as

εj(t) =
NIF∑
k=1

[z̈j,k(t)− ÿj,k(t)]
2, (4.18)

in which εj(t) is error function for the jth mode, z̈j,k(t) is recorded modal acceleration

for the jth mode, ÿj,k(t) is estimated modal acceleration for the jth mode. Minimizing

εj(t) with respect to cj in Equation 4.19,
∂εj(t)

∂cj
gives the most appropriate time-variation

of modal acceleration for kth floor of mathematical model [83]. The equality can be

written as

(
NIF∑
k=1

ϕ2
j,k)(CjD̈j(t)) =

NIF∑
k=1

ϕj,kz̈j,k(t), (4.19)

where NIF is number of instrumented floors. Floor accelerations of the beam model

can be calculated by superposition of modal accelerations. Floor accelerations can be

written as

ÿj(t) =
NIM∑
k=1

ÿj,k(t), (4.20)

where NIM is number of identified modes. Total acceleration, ÿTj (t), at any floor can

be computed from

ÿTj (t) = ÿj(t) + ÿg(t), (4.21)

where ÿj(t) and ÿg(t) are j
th floor acceleration and ground acceleration, respectively.
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Floor displacements were calculated by double integration of estimated floor ac-

celerations. In order to obtain velocity and displacement values from acceleration data,

best straight-fit line was removed from acceleration data. Before integration, zero-phase

digital filtering by using Butterworth filter was applied to recorded acceleration data

in order to prevent significant phase delay.

In general, superposition of modal displacements for three modes are adequate

to properly obtain floor displacements of multi-story buildings [84]. Therefore, first

three modal displacements for each direction were combined to estimate total floor

responses of tall building. Figure 4.5 – Figure 4.26 represent recorded and estimated

floor displacements for X and Y directions.

Figure 4.5. STBM-X: recorded (black solid line) and estimated (red dashed line) floor

displacements, eq id: 178.
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Figure 4.6. STBM-X: recorded (black solid line) and estimated (red dashed line) floor

displacements, eq id: 549.

Figure 4.7. STBM-X: recorded (black solid line) and estimated (red dashed line) floor

displacements, eq id: 879.
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Figure 4.8. STBM-X: recorded (black solid line) and estimated (red dashed line) floor

displacements, eq id: 1115.

Figure 4.9. STBM-X: recorded (black solid line) and estimated (red dashed line) floor

displacements, eq id: 1165.
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Figure 4.10. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.

Figure 4.11. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.
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Figure 4.12. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.

Figure 4.13. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.
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Figure 4.14. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.

Figure 4.15. STBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.
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Figure 4.16. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 178.

Figure 4.17. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 549.
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Figure 4.18. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 879.

Figure 4.19. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1115.
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Figure 4.20. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1165.

Figure 4.21. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.
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Figure 4.22. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.

Figure 4.23. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.
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Figure 4.24. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.

Figure 4.25. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.
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Figure 4.26. STBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.

There are equations to calculate difference between recorded and estimated re-

sponses in literature [43], [83]. Accuracy of the method proposed in this study were

examined by computing difference between recorded and estimated floor displacements

with Equation 4.22 and calculated error values are represented for X and Y directions

in Figure 4.27.

The difference between recorded floor responses and estimated floor responses

can be calculated from

Errork =

√∑NPT
t=0 [zk(t)− yk(t)]2∑NPT

t=0 [zk(t)]2
, (4.22)

where zk(t) is the simulated floor displacements, yk(t) is estimated floor displacements

and NPT is time length of data. Although there is no reference range to compare the

obtained error values, this error function is to enable an objective evaluation for the

proposed method.
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Figure 4.27. STBM: error values between recorded and estimated floor displacements.

It can be clearly observed that recorded and estimated floor displacements show

good agreement for instrumented floors. Since structural elements start to pass from

elastic region to plastic region with increasing scale factors, error values of instrumented

floors increase. Also, maximum error value was obtained at 5th floor because stiffness

of structure changes abruptly at that floor with finished basement walls.

After updating simplified mathematical model of the structure, dynamic re-

sponses at all floors were estimated and inter-story drift ratios were calculated at

each floor along the entire structure. Figure 4.28 and Figure 4.29 represent inter-story

drift ratios of the structure for both directions under earthquakes with different scale

factors.



61

Figure 4.28. STBM-X: estimated inter-story drift ratios.

Figure 4.29. STBM-Y: estimated inter-story drift ratios.
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4.2. Discrete Timoshenko Beam Model (DTBM)

In this part, continuous Timoshenko beam model was divided into multiple dis-

crete sections with different mechanical properties in order to create simplified math-

ematical model of structure. Dynamic response of mathematical model was estimated

by Transfer Matrix Method (TMM) [85]. This method enables better dynamic response

estimation of mathematical model by modelling each story of structure with different

mechanical properties. Figure 4.30 represents equilibrium equations for non-uniform

mathematical model of structure.

Figure 4.30. DTBM: General overview and equilibrium equations of non-uniform

simplified mathematical model of structure.

In this figure, mi represents lumped mass of ith story, li defines height of i
th story

and Ii shows moment of inertia of cross-sectional area of ith floor. Also, Young’s mod-

ulus ofith floor is represented by Ei.
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It is clear that total force in Y direction and moment with respect to Z axis must

be equal to 0 to provide equilibrium conditions at ith node. Therefore, force equilibrium

and moment equilibrium can be provided as∑
Fy = QR

i + ω2miYi −QL
i = 0, (4.23)∑

Mz =MR
i −ML

i = 0. (4.24)

In addition, equilibrium conditions must provide deformation continuity at ith node.

Therefore, equations can be created as

ψi = ψRi = ψLi , (4.25)

Yi = Y R
i = Y L

i . (4.26)

In the equations, the symbols Q, M , Y and ψ define shear force, bending moment,

transverse displacement and slope at ith story, respectively. Frequency of simplified

mathematical beam model is represented by ω. Matrix form of equations providing

equilibrium conditions for ith node can be presented as
Y R
i

ψRi

MR
i

QR
i

 =


1 0 0 0

0 1 0 0

0 0 1 0

−miω
2 0 0 1




Y L
i

ψLi

ML
i

QL
i

 =
[
HSi

]

Y L
i

ψLi

ML
i

QL
i

 . (4.27)

In addition, total force in Y direction and moment with respect to Z axis must be

equal to 0 to provide equilibrium conditions at ith segment. Therefore, force equilibrium

and moment equilibrium can be provided as∑
Fy = QL

i+1 −QR
i = 0, (4.28)∑

Mz =ML
i+1 +QL

i+1li −MR
i = 0. (4.29)

Equilibrium conditions must provide deformation continuity at ith segment. There-

fore, equations can be created as

ψLi+1 = ψRi + αψMi ML
i+1 + αψQi QL

i+1, (4.30)

Y L
i+1 = Y R

i + liψ
R
i + αYMi ML

i+1 + αY Qi QL
i+1, (4.31)
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where αYMi and αψMi are coefficients for linear and angular displacements, respectively.

They are needed in order to define unit linear and angular deformations for (i + 1)th

segment relative to ith segment when unit bending moment is applied at (i + 1)th

segment. On the other hand, αY Qi and αψQi are coefficients for linear and angular

displacements, respectively. They are needed in order to define unit linear and angular

deformations for (i + 1)th segment relative to ith segment when unit shear force is

applied at (i+1)th segment. These coefficients are defined in terms of length of segment,

modulus of elasticity and moment of inertia [85]. These coefficients are expressed as

αYMi =
l2i

2EIi
, (4.32)

αψMi =
li
EIi

, (4.33)

αY Qi =
l3i

3EIi
, (4.34)

αψQi =
l2i

2EIi
. (4.35)

Matrix form of equations providing equilibrium conditions for ith segment can be rep-

resented as 
Y L
i+1

ψLi+1

ML
i+1

QL
i+1

 =


1 li

l2i
2EIi

l3i
−6EIi

0 1 li
EIi

−l2i
−2EIi

0 0 1 −li
0 0 0 1




Y R
i

ψRi

MR
i

QR
i

 =
[
HFi

]

Y R
i

ψRi

MR
i

QR
i

 . (4.36)

However, these equations are valid for only flexural beams. Shear deformation

and inertia effects due to lumped mass must be considered in order to reorganize these

equations for Timoshenko beams. Shear deformation and inertia effects due to lumped

mass can be calculated as

|MRi| = Jiω
2ψi, (4.37)

|YSi| = li
Qi

k′GAi
. (4.38)

In these equations, Ji is moment of inertia of lumped mass mi, G is shear modulus,

k
′
represents shear coefficient and Ai is defined to represent cross-sectional area of ith

segment. Based on new updates for Timoshenko beam, HSi and HFi matrices can be
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clearly obtained. Transfer matrix is equal to multiplication of HSi and HFi matrices.

