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ABSTRACT

COMPARISON OF GROUND MOTION SCALING METHODS BY
CONSIDERING VERTICAL GROUND MOTIONS

Oguz, Umut
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Aysegiil Askan Giindogan
Co-Supervisor: Prof. Dr. Ahmet Yakut

May 2022, 264 pages

The increasing popularity of nonlinear time history analysis has created a demand
for ground motion data that is consistent with the seismicity of the region. To meet
this need as well as the target design criteria, engineers have started to scale ground
motion records. Recent studies have shown that the vertical component of a ground
motion can significantly change the results of an analysis. This situation has created
a debate about how to scale the vertical component of the ground motions. There
exists two alternatives that are commonly applied. In the first alternative, a scaling
factor determined only by considering horizontal components of ground motion
records is applied to both horizontal and vertical components of a ground motion. In
the second alternative, different scaling factors are applied to horizontal and vertical
components of ground motions. In this study, the methods of ground motion scaling
have been compared by conducting nonlinear time history analyses with ground
motions scaled by the mentioned methods.For this purpose, nonlinear time history

analyses are conducted for selected building typologies.

Keywords: Ground Motion Scaling, Nonlinear Time History Analysis, Vertical

Ground Motion.



0z

D__I"JsEY DEPREM YER yAREKETiNi DIKKATE ALAN DEPREM
OLCEKLENDIiRME YONTEMLERININ KARSILASTIRILMASI

Oguz, Umut
Yiiksek Lisans, ingsaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Aysegiil Askan Giindogan
Ortak Tez Yoneticisi: Prof. Dr. Ahmet Yakut

Mayis 2022, 264 sayfa

Zaman tanim alaninda linear olmayan analizin artan popularitesi, bolgelerin
depremselligi ile uyumlu yer hareketi verilerine olan talebi arttirmistir. Bu ihtiyaci
kargilamak ve hedep tasarim kriterini saglamak adina miihendisler yer hareket
kayitlarin1 6l¢eklendirmeye baglamistir. Son yillarda yapilan caligmalar yer
hareketinin genellikle ihmal edilen diisey bilesenin analiz sonuglarini 6nemli 6lglide
degistirebilecegini gdéstermistir. Bu durum bir yer hareketinin diisey bilesenin nasil
olceklendirilecegi konusunda bir tartisma yaratmistir. Bu konuda yaygin olarak
kullanilan iki alternatif yontem bulunmaktadir. Bunlardan ilkinde sadece yatay
bilesenler dikkate alinarak belirlenen Olgek katsayisi hem yatay hem de diisey
bilesenlere uygulanmustir. Ikinci alternatifte ise diisey ve yatay bilesenler i¢in 6lgek
katsayisi ayr1 ayr1 belirlenmistir. Bu ¢alismada zaman tanim alaninda, bu iki yontem
kullanilarak Ol¢eklendirilmis kayitlar kullanilarak analiz yapilmis ve sonuclari
kiyaslanmistir. Bu amagla, belirlenen bina tiplerinde zaman tanim alaninda analizi

uygulanmistir.

Anahtar Kelimeler: Deprem Olgeklendirme, Zaman Tanim Alaninda Dogrusal

Olmayan Analiz, Diisey Deprem Hareketi
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CHAPTER 1

INTRODUCTION

Earthquakes have always been a challenging event for structural engineers
throughout history. They are very rare events however, it is essential to design a
structure to ground motions to which it could be exposed to during its life cycle.
Thus, most of the structures constructed in the modern era are designed such that
they will deform inelastically and dissipate some portion of the energy created by
earthquakes.

Due to modeling and computational complexities involved in the past engineers have
designed structures elastically and inserted some factors to take into account inelastic
deformations.However,in this millennium, the growing power of computers has
started to change the way how engineers tackle seismic design as in every other
aspect of life. Computational power obtained gave engineers a chance to make
iterations with thousands of steps in less than a second. This enhancement led
engineers to think about more accurate methods to design structures and engineers
have started to design structures inelastically by using nonlinear analysis methods.
Engineers had the opportunity to examine the effects of real earthquakes on
structures by using nonlinear methods such as nonlinear time history analysis.

The above-mentioned developments have created a demand for earthquake data that
are consistent with the seismic hazard of a region. To fulfill the created demand
engineers have developed methods such as simulation of ground motions or scaling

the real ground motions to make them consistent with the seismicity of a region.

Until recently engineers have focused only on the horizontal components of ground
motions. However, recent studies have shown that vertical components of ground
motions might have a considerable amount of effects on structures with specific

features. Thus, engineers have started to take into account the effects caused by the



vertical components of ground motions. This situation has raised the question of how
to scale ground motions by considering vertical components of ground motions.
Some engineers and institutions such as PEER Tall Building Initiative (PEER/TBI,
2010) have used the same scale factor that is calculated for horizontal ground
motions. However, some codes such as ASCE 7-16 (2016) have employed a scaling
factor that is calculated by using vertical design spectrum and it is different from the
horizontal scaling factor.

The objective of this thesis is to study these two alternative scaling approaches on

selected reinforced concrete frame structures and assess the differences.

1.1  Scope of the Study

In this study, it is aimed to increase in-depth knowledge about ground motion scaling
by considering the vertical components of ground motions to contribute the literature
about how to scale vertical ground motions. As Papazoglou and Elnashai (1996)
show in their studies the vertical component of ground motions can cause
compressive overstressing, failure due to tension and decrease in the shear resistance,
scaling of it needs to be done carefully. Thus, Two commonly used vertical ground
motions scaling is investigated by comparing the mentioned methods. The following

steps are applied in order to achieve this goal.

e Two case study buildings located on two different soil conditions ( NEHRP-
soil class C and D ) are designed. The buildings are selected to have a
different range of fundamental periods.

e For each earthquake design level and two different soil classes, ground
motion sets are selected.

e Ground motions are scaled by using the alternative methods mentioned.

¢ Nonlinear models of buildings are formed and nonlinear time history analysis

are conducted.

e The analysis results are compared and interpreted.



1.2 Organization of the Study

This study includes seven chapters.

In the second chapter ground motion scaling studies in literature and different

methods adopted by existing seismic codes are explained.
In the third chapter, information about the case study buildings is presented.

In the fourth chapter, ground motion selection procedure and selected ground
motions are described.

In the fifth chapter, nonlinear modeling techniques used herein are explained.
In the sixth chapter, time history analysis results and their comparison are given.

In the final chapter, a summary and main findings of the study are presented.






CHAPTER 2

REVIEW OF EXISTING GROUND MOTION SCALING METHODS

2.1 Introduction

Structural engineers have started to use performance-based design methodology to
simulate the seismic behavior of structures more realistically during the design
phase. This situation led to an increase in the popularity of nonlinear time history
analysis. However, there are many uncertainties related to response history analysis
such as material properties, modeling technique and ground motion selection.
Padgett and DesRoches (2007) performed a sensitivity analysis of these uncertainties
and concluded that ground motion selection has a more pronounced effect on the

results.

Due to the above-mentioned importance of ground motion selection on the nonlinear
response of structures, it needs to be handled very carefully such that the selected
ground motions should represent the seismic features of the construction site. Past
ground motions that are consistent with the seismic characteristics of the regions are
used in the representation of seismicity. However, there are not enough past ground
motions to be used for this purpose. To solve this problem, two solutions are
commonly applied. The first solution is the intensity-based scaling in which the
response spectrum of ground motions is scaled to the desired level without changing
the spectral shapes of ground motions. The second solution is spectral matching.
Spectral matching has been done either by scaling ground motions in the frequency
domain or by adding wavelets in the time domain to make the response spectrum of
ground motions similar to the target spectrum. (e.g.: NIST 2011; Heo et al. 2011;
PEER 2009; Hancock et al. 2008). Najafi and Tehranizadeh (2015) states that



intensity-based scaling methodologies are used more commonly instead of spectral
matching since in latter approach, content of ground motions are modified and
variability of ground motions are changed. Since the spectral matching is out of
scope of this study, the detailed information on that method will not be included

herein.

Different engineers utilized different intensity measures to represent ground motion
characteristics. In the following sections, ground motion scaling methods with

respect to several intensity measures are discussed.

2.2  Peak Ground Acceleration (PGA) Scaling

Peak Ground Acceleration scaling is the earliest version of intensity-based scaling
of time histories. In this method, ground motions are scaled such that the PGA of the
ground motion is the same with the target spectrum. An example of PGA scaled

ground motion is given in Figure 2.1.
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Nau and Hall (1984) states that PGA is not reflecting ground motion characteristics
since it does not represent the strength and frequency content of ground motions.
Thus, it is not appropriate to use them in the determination of scale factors. Similarly,
Shome et al. (1998) used PGA scaling in their studies and showed that the results

obtained are too scattered. Thus, the results are not reliable.

2.3 Sa(T1) Scaling

The second commonly used method to scale ground motions is proposed by Shome
(1998) and named as Sa(T1) scaling or spectral response acceleration at the structural
fundamental period scaling. In this method, ground motions are scaled such that at
the first natural vibration period of a structure, the spectral acceleration of scaled
ground motions and the target spectrum have the same value. The illustration of
Sa(T1) scaling for a structure with a natural vibration period of 1.0 s is shown in

Figure 2.2.
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Naumoski (2004) stated that the method has a good feature as it takes into account
the structure under consideration during scaling and gives reliable results for first
mode dominant structures. However, Kurama and Farrow (2003) criticized this
method because it does not take into account nonlinear behavior such as yielding and

higher mode effects. Thus, it is stated that the results may be dispersed.

Bazzurro (1998) proposed a modification for the method to take into account the
higher modes. In this method, a vector intensity measure which considers the Sa(T1)
and the ratio of Sa(T1) and Sa(T2) is used in the scaling of ground motions. Baker and
Cornell (2006) state that the accuracy of the method is increased but the method still

gives inaccurate results for the near-fault ground motions.

2.4 Acceleration Spectrum Intensity (Sla) Scaling

The third commonly used method in linear scaling of ground motions is the
acceleration spectrum intensity scaling. Acceleration spectrum intensity is an
indicator for damage potential of an earthquake. It is calculated as the area under the
response spectrum of an earthquake in the specified period range. Travasarou and
Abrahamson (2003) showed that there is a strong correlation between acceleration

spectrum intensity and displacement demand caused by an earthquake.

In this scaling method, a scale factor is applied such that acceleration spectrum
intensity of the scaled ground motion and target spectrum are equal. In Figure 2.3,
acceleration spectrum intensity scaling is illustrated, the scale factor is selected such

that the shaded areas under the red and blue curves are equal.
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Applied Technology Council (2009) proposed a new scaling method. The method is
applied in two steps. In the first step, to minimize the variation stemming from
earthquake characteristics in the ground motion set, each ground motion is scaled
such that the PGV of the ground motion equals the average PGV of the ground

motion set.

In the second step, a new scale factor is applied to the ground motion set to make
them consistent with the target spectrum. The scale factor is calculated by using the

formula given in Equation 2.1.

Satarget (Tl)

SCF = - 21
Median (Saresponse (Tl)) &0




2.6 Ground Motion Selection and Scaling Rules in Turkish Seismic Code
(2018)

Turkish Seismic Code (2018) states that it is preferable to use historical records
which are compatible with the seismological properties of the construction site. It is
also stated that, if there are not enough records available, it is allowed to use scaled
ground motions. The minimum number of records to perform response history

analysis is specified as eleven.

For one and two dimensional analysis, ground motion scaling is done such that any
spectral acceleration value on the average response spectrum of the scaled ground

motion set will be larger than the target spectrum in between [0.2 Tpand 1.5 Ty ].

For three-dimensional analysis, the method is similar but in three-dimensional
analysis, scaling is done according to the SRSS combination of horizontal
components and average response spectrum values needs to be greater than 1.3 times
spectral acceleration values of target spectrum. An illustration of three-dimensional
scaling according to Turkish Seismic Code (2018) is given in Figure 2.4. In the code,

it is not stated how to scale the vertical components of records.

It is important to note that for some cases, it is allowed to use the conditional mean

spectrum as a target spectrum and to decrease the scattering of results.