HSi and HFi matrices can be computed by

[
HSi

]
=


1 0 0 0

0 1 0 0

0 0 −Jiω2 0

−miω
2 0 0 1

 , (4.39)

[
HFi

]
=


1 li

l2i
2EIi

l3i
−6EIi

+ li
k
′GAi

0 1 li
EIi

−l2i
−2EIi

0 0 1 −li
0 0 0 1

 . (4.40)

Therefore, complete transfer matrix of entire Timoshenko beam is equal to[
H
]
=

[
HSn+1

] [
HFn

] [
HSn

] [
HFn−1

] [
HSn−1

]
...
[
HF1

] [
HS1

]
, (4.41)

[
H
]
=

[
HSn+1

] n∏
i=0

[
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]
=


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H21 H22 H23 H24

H31 H32 H33 H34

H41 H42 H43 H44

 . (4.42)

Finally, correlation between first node and end node of Timoshenko beam can be

obtained as follows 
Y R
n+1

ψRn+1

MR
n+1

QR
n+1

 =
[
H
]

Y L
1

ψL1

ML
1

QL
1

 . (4.43)

Fundamental purpose of this section is to estimate dynamic response of structure

by analyzing simplified mathematical model of Timoshenko beam with Transfer Func-

tion Method. In this mathematical problem, one of boundary condition is fixed while

other boundary condition is free.
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Therefore, frequencies of simplified mathematical model can be estimated by[
∆(ω)

]
=

∣∣∣∣∣∣H33 H34

H43 H44

∣∣∣∣∣∣ = H33H44 −H34H43 = 0. (4.44)

Corresponding mode shape of each ω can be estimated by obtaining transverse dis-

placement of each node (Yi) at points whose determinant of the matrix is zero.

Simplified mathematical model was updated using Equation 4.16 given in Stepped

Timoshenko Beam section. Similarly with previous section, initial values of G∗ are

separately calculated from shear beam formula (G∗
initial = ρ(4Lf1)

2) for each direction

and correlation between E∗ and G∗ are provided by using C values calculated based

on modal frequency ratios of FEM for both directions [82].

Algorithm updates mass and G∗ value in each step until it finds minimum error

value between the results of FEM and discrete Timoshenko beam model. In the analy-

ses, it was assumed that there were sensors at only five points of modelled tall building

(Story 0, Story 5, Story 18, Story 31 and Story 45).

Updated modal frequencies and mode shapes were represented for both directions

in Figure 4.31 and Figure 4.32. In algorithm, non-updated models are beam models of

the structure whose geometry, mass and stiffness distribution is uniform. On the other

hand, updated models represent the numerical beam models of the structure consisting

of six different sections with different mechanical properties.

According to mathematical representation of Timoshenko beam, dynamic prop-

erties of uniform numerical beam model are highly dependent on the ratio between the

flexural rigidity and shear rigidity (C value).

In addition to C value, proper definition of geometry, mass and stiffness distribu-

tion in numerical model is critical to estimate consistent modal frequencies and mode

shapes with identification results for non-uniform discrete models.
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It is obvious from modal frequencies and MAC values that updating algorithm

creates most suitable numerical model by calibrating mass, G∗ and E∗ values for six

different sections to obtain minimum error value between results of FEM and discrete

Timoshenko beam model.

Although the contribution of MAC values to error value is limited, obtaining

consistent mode shapes with identification results is essential to estimate more reliable

acceleration values of non-instrumented floors.

Floor displacements of mathematical model analyzing with TMM were estimated

using the same procedure explained in STBM. Figure 4.33 - Figure 4.54 represent the

recorded floor displacements and estimated floor displacements for X direction and Y

direction.

Figure 4.31. DTBM-X: updated and identified modal properties.
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Figure 4.32. DTBM-Y: updated and identified modal properties.

Figure 4.33. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 178.
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Figure 4.34. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 549.

Figure 4.35. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 879.
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Figure 4.36. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1115.

Figure 4.37. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1165.
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Figure 4.38. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.

Figure 4.39. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.
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Figure 4.40. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.

Figure 4.41. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.
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Figure 4.42. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.

Figure 4.43. DTBM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.
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Figure 4.44. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 178.

Figure 4.45. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 549.
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Figure 4.46. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 879.

Figure 4.47. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1115.
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Figure 4.48. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1165.

Figure 4.49. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.
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Figure 4.50. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.

Figure 4.51. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.
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Figure 4.52. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.

Figure 4.53. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.
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Figure 4.54. DTBM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.

Difference between recorded and estimated responses were calculated with Equa-

tion 4.22 and error values are presented for X and Y directions in Figure 4.55.

Figure 4.55. DTBM: error values between recorded and estimated floor displacements.
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It can be clearly observed that recorded and estimated floor displacements show

good agreement for instrumented floors. Since structural elements start to pass from

elastic region to plastic region with increasing scale factors, error values of instrumented

floors increase. Also, maximum error value was obtained at 5th and 18th floor because

stiffness of structure changes abruptly at 5th floor with finished basement walls.

After updating simplified mathematical model of the structure, dynamic re-

sponses at all floors were estimated and inter-story drift ratios were calculated at each

floor along the entire structure. Figure 4.56 and Figure 4.57 represent inter-story drift

ratios of the structure for both directions under earthquakes with different scale factors.

Figure 4.56. DTBM-X: estimated inter-story drift ratios.
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Figure 4.57. DTBM-Y: estimated inter-story drift ratios.

4.3. Nonlinear Simplified Model (NLSM)

In previous sections, non-instrumented floor responses of the structure were es-

timated from response of instrumented floors with stepped and discrete Timoshenko

beam mathematical models. These models does not consider nonlinear behavior effects

of structural members on dynamic responses. Therefore, development for a simplified

mathematical model of multi-storey structures with a new technique that considers

nonlinear behavior of structural elements may provide more reliable prediction of non-

instrumented floor responses.

Today, tall buildings are designed by using coupled shear walls at the center and

moment-resisting frame around walls. Therefore, while deformation of structure at

lower floors is limited by coupled core walls, deformation at upper floors is prevented

by moment-resisting frame. Since behavior of moment-resisting frame and behavior

of coupled wall can be mathematically defined by using shear-type beam and flexural-

type beam, respectively, simplified mathematical model of tall buildings can be created
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by combination of shear-type beam and flexural-type beam. There are significant

studies in literature that create continuum elastic mathematical model of tall buildings

based on this approach and analyze their behavior under earthquakes [39, 40], [86, 87].

However, effect of nonlinear properties of structural components were not considered

for dynamic response prediction of structure.

Some studies [88, 89] proposed to discretize shear-type beam and flexural-type

beam at each floor level and used backbone curves in order to consider nonlinear

behavior of structure. In these studies, elastic properties of shear and flexural springs

are estimated based on correlation between frequency ratio and shear-flexural ratio

as in suggested aproaches [39], [71], [88]. On the other hand, nonlinear behaviors of

shear and flexural elements or springs are calibrated according to recommendations and

assumptions in technical reports and guidelines. These methods assume that structure

is designed for certain performance level at specific earthquake level and predefined

coefficients according to structure type should be used to determine yield and peak

points of nonlinear curves. However, it may not be known which performance level

is assumed to design of structure. Also, suggested coefficients to determine nonlinear

behavior of structure may not be appropriate for different types of structure.

In this study, simplified mathematical model of structure was created by using

nodes at each floor level. Shear springs and flexural springs were used to simulate

behavior of moment resisting frame and behavior of coupled core wall, respectively.