Spectral Acceleration (g)
o = N w H (] (o)} ~ (o)

o

0.5 1 1.5 2 2.5 3 3.5
Period (s)

Figure 2.4. Illustration of three-dimensional scaling by Turkish Seismic Code
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2.7  Ground Motion Selection and Scaling Rules Specified in Eurocode 8

Eurocode 8 allows the use of simulated or scaled accelerograms in response history
analysis. It is stated that at least three ground motions are required in time history
analysis. The selected ground motions should have at least 10 s of stationary

duration.

In ground motion scaling, there are two basic rules applied. The first rule states that
the mean peak ground acceleration of the ground motion set should be greater than
the peak ground acceleration of the target spectrum. The second rule specifies that
any value of the mean elastic response spectrum of ground motion needs to be larger
than 90 % of the corresponding value of the target spectrum between [0.2T1 and 2.0
T1].

2.8 Ground Motion Selection and Scaling Rules Specified in ASCE 7-16

ASCE 7-16 specifies the minimum number of ground motions required for time
history analysis as eleven and it is allowed to select these from amplitude scaled

ground motions and spectrally matched ground motions.

The upper bound of period range is specified as twice of the largest first mode period
in horizontal direction. However, if it is justified by dynamic analysis under the
maximum considered earthquake, it is allowed to decrease the upper bound till 1.5
times of the first mode of the structure under consideration.

The lower bound is specified as the period in which 90 % mass participation rule is
satisfied for each horizontal direction. However, the lower bound cannot be less than
20 % of the smallest first mode of each horizontal direction.

11



The lower bound of the period range for the vertical component is specified as the
larger of the 0.1 seconds and the lowest period that is significantly contributing in

the vertical direction.

Ground motions are scaled such that the maximum direction spectrum constructed
from horizontal components matches with target spectrum over the specified period
range. Also, average maximum direction spectra should be greater than the target
spectrum within the period range.

Vertical ground motions are scaled such that the average spectral acceleration values
specified in the period range will be greater than the vertical target spectrum.

2.9 Modal Pushover Based Scaling

Kalkan and Chopra (2011) proposed the modal pushover-based scaling method. In
this method, ground motions are scaled by using an inelastic single degree of
freedom system. Firstly, force deformation relationship is obtained for the system by
using the first mode pushover analysis. After that scale factors are determined such
that peak deformation obtained from nonlinear time history analysis and pushover

analysis are almost the same.

Kalkan and Chopra (2011) in their study compared the ASCE 7-05 ground motion
scaling method and modal pushover-based scaling method on six buildings and two

bridges and made the following conclusions.

e The scatter of the engineering demand parameters is much smaller in the
modal pushover-based scaling method.

e The median results of ground motions scaled with modal pushover analysis

is much closer to the results.

12



2.10 An Alternative Target Spectrum: Conditional Mean Spectrum

The uniform hazard spectrum which is used by most of the design code is constructed
for a determined possibility of exceedance by using the maximum spectral
acceleration values at all periods. The uniform hazard spectrum is constructed by
using the probabilistic seismic hazard analysis. Bommer and Sarma (2000) states

that it is impossible for these spectral accelerations to occur at a single event.

Baker (2011) proposed an alternative method for uniform hazard spectrum. In this
method spectral accelerations are conditioned at a user defined period rather than all
periods. By doing so ground motions selected with this target spectrum, it is ensured
that the selected ground motion will represent the properties of the site under
consideration. An example of conditional mean spectrum for period value of 2.6 is

given in Figure 2.5.
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Figure 2.5. Example of Conditional Mean Spectrum (NIST, 2011)
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CHAPTER 3

DESCRIPTION OF SELECTED BUILDINGS

In this chapter, two buildings that are designed within the context of this study will
be introduced. The information on the geometry of buildings, materials used, loads

and design criteria of the buildings will be mentioned.

3.1  Geometry of Buildings

The buildings both studied have a symmetrical orthogonal load bearing system and
are concrete moment resisting frame type structures with four and nine storeys

height. These buildings are planned to be used as residential units.

3.11 Geometry of the Nine Story Building

The nine storey building has a typical storey height of 3.5 meters and a total height
31.5 meters. The building has two spans with a length of 6 meters, two spans with
a length of 7 meters and one span with a length of 8 meters in X direction. The total
length of the building in X direction is 34 meters. In Y direction the building has four
spans each with a length of 5 meters and with a total length 20 meters. The building
have two consoles. The one located on X direction has a 2 meters length and the one
in Y direction has a 2.5 meters length. Sizes of the columns used in stories above
the fourth floor are decreased due to changes in the axial loads. The typical floor plan
of the building is given in Figure 3.1.

15
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Figure 3.1. Typical Floor Plan Building with Nine Stories

3.12 Geometry of the Four-Story Building

The four storey building has a typical storey height of 3 meters. Total height of the
building is 12 meters. The building has ten spans each with a length of 3.6 meters
yielding a total length of 36 meters in X direction. In Y direction, the building is
composed of two exterior spans with 6.7 meters length and one interior span with a
3.6 meters length. The total length in this direction is 17 meters. The building has
two consoles. The one located on X direction has a 2.5 meters length and the one in
Y direction has a 2 meters length. Since the building is a low rise building and
tributary areas of the columns used in the building are similar, a uniform size of

column is used along the building. Typical floor plan is given in Figure 3.2.
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Figure 3.2. Typical Floor Plan Building with Four Stories

3.2 Structural Materials of the Selected Buildings

In this part properties of structural materials used in the buildings will be explained.
In both of the buildings, C30 concrete grade is used. Properties of C30 concrete are

given in Table 3.1.

Table 3.1. Properties of C30 Concrete

Property Definition Formula Value
Compressive Strength, fex - 30 MPa
Tension Strength, fox 0.35Vfy 1.92 MPa
Design Compressive Strength, fcq fc_k 20 MPa
Yc
Design Tension Strength, fe fer 1.28 MPa
Yc
Elasticity Modulus 3250Vf. + 14000 31800 MPa
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S420 grade reinforcement steel is used in the buildings. Mechanical properties of

S420 reinforcement type are given in Table 3.2.

Table 3.2. Properties of S420 Reinforcement

Property Definition Formula Value
Yield Strength, fy - 420 MPa
Design Yield Strength, fyq fy 365 MPa
Ys
Ultimate Strength, f, (1.15-1.35)fy ~ 520 MPa
Ultimate Strain - 0.08
Elasticity Modulus - 200 000 MPa

3.3 Horizontal Seismic Load

The buildings are designed according to the most recent Turkish Seismic Code
(2018). The earthquake design level is selected as DD-2 which has a return period of
475 years. The building is assumed to be located on a hypothetical site at Marmara
region of the Turkey. These hypothetical locations are selected near the Golciik,
Kocaeli. Seismicity parameters used in the design spectra is determined from seismic
hazard maps published in the website of AFAD
(https://tdth.afad.gov.tr/TDTH/main.xhtml).

3.3.1 Horizontal Elastic Design Spectrum

Horizontal elastic design spectra of the buildings are calculated as described in
provision 2.3.4 of Turkish Seismic Code (2018). The formulation of horizontal

elastic spectrum is given in Equation 3.1:
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SAe (T)=(0.4+0.6 T/ Ta) Sbs 0<T<Ta

Sae (T) = Sps TA<T<Ts
Sae (T)=Sp1/ T Te<T<TL
Sae (T) = SpiTL/T? Te<T<TL

Ta=0.2 (Sp1/ Sps)

Te = Sp1/ Spbs TL=6s (3.1)

Spr 7]

0.48ps 7

Figure 3.3. Horizontal Elastic Design Spectrum (Figure 2.1 of TBSC (2018))

The building with nine stories is planned to be constructed on soil type C. The

horizontal elastic design spectrum of the building is given in Figure 3.4

Sps = 0.953g and Sp1 = 0.315¢g
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Figure 3.4. Horizontal Elastic Design Spectrum of Nine Story Building

The building with four stories is planned to be constructed on soil type D. Horizontal

elastic design spectrum of the building is given in Figure 3.5. The design spectral

accelerations are computed as follow; Sps = 0.635g and Sp1= 0.349g
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Figure 3.5. Horizontal Elastic Spectrum of Four-Story Building
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3.3.2

Building Occupancy Category

Building occupancy category is determined from Table 3.1 of Turkish Seismic Code
(2018) and both of the studied buildings are assumed to be BKS = 3. Explanation of

building occupancy categories are given in Table 3.3.

Table 3.3. Building Occupancy Category Table (Table 3.3 of TBSC 2018)

Building
Occupancy

Category

Usage of Building

Building
Importance
Factor (1)

BKS=1

Buildings that need to be used after an earthquake,
Buildings which are densely populated for a long
time
Buildings which are used as safe deposit
a) Buildings that need to be used after an
earthquake (Hospitals, Fire Stations, PTT
and other telecommunication facilities,
Terminals, Power stations, Municipality
buildings and so on.
b) Schools and other educational buildings,
dormitories, military posts and prisons
c) Museums
d) Building used to store toxic and explosive

things

1.5

BKS =2

Buildings which are densely populated for a short
time
Shopping Centers, Sport facilities, Cinema and

theatre halls and so on

1.2

BKS =3

Other Buildings

1.0
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3.3.3 Earthquake Design Class

Earthquake design class is determined by using short period spectral acceleration
values for DD-2 Earthquake Ground Motion Level and building occupancy category
from Table 3.2 of Turkish Seismic Code (2018). The earthquake design class is used
for determination of design methods. Earthquake design classes are explained in
Table 3.4.

Table 3.4. Earthquake Design Classes (Table 3.2 of TBSC 2018)

Short Period Design Building Occupancy Category
Spectral Acceleration
Value (Sps) BKS =1 BKS=2,3
Sps<0.33 EDC = 4a EDC=4
0.33 < Sps<0.50 EDC = 3a EDC=3
0.50 < Sps<0.75 EDC = 2a EDC =2
0.75 < Sps EDC = 1a EDC=1

By using Table 3.4, earthquake design class of nine story building is determined as
EDC = 1 and building with four story as EDC = 2. The earthquake design classes
will be used in determination of design methodology and building height class.

3.34 Building Height Class

Building height classes are determined from Table 3.3 of Turkish Seismic Code
(2018) by using building heights and earthquake design class of the studied
buildings. As mentioned in the beginning of this chapter, the height of the building
with nine stories is 31.5 m and height of the building with four stories is 12 m. By
using these height and earthquake design classes of the buildings, the height class of
the building with nine stories is determined as BYS = 4 and building with four stories
as BYS = 6. The details of building height classes are given in Table 3.5.
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Table 3.5. Building Height Class Table (Table 3.3 of TBSC 2018)

Bﬁéli(;ir?tg Building Height Range for Building Height Classes
Class EDC=1, 13, 2, 2a EDC= 3, 3a EDC=4, 4a

BYS=1 Hn > 70 Hn > 91 Hn > 105
BYS=2 56< Hn <70 70<HN<91 91<Hn<105
BYS=3 42< Hn <56 56<HN<70 56<Hn<91
BYS =4 28< Hn <42 42< Hn <56
BYS=5 17.5< Hn <27 28< Hn <42
BYS=6 10.5< Hn <17.5 17.5< Hy <28
BYS=7 7< Hn <10.5 10.5< Hn <17.5
BYS =38 Hn<7 Hn <10.5

3.35 Response Modification Factor and Overstrength Factor

In linear elastic design of the buildings response modification factor is used to take
into account nonlinear behavior of structural elements and energy dissipated by these
deformations. Response modification factor and overstrength factors are determined
by the using load carrying system of a building and building height class from Table
4.1 of Turkish Seismic Code (2018). The response modification factor for the studied
buildings is selected to be 8 and the overstrength factor for the studied buildings are
selected as 3. The details of response modification factor and overstrength factor are

given in Table 3.6.
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Table 3.6. Response Modification and Overstrength Factors (Table 4.1 of TBSC

2018)

Load Bearing System

Response
Modification
Factor (R)

Over
Strength
Factor (D)

Building
Height
Class

A. Cast in Place Concrete Structures

Al. High Ductile Systems

Al1. Buildings that resist earthquake
loads by concrete moment resisting
frames

BYS >3

Al12. Buildings that resist earthquake
loads by coupled shear walls

2.5

BYS>2

Al13. Buildings that resist earthquake
loads by solid shear walls

2.5

BYS>2

Al4. Building that resist earthquake
loads by combined system of coupled
shear walls and moment resisting
frames

2.5

BYS>2

A15. Building that resist earthquake
loads by combined system of solid
shear walls and moment resisting
frames

2.5

BYS>2

3.3.6 Seismic Load Reduction Factor

Seismic load reduction factor for the studied building is calculated by using Equation

3.2. Via this factor and horizontal elastic design spectrum, inelastic response

spectrum is calculated. The inelastic response spectra are given in Figure 3.6 and 3.7

respectively for building with 9 and 4 stories.

Ra(T):R/|

Ra(T)=D+(R/1-D)T/Tg
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3.3.7 Effective Section Rigidity Factor

Elastic design of the buildings is performed with the help of a models created on
ETABS (COMPUTERS AND STRUCTURES, INC version 19.1.0). Models of the
buildings are created by using cracked section properties. Cracked section properties
are obtained by effective rigidity factors given in Table 4.2 of Turkish Seismic Code

(2018). The effective rigidity factors are given in Table 3.7.

Table 3.7. Effective Rigidity Factors (Table 4.2 of TBSC 2018)

Load Bearing Effective Rigidty Factor
Member
Wall - Slab Axial Shear
(InPlane)
Shear Wall 0.50 0.50
Basement Wall 0.80 0.50
Slab 0.25 0.25
Wall - Slab Bending Shear
(Out of Plane)
Shear Wall 0.25 1.00
Basement Wall 0.50 1.00
Slab 0.25 1.00
Frame Member Bending Shear
Coupling Beam 0.15 1.00
Beam Frame 0.35 1.00
Column Frame 0.70 1.00
Equivalent Frame 0.50 0.50
for Shear Wall
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3.4 Vertical Seismic Load Calculation

Vertical seismic loads are calculated according to provision 4.4.3 of Turkish Seismic
Code (2018).

Vertical seismic loads are calculated with Equation 3.3 since none of the special

cases expressed in the code exists;

e Beams spanning 20 m or more
e Console beams spanning 5 m or more
e Columns supported by beams

e Inclined columns

Ea @ = (2/3) Sbs G (3.3)

3.5 Slab Thickness

Slab thickness of the studied building determined with Equation 11.1  of
TS 500 (2000).

h > —ty[1— %] (3.4)

5+— 4
m

where Ish, m, as respectively refers to span length of slab, ratio of slab dimensions
and ratio of continuous edge of slabs to total edges.

Slab thickness is determined as 150 mm for building with four stories and 200 mm

for building with nine stories.
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3.6 Beam Dimensions

Beam dimensions are selected according to provision 7.4.1 of Turkish Seismic Code
(2018) in which it is stated that height of a beam should be at least three times slab
height and width of a beam should be at least 250 mm.

Beam dimensions in the building with nine stories are selected such that beam width
is 300 mm and beam height 600 mm. Beam width in the building with four stories is
300 mm and beam height is 500 mm. Detailing of beams has been done such that
confinement zones with a length of two times beam height are created at each end of

the beams.

3.7 Column Dimensions

Column dimensions in the studied buildings are selected depending on the axial load
level of columns. Also, column dimensions are controlled to satisfy deflection limits
set in Turkish Seismic Code (2018).

Axial load level on columns is checked with Equation 3.5 (Equation 7.7 TS 500 —
2000) and Equation 3.6.

Ac 2 Ndm / (09 fcd) (35)
Ac>Ng/ (0.4 feq) (3.6)

where Nam is design axial load obtained from combinations excluding earthquake

loads and Ng is design axial load obtained from combinations with earthquake load.

As explained in the first part of this chapter, in buildings with four stories, tributary
areas of columns are similar to each other; in other words, axial load level is similar
in columns. Thus, one type of column is used and dimensions of it are 500 mm x 500

mm.

In the building with nine stories, by considering axial load levels and deflection

limits four types of columns used and column dimensions are decreased after the
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fourth floor. As a result, eight type of column dimensions are used. Location of types

on plan shown in Figure 3.8 and dimension of types are given in Table 3.8.
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Figure 3.8. Location of Column Types

Table 3.8. Column Dimensions

Column Type Width (mm) Height (mm)
T1 650 650
T2 450 650
T3 650 450
T4 650 650
TS5 550 550
T6 400 550
T7 550 400
T8 550 550
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CHAPTER 4

GROUND MOTION SELECTION

Enhancements in computer technology and numerical methods have given engineers
a chance to simulate effects of earthquakes on structures by using nonlinear time
history analysis. However, nonlinear time history analysis involves several
uncertainties such as nonlinear modeling technique, selection of material models,
ground motion selection and so on. These uncertainties must be taken care of in detail
to properly imitate the seismic hazard and behavior of structures. Kwon and Elnashi
(2006) have shown in their study among aforementioned uncertainties, ground
motion selection is the one that needs to be done very carefully to correctly simulate
the seismic behavior.

The effect of vertical ground motion on structures has been disregarded in general.
Nevertheless, recent studies have shown that the vertical component of a ground
motion has a valuable effect on structures, especially long span structures. Keskin,
E. (2020) in his study conducted a series of nonlinear time history analysis both by
considering vertical ground motion and by disregarding. That study has indicated
that inclusion of vertical ground motion significantly changes axial load on columns
and it changes interstory drift ratio and story shear forces in a considerable amount.
In light of these, the vertical component of ground motion is included in the ground

motion selection procedure.

In literature there are many methods to select ground motions. In this study, the
method proposed by Kwong and Chopra (2020) is used which includes the vertical
ground motion in selection procedure. In the following parts, application of the

method will be explained.
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4.1 Construction of the Ground Motion Database

As a first step in the ground motion selection procedure, two ground motion
databases are constructed for soil classes C and D. PEER NGAWest2
(https:/Ingawest2.berkeley.edu/ ) ground motion database is used for this purpose.

In ground motion selection there are several alternatives for fault mechanisms such
as normal fault, strike slip fault and so on. In construction of ground motion
databases, fault mechanism is specified as strike slip since it is the most common
fault type in Turkey leading to multiple devastating earthquakes. In the strike slip
fault mechanism, movement occurs in the vertical plane. In other words, this type of

fault is the result of horizontal movement.

Figure 4.1. lllustration of Strike Slip Fault Mechanism

The second filter applied to construct the ground motion database is the moment
magnitude of an earthquake. Moment magnitude scale is an objective scale related
to the seismic energy release during an earthquake. In this study, ground motions are

selected so that they have the minimum magnitude of 5.

The final filter applied is Joyner-Boore distance (Rsg) which is the shortest horizontal
distance measured from surface projection to the site. Earthquakes are selected such
that Joyner-Boore distance of them is between 10 km and 30 km. The R;g values less
than 10 km are not selected herein in order to eliminate near fault effects of
earthquakes.
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4.2 Scaling of Ground Motions

Ground motions are scaled as explained according to provisions specified in Turkish
Seismic Code (2018) as explained in the Chapter 2. Initially, horizontal and vertical
target spectra at a selected hypothetical site in Marmara region are obtained from the
website of AFAD ( Disaster and Emergency Management Presidency ) which

publishes seismic hazard maps of Turkey.
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Figure 4.2. Horizontal Elastic Design Spectrum

After obtaining horizontal and vertical elastic spectra for each soil type and
earthquake design classes, response spectra of each ground motion in the databases

is obtained.

The next step applied in scaling of ground motion is to determine scaling factors.
Scaling factors are determined according to Turkish Seismic Code (2018) division
2.5.2. Ground motion scaling factors are selected such that the SRSS combination of
the response spectra of a ground motion in the databases is at least thirty percent
higher than the elastic spectrum given in Turkish Seismic Code (2018).
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Figure 4.3. Example of a Scaled Ground Motion for Soil Type C and EDC 1

By conducting the procedure explained above, horizontal and vertical ground motion
scaling factors for each ground motion in the databases are obtained for each soil

type and earthquake design classes.

4.3 Identification of Error Index

In this part of the ground motion selection procedure, the standardized error between
scaled spectrum of candidate ground motions and target spectrum is computed. The

representation of this computation is given in the following figure.
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Figure 4.4. Illustration of Error

In literature there are many alternatives to use as an error index. Sum of the squared
errors is the most common error index used in literature. Another common error
index is calculated by logarithmic summation of the differences and it has been

adopted in this study. Formulation of this type of index is as given in Equation 4.1.

N
SSDy = ZIZl(m [SFix Ao(T))] — In[Ars(T)D? (21)

In Equation 2.1 SFx stands for scaling factor, Axo is the spectral acceleration of
corresponding period for ground motion and Ak s is the spectral acceleration value

of target spectrum.

The error index is calculated for each ground motion in the databases for both

horizontal and vertical direction.
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4.4 Error Index Combination

The error index is calculated for horizontal and vertical components seperately. To
combine these indices and to obtain a single error index, weight function given in

Equation 2.2 is used.
SSD¢ombined = WHSSDH+(1 - WH)SSDV ( 2.2 )

It is accepted that internal forces caused by the horizontal components of ground
motions are more pronounced than internal forces caused by the vertical components
of ground motions. Thus, wy is selected as 0.6, 0.7, 0.8 and 0.9. Finally, ground
motions with minimum error index for each weight is determined and ground

motions that are commonly existing in each weight scenarios are selected.

In the following tables, detailed information on ground motions selected for each

soil type and earthquake design class are given.

Table 4.1. Ground Motions Selected for Soil Type C and EDC 1

PeerId | Event Year | Station Mw | Rie | Vsgo) | PGA
33 Parkfield 1966 | Temblor pre-1969 6,2 | 16,0 | 528 | 0.45
164 g’;pe”a' Valley- 1 1979 | cerro Prieto 65 | 152 | 472 | 0.23
210 | Livermore-01 | 1980 | APEEL 3E Hayward 58 | 29,2 | 517 | 0.09

CSUH
Mammoth Long Valley Dam
237 1 1 7 A
3 Lakes-03 980 (Downst) >9 031 >3 0.13
Mammoth Long Valley Dam (L
238 Lakes-03 1980 Abut) 59 | 10,3 | 537 | 0.12
318 | Westmorland | 1981 | SuPerstition Mtn 59 | 19,3 | 362 | 0.13
Camera
454 Morgan Hill 1984 | Gilroy - Gavilan Coll. 6,2 | 14,8 | 730 | 0.15
543 g;‘a'fa”t Valley- | 1986 | Benton 5,8 | 243 | 371 | 0.08
Chalfant Valley- Lake Crowley -
552 02 1986 Shehorn Res. 6,2 | 22,1 | 457 | 0.19
1148 | Kocaeli, Turkey 1999 | Arcelik 7,5 | 10,6 | 523 | 0.25
6057 | Big Bear-01 1992 | Highland Fire Station 6,5 | 26,2 | 362 | 0.20
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Table 4.2. Ground Motions Selected for Soil Type C and EDC 2