In addition, nodes at each floor were linked with rigid element in order to provide

compatibility conditions for deformation. Unique contribution of this study is that

elastic and nonlinear behavior of shear and flexural springs are predicted from recorded

response of structure by SHM system.

In NLSM approach, firstly, mass of each story and elastic properties of springs

were determined. Mass of each story was assumed as 300 kg/m3 because it is recom-

mended to assume mass of 300 kg/m3 - 400 kg/m3 for structures with heavy shear walls

[82]. Besides, linear rigidities of springs were calculated according to stiffness matrices
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of pure shear beam and pure flexural beam. Initial values of G∗ are separately calcu-

lated from shear beam formula (G∗
initial = ρ(4Lf1)

2) for each direction and Figure 4.2

shows correlation between E∗ and G∗ by using relation between the effective flexural

rigidity and the effective shear rigidity based on suggested method in literature [81].

This relation is created based on modal frequency ratios obtained from modal analysis

of FEM. Finally, mass of each story and stiffness of springs were updated based on

dynamic properties of modelled structure.

In this study, FEM is considered as a real structure with SHM system consisting

of accelerometers at certain floors (Story 0, Story 5, Story 18, Story 31 and Story 45).

Algorithm updates G∗ value and mass in each step until it finds minimum error value

between identified results of FEM and simulated results of NLSM. Detailed information

about updating procedure to determine mass and elastic properties of NLSM is shown

in Figure 4.58.

Figure 4.58. NLSM: detailed information about procedure to determine mass and

elastic stiffness of springs.
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Figure 4.59 represents error values calculated after each iteration and change in

minimum error values for both directions.

Figure 4.59. NLSM: changes in error values during updating.

In addition, changes in mass and stiffness of each section during updating are

shown in Figure 4.60 and Figure 4.61 for both direction.

Figure 4.60. NLSM: changes in mass distribution of structure during updating.
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Figure 4.61. NLSM: changes in elastic stiffness distribution of structure during

updating.

As can be seen from graphs, updating algorithm enables reasonable mass and

elastic stiffness for simplified nonlinear mathematical model. The most important

sign for reasonable updating procedure is that rigidity of stories with basement walls

is expected to be high and algorithm estimates high stiffness values for these stories.

Updated modal frequencies and mode shapes are presented for both directions in Figure

4.62 and Figure 4.63.

In addition to estimation of story masses and elastic properties of shear and

flexural springs, another significant issue is to determine backbone curves of nonlin-

ear springs. There are limited studies in literature considering nonlinear behavior of

structures in simplified model [89]. In these studies, nonlinear properties of structural

members are estimated according to recommendations and assumptions in technical

reports and guidelines. On the other hand, in this study, nonlinear properties of shear

and flexural springs in simplified nonlinear mathematical model for tall building were

firstly determined based on total mass and defined earthquake load. Finally, estimated
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nonlinear curves were updated with different optimization algorithms by using vibra-

tion records to obtain more accurate nonlinear relations.

Figure 4.62. NLSM-X: updated and identified modal properties.

Figure 4.63. NLSM-Y: updated and identified modal properties.
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Two different optimization techniques were utilized in order to determine more

accurate nonlinear curves of springs in this study. One of them is Kalman Filter which

is used in many studies [90, 91]. Kalman Filter is an optimization algorithm that esti-

mates subsequent response of dynamic system based on previous state. The algorithm

observes difference between simulated response of nonlinear mathematical model and

measured data of real system by calculating Kalman Gain. The decrease in Kalman

Gain during process indicates that created nonlinear mathematical model of dynamic

system approaches to real dynamic model. Kalman Filter has been updated and im-

proved in order to increase its efficiency with significant studies in literature [92-99].

Unscented Kalman Filter (UKF) was used to update simplified nonlinear mathematical

model of structure in this study. Detailed information about the algorithm is given in

Figure 4.64.

Figure 4.64. Steps of unscented kalman filter.
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In addition, estimated nonlinear curves of springs were updated by using Sim-

ulated Annealing (SA) [93], [100-102]. Structure of the algorithm was developed for

material engineering to effectively perform annealing of solid elements such as iron.

Simulated Annealing is an optimization algorithm that is capable to find global min-

imum of defined objective function by comparing objective function values at differ-

ent points with probabilistic approach. The algorithm estimates global minimum of

objective function by calculating difference between randomly determined simulated

solutions. If difference is negative, current solution is updated; however, when differ-

ence is positive, Boltzmann Probability is utilized at points where simulated values

in two cases are very close each other. Therefore, the algorithm continues by passing

local minimums to properly identify global minimum. Detailed information about the

algorithm is given in Figure 4.65.

Figure 4.65. Steps of simulated annealing.

Simulated Annealing was utilized to update nonlinear spring properties in sim-

plified model by using below objective function. The function is expressed as

Errork =

√∑NPT
t=0 [zk(t)− yk(t)]2∑NPT

t=0 [zk(t)]2
, (4.45)

where zk(t) the simulated floor displacements of FEM, yk(t) is the estimated floor

displacements from simplified model and NPT is time length of data. The algorithm
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updates yk(t) by changing nonlinear spring properties of simplified model based on

defined boundary limits in order to estimate optimum values at global minimum of

objective function. Simulated Annealing algorithm uses recorded responses of FEM

and simulated responses NLSM at assumed instrumented floors. Detailed information

about nonlinear curve of springs and nonlinear updating procedure is shown in Figure

4.66.

Figure 4.66. Information about nonlinear curve of springs and nonlinear updating

procedure.

In this study, Unscented Kalman Filter and Simulated Annealing were performed

to properly predict nonlinear properties of shear and flexural springs using one earth-

quake record for 2475 return period and results are compared. Figure 4.67 and Figure

4.68 represent comparison of displacements and inter-story drift ratios.
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Figure 4.67. NLSM: comparison of displacements.

Figure 4.68. NLSM: comparison of inter-story drift ratios.
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As can be clearly seen from comparison results, displacement and inter-story drift

ratio of simplified nonlinear model updated by Simulated Annealing are much closer to

displacement and inter-story drift ratio obtained from FEM. In addition, analysis time

of Unscented Kalman Filter is long depending on step number of ground motion record.

On the other hand, faster results can be obtained by Simulated Annealing regardless of

step number of ground motion record. Besides, increase in number of updating param-

eters causes convergence problems for Unscented Kalman Filter. Therefore, nonlinear

spring properties of simplified model were updated by Simulated Annealing for remain-

ing ground motion records. Simulated and measured responses for instrumented floors

are compatible for each selected earthquake after updating and comparison of simu-

lated and measured responses for earthquakes are shown in Figure 4.69 - Figure 4.90.

Figure 4.69. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 178.
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Figure 4.70. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 549.

Figure 4.71. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 879.
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Figure 4.72. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1115.

Figure 4.73. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1165.
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Figure 4.74. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.

Figure 4.75. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.
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Figure 4.76. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.

Figure 4.77. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.
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Figure 4.78. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.

Figure 4.79. NLSM-X: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.



97

Figure 4.80. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 178.

Figure 4.81. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 549.
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Figure 4.82. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 879.

Figure 4.83. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1115.
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Figure 4.84. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1165.

Figure 4.85. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1615.
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Figure 4.86. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1633.

Figure 4.87. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 1794.
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Figure 4.88. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 3954.

Figure 4.89. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 5836.
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Figure 4.90. NLSM-Y: recorded (black solid line) and estimated (red dashed line)

floor displacements, eq id: 6980.

Difference between recorded and estimated responses were calculated with Equa-

tion 4.22 and error values are presented for X and Y directions in Figure 4.91.

Figure 4.91. NLSM: error values between recorded and estimated floor displacements.
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It can be clearly observed that recorded and estimated floor displacements show

good agreement for instrumented floors. Since structural elements start to pass from

elastic region to plastic region with increasing scale factors, error values of instrumented

floors increase.

Also, maximum error value was obtained at 5th floor because stiffness of structure

changes abruptly at 5th floor with finished basement walls.