Pf der Event Year | Station Mw | R | Vsao | PGA
33 Parkfield 1966 | Temblor pre-1969 6,2 | 16,0 | 528 | 0.45
164 Imperial Valley-06 | 1979 | Cerro Prieto 6,5 | 15,2 | 472 | 0.23
237 Mammoth Lakes- 1980 Long Valley Dam 59 | 10,3 | 537 | 0.13
03 (Downst)
738 Mammoth Lakes- 1980 Long Valley Dam (L 59 | 10,3 | 537 | 0.12
03 Abut)
318 | Westmorland 19g1 | Superstition Mtn 59 | 193 | 362 | 0.13
Camera
454 | Morgan Hill 1984 | Gilroy - Gavilan Coll. | 6,19 | 14,8 | 730 | 0.15
543 | Chalfant Valley-01 | 1986 | Benton 5,77 | 24,3 | 371 | 0.08
552 | Chalfant Valley-02 | 1086 | -2K& Crowley- 6,19 | 22,1 | 457 |0.19
Shehorn Res.
1148 | Kocaeli, Turkey 1999 | Arcelik 7,5 | 10,6 | 523 | 0.25
1614 | Duzce, Turkey 1999 | Lamont 1061 7,1 | 11,5 | 481 | 0.17
6057 | Big Bear-01 1997 | Highland Fire 6,5 | 262 | 362 | 0.20
Station
Table 4.3. Ground Motions Selected for Soil Type C and EDC 3
P
T der Event Year | Station My | Rs | Viaoy | PGA
33 Parkfield 1966 | Temblor pre-1969 6,2 | 16,0 528 0.45
164 | Imperial Valley-06 1979 | Cerro Prieto 6,5 | 15,2 472 0.23
210 | Livermore-01 1980 | APEEL3EHayward | oo 1 595 | 517 | 0.09
CSUH
237 Mammoth Lakes- 1980 Long Valley Dam 59 | 103 | 537 | 0.13
03 (Downst)
Mammoth Lakes- Long Valley Dam
2 1 1 7 2
38 03 980 (L Abut) 5,9 0,3 53 0
318 | Westmorland 1981 | SuperstiionMtn oo | 193 | 362 | 0.13
Camera
552 | Chalfant Valley-02 | 1986 | L2<€ Ccrowley- 62 | 221 | 457 | 0.19
Shehorn Res.
1148 | Kocaeli, Turkey 1999 | Arcelik 7,5 | 10,6 523 0.25
1633 | Manijil, Iran 1990 | Abbar 7,4 | 12,6 724 | 0.72
6057 | Big Bear-01 1997 | Highland Fire 65 | 262 | 362 | 0.20
Station
. Morongo Valley
6059 | Big Bear-01 1992 . . 6,5 | 28,0 396 0.19
Fire Station
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Table 4.4. Ground Motions Selected for Soil Type C and EDC 4

PT der Event Year | Station Mw | Rs | Viao | PGA
33 Parkfield 1966 | Temblor pre-1969 | 6,2 | 16,0 528 | 0.45
164 | Imperial Valley-06 1979 | Cerro Prieto 6,5 | 15,2 472 | 0.23
237 Mammoth Lakes- 1980 Long Valley Dam 59 | 103 | 537 | 0.13
03 (Downst)
Mammoth Lakes- Long Valley Dam
238 03 1980 (L Abut) 59 | 10,3 537 0.12
318 | Westmorland 1981 | duperstiionMtn 1 oo 1193 | 362 | 0.13
Camera
543 | Chalfant Valley-01 1986 | Benton 58 | 24,3 371 | 0.08
552 | Chalfant Valley-02 | 1086 | 2K€ Crowley - 62 | 22,1 | 457 | 0.19
Shehorn Res.
1148 | Kocaeli, Turkey 1999 | Arcelik 7,5 | 10,6 523 | 0.25
1633 | Manijil, Iran 1990 | Abbar 7,4 12,6 724 0.72
, Parkfield -
4137 | Parkfield-02, CA 2004 Vineyard Cany 6W 6,0 13,3 392 0.15
. Highland Fire
6057 | Big Bear-01 1992 . 6,5 | 26,2 362 0.20
Station
Table 4.5. Ground Motions Selected for Soil Type D and EDC 1
Ple der Event Year | Station Mw | Re | Viao | PGA
10 Imperial Valley-03 1951 | El Centro Array#9 | 5,6 | 24,6 | 213 | 0.04
. Cholame -
31 Parkfield 1966 Shandon Array #8 6,2 | 12,9 257 0.37
167 | Imperial Valley-06 1979 | Compuertas 6,5 | 13,5 | 260 | 0.24
266 | Victoria, Mexico 1980 | Chihuahua 6,3 | 18,5 242 | 0.18
314 | Westmorland 1981 | Brawley Airport 59 | 15,3 209 | 0.23
848 | Landers 1992 | Coolwater 7,3 | 19,7 353 | 0.51
850 | Landers 1992 | Desert Hot Springs | 7,3 | 21,8 359 0.23
1158 | Kocaeli, Turkey 1999 | Duzce 7,5 | 13,6 282 | 0.48
1602 | Duzce, Turkey 1999 | Bolu 7,1 | 12,0 294 | 1.09
1748 gfrthwesr China- | 1597 | Jiashi 59 | 241 | 240 | 036
4125 | Parkfield-02, CA 2004 E?ﬁ'g\';'d - Gold 60 | 155 | 232 | 0.14
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Table 4.6. Ground Motions Selected for Soil Type D and EDC 2

Pf der Event Year | Station Mw | Res | Viao | PGA
31 | Parkfield 1966 | Cholame - 62 | 129 | 257 | 037
Shandon Array #8 ! ’ )
167 | Imperial Valley-06 1979 | Compuertas 6,5 | 13,5 | 260 | 0.24
266 | Victoria, Mexico 1980 | Chihuahua 6,3 | 18,5 242 | 0.18
458 | Morgan Hill 1984 | Gilroy Array #4 6,2 | 11,5 222 | 0.42
848 | Landers 1992 | Coolwater 7,3 | 19,7 353 | 0.51
850 | Landers 1992 | Desert Hot Springs | 7,3 | 21,8 359 0.23
900 | Landers 1992 | Yermo Fire Station | 7,3 | 23,6 354 | 0.29
1158 | Kocaeli, Turkey 1999 | Duzce 7,5 13,6 282 0.48
1602 | Duzce, Turkey 1999 | Bolu 7,1 | 12,0 294 | 1.09
1748 gfrthwe“ China- | 1597 | Jiashi 59 | 241 | 240 | 036
4125 | Parkfield-02, CA 2004 | Parkfield - Gold 60 | 155 | 232 | 0.14
Hill 6W
Table 4.7. Ground Motions Selected for Soil Type D and EDC 3
P:ader Event Year | Station Muw Ris Vs30) | PGA
31 | Parkfield 1966 | Cholame - 62 | 129 | 257 | 037
Shandon Array #8 ! ’ )
167 | Imperial Valley-06 1979 | Compuertas 6,5 | 13,5 | 260 | 0.24
266 | Victoria, Mexico 1980 | Chihuahua 6,3 | 18,5 242 | 0.18
458 Morgan Hill 1984 | Gilroy Array #4 6,2 11,5 222 0.42
848 | Landers 1992 | Coolwater 7,3 | 19,7 353 0.51
850 | Landers 1992 | Desert Hot Springs | 7,3 | 21,8 359 0.23
900 | Landers 1992 | Yermo Fire Station | 7,3 | 23,6 354 | 0.29
1158 | Kocaeli, Turkey 1999 | Duzce 7,5 13,6 282 0.48
1602 | Duzce, Turkey 1999 | Bolu 7,1 | 12,0 294 1.09
1748 gfrthwe“ China- | 1997 | Jiashi 59 | 241 | 240 | 036
4125 | Parkfield-02, CA 2004 E?IT':\';"’ - Gold 60 | 155 | 232 | 0.14
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Table 4.8. Ground Motions Selected for Soil Type D and EDC 4

PT der Event Year | Station Mw | Rs | Viao | PGA
31 | Parkfield 1966 | ChOlame - 62 | 129 | 257 | 037
Shandon Array #8 ! ’ )

167 | Imperial Valley-06 1979 | Compuertas 6,5 | 13,5 260 | 0.24
266 | Victoria, Mexico 1980 | Chihuahua 6,3 | 18,5 242 | 0.18
458 | Morgan Hill 1984 | Gilroy Array #4 6,2 | 11,5 | 222 | 0.23
848 | Landers 1992 | Coolwater 7,3 | 19,7 353 | 0.51
850 | Landers 1992 | Desert Hot Springs | 7,3 | 21,8 359 | 0.23
900 | Landers 1992 | Yermo Fire Station | 7,3 | 23,6 354 0.29
1158 | Kocaeli, Turkey 1999 | Duzce 7,5 | 13,6 282 | 0.48
1602 | Duzce, Turkey 1999 | Bolu 7,1 12,0 294 1.09
1748 gfrthwe“ China- 1 1597 | Jiashi 59 | 241 | 240 | 036
4125 | Parkfield-02, CA 2004 E?ﬁ'g\'f/'d - Gold 6,0 | 155 | 232 | 0.14

4.5  Scaling of the Selected Ground Motions

The selected ground motions are scaled by using the ground motion scaling
procedure specified in Turkish Seismic Code (2018). The horizontal and natural

vibration period of the buildings are given in Table 4.9.

Table 4.9. Natural Vibration Period of Case Study Buildings

Building with THorizontal (S) Tertical (S)
Four Stories 0.67 0.112
Nine Stories 1.95 0.166

Horizontal and vertical target spectra for Soil Class C are as given in Figure 4.5, 4.6

and for soil class D in Figure 4.7 and 4.8.
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Figure 4.8. Vertical Target Spectra for Soil Class D

The horizontal and vertical scale factors for the selected ground motions are given

in the following tables.
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Table 4.10. Ground Motions Scale Factor for Soil Type C and EDC 1

PeerId | Event Year | Station SCFhor | SCFyer
33 Parkfield 1966 | Temblor pre-1969 3.049 | 5.247
164 'O'Epe”a' valley- 1 1479 | cerro Prieto 2.149 | 2.901
210 | Livermore-01 1080 | APEEL 3E Hayward 12.448 | 37.557

CSUH
237 Mammoth Lakes- 1980 Long Valley Dam 6.288 | 7.467
03 (Downst)
Mammoth Lakes- Long Valley Dam (L
238 03 1980 Abut) 5.474 | 7.563
318 | Westmorland 1981 | Superstition Mtn 8.156 |12.198
Camera
454 Morgan Hill 1984 | Gilroy - Gavilan Coll. 18.806 | 5.677
543 g;‘a'fa”t valley- 1 1986 | Benton 11.925 | 17.607
552 Chalfant Valley- 1986 Lake Crowley - Shehorn 9001 | 7.836
02 Res.
1148 Kocaeli, Turkey 1999 | Arcelik 2979 | 4.663
6057 Big Bear-01 1992 | Highland Fire Station 6.222 | 6.901
Table 4.11. Ground Motions Scale Factor for Soil Type C and EDC 2

Peerld | Event Year | Station SCFhor | SCFuer
33 Parkfield 1966 | Temblor pre-1969 2.410 | 3.871
164 Imperial Valley-06 1979 | Cerro Prieto 1.699 2.14
237 Mammoth Lakes- 1980 Long Valley Dam 4971 | 5508

03 (Downst)
238 Mammoth Lakes- 1980 Long Valley Dam (L 4327 | 5579
03 Abut)
318 | Westmorland 1981 | Superstition Mtn 6.447 | 8.998
Camera
454 Morgan Hill 1984 | Gilroy - Gavilan Coll. 14.865 | 4.188
543 Chalfant Valley-01 1986 | Benton 9.427 | 12.989
552 | Chalfant Valley-02 | 1986 | -2K&Crowley- 7.115 | 5.78
Shehorn Res.
1148 Kocaeli, Turkey 1999 | Arcelik 2.355 3.44
1614 Duzce, Turkey 1999 | Lamont 1061 3.609 | 9.145
6057 Big Bear-01 1992 | Highland Fire Station 4.919 | 5.094
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Table 4.12. Ground Motions Scale Factor for Soil Type C and EDC 3

PeerId | Event Year | Station SCFror | SCFuer
33 Parkfield 1966 | Temblor pre-1969 1.772 | 2.029
164 Imperial Valley-06 1979 | Cerro Prieto 1.248 | 1.116
210 Livermore-01 1980 | APEEL 3E Hayward CSUH | 7.235 | 15.369
237 Mammoth Lakes- 1980 Long Valley Dam 3655 | 2889

03 (Downst)

M h Lakes-
238 OgammOt aXeS™ | 1980 | LongValley Dam (L Abut) | 3.182 | 2.91
318 Westmorland 1981 | Superstition Mtn Camera | 4.740 | 4.692
552 | Chalfant Valley-02 | 1986 ;‘lte Crowley -Shehorn | ¢ 525 | 3155
1148 Kocaeli, Turkey 1999 | Arcelik 1.636 | 1.908
1633 Manijil, Iran 1990 | Abbar 0.459 | 0.528
6057 Big Bear-01 1992 | Highland Fire Station 3.616 | 2.657
6059 | Big Bear-01 1997 | Morongo Valley Fire 1.168 | 1.229

Station
Table 4.13. Ground Motions Scale Factor for Soil Type C and EDC 4

PeerlId | Event Year | Station SCFhor | SCFyer
33 Parkfield 1966 | Temblor pre-1969 0.851 | 1.244
164 Imperial Valley-06 1979 | Cerro Prieto 0.600 | 0.688
237 Mammoth Lakes- 1980 Long Valley Dam 1757 | 1.771

03 (Downst)
238 (|;/|3ammoth Lakes- | 1980 | Long Valley Dam (LAbut) | 1.530 | 1.794
318 Westmorland 1981 | Superstition Mtn Camera | 2.279 | 2.893
543 Chalfant Valley-01 1986 | Benton 3.332 | 4.176
552 | Chalfant Valley-02 | 1986 ;ae';e Crowley -Shehorn | ) o1c | 1 g5g
1148 Kocaeli, Turkey 1999 | Arcelik 0.832 | 1.106
1633 Manijil, Iran 1990 | Abbar 0.221 | 0.306
4137 | Parkfield-02, CA 2004 Zf/\r/kf'e'd -Vineyard Cany | 4 oo | 1245
6057 Big Bear-01 1992 | Highland Fire Station 1.738 | 1.638
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Table 4.14. Ground Motions Scale Factor for Soil Type D and EDC 1

Peer|d | Event Year | Station SCFhor | SCFuer
10 Imperial Valley-03 1951 | El Centro Array #9 11.516 | 48.713
31 | Parkfield 1966 ggolame -Shandon Array | ) 267 | 4481
167 Imperial Valley-06 1979 | Compuertas 3.686 | 7.234

266 Victoria, Mexico 1980 | Chihuahua 2.602 | 6.782
314 Westmorland 1981 | Brawley Airport 3.418 | 6.522
848 Landers 1992 | Coolwater 1.126 | 3.306
850 Landers 1992 | Desert Hot Springs 2.420 | 3.974
1158 Kocaeli, Turkey 1999 | Duzce 1.136 | 2.937
1602 Duzce, Turkey 1999 | Bolu 0.617 | 2.812
1748 gfrthwe“ China- 1 1997 | Jiashi 3.123 | 3.109
4125 Parkfield-02, CA 2004 | Parkfield - Gold Hill 6W 11.667 | 6.350
Table 4.15. Ground Motions Scale Factor for Soil Type D and EDC 2

PeerId | Event Year | Station SCFhor | SCFyer
31 | Parkfield 1966 g;‘o'ame -Shandon Array | 515 | 3.003
167 Imperial Valley-06 1979 | Compuertas 2.947 | 4.689
266 Victoria, Mexico 1980 | Chihuahua 1.808 | 3.711
458 Morgan Hill 1984 | Gilroy Array #4 1.199 | 0.734
848 Landers 1992 | Coolwater 0.810 | 1.809
850 Landers 1992 | Desert Hot Springs 1.682 | 2.357
900 Landers 1992 | Yermo Fire Station 1.204 | 2.824

1158 | Kocaeli, Turkey 1999 | Duzce 0.790 | 1.607

1602 | Duzce, Turkey 1999 | Bolu 0.429 | 1.550

1748 gfrthwe“ China- 1 1997 | Jiashi 2.497 | 2.082

4125 Parkfield-02, CA 2004 | Parkfield - Gold Hill 6W 9.328 | 4.096
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Table 4.16. Ground Motions Scale Factor for Soil Type D and EDC 3

Peerld | Event Year | Station SCFhor | SCFyer
31 | Parkfield 1966 zgolame -Shandon Array | 5 hes 15174
167 Imperial Valley-06 1979 | Compuertas 2.801 | 3.394
266 Victoria, Mexico 1980 | Chihuahua 1.459 | 2.463
458 Morgan Hill 1984 | Gilroy Array #4 1.140 | 0.532
848 Landers 1992 | Coolwater 0.769 | 1.220
850 Landers 1992 | Desert Hot Springs 1.363 | 1.630
900 Landers 1992 | Yermo Fire Station 0.972 | 1.955

1158 Kocaeli, Turkey 1999 | Duzce 0.637 | 1.067

1602 Duzce, Turkey 1999 | Bolu 0.347 | 1.046

1748 glc’rthwe“ China- | 1997 | Jiashi 2.373 | 1.508

4125 Parkfield-02, CA 2004 | Parkfield - Gold Hill 6W 8.865 | 2.966
Table 4.17. Ground Motions Scale Factor for Soil Type D and EDC 4

PeerId | Event Year | Station SCFhor | SCFyer
31 | Parkfield 1966 ggolame -Shandon Array | o9 | 1,437
167 Imperial Valley-06 1979 | Compuertas 2.180 | 2.421
266 Victoria, Mexico 1980 | Chihuahua 1.032 | 1.546
458 Morgan Hill 1984 | Gilroy Array #4 2.021 | 1.486
848 Landers 1992 | Coolwater 0.599 | 0.759
850 Landers 1992 | Desert Hot Springs 1.007 | 1.015
900 Landers 1992 | Yermo Fire Station 0.677 | 1.217

1158 Kocaeli, Turkey 1999 | Duzce 0.443 | 0.669
1602 Duzce, Turkey 1999 | Bolu 0.243 | 0.663
1748 gfrthwe“ China- 1 1997 | Jiashi 0.753 | 0.997
4125 Parkfield-02, CA 2004 | Parkfield - Gold Hill 6W 6.468 | 1.960
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CHAPTER 5

NONLINEAR TIME HISTORY ANALYSES OF THE SELECTED BUILDINGS

In this chapter, modelling techniques and assumptions used to represent inelastic
behavior of the building models are introduced. The buildings studied are modelled
in Perform 3D (COMPUTERS AND STRUCTURES, INC version 8.0.0, 2021).
While modelling the beams and columns, frame elements are used. Slabs of the
buildings have not been included to speed up the analyses. The loads that will be
transferred by slab to beams have been calculated by hand calculations and applied
to the beams in the models. Since slabs do not exist in the models, rigid diaphragm
constraints are applied in the model to represent slab behavior.

Among many other nonlinear modelling approaches lumped plasticity and
distributed plasticity are the most commonly used modelling approaches. In the
lumped plasticity approach, it is assumed that when an internal force reaches its
plastic capacity, inelastic deformations occur uniformly over a finite length called
plastic hinge zone. Length of the plastic hinge zone is accepted as half of the
minimum dimension of an element. However, in the distributed plasticity approach
it is assumed that the inelastic deformations occur distributedly. In other words,
inelastic deformations vary in a section. Thus, it is necessary to divide a section into
small parts called fibers and to assign a nonlinear material model to these small

fibers.

In this study,the lumped plasticity approach is adopted since it is faster and easy to
apply. Also, it is stated in provision 5.3.1 of Turkish Seismic Code (2018) lumped
plasticity works well for elements that can be modeled as frames.
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Figure 5.1.1llustartion of Plasticity Modelling Approaches (Tran and Nguyen,2020)
51  Material Models

In this part material models used for concrete and reinforcement are introduced.

511 Material Model for Concrete

In literature, there exists many concrete material models proposed by different
academicians. Among many other alternatives, concrete model proposed by Mander
(Mander and Park (1988)) is the most commonly used one and Turkish Seismic Code
(2018) adopts the slightly modified version of this concrete model. In this study, the
material model provided by Turkish Seismic Code (2018) is adopted. The
formulation used in this model is given in Equation 5.1(Equation 5A.1 of TBSC

(2018)). Sample material model is given in Figure 5.1.
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Figure 5.2. Material Model for Concrete

feeXT

=1‘—1+x D

Where fcc is the confined concrete strength which is calculated by Equation 5.2

(Equation 5A.2 of TBSC 2018 ) depending on unconfined concrete strength.
fee = Acfeo (5.2)

In this equation A¢ is a parameter to take into account the confinement effect and
calculated by Equation 5.3 ( Equation 5A.2 of TBSC (2018) ).

f,  2f,
A =2254+ (147942 ——5_-1254  (5.3)
fCO fCO
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In Equation 5.3, fe represents the effective confinement pressure and it is calculated
as the mean of X and Y direction. Effective confinement pressure for X and Y axis
calculated according to Equation 5.4. (Equation 5A.3 of TBSC (2018))

fex = kepryw fey = kepyfyw (5.4)

where fyw is yield strength of stirrups and p is the volumetric ratio of stirrups and
ke is the factor for effective confinement and calculated according to Equation 5.5
(Equation 5A.4 of TBSC (2018))

. X -1
ke = (1 - 6%)310) (1 - ijho) (1 - ﬁ) (1 - 2;0) (1 - bI:ho) (5:5)

where a; is the distance between longitudinal reinforcement, b, and h, are the

dimensions of confinement zones and As is the total longitudinal reinforcement area.

X parameters used in Equation 5.1 is calculated according to Equation 5.6 (Equation
5A.5 of TBSC 2018)

X=—= (5.6)

where & is a variable and & is calculated by Equation 5.7 (Equation 5A.5 of TBSC
2018)

.0 =0.002[1+5(, — 1] (5.7)
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R parameter used in Equation 5.1 is calculated by Equation 5.8 (Equation 5A.6 of
TBSC (2018))

E
r=———o (5.8)
Ec - Esec

where Ec and Esc are modulus of elasticity and secant modulus of elasticity

respectively and they are calculated by Equation 5.9 (Equation 5A.6 of TSC (2018))

f
E. = 5000,/f,, (MPa) Eg = ;—C (5.9)
CcC
5.1.2 Material Model for Reinforcement Steel

Turkish Seismic Code (2018) gives a reinforcement model with strain hardening to
be used in nonlinear analysis. It is calculated according to Equation 5.10 (Equation
5A.7 of TBSC 2018).

fs = Eggg € < &y
fs =1 gy <& < &  (5.10)
(€su —
fo =foy — ( su " sy)m €h < & = &gy
su s
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Modulus of elasticity of reinforcement steel is taken as 2x10° MPa. In Figure 5.2 the
original material model for S420 grade reinforcement and the elastic perfectly plastic

idealized version are given.

TSC(2018) EPP
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Figure 5.3. Reinforcement Steel Material Model

The parameter used in calculation of reinforcement steel material model is given in
Table 5.1.

Table 5.1. Information About Reinforcement Steels

Grade fsy (MPa) Esy €sh €su fsu / fsy
S220 220 0.0011 0.011 0.12 1.20
S420 420 0.0021 0.008 0.08 1.15-1.35

B420C 420 0.0021 0.008 0.08 1.15-1.35

B500C 500 0.0025 0.008 0.08 1.15-1.35
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5.2 Beam Elements

Beam elements are modelled such that at the two ends of a beam plastic hinges are
located to model inelastic behavior and in between them linear elastic elements are
used. As a first step to model beams material models explained in the above section
obtained by considering detailing of beams. Afterwards, moment rotation
relationships for each type of beam are obtained. Then the moment rotation model is
idealized by using a trilinear approximation method. In Figure 5.3, a sample moment

rotation relationship for a beam is given.
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Figure 5.4. Moment Rotation Relationship for a Beam

The location of the plastic hinges has been selected according to provision 5.4.2.3 of
Turkish Seismic Code (2018). In this provision, it is stated that plastic hinges can be

placed next to beam column connection joints.
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53 Column Elements

Column elements are also modeled as plastic hinges. However, in columns there is
coupling between axial force and moments. Thus , PMM hinges will be used which
is a coupled type of hinge. Location of the hinges will be similar to beam elements.

In other words, hinges will be located next to beam column joints.

Compression Axis 3 moment
I

PYC—= M3Y

M2Y or M3Y

Axis 2 moment
PB s

> M2Y
\ / Moment
PYT —

Tension

Figure 5.5. Yield Surface of a Column (Khaloo and Dehcheshmeh,2016)

Due to the existence of vertical ground motions, second order effects may be

important and thus are taken into account in the analyses.
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CHAPTER 6

ANALYSIS RESULTS

In this Chapter, two case study buildings located on two different soil classes were
analyzed under the scaled ground motions. Each building was analyzed under 44
ground motions from four different earthquake design classes. The building with
nine stories was investigated under the ground motions recorded on soil class C and
the building with four stories was investigated under ground motion records from

soil Class D.