After nonlinear simplified mathematical model updating of the structure, dy-

namic responses at all floors were estimated and inter-story drift ratios were calculated

at each floor along the entire structure.

Figure 4.92 and Figure 4.93 represent inter-story drift ratios of the structure for

both directions under earthquakes with different scale factors.

Figure 4.92. NLSM-X: estimated inter-story drift ratios.
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Figure 4.93. NLSM-Y: estimated inter-story drift ratios.

The main disadvantage of Simulated Annealing is that it may have more than one

solution for same objective function. The main reasons are that boundary conditions

of parameters in objective function cannot be strictly defined and defined boundary

limits cannot be updated during process. In addition, comparison of objective function

values are conducted by probabilistic approach with randomly selected parameters. For

these reasons, results of Simulated Annealing after each earthquake were compared for

each direction. (Figure 4.94 - Figure 4.121).

As can be seen from results of Simulated Annealing optimization, parameters of

nonlinear springs are converged in certain ranges for more than half of ground motion

records. However, significant deviations were observed especially for parameters of

nonlinear shear springs. Actually, nonlinear shear springs in simplified nonlinear model

were utilized to simulate frame system consisting of columns and beams. Since these

members generally remain in elastic range under earthquakes, the effect of nonlinear

shear spring properties to dynamic responses of the structure is limited. Therefore,

deviations on parameters of nonlinear shear springs after updating were observed.
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Figure 4.94. NLSM-X: nonlinear curves of flexural springs (initial curves: solid line,

estimated curves: dashed line).

Figure 4.95. NLSM-X: distribution of estimated Md.
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Figure 4.96. NLSM-X: distribution of estimated My.

Figure 4.97. NLSM-X: distribution of estimated Mu.



107

Figure 4.98. NLSM-X: distribution of estimated θd.

Figure 4.99. NLSM-X: distribution of estimated θy.
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Figure 4.100. NLSM-X: distribution of estimated θu.

Figure 4.101. NLSM-X: nonlinear curves of shear springs (initial curves: solid line,

estimated curves: dashed line).
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Figure 4.102. NLSM-X: distribution of estimated Vd.

Figure 4.103. NLSM-X: distribution of estimated Vy.
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Figure 4.104. NLSM-X: distribution of estimated Vu.

Figure 4.105. NLSM-X: distribution of estimated Dd.
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Figure 4.106. NLSM-X: distribution of estimated Dy.

Figure 4.107. NLSM-X: distribution of estimated Du.
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Figure 4.108. NLSM-Y: nonlinear curves of flexural springs (initial curves: solid line,

estimated curves: dashed line).

Figure 4.109. NLSM-Y: distribution of estimated Md.
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Figure 4.110. NLSM-Y: distribution of estimated My.

Figure 4.111. NLSM-Y: distribution of estimated Mu.
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Figure 4.112. NLSM-Y: distribution of estimated θd.

Figure 4.113. NLSM-Y: distribution of estimated θy.
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Figure 4.114. NLSM-Y: distribution of estimated θu.

Figure 4.115. NLSM-Y: nonlinear curves of shear springs (initial curves: solid line,

estimated curves: dashed line).
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Figure 4.116. NLSM-Y: distribution of estimated Vd.

Figure 4.117. NLSM-Y: distribution of estimated Vy.
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Figure 4.118. NLSM-Y: distribution of estimated Vu.

Figure 4.119. NLSM-Y: distribution of estimated Dd.
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Figure 4.120. NLSM-Y: distribution of estimated Dy.

Figure 4.121. NLSM-Y: distribution of estimated Du.
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4.4. Comparison of Three Different Estimation Approaches

In this study, non-instrumented floor responses of multi-story structure were es-

timated from responses of instrumented floors by using different techniques. In this

study, modelling tall building in OpenSees was considered as real structure with ac-

celerometers at specific floors.

Firstly, elastic continuum mathematical model of modelled tall building was cre-

ated by stepped Timoshenko beam model (STBM). In this approach, mechanical prop-

erties of different stories such as mass, stiffness, area and moment of inertia were

considered with limited number of sections. If section number of STBM increases,

convergence problems arise and analysis time increases due to complex compatibility

equations. Besides, this approach does not consider nonlinear behavior effects.

Secondly, mathematical model of Timoshenko beam was discretized at story level

in order to effectively consider different mass, stiffness and moment of inertia for each

story. Dynamic response of simplified mathematical model was predicted by Trans-

fer Matrix Method (TMM). Also, this method does not take into account nonlinear

properties of structural components.

Finally, nonlinear simplified model of multi-story structure was created with non-

linear shear and flexural springs to consider effect of nonlinear properties on dynamic

response of structure. Linear and nonlinear parameters of springs were updated by

Simulated Annealing optimization method based on recorded responses of instrument

floors.

Figure 4.122 and Figure 4.123 represent average errors calculated by three dif-

ferent approaches for selected ground motion records. Figure 4.124 and Figure 4.125

represent comparison of inter-story drift ratios of FEM (assumed as areal structure with

SHM system) and simplified mathematical models created by different approaches.
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Figure 4.122. Comparison of error values between recorded and estimated floor

displacements for x direction.

Figure 4.123. Comparison of error values between recorded and estimated floor

displacements for y direction.
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Figure 4.124. Comparison of inter-story drift ratios for x direction.

Figure 4.125. Comparison of inter-story drift ratios for y direction.
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Continuous and discrete elastic mathematical models of the structure do not take

into account nonlinear properties of structural components. Besides, mechanical prop-

erties of the structure such as mass, stiffness, area and moment of inertia at different

stories are considered in limited ranges to satisfy compatibility equations due to conver-

gence problems and analysis time. Comparison results show that considering different

mechanical properties such ass mass and stiffness for different stories by discretizing of

model at each story level and considering nonlinear properties of structural components

increase accuracy of simulated dynamic responses of simplified models.
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5. DAMAGE EVALUATION

Tall buildings are significant engineering solutions to respond needs of cities with

rapidly increasing population. Many guidelines and seismic codes have been published

and revised to increase performance of tall buildings against earthquakes in seismic

regions. Since number of tall buildings increases with development of technology in

seismically prone regions, reliable condition assessment of tall buildings after earth-

quakes is very significant. There are many recommendations such as visual inspection,

controlling top displacement and residual drift for damage assessment in many studies

and guidelines [103-112]. It is clear that stiffness of structure decreases due to dam-

age during earthquake and dynamic properties of structure changes due to stiffness

degradation. Changes in dynamic properties of structure (most significant change is

reduction in modal frequencies) can be tracked by using recorded responses of instru-

mented floors to assess condition of structures after earthquakes. Also, peak inter-story

drift ratio is a reliable indicator to determine condition of structures after earthquakes.

However, it is difficult to obtain inter-story drifts profile for structures due to limited

number of sensors.

In this study, damage evaluation of structure was performed by using changes in

fundamental frequencies of structure and peak inter-story drift ratios as damage indica-

tors [113]. The main reason for using two different parameters for damage assessment

is that only using frequency change or only using inter-story drift ratio may not be re-

liable. For this purpose, new methodologies are presented to predict non-instrumented

floor responses of structure from recorded responses of instrumented floors. Therefore,

peak inter-story drift ratio of structure can be reliably predicted by using these meth-

ods. In addition, damage level determined by this method was compared by damage

level of structural members obtained for FEM analyses. For this purpose, nonlinear

behavior of coupling beams were used because they are critical structural components

that significantly contribute to energy dissipation in tall buildings during earthquake.
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Figure 5.1 – Figure 5.22 represents change in frequencies of structure during se-

lected ground motions for different scale factors. Damage Index (DI) for assessment

was calculated as DI = 1− (f1−min/f1−init)
2.

Figure 5.1. Changes in modal frequencies for x direction, eq id: 178.

Figure 5.2. Changes in modal frequencies for x direction, eq id: 549.
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Figure 5.3. Changes in modal frequencies for x direction, eq id: 879.

Figure 5.4. Changes in modal frequencies for x direction, eq id: 1115.
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Figure 5.5. Changes in modal frequencies for x direction, eq id: 1165.

Figure 5.6. Changes in modal frequencies for x direction, eq id: 1655.
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Figure 5.7. Changes in modal frequencies for x direction, eq id: 1633.