For each ground motion in an earthquake design class, three different analyses were
conducted. In the first scenario, the analyses are done by using the record of which
horizontal and vertical components are scaled with the same scaling factor. In the
second scenario, the analyses are conducted by using the records of which horizontal
and vertical components are scaled with separate scaling factors. In the final

scenario, the vertical components of ground motions were not included.

For each scenario defined in above paragraph two analyses were conducted by
changing the orientation of the earthquake. In other words, in the first case the North-
South component of ground motion is applied in the X direction of the building under
consideration and in the second case the East-West component of ground motion is
applied.

To sum up, for each building three methods, four earthquake design classes, eleven
ground motions in each earthquake design class and two orientations are considered.
Thus, for a building 264 time history analyses were conducted and in total 528 time
history analyses were conducted. The summary of the analyses described above is

given in Table 6.1.
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Table 6.1. Number of Analyses for Different Scenarios

Nine Story Building Four Story Building
SC1 SC2 SC3 SC1 SC2 SC3
NS [EW | NS |EW | NS |EW | NS |EW | NS | EW | NS | EW
DC1| 11| 11 |11 | 11 |11 | 11
é DC2| 11| 11 |11 | 11 |11 | 11
8 DC3| 11| 11 |11 | 11 |11 | 11
% DC3| 11| 11 |11 | 11 |11 | 11
A DC1 11 (11 (11 ) 11 |11 | 11
% DC2 11 (11 (11 ) 11 |11 | 11
g DC3 11 11 (11| 11 11| 11
A DC4 11 (11 (11 ) 11 |11 | 11

Results obtained from time history analyses were investigated by using seven

structural indicators. These indicators are as follows;

e Base shear

e Overturning moment

e Roof displacement

e Maximum drift

e Maximum axial force on the bottom floor
e Minimum axial force on the bottom floor

e Tip displacement of consoles in the buildings.

In Table 6.2, results are presented. The results obtained from Method 1 and Method
2 are presented as the ratio of results obtained from the analyses in which the vertical
component of ground motions is disregarded. By presenting the results this way, it
is possible to observe whether the indicator is affected by the vertical component of

ground motions or not.
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The ratio for base shear, overturning moment, roof displacement, maximum drift and

tip displacement of the consoles is calculated as follows;

. Result(V+H)
Ratio = — -max 6.1
Result(H)max

The ratio for maximum and minimum axial force is calculated as follows;

Result(V+H)max —Result(H) max
Result(H)max

6.2

Ratio =

The analyses defined previous pages are firstly conducted on the same buildings
without consoles. The results obtained from these analyses show very similar results
in between the two-scaling method except axial loads. That’s why, two consoles are
added to each plan to have an asymmetric plan and another indicator that is expected

to have different results in between the two scaling methods.
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Table 6.2. Time History Analyses Results

Overturning Roof . . Maximum Axial | Minimum Axial Maximum
Maximum Drift

Base Shear Moment Displacement Force Force Console Disp.

EDC-EQ

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2

C133 1.01 1.03 1.00 1.02 1.01 0.97 0.97 0.97 0.59 1.03 0.33 -0.03 1.13 1.23

Cl 164 1.00 1.01 1.02 1.05 1.04 1.06 1.00 1.01 0.66 0.89 0.23 0.00 2.85 3.22

C1210 0.99 0.93 1.01 1.03 1.00 0.98 1.00 1.02 0.53 1.31 0.36 -0.39 1.20 1.82

C1 237 0.97 0.96 1.00 1.00 1.03 1.04 1.02 1.02 0.62 0.73 0.31 0.18 1.27 1.46

C1238 0.93 0.89 1.01 1.00 0.96 0.96 1.03 1.00 0.55 0.76 0.32 0.10 1.75 2.03

C1318 1.04 1.03 0.99 0.98 1.00 0.99 0.99 0.98 0.70 1.00 0.38 0.14 1.84 2.34

C1454 0.95 0.98 0.94 0.94 1.00 0.98 1.03 0.99 0.60 0.84 0.25 0.03 1.53 1.76

C1543 0.93 0.89 1.04 1.09 0.99 0.95 0.99 1.03 0.83 1.17 0.09 -0.23 1.55 1.93

C1552 1.08 1.05 0.96 0.96 0.98 0.98 1.08 1.03 1.14 0.99 -0.20 | -0.09 1.36 1.26
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
C11148 1.01 1.03 1.07 1.08 1.02 1.05 0.99 0.99 0.34 0.53 0.66 0.50 1.22 1.38
C1 6057 0.91 0.90 1.02 1.00 0.98 0.97 0.93 0.90 0.75 0.83 0.21 0.15 1.86 2.05
C233 1.01 1.02 0.98 1.00 1.01 1.01 0.98 0.96 0.49 0.80 0.48 0.12 1.18 1.27
C2 164 0.99 0.98 1.00 1.00 1.05 1.07 1.01 1.01 0.54 0.68 0.35 0.17 2.84 3.16
C2 237 0.96 0.96 1.00 0.99 1.01 1.01 1.00 1.00 0.49 0.55 0.50 0.39 1.22 1.29
C2 238 0.95 0.93 1.00 1.01 0.97 0.97 0.97 0.95 0.47 0.59 0.43 0.25 1.68 2.09
C2 318 1.06 1.02 0.99 1.00 1.00 0.99 0.99 0.99 0.58 0.80 0.50 0.27 1.74 2.26
C2 454 0.94 0.98 0.94 0.94 1.01 0.99 1.06 0.99 0.45 0.61 0.49 0.33 2.00 1.07
C2543 0.93 0.93 1.02 1.03 0.98 0.98 1.00 1.02 0.67 0.90 0.31 0.01 1.95 2.02
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
C2 552 0.98 0.98 0.99 1.02 0.99 0.99 0.97 0.97 0.92 0.75 0.07 0.15 1.20 1.02
C21148 1.05 1.09 1.13 1.12 0.99 1.02 0.99 0.99 0.32 0.46 1.31 1.45 1.08 1.24
C2 1614 1.00 0.96 0.98 1.05 0.99 0.99 1.00 0.99 0.28 0.73 0.73 0.32 1.13 1.58
C2 6057 0.91 0.91 1.00 0.99 0.98 0.98 0.93 0.93 0.69 0.70 0.39 -0.08 1.74 1.78
C333 1.02 1.01 0.99 1.00 1.01 1.00 1.00 1.00 0.38 0.44 0.57 0.51 1.27 1.31
C3 164 1.00 1.00 1.02 1.01 1.00 1.00 1.01 1.00 0.44 0.40 0.51 0.56 2.57 2.29
C3210 1.00 1.02 1.02 1.01 0.98 0.99 0.98 0.98 0.33 0.68 0.62 0.21 1.25 1.64
C3 237 0.97 0.98 0.99 0.98 1.00 1.00 0.99 0.99 0.38 0.30 0.60 0.69 1.19 1.13
C3238 0.98 0.98 1.01 1.01 0.98 0.99 0.99 0.99 0.36 0.33 0.55 0.58 1.46 1.38
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Overturning Roof . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
C3318 1.02 1.01 0.99 0.99 1.00 0.99 0.99 0.99 0.44 0.43 0.59 0.59 1.91 1.91
C3 552 1.02 1.02 0.99 0.98 0.99 1.00 0.97 0.99 0.71 0.43 0.22 0.53 1.13 0.91
C31148 0.98 0.97 1.05 1.06 0.97 0.97 0.96 0.96 0.26 0.30 0.74 0.70 1.29 1.32
C31633 0.98 0.98 0.99 0.99 1.01 1.01 0.98 0.97 0.56 0.64 0.51 0.45 1.97 2.27
C3 6057 0.92 0.95 0.98 1.00 0.98 0.99 0.96 0.98 0.58 0.41 0.45 0.59 1.61 1.42
C3 6059 1.00 1.00 0.97 0.98 0.98 0.98 0.99 0.99 0.20 0.21 0.79 0.78 1.36 1.40
C433 0.99 1.00 0.99 0.99 0.99 1.00 1.00 1.00 0.19 0.28 0.79 0.70 1.22 1.33
C4 164 1.02 1.02 1.00 0.99 0.96 0.97 0.92 0.93 0.25 0.28 0.71 0.67 2.48 2.52
C4 237 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 0.18 0.18 0.81 0.81 1.11 1.11
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Console Disp.

EDC-EQ

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
C4 238 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.18 0.21 0.78 0.74 1.21 1.27
C4 318 0.99 0.99 1.00 1.00 1.00 0.99 0.99 0.99 0.21 0.27 1.04 1.06 1.43 1.75
C4 543 0.97 0.97 1.00 1.00 0.99 0.98 0.99 0.99 0.24 0.31 0.74 0.67 1.75 1.99
C4 552 0.96 0.98 0.99 1.00 0.98 0.99 0.97 0.98 0.36 0.27 0.63 0.73 1.09 1.00
C4 1148 1.02 1.02 1.01 1.01 1.00 1.01 1.00 1.00 0.15 0.20 0.85 0.80 1.26 1.36
C4 1633 0.98 0.97 0.99 0.98 1.00 1.00 1.00 0.99 0.29 0.40 0.74 0.64 1.45 1.89
C4 4137 0.95 0.96 0.97 0.98 0.98 0.98 0.98 0.99 0.26 0.19 0.78 0.84 1.89 1.32
C4 6057 1.02 1.01 0.99 1.00 0.99 0.99 0.99 0.98 0.28 0.27 0.69 0.71 1.44 1.37
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
D110 1.00 0.99 1.00 1.01 0.99 0.98 1.00 0.99 0.18 0.90 -0.23 -1.09 1.06 1.70
D131 0.98 0.96 1.01 1.00 1.00 1.00 0.98 0.96 0.57 0.92 -0.62 -1.01 1.11 1.27
D1 167 0.99 0.98 1.00 1.00 1.00 1.01 0.99 0.98 0.57 0.96 -0.55 -1.09 1.06 1.27
D1 266 1.02 1.06 1.00 1.01 0.99 0.99 1.02 1.06 0.30 0.83 -0.38 -1.03 1.06 1.89
D1 314 0.99 0.99 1.01 1.00 1.00 1.00 0.99 0.99 0.46 0.91 -0.51 -0.96 1.48 2.71
D1 848 1.00 0.99 0.99 1.03 1.01 1.04 1.00 0.99 0.27 0.90 -0.32 -1.00 1.13 2.27
D1 850 0.97 0.99 1.01 1.00 0.98 0.98 0.97 0.99 0.57 0.95 -0.55 -0.95 1.35 2.35
D1 1158 1.00 1.01 1.00 1.02 1.00 1.01 1.00 1.01 0.23 0.65 -0.36 -0.96 1.06 1.74
D1 1602 1.02 1.03 0.99 1.01 1.02 1.00 1.02 1.03 0.17 0.86 -0.21 -1.06 1.05 1.82
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
D11748 1.04 1.04 1.01 1.01 0.94 0.94 1.04 1.04 1.74 1.73 -2.08 -2.07 1.68 1.67
D1 4125 0.99 0.99 0.98 0.98 1.01 1.01 0.99 0.99 0.88 0.32 -1.21 -0.80 1.12 1.01
D2 31 0.99 0.98 1.00 1.00 1.01 1.01 0.99 0.98 0.46 0.63 -0.49 -0.68 1.10 1.18
D2 167 0.99 0.98 1.00 1.00 1.00 1.00 0.99 0.98 0.44 0.70 -0.44 -0.70 1.05 1.19
D2 266 1.00 1.02 1.01 1.01 1.00 1.00 1.00 1.02 0.22 0.47 -0.26 -0.56 1.05 1.41
D2 458 1.00 1.00 0.99 0.99 1.02 1.02 1.00 1.00 0.63 0.65 -0.53 -0.32 2.05 1.40
D2 848 1.00 1.00 0.99 1.01 1.00 1.01 1.00 1.00 0.19 0.46 -0.22 -0.52 1.09 1.48
D2 850 1.00 0.99 1.00 1.00 0.98 0.98 1.00 0.99 0.42 0.60 -0.39 -0.55 1.48 2.07
D2 900 1.00 1.00 0.99 0.97 1.00 1.00 1.00 1.00 0.23 0.55 -0.23 -0.55 1.00 1.58
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
D2 1158 1.00 1.00 1.00 0.99 0.99 0.99 1.00 1.00 0.15 0.34 -0.24 -0.51 1.03 1.80
D2 1602 1.00 0.99 1.01 1.02 1.00 0.99 1.00 0.99 0.14 0.52 -0.16 -0.60 1.07 1.35
D2 1748 0.93 0.97 1.01 1.00 1.00 0.98 0.93 0.97 1.54 1.21 -1.62 -1.34 1.74 1.40
D2 4125 0.99 1.00 1.01 0.99 1.00 1.00 0.99 1.00 0.75 0.20 -0.95 -0.22 1.12 0.96
D331 0.99 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.43 0.45 -0.46 -0.49 1.12 1.13
D3 167 0.99 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.43 0.52 -0.42 -0.51 1.06 1.10
D3 266 1.01 1.01 1.01 1.00 1.00 1.00 1.01 1.01 0.18 0.31 -0.21 -0.37 1.03 1.11
D3 458 1.00 1.00 0.91 0.91 1.00 1.00 1.00 1.00 0.56 0.24 -0.50 -0.21 2.00 1.20
D3 848 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.17 0.27 -0.21 -0.34 1.04 1.10
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Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Console Disp.
EDC-EQ
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
D3 850 0.99 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.36 0.43 -0.32 -0.38 1.20 1.49
D3 900 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.21 0.42 -0.20 -0.40 0.96 1.10
D3 1158 0.99 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.13 0.23 -0.19 -0.34 1.00 1.23
D3 1602 1.00 0.99 1.01 1.01 1.00 1.00 1.00 0.99 0.12 0.36 -0.13 -0.41 1.07 1.30
D3 1748 0.99 0.98 0.97 0.99 0.98 1.01 0.99 0.98 0.92 0.86 -1.41 -0.96 1.58 1.67
D3 4125 1.00 1.00 1.01 1.00 1.01 1.00 1.00 1.00 0.46 0.11 -0.98 -0.61 1.08 0.96
D4 31 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.32 0.30 -0.35 -0.32 1.17 1.15
D4 167 0.99 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.34 0.38 -0.32 -0.36 1.04 1.04
D4 266 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.14 0.20 -0.15 -0.23 1.02 1.04

67




Overturning . . Maximum Axial | Minimum Axial Maximum
Base Shear . Maximum Drift :
Moment Displacement Force Force Console Disp.

EDC-EQ

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
D4 314 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.36 0.26 -0.35 -0.25 1.60 131
D4 848 0.99 0.99 1.01 1.01 1.01 1.01 0.99 0.99 0.16 0.20 -0.17 -0.21 1.12 1.16
D4 850 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.27 0.27 -0.24 -0.24 0.98 0.98
D4 900 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.14 0.26 -0.14 -0.25 0.97 0.97
D4 1158 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.11 0.01 -0.14 -0.40 1.00 1.57
D4 1602 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.00 0.06 0.16 -0.06 -0.16 1.01 1.10
D4 1748 1.00 1.00 0.99 0.99 1.00 1.00 1.00 1.00 0.45 0.60 -0.47 -0.63 1.00 1.00
D4 4125 1.00 1.00 1.03 1.00 0.96 0.98 1.00 1.00 0.30 -0.02 -0.59 -0.06 1.04 1.03
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Next, results are discussed in terms of each indicator.
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6.1 Base Shear Results

To make the results more understandable, a simplified representation of them is

presented in Table 6.3.

Table 6.3. Base Shear Results

Normalized
) Earthquake
Soil ) Max Average Standard
Design o
Class Deviation
Class

M1 M2 M1 M2 M1 M2
C 1 1.08 1.05 0.98 0.97 0.21 0.23
C 2 1.05 1.09 0.98 0.98 0.18 0.19
C 3 1.02 1.02 0.99 0.99 0.20 0.20
C 4 1.02 1.02 0.99 0.99 0.17 0.17
D 1 1.04 1.04 1.00 1.00 0.24 0.24
D 2 1.00 1.02 0.99 0.99 0.25 0.25
D 3 1.01 1.01 1.00 1.00 0.26 0.26
D 4 1.00 1.00 1.00 1.00 0.32 0.32

The results shows that in Method 1, maximum increase in the base shear due to
vertical load is 8 % on soil class C and 4 % soil class D. In both of the soil classes,

average results are almost identical to the case without vertical ground motions.

In method 2, maximum increase in the base shear is 9 % on soil class C and 4 % on
soil class D. In this method as well, average results are the same with the case where

vertical components of ground motions were not included.
The normalized standard deviations are almost the same in both of the methods.

In the light of this information, it can be easily said that the vertical components of
ground motions do not affect the base shear and no comparison can be made between

the two scaling methods.
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6.2  Overturning Moment Results

The results for overturning moment are presented in Table 6.4 in a simplified

manner.

Table 6.4. Overturning Moment Results

Normalized
) Earthquake
Soil ) Max Average Standard
Design o
Class Deviation
Class
M1 M2 M1 M2 M1 M2
C 1 1.04 1.05 1.01 1.01 0.09 0.09
C 2 1.13 1.12 1.00 1.01 0.09 0.11
C 3 1.05 1.06 1.00 1.00 0.10 0.10
C 4 1.01 1.01 0.99 1.00 0.13 0.13
D 1 1.01 1.03 1.00 1.01 0.04 0.04
D 2 1.01 1.02 1.00 1.00 0.03 0.03
D 3 1.01 1.01 0.99 0.99 0.03 0.03
D 4 1.03 1.01 1.00 1.00 0.08 0.08

Maximum increase in both of the methods is around 5 %. The average results
obtained from both of the scaling methods do not deviate from the results obtained
analysis without considering the vertical component of ground motions. The scatters
of the results are identical in both of the methods. Similar to the base shear, the
overturning moment is also not affected by the vertical component of ground

motions.

6.3 Roof Displacement Results

The roof displacement results for each soil class and each design classes are

presented in Table 6.5

71



Table 6.5. Roof Displacement Results

Normalized
) Earthquake
Soil ) Max Average Standard
Design o
Class Deviation
Class

M1 M2 M1 M2 M1 M2
C 1 1.04 1.06 1.00 0.99 0.34 0.36
C 2 1.05 1.07 1.00 1.00 0.29 0.30
C 3 1.01 1.01 0.99 0.99 0.30 0.30
C 4 1.00 1.01 0.99 0.99 0.16 0.16
D 1 1.01 1.00 1.00 1.00 0.44 0.43
D 2 1.02 1.02 1.00 1.00 0.17 0.17
D 3 1.01 1.01 1.00 1.00 0.41 0.41
D 4 1.01 1.01 1.00 1.00 0.40 0.40

The results in Table 6.5 show that both of the maximum increase and normalized
deviations are similar in both of the methods. Also, the average response ratio is
around unity in both of the methods. Thus, roof displacement is also not affected by
the vertical component of ground motions and no difference between the two scaling

methods can be observed.

6.4 Maximum Drift

The maximum drifts occurred in the buildings exposed to ground motions scaled

with the two scaling methods are presented in Table 6.6.
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Table 6.6. Maximum Drift Results

Normalized
) Earthquake
Soil ) Max Average Standard
Design o
Class Deviation
Class

M1 M2 M1 M2 M1 M2
C 1 1.03 1.03 1.00 0.99 0.31 0.31
C 2 1.01 1.02 0.99 0.98 0.21 0.22
C 3 1.01 1.00 0.98 0.99 0.28 0.28
C 4 1.00 1.00 0.98 0.98 0.17 0.17
D 1 1.01 1.02 0.99 0.99 0.28 0.28
D 2 1.02 1.02 0.99 0.99 0.23 0.24
D 3 1.00 1.00 0.99 1.00 0.27 0.28
D 4 1.01 1.00 1.00 1.00 0.34 0.34

The results presented show that maximum drift is also not affected by the vertical

component of ground motions.

The base shear, overturning moment, roof displacement and maximum drift are not
affected by the vertical components of ground motions. Since the buildings are

almost symmetrical and there is no irregularity in the load bearing system of the

buildings, it is expected that they are not affected by the vertical ground motions.

6.5 Maximum Axial Force

This structural indicator expresses the total maximum compressive force occurring

at the base floor level. The change in the maximum compressive force level is shown

in Table 6.7
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Table 6.7. Maximum Axial Load Results

Normalized
) Earthquake
Soil ) Max Average Standard
Design o
Class Deviation
Class
M1 M2 M1 M2 M1 M2
C 1 0.92 1.17 0.69 0.97 0.13 0.11
C 2 0.92 0.90 0.54 0.69 0.12 0.07
C 3 0.71 0.68 0.42 0.42 0.11 0.10
C 4 0.36 0.40 0.23 0.26 0.05 0.05
D 1 1.74 1.73 0.54 0.90 0.35 0.20
D 2 1.54 1.21 0.47 0.58 0.32 0.13
D 3 0.92 0.86 0.36 0.38 0.22 0.12
D 4 0.45 0.60 0.24 0.24 0.15 0.11

The results obtained from the two scaling methods deviate from the analysis without
vertical ground motion. This observation indicates that the axial load level is

dependent on the vertical component of ground motions as expected.

The results show that the average results obtained from the analysis using ground
motion records scaled with Method 2 is significantly higher than the analysis results
obtained by using ground motion records scaled with Method 1 in both of the
buildings.

In the literature it is stated that the significance of the vertical component of ground
motions increases as the ratio of peak ground acceleration of vertical component to
peak ground acceleration of horizontal component increases. It is also known that
ground motions recorded five kilometers away from the epicenter of an earthquake
mostly have a PGAuvertical / PGAHorizontal ratio less than 0.67. (Shrestha, 2009) In the
Turkish Seismic Code (2018), the vertical response spectrum is approximately eighty
percent of the horizontal response spectrum. In another words, Turkish Seismic Code

specifies to the PGAvertical / PGAHorizontal Fatio to be 0.8. In the study to eliminate near
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fault effects ground motions, ground motions selected such that they are at least ten
kilometers away from the epicenter. In other words, the ground motions selected for
this study have a PGAvertical / PGAHorizontal ratio less than 0.67. As a result, a ground
motion scaled by the Method1 will have a PGAvertical / PGAHorizontal atio less than
0.67. However, if the vertical component of ground motion is scaled by using
Method 2, the ground motion will have a PGAverica / PGAHorizontal ratio
approximately 0.8. Thus, the scale factor for the vertical components determined
using Method 2 will be larger than the scale factor determined using Method 1. This
explains the higher results in Method 2. In Figure 6.1, PGAvertical / PGAHorizontal ratio

for soil class C and earthquake design class 1 are shown.

0.67
0.57
0.47
0.37

0.27

PGA / PGV

0.17
0.07

0.03 D110 D131 D1167 D1266 D1314 D1848 D1850 D1 D1 D1 D1

1158 1602 1748 4125
Ground Motion Record ID

Figure 6.1. PGAvertical / PGAHorizontal ratios for Soil Class D and EDC 1

It needs to be noted that the difference between the results obtained from Method 1
and Method 2 decreases as the earthquake design class increases. This is anticipated
because as the earthquake design class increases, seismic load decreases and loses

its importance compared to the other loads.

The results obtained from Method 2 have less normalized standard deviation than
the results obtained from Method 1. This is expected because in Method 2, vertical

components of all ground motions in a set are scaled to a target level. However, in
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Method 1 the levels of vertical components are modified depending on horizontal
components and no adjustment made for vertical components. Thus, it is expected

that the results obtained from Method 1 are more scattered.

It needs to be noted that magnitude of scaling factors did not cause any difference
compared to ground motions with smaller scale factors. However, as the ratio of
scale factors of vertical components and horizontal components increases, the

difference between the two scaling methods increases.

6.6 Minimum Axial Force

This structural indicator is used to represent the total maximum tensile or minimum
compressive force occurring at the base floor level. Minimum axial load results

obtained from the analyses are shown in Table 6.8.