Figure 5.8. Changes in modal frequencies for x direction, eq id: 1794.
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Figure 5.9. Changes in modal frequencies for x direction, eq id: 3954.

Figure 5.10. Changes in modal frequencies for x direction, eq id: 5836.
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Figure 5.11. Changes in modal frequencies for x direction, eq id: 6980.

Figure 5.12. Changes in modal frequencies for y direction, eq id: 178.
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Figure 5.13. Changes in modal frequencies for y direction, eq id: 549.

Figure 5.14. Changes in modal frequencies for y direction, eq id: 879.
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Figure 5.15. Changes in modal frequencies for y direction, eq id: 1115.

Figure 5.16. Changes in modal frequencies for y direction, eq id: 1165.
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Figure 5.17. Changes in modal frequencies for y direction, eq id: 1655.

Figure 5.18. Changes in modal frequencies for y direction, eq id: 1633.
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Figure 5.19. Changes in modal frequencies for y direction, eq id: 1794.

Figure 5.20. Changes in modal frequencies for y direction, eq id: 3954.
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Figure 5.21. Changes in modal frequencies for y direction, eq id: 5836.

Figure 5.22. Changes in modal frequencies for y direction, eq id: 6980.
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Table 5.1 summarizes changes in frequencies of structure during earthquakes with

different scale factors. From analysis results, more frequency decrease was observed due

to high stiffness degradation as scale factor increases. Maximum frequency decreases in

X direction and Y direction for 2475 return period are 29% and 32%, respectively. In

addition, minimum frequency decreases in X direction and Y direction for 2475 return

period are 18% and 17%, respectively.

Table 5.1. Summary of frequency changes.

f1−min(Hz)

EQ ID REF 178 549 879 1115 1165 1615 1633 1794 3954 5836 6980

X

2475*0.33 0.241 0.225 0.221 0.206 0.209 0.216 0.233 0.234 0.228 0.218 0.212 0.232

2475*0.67 0.241 0.202 0.196 0.184 0.182 0.192 0.200 0.204 0.202 0.194 0.186 0.214

2475 0.241 0.190 0.185 0.172 0.170 0.181 0.187 0.192 0.190 0.181 0.178 0.199

Y

2475*0.33 0.217 0.199 0.210 0.200 0.206 0.207 0.212 0.212 0.210 0.210 0.183 0.213

2475*0.67 0.217 0.171 0.181 0.176 0.181 0.186 0.189 0.184 0.187 0.184 0.158 0.202

2475 0.217 0.161 0.171 0.161 0.169 0.175 0.172 0.170 0.176 0.170 0.149 0.181

change (%)

X

2475*0.33 1.000 0.933 0.919 0.856 0.867 0.896 0.967 0.972 0.944 0.904 0.879 0.964

2475*0.67 1.000 0.838 0.815 0.763 0.757 0.796 0.829 0.849 0.838 0.806 0.773 0.889

2475 1.000 0.790 0.769 0.714 0.707 0.752 0.775 0.796 0.787 0.752 0.737 0.824

Y

2475*0.33 1.000 0.915 0.965 0.920 0.946 0.950 0.975 0.974 0.966 0.967 0.841 0.979

2475*0.67 1.000 0.788 0.831 0.808 0.831 0.856 0.867 0.846 0.862 0.848 0.728 0.931

2475 1.000 0.739 0.785 0.740 0.776 0.804 0.793 0.781 0.809 0.780 0.683 0.832

The most critical point is to determine reasonable threshold values to define per-

formance level of structure after earthquake. Some threshold values are recommended

in literature [107], [114].

In this study, new threshold values are used as shown in Table 5.2 which gives

better correlation between damage indicators (damage index and peak inter-story drift

ratio) and coupling beam deformation.
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Table 5.2. Performance levels and suggested threshold values.

Performance Level

Damage Level

Damage Index

(DI)

Peak Inter-Story

Dirft Ratio (PIDR)

θmax/θyield of

Coupling Beams

Uninterrupted Use (UU)

No Damage
0<=DI<0.05 0<=PIDR<0.0015 0<=θmax/θyield<1.0

Immediate Occupancy (IO)

Minor Damage
0.05<=DI<0.18 0.0015<=PIDR<0.0053 1.0<=θmax/θyield<3.5

Life Safety (LS)

Moderate Damage
0.18<=DI<0.39 0.0053<=PIDR<0.0105 3.5<=θmax/θyield<6

Collapse Prevention (CP)

Significant Damage
0.39<=DI<0.60 0.0105<=PIDR<0.0150 6<=θmax/θyield<10

Critical Level (CL)

Severe Damage
0.60<=DI<1.00 0.0150<=PIDR<0.0300 10<=θmax/θyield<15

Figure 5.23 represents DI vs. Maximum Inter-story Drift Ratio graphs for earth-

quakes with different scale factors. The points in the figures show maximum inter-story

drift ratios of each story for the corresponding DI. Generally, consistent performance

levels for given DI and maximum inter-story drift ratio along the structure were ob-

served.

Figure 5.23. Damage index vs. maximum drift ratio graphs (blue points for sf:

2475*0.33, red points for sf: 2475*0.67, black points for sf: 2475).
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Also, Figure 5.24 represents percentage distribution of maximum drift ratios

based on determined performance levels. This results are compared with chord ro-

tations of coupling beams to verify maximum inter-story drift ratio can be used as a

damage indicator.

Figure 5.24. Damage distribution based on maximum drift ratio (blue bars for sf:

2475*0.33, red bars for sf: 2475*0.67, yellow bars for sf: 2475).

Figure 5.25 shows DI vs. θmax/θyield for coupling beams. Maximum chord ro-

tation of coupling beams shown in figures by points increases with increasing scale

factors. Also, percentage distribution of θmax/θyield for coupling beams is presented

in Figure 5.26. The distributions of performance levels for maximum inter story drift

ratio and coupling beams are generally compatible for given DI. Therefore, threshold

values given in Table 5.2 may be used for condition assessment of structures. Also,

this good agreement shows that proposed method is reliable to estimate damage level

by DI and maximum inter-story drift ratio.
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Figure 5.25. Damage index vs. maximum chord rotation/yield chord rotation ratio

graphs for coupling beams (blue points for sf: 2475*0.33, red points for sf: 2475*0.67,

black points for sf: 2475).

Figure 5.26. Damage distribution based on maximum chord rotation/yield chord

rotation ratio for coupling beams (blue bars for sf: 2475*0.33, red bars for sf:

2475*0.67, yellow bars for sf: 2475).



139

Up to this point, DI values are fixed because each earthquake result is presented

separately. Figure 5.27 summarizes DI vs. Maximum Inter-story Drift Ratio graphs

for 11 earthquakes with different scale factors.

Figure 5.27. Summary of damage index vs. maximum inter-story drift ratio.
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6. REAL WORLD APPLICATIONS

The proposed simplified models were used to estimate responses of non - instru-

mented floors from instrumented floors for two different structures. The first structure

showed elastic behavior under a weak earthquake with no damage observed. On the

other hand, the second structure was severely damaged under a strong earthquake.

6.1. Non-Damaged Tall Building

A tall building located in the business center of Istanbul has been monitored

continuously since June 2019. General characteristics of the building and plan of the

SHM system are shown in Figure 6.1.

Figure 6.1. SHM system and sensor layout of tall building.
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The building is instrumented with force balance accelerometers (SA107B, Colum-

bia Research Laboratories, Inc.) with dynamic range of 130 dB, bandwidth of DC-200

Hz, and full-scale range of ±2g. There are at least two accelerometers in X and Y

directions at specific floors with additional third accelerometer placed on top floors

and certain middle floors to identify torsion modes. In addition, accelerometers on

basement floors in vertical direction enable to detect rocking behavior. Also, two

separate recorders; one on the ground floor and one on the 29th floor, exist and they

are synchronized by GPS.

In building, vibration data are continuously collected at 200 Hz and analysis

results are reported automatically. Table 6.1 represents modal identification results

obtained using Enhanced Frequency Domain Decomposition (EFDD) method under

ambient conditions [115]. In signal processing, Hanning window was utilized in order

to prevent leakage and averaging was applied in time domain in order to decrease noise

effect.

Table 6.1. System identification results of tall building in Istanbul under ambient

condition.

Mode f (Hz) ξ (%) Mode f (Hz) ξ (%) Mode f (Hz) ξ (%)

X-1st Trans. 0.27 3.54 Y-2nd Trans. 1.15 1.25 Y-3rd Trans. 2.36 0.77

Y-1st Trans. 0.33 2.40 X-2nd Trans. 1.25 1.33 X-3rd Trans. 2.43 1.37

1st Torsion 0.58 1.98 2nd Torsion 1.71 0.90 3rd Torsion 2.58 1.21

Vibration data were collected from 285 tall buildings with different structural

characteristics by research committee of Architectural Institute of Japan and dynamic

properties of the buildings were identified. Empirical formulas were developed based on

system identification results to estimate fundamental frequencies and damping ratios

from heights and top displacements [116]. It is observed that the identified frequencies

of tall building are in agreement with the estimated values from the recommended

empirical equations. On the other hand, identified modal damping ratios of tall building

were slightly higher than the estimated values from recommended empirical equations.
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The data archive was created by recording the two-month uninterrupted vibra-

tion data and the changes in the modal properties of the structure were observed by

analyzing these records (Figure 6.2, Figure 6.3 and Figure 6.4).

Figure 6.2. Scattering of modal frequencies.

Figure 6.3. Scattering of modal damping ratios.
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In Figure 6.2 and Figure 6.3, x-axis shows the vibration analysis results of one-

hour data. Scatter of the modal frequencies observed in these figures constitutes a

band such that identified frequencies out of this band would be an indication of possi-

ble damage.

Figure 6.4. Changes in mode shapes.
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Figure 6.5 and Figure 6.6 represent distribution of identified frequencies and

damping ratios for two months continuous monitoring of the tall building. When the

estimated values are outside ±2σ, possible damage situation and environmental effects

are considered. Specified range for scattering of dynamic properties was determined

according to mean and standard deviation results calculated by statistical analysis of

long term monitoring vibration data. Analysis results show that changes in natural

frequencies and modal damping ratios are within the specified range. Coefficient of

variation is about 1-10% for modal frequencies. In addition, coefficient of variations

calculated for identified modal damping ratios are higher than those for frequency

values as expected.

Marmara Sea Earthquake on 27 September 2019 was also recorded by SHM sys-

tem (Figure 6.7). Under this earthquake, the tall building remained in elastic range

and no damage was observed. Therefore, it is appropriate to use STBM and DTBM

approaches, which do not consider nonlinear behavior, to estimate response of non-

instrumented floors from instrumented floor responses for this structure.

Figure 6.5. Distribution of identified modal frequencies.



145

Figure 6.6. Distribution of identified modal damping ratios.

Figure 6.7. (a) Location of the building and the earthquake. (b) Vibration records

from the building. (c) FAS of input motion – basement floor x direction. (d) FAS of

input motion – basement floor y direction.
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In order to identify modal parameters before, during and after the earthquake,

numerical algorithm for subspace state-space system identification (N4SID) [117, 118]

method was used. There are many studies in literature to estimate model order of a

dynamic system. In many cases, model order is assumed to be 2N for N degree of free-

dom system [119]. However, high model order creates spurious modes and increases

analysis time to identify dynamic properties of the structure. On the other hand,

singular values of Hankel Matrix created by using recorded responses of the system

present energy contribution of each order to whole system energy. Figure 6.8 shows

singular values of Hankel matrices before, during and after the earthquake in X and Y

directions. Although filtering techniques were applied to eliminate noise effect, singular

values would not be zero. However, it can be clearly seen that the curves approach an

asymptote around model order 100 for all cases, so an extra increase in model order

after this state causes negligible contribution to whole dynamic energy of the system.

Figure 6.8. Singular values of Hankel matrices.

One of the most important system identification technique commonly used in lit-

erature is numerical algorithm for subspace state-space system identification (N4SID)

[117, 118]. This algorithm determines stable dynamic system by calculating projection
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of input and output data. Also, stability diagrams were created for this method. Rel-

ative frequency and damping less than 3% and 15%, modal assurance criteria (MAC)

number greater than 0.95 are defined as convergence criteria for stable models. Fig-

ure 6.9 shows stability diagrams before, during and after the earthquake. In addition,

mode shapes of the structure obtained from N4SID method are demonstrated in Fig-

ure 6.10. Table 6.2 presents identified natural frequencies and damping ratios obtained

from N4SID method.

Figure 6.9. Stabilization diagrams for N4SID method - from up to bottom: before,

during and after earthquake.
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Figure 6.10. Identified mode shapes with N4SID method.

Table 6.2. Identified natural frequencies and damping ratios of tall building in

Istanbul with N4SID method.

Modes
Before Earthquake Earthquake After Earthquake

f (Hz) ξ (%) f (Hz) ξ (%) f (Hz) ξ (%)

X-1st Trans. 0.26 0.54 0.26 4.11 0.26 1.05

Y-1st Trans. 0.33 2.79 0.31 3.57 0.30 4.43

1st Torsion 0.58 0.78 0.59 6.39 0.58 0.61

Y-2nd Trans. 1.13 1.62 1.11 3.02 1.15 1.07

X-2nd Trans 1.25 0.76 1.22 2.44 1.24 0.27

2nd Torsion 1.72 0.68 1.65 1.31 1.70 1.06

X-3rd Trans. 2.40 0.85 2.17 3.69 2.34 0.35

Y-3rd Trans 2.40 0.46 2.25 8.24 2.32 0.99

3rd Torsion 2.60 0.74 2.43 2.62 2.54 1.62
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As expected, second bending, third bending and torsional mode frequencies of

the structure during the earthquake are generally smaller than those identified from

ambient vibration records. Identification results also show that there are clear increases

in modal damping ratios during the earthquake. Recovering of natural frequencies after

the earthquake can again be clearly observed. It is also noted that changes in modal

frequencies and damping ratios are within the scatter limits as shown in Figure 6.2 and

Figure 6.3. In addition, no clear change in mode shapes of the structure before, during

and after earthquake except the third bending mode in X direction is observed (Figure

6.10). However, similar changes in corresponding mode shape were also observed in

the long-term monitoring (Figure 6.4).

Simplified mathematical models of the structure were created based on proposed

methodologies in previous sections. Firstly, initial mass values of each section for

stepped Timoshenko beam model and initial mass of each story for discrete Timoshenko

beam model analyzed by Transfer Matrix Method were assumed as 300 kg/m3 accord-

ing to recommendation in literature [82]. Besides, initial values of G∗ for all mathemat-

ical models are separately calculated from shear beam formula (G∗
initial = ρ(4Lf1)

2) for

each direction and correlation between G∗ and E∗ are provided by using C values cal-

culated based on ratios of identified modal frequencies for both directions [82]. Figure

6.11 represents calculated C values for X and Y directions.

Algorithm updates mass and G∗ values in each step by using objective function

(Equation 4.16) until it finds minimum error value between the identified modal prop-

erties with N4SID method and calculated modal properties of simplified mathematical

models. Updated modal frequencies and mode shapes are presented for both directions

in Figure 6.12 - Figure 6.15 for two different methods.

Besides, floor accelerations of simplified mathematical models were estimated

with the procedure explained in Stepped Timoshenko Beam Model section. Figure

6.16 - Figure 6.23 represent recorded and estimated floor accelerations for X and Y

directions for the whole duration of earthquake and for two seconds.
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Figure 6.11. Relation between the effective bending rigidity and the effective shear

rigidity.

Figure 6.12. Updated and identified modal properties of STBM for x direction.
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Figure 6.13. Updated and identified modal properties of STBM for y direction.

Figure 6.14. Updated and identified modal properties of DTBM for x direction.



152

Figure 6.15. Updated and identified modal properties of DTBM for y direction.

Figure 6.16. Recorded and estimated floor accelerations for whole duration for x

direction (STBM).
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Figure 6.17. Recorded and estimated floor accelerations for two seconds for x

direction (STBM).

Figure 6.18. Recorded and estimated floor accelerations for whole duration for y

direction (STBM).
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Figure 6.19. Recorded and estimated floor accelerations for two seconds for y

direction (STBM).

Figure 6.20. Recorded and estimated floor accelerations for whole duration for x

direction (DTBM).
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Figure 6.21. Recorded and estimated floor accelerations for two seconds for x

direction (DTBM).

Figure 6.22. Recorded and estimated floor accelerations for whole duration for y

direction (DTBM).
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Figure 6.23. Recorded and estimated floor accelerations for two seconds for y

direction (DTBM).

It can be clearly observed that recorded and estimated floor accelerations show

good agreement for instrumented floors. Figure 6.24 represents inter-story drift ratios

of the structure for both directions under the earthquake. It can be seen that the

inter-story drifts are significantly lower than threshold values given in Table 5.2.

Figure 6.24. Estimated inter-story drift ratios for STBM and DTBM.
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Figure 6.25 shows DI vs. Maximum Inter-story Drift Ratio for Marmara Sea

Earthquake. As can be seen from the figure, the recommended intervals for different

damage levels are appropriate even for low damage conditions. However, although

low inter-story drift ratios were estimated during Marmara Sea Earthquake, changes

in fundamental frequencies are higher than expected. This may be due to effect of

other mechanism such as soil-structure interaction. Also, it is imperative to highlight

that since changes in modal frequencies of the tall building during the seismic event

are in the scatter limits observed during long term monitoring presented in Figure 6.2,

it is difficult to use only DI index in order to determine damage level. On the other

hand, maximum inter-story drift ratio can be utilized in addition to DI to decide re-

liable damage level. Therefore, proposed relationship between frequency change and

maximum inter-story drift ratio provides significant advantage for reliable condition

assessment of structures.

Figure 6.25. Damage index vs. maximum inter-story drift ratio graphs for STBM and

DTBM.
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6.2. Damaged RC Building

Since there is no publicly available dynamic response of a tall building damaged

after a severe earthquake in literature, dynamic response of 7-story building in Van

Nuys, recorded during 1994 Northridge earthquake, were used in order to validate

proposed methodology for NLSM in this study.

The building was constructed in 1966 according to seismic code used in Los An-

geles City and survived after significant earthquakes. Vertical load-bearing system of

the building only consists of columns with different dimension and there are no shear

walls. However, brick walls are utilized in some sections of entrance floor. In addition,

spandrel beams are used to control torsional behavior of the building. Pile foundation

is preferred since the building is constructed on soft soil. Figure 6.26 represents side

view, typical floor plan and foundation system of the building.

Figure 6.26. General overview of the building [48].
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Instrumentation of the building was updated and improved over time and number

of sensors increased to 16 before significant earthquakes occurred. Figure 29 represents

sensor layout of the building.

Figure 6.27. SHM system and sensor layout of the building.

The system recorded dynamic response of the structure during Big Bear Earth-

quake (28 June 1992, 6.6MI), Landers Earthquake (28 June 1992, 7.3Ml) and Northridge

Earthquake (17 January 1994, 6.4Ml). The vibration data recorded under these earth-

quakes were analyzed by different techniques in many studies to understand behav-

ior and to detect damages of building [26], [120-123]. In addition, dynamic proper-

ties of the building which are identified from vibration records and estimated from

modal analysis of finite element model were compared in some studies [121], [124].

Although significant damages were not observed during Big Bear and Landers Earth-

quakes, Northridge Earthquake caused important structural damages [120]. Figure

6.28 represents recorded vibration data of the structure under Northridge Earthquake

(PGANS : 0.42g, PGAEW : 0.45g, PGAV : 0.27g).



160

Figure 6.28. Time history graphs for Northridge Earthquake.

Figure 6.29 and Figure 6.30 present structural damages of the building after

Northridge Earthquake.

Figure 6.29. Observed structural damages on building after Northridge Earthquake –

north view [120].
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Figure 6.30. Observed structural damages on building after Northridge Earthquake –

south view [120].

In this study, dynamic properties of the building was identified with N4SID [117,

118]. Figure 6.31 represents frequency changes of the building.

Figure 6.31. Changes in modal frequencies under Northridge Earthquake.
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Also, identified mode shapes before and after earthquake was compared in Figure

6.32.

Figure 6.32. Identified mode shapes before and after Northridge Earthquake.

Table 6.3 presents comparison of identification results of this study and previous

study in literature.

Table 6.3. Comparison of identified modal frequencies with results of other studies.

This Study Trifunac, Ivonovic, Todorovska [122]

NS – fbeg 0.97 Hz 0.90 Hz

NS – fend 0.66 Hz 0.60 Hz

NS – fmin 0.52 Hz 0.50 Hz

EW – fbeg 0.76 Hz 0.95 Hz

EW – fend 0.51 Hz 0.60 Hz

EW – fmin 0.48 Hz 0.45 Hz
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NLSM of the structure was created based on the proposed methodology. Firstly,

mass of each story and elastic properties of nonlinear springs were estimated by using

recorded vibration data. Initial mass for each story was assumed as 200 kg/m3 base

on recommendation in literature [82]. Initial values of G∗ are separately calculated

from shear beam formula for each direction and correlation between G∗ and E∗ are

provided by using C values calculated based on modal frequency ratios of model for

both directions. Figure 6.33 shows C values of the building. Since there are no coupling

beams and structural shear walls in the structure, it is reasonable that behavior of the

structure is close to shear beam behavior.

Figure 6.33. Relation between the effective bending rigidity and the effective shear

rigidity.

Optimum mass and elastic properties of nonlinear springs were predicted by up-

dating NLSM with the steps described in Figure 4.58. Error values of objective function

after each iteration and change in minimum error values for both direction were shown

in Figure 6.34.
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Figure 6.34. Changes in error values during updating.

Also, changes in mass and elastic stiffness of each story were presented in Figure

6.35 and Figure 6.36.

Figure 6.35. Changes in mass distribution of building in Van Nuys during updating.

Figure 6.36. Changes in elastic stiffness distribution of building in Van Nuys during

updating.
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Updated modal frequencies and mode shapes were represented for both directions

in Figure 6.37.

Figure 6.37. Updated and identified modal properties.

Finally, NLSM was updated with Simulated Annealing with the steps described in

Figure 4.66. In updating, dynamic response of the structure recorded by accelerometers

on second floor were excluded from algorithm. At the end of updating, simulated and

measured responses of the structure at second floor compared in order to quantify

efficiency of updating algorithm. Figure 6.38 and Figure 6.39 represent comparison

of simulated and measured responses of the structure. As can be clearly seen from

graphs, simulated and measured responses show good agreement.



166

Figure 6.38. Recorded and estimated floor accelerations for north-south.

Figure 6.39. Recorded and estimated floor accelerations for east-west.
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Nonlinear behaviors of springs were presented in Figure 6.40 and Figure 6.41. As

can be seen from the results, more than half of nonlinear shear and flexural springs

exceeded design points and showed nonlinear behavior.

Figure 6.40. Nonlinear behavior of springs after updating for north-south.

Figure 6.41. Nonlinear behavior of springs after updating for east-west.
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The hysteretic behavior of nonlinear shear and flexural springs of NLSM un-

der earthquakes can provide significant benefits for condition assessment of structures.

Since each story is modeled separately with nonlinear shear and flexural components

in NLSM, the amount of non-linearity in shear and flexural springs can be an impor-

tant indicator in evaluating damages of structural members that contribute to shear

behavior and flexural behavior in these floors. Therefore, local condition assessment of

structures can be reliably conducted based on non-linearity of springs in NLSM after

an earthquake.

In addition, estimated inter-story drift ratios were presented in Figure 6.42. Dy-

namic response of the structure was also simulated by using Big Bear and Landers

earthquakes in order to validate proposed ranges for low damage conditions. Figure

6.43 shows DI vs. Maximum Inter-story Drift Ratio for three earthquakes. As can be

seen from the graph, the recommended intervals for different damage levels are appro-

priate even for low damage conditions.

Figure 6.42. Estimated inter-story drift ratios.
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Figure 6.43. Damage index vs. maximum inter-story drift ratio graph for damage

assessment of building.
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7. SOFTWARE DEVELOPMENT

There are various versions of real – time monitoring software in literature which

identify dynamic properties of structures by using Fourier transforms and calculate the

responses of the structure in terms of displacements and story drifts [77], [125, 126].

In addition to these, responses of floors between instrumented floors are predicted by

using linear and cubic interpolation techniques.

In this study, a software was developed to perform remote and automatic data

transfer from structures and to analyze collected data automatically/manually. This

software collects vibration records from structures remotely and wirelessly, conducts

modal analysis and determines dynamic properties of structures (modal frequencies,

shapes and damping ratios) by using different identification techniques. Identification

results are saved to SQLite database in real time to control structures. Figure 7.1 shows

graphical interface for Real Time Monitoring Module of in-house developed software.

Figure 7.1. Graphical user interface of real time monitoring module.
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Besides, the software has additional modules to manually analyze recorded vibra-

tion data by using frequency and time domain system identification techniques. Figure

7.2 and Figure 7.3 represents graphical interface of these modules.

Figure 7.2. Graphical user interface of system identification (freq domain) module.

Figure 7.3. Graphical user interface of system identification (time domain) module.
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In addition, velocity and displacement values are calculated by integration with

Butterworth filter technique can be utilized while calculating velocity and displace-

ment values to get more accurate results. Module for calculation of displacement and

velocity values from acceleration values is presented in Figure 7.4.

Figure 7.4. Graphical user interface of signal processing module.

The software also performs condition assessment of the structure by tracking

changes in modal values and inter-story drift ratios. In the event of an earthquake, the

software gives different warning messages if changes in modal frequencies and inter-

story drift ratios exceed the pre-determined threshold values. Also, detailed report

is prepared about current condition of structure according to analysis of vibration

responses recorded before, during and after earthquake. Automatically created report

example is shown in Figure 7.5.
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Figure 7.5. Automatically created report by in-house developed software.
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8. SUMMARY AND CONCLUSION

The number of tall buildings in cities with high seismicity has been significantly

increasing. Performing quick and reliable assessment on functionality of structure after

a possible earthquake provide more efficient post-earthquake management. Analysis

of dynamic response recorded by SHM system enables reliable and objective condition

assessment of structures by controlling changes in dynamic properties and inter-story

drift ratio. However, sensors are generally located at certain floors of structures due

to economic reasons. Therefore, it is essential to obtain response of non-instrumented

floors to reliably conduct damage assessment of structures.

In this study, dynamic response of non-instrumented floors was predicted from

dynamic response of instrumented floors. For this aim, a representative tall building

was modelled in OpenSees. Nonlinear analyzes of the FEM were performed with se-

lected 11 ground motion records selected to determine relationship between changes in

modal parameters and inter-story drift ratios and structural deformations. Because,

modal parameters and inter-story drift ratios can be obtained from analysis of vibration

data recorded by SHM.

Three different methods were used to estimate responses of non-instrumented

floors from instrumented floor responses. Firstly, simplified mathematical model of

the structure was created by Timoshenko Beam approach. Since Timoshenko Beam

considers effects of shear and flexural behavior, it enables great advantage to estimate

dynamic response of tall buildings. However, it is limited to predict dynamic response

of structures because it does not take into account nonlinear behavior of structural

components and convergence problems are faced while solving compatibility equations.

Also, increase in section numbers with different mechanical properties increases anal-

ysis time.
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Secondly, a simplified mathematical model of the structure was created by dis-

cretizing Timoshenko beam model and analyzed with Transfer Matrix Method. This

approach provides better modelling of stories with different mechanical properties.

Although estimated responses by this method are more satisfactory than responses

predicted by first approach, this technique also does not consider nonlinear behavior

of structural components.

Finally, nonlinear simplified model of the structure was created by nonlinear shear

and flexural springs. Initial parameters of nonlinear springs were estimated based on

total mass of the structure and assumed earthquake load. Afterwards, Unscented

Kalman Filter and Simulated Annealing algorithms were utilized in order to update

nonlinear parameters of springs. Error values of simulated responses obtained by Sim-

ulated Annealing are smaller than error values of simulated responses obtained by

Unscented Kalman Filter updating. Also, Unscented Kalman Filter takes time accord-

ing to length of ground motion record and number of updated parameter. Therefore,

Simulated Annealing algorithms was utilized in order to update nonlinear parameters

of springs by minimizing difference between simulated and measured responses at as-

sumed instrumented floors. It is a fact that there may be more than one solution of

objective function used in Simulated Annealing algorithm. In order to discuss this prob-

lem, estimated values of updated nonlinear spring parameters for 11 earthquakes were

examined in detail. Simulated Annealing algorithm estimated parameters of nonlinear

shear and flexural springs in certain range for more than half earthquake records used

in this study. However, there were deviations in parameters of nonlinear shear springs

because shear springs generally remained in elastic range under nonlinear analysis of

the structure.

Changes in modal frequencies and inter-story drift ratios were used as damage in-

dicators because they can be predicted by analyzing vibration data recorded by SHM

systems. Threshold values were determined for different performance levels accord-

ing to relationship between changes in modal frequencies, inter-story drift ratios and

structural deformations after nonlinear analysis of representative tall building model.
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The proposed mathematical models and condition assessment procedure were

used for two different structures to analyze vibration data recorded during seismic

events. STBM and DTBM approaches were utilized to estimate inter-story drift ra-

tios along the structure remained in elastic limits during the earthquake. Simulated

and measured responses of instrumented floors showed good agreement. Afterwards,

inter-story drift ratios along entire building were estimated to assess damage level of

structure after the earthquake. The proposed threshold values for different damage

levels confirmed that the structure was not damaged under Marmara Sea Earthquake.

Since there is no publicly available vibration record of tall building damaged under

an earthquake, NLSM approach was validated by using vibration response of 7-story

building damaged under Northridge Earthquake. Firstly, linear properties of shear

and flexural springs were determined. Afterwards, nonlinear relations of springs were

estimated by Simulated Annealing method. In updating process, response of one floor

with accelerometer was not included in updating algorithm to evaluate efficiency of the

algorithm by comparing simulated and measured response of this floor. After analysis,

simulated and measured responses of instrumented floors presented good agreement.

Finally, inter-story drift ratios throughout entire building were estimated by analyzing

additional two different earthquake records causing low damage on the structure. It

was determined that defined limit ranges were reliable to assess different performance

levels.

Structural condition assessment can be done by tracking changes in modal fre-

quencies. However, different mechanism may also change modal frequencies. In addi-

tion, changes in modal frequencies during small earthquakes may be within the fluc-

tuation range observed under operational conditions. Therefore, estimation of damage

level using both maximum drift ratio and frequency changes provides more reliable

assessment and enables more clear connection between ratio of change in these param-

eters and performance of structures.

The following points should be considered in future studies to be carried out

according to significant findings in this study:
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• In this study, soil-structure interaction was not considered. Therefore, there is no

comment about changes in dynamic properties of structures due to soil-structure

interaction. It can be useful to take into account soil-structure interaction in

future studies especially for condition assessment of piles.

• Since Simulated Annealing updates nonlinear properties of shear and flexural

springs by minimizing difference between simulated and measured responses of

instrumented floors based on defined boundary conditions, there may be more

than one solution of objective function. Therefore, parameters that control lo-

cal responses can be added to parameters that control global responses inside

objective function to get more accurate results. In addition, updating boundary

conditions after each iteration based on results of previous iteration may provide

more reliable optimization with faster convergence.

• All approaches are insufficient to estimate responses of structure at floors where

stiffness changes abruptly. Therefore, additional parameters to control local and

global responses of floors where basement walls end and normal floors begin

should be included in objective function.

• In this study, it was proposed that damage level of structures after a possible

earthquake can be determined by relationship between changes in fundamental

frequencies and maximum inter-story drift ratios. It is a fact that, fluctuations can

be observed in frequencies of structures during long-term monitoring. Frequency

change can remain within this fluctuation during an earthquake caused minor

damage. Therefore, DI may not be properly calculated for minor damages.
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