Table 6.8. Minimum Axial Load Results

Normalized
) Earthquake ]
Soil ) Min Average Standard
Design .
Class Deviation
Class
M1 M2 M1 M2 M1 M2
C 1 -1.20 | -1.39 | -0.73 -0.97 0.77 7.26
C 2 -0.93 | -1.08 | -0.49 -0.69 0.63 1.33
C 3 -0.78 | -0.79 | -0.44 -0.44 0.27 0.27
C 4 -0.31 | -0.33 | -0.22 -0.24 0.08 0.08
D 1 -2.08 | -2.07 | -0.64 -1.09 1.56 -3.98
D 2 -1.62 | -1.34 | -0.50 -0.59 0.88 0.68
D 3 -141 | -096 | -0.46 -0.46 0.73 0.34
D 4 -0.35 | -0.36 | -0.27 -0.28 0.26 0.18
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The results show that decrease in the axial load level higher in Method 2. The reasons
explained in the maximum axial load part are still applicable for the minimum load

level.

The normalized standard deviation results show dispersion. The reason for this
situation is that since some results are in tension and some results in compression,

they cancel each other in calculation of the mean value.

6.7  Tip Displacement of Consoles

The maximum console displacement results obtained from the analyses are presented

in a simplified manner in Table 6.9.

Table 6.9. Results for Tip Displacement of Consoles

Normalized
) Earthquake
Soil ) Max Average Standard
Design _
Class Deviation
Class
M1 M2 M1 M2 M1 M2
C 1 2.85 3.22 1.60 1.86 0.20 0.15
C 2 2.00 2.02 1.61 1.71 0.38 0.21
C 3 2.57 2.27 1.55 1.54 0.27 0.27
C 4 2.48 2.52 1.50 1.53 0.25 0.23
D 1 1.68 2.71 1.20 1.79 0.48 0.28
D 2 2.05 2.07 1.25 1.44 0.68 0.48
D 3 2.00 1.67 1.19 1.22 0.73 0.70
D 4 1.60 1.57 1.09 1.12 0.72 0.67

The results show that in both of the buildings, average console displacement
responses obtained from Method 2 are greater than the Method 1 responses as it was
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observed in axial forces. Thus, it can be generalized that any parameter affected by
the vertical component of ground motions in this study gave more critical results
when Method 2 is used. However, it should be noted that if the selected ground

motion records were in near fault region, different results could be obtained.

The normalized standard deviation in both of the buildings is also smaller when the
ground motions are scaled with the Method 2. In another words, Method 2 indicates
less scatter.
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CHAPTER 7

SUMMARY AND CONCLUSION

7.1 Summary

This study aimed to examine the two commonly used approaches to scale vertical
components of ground motion records. In the first approach, vertical components of
the records are scaled with the same scale factor determined for horizontal
components of that record. In the second approach, vertical components are scaled
with a scale factor that is different from the horizontal scale factor and determined
according to the vertical response spectrum.

For case studies, two buildings with asymmetrical plan are selected. The first
building has nine stories and it is located on local soil class C. The second building
has four stories and it is located on soil class D. Next two different consoles are
added to each building to study potential effects of the vertical component of ground

motions.

For each soil class, four target spectra are selected from the Marmara region of
Turkey.The These four spectra are selected such that each one of them corresponds

to a different earthquake design class specified in Turkish Seismic Code (2018).

For each soil class, candidate ground motions are selected from PEER NGAWest2
ground motion database (https://ngawest2.berkeley.edu/). The ground motions are
selected such that their fault mechanism is strike slip, their moment magnitude is at
least equal to 5.0 and R distances are in between 10 km and 30 km. Afterwards, by
using the target spectra, ground motions for each target spectrum are selected. The

selected ground motions are scaled with the two mentioned scaling methods.
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Models describing the nonlinear behavior of the buildings are created by using the
lumped plasticity approach. After that for each building three different sets of
analyses are conducted. In the first set, records whose vertical components scaled
with the same scaling factors are used. In the second set, records with different
scaling factors are used. In the third set, vertical components of the records are

excluded to see whether they have an effect on the results or not.

Finally, the results obtained from these three sets are compared by using the seven

specified indicators.

7.2 Conclusions

The numerical results obtained in this study led to the following conclusions;

e The base shear developing during an earthquake is generally independent of
the vertical components of the ground motions for regular buildings. In both
of the building and both of the scaling methods, the variation in base shear

values is negligible so the effect of vertical ground motion is insignificant.

e Similar to the base shear values, overturning moments are found to not
deviate due to presence of vertical ground motion effects. However, it needs
to be noted that the change in the axial load level changes the moment

capacity of the columns.

e Theresults also show that the roof displacements and the maximum drift ratio
are also independent of the vertical components of the ground motion

records.
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The axial load levels and console displacements are found to be dependent
on the vertical components of ground motions. In both of the buildings, the
results obtained from Method 2 gave more critical results than Method 1. The
maximum compressive and maximum tensile forces resulting from ground
motions are higher in Method 2. The reason for this observation is partially
due to the large amplification in the vertical component of ground motion

resulting from independent scaling of components to corresponding spectra.

The axial loads level and console displacements showed more scatter in
Method 1. This is mostly because the independent scaling of the vertical
spectrum in Method 2 causes a large variation in scale factors and thus the

response due to the vertical ground motion effects.

The amplitude of scaling factors did not affect the findings presented here.
However, the ratio of vertical scale factor to horizontal scale factor increased

the difference between results from the two methods.

The results showed that as amplitude level of the target spectrum decreases,
the difference between the results obtained from the two-scaling method
decreases. Because influence of seismic load becomes insignificant compare

to other loads acting on the structure.

The findings showed that for any designer who wants to be conservative
Method 2 is better option. However, it needs to be kept in mind that the
scaling horizontal and vertical component with a different scale factor is not

realistic as it changes the physical properties of the ground motions.
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7.3 Recommendations for Future Studies

This study constitutes an initial attempt to study the differences of scaling approaches
for the vertical ground motion components. In the future, the following further

studies could be performed:

e In this study, the fault mechanism is specified to be strike slip, in the
following studies different types of fault mechanism can be investigated.

e Only the local soil classes C and D are used in this study; the other soil classes
can also be used to see the effect of different soil conditions on the scaling of
the vertical components.

e The high-rise buildings on softer soil conditions and low-rise buildings on
stiff soil and rock conditions can be studied to assess more critical cases.

e Buildings with further irregularities can be studied in future attempts to
investigate vertical ground motion effects

e In the future studies, behavior of bridges can also be investigated since they
have longer spans and they are more susceptible to vertical components of
ground motions.

¢ In this study, global indicators are mostly used to assess the initial results. in
the future studies, the changes in the element level responses can also be

investigated.
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APPENDICES

A. SELECTED GROUND MOTIONS

In Appendix A response spectrum and acceleration graphs of the selected ground

motions are presented.
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Figure Al. Scaled Horizontal Response Spectra of Parkfield(C1-33) Earthquake
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Figure A2. Scaled Vertical Response Spectra of Parkfield(C1-33) Earthquake
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Figure A17. Scaled Acceleration Time Histories of Mammoth Lakes-03(C1-237)
Earthquake

95



30 40 50

Accele'._r‘ation(g)
o

-0.8
Time (sec)

Figure A18. Scaled Vertical Response Spectra of Mammoth Lakes-03(C1-237X)

Earthquake
0.6
. 0.4
oo
=
S
©
Q
°
<a(‘ilo 30 40 50

Time (sec)

Figure A19. Scaled Vertical Response Spectra of Mammoth Lakes-03(C1-237Y)

Earthquake

1
=
=4
9
® it
(]
<10 20 30 40 50
o
<

-1

Time (sec)
— M2 — M1
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Figure A25. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C1-2382)
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Figure A27. Scaled Vertical Response Spectra of Westmorland (C1-318)
Earthquake
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Figure A30. Scaled Acceleration Time Histories of Westmorland (C1-3182)
Earthquake
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Figure A32. Scaled Vertical Response Spectra of Morgan Hill (C1-454)
Earthquake
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Figure A36. Scaled Horizontal Response Spectra of Chalfant Valley-01(C1-543)
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Figure A37. Scaled Vertical Response Spectra of Chalfant Valley-01(C1-543)
Earthquake
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Figure A40. Scaled Acceleration Time Histories of Chalfant Valley-01(C1-5432)
Earthquake

104



Spectral Acceleration(g)
w

0 0.5 1 1.5 2 2.5 3 3.5
Period (s)

H1 H2 SRSS SPEK
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Figure A42. Scaled Vertical Response Spectra of Chalfant Valley-02 (C1-552)
Earthquake
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Figure A45. Scaled Acceleration Time Histories of Chalfant Valley-02 (C1-5527)
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Figure A46. Scaled Horizontal Response Spectra of Kocaeli (C1-1148) Earthquake
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Figure A47. Scaled Vertical Response Spectra of Kocaeli (C1-1148) Earthquake
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Figure A52. Scaled Vertical Response Spectra of Big Bear-01 (C1-6057)
Earthquake
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Figure A56. Scaled Horizontal Response Spectra of Parkfield (C2 -33) Earthquake
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Figure A57. Scaled Vertical Response Spectra of Parkfield (C2 -33) Earthquake
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Figure A59. Scaled Acceleration Time Histories of Parkfield (C2 -33Y) Earthquake
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Figure A60. Scaled Acceleration Time Histories of Parkfield (C2 -33Z) Earthquake
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Figure A61. Scaled Horizontal Response Spectra of Imperial Valley-06 (C2-164)
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Figure A62. Scaled Vertical Response Spectra of Imperial Valley-06 (C2-164)
Earthquake
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Figure A66. Scaled Horizontal Response Spectra of Mammoth Lakes-03 (C2-237)
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Figure A67. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C2-237)
Earthquake
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Figure A70. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C2-2372)
Earthquake
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Figure A72. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C2-238)
Earthquake
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Figure A75. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C2-2382)
Earthquake
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Figure A77. Scaled Vertical Response Spectra of Westmorland (C2-318)
Earthquake
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Figure A80. Scaled Acceleration Time Histories of Westmorland (C2-3182)
Earthquake
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Figure A81. Scaled Horizontal Response Spectra of Morgan Hill (C2-454)
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Figure A82. Scaled Vertical Response Spectra of Morgan Hill (C2-454)
Earthquake
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Figure A85. Scaled Acceleration Time Histories of Morgan Hill (C2-454Z7)
Earthquake
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Figure A86. Scaled Horizontal Response Spectra of Chalfant Valley-01 (C2-543)
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Figure A87. Scaled Vertical Response Spectra of Chalfant Valley-01 (C2-543)
Earthquake
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Figure A90. Scaled Acceleration Time Histories of Chalfant Valley-01 (C2-5432)
Earthquake
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Figure A92. Scaled Vertical Response Spectra of Chalfant Valley-02 (C2-552)
Earthquake
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Figure A96. Scaled Horizontal Response Spectra of Kocaeli (C2-1148) Earthquake
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Figure A97. Scaled Vertical Response Spectra of Kocaeli (C2-1148) Earthquake
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Figure A98. Scaled Acceleration Time Histories of Kocaeli (C2-1148X)
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Figure A99. Scaled Acceleration Time Histories of Kocaeli (C2-1148Y)

Earthquake

0.4
o0
= 0.2
S
© 0
o5 0 30
3 -0.2
<

-0.4

Time (sec)
—_—M2 —M1

Figure A100. Scaled Acceleration Time Histories of Kocaeli (C2-1148Y)
Earthquake

128

35

35

35



w
"

@ 3
c
© 25
=)
o
QL 2
[0}
o
< 1.5
©
s 1
<3
S 05
0 _
0 0.5 1 1.5 2 2.5 3 3.5
Period (s)
H1 H2 SRSS SPEK

Figure A101. Scaled Horizontal Response Spectra of Duzce (C2-1614) Earthquake
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Figure A102. Scaled Vertical Response Spectra of Duzce (C2-1614) Earthquake
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Figure A103. Scaled Acceleration Time Histories of Duzce (C2-1614X)
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Figure A104. C2 1614Y Scaled Acceleration Time Histories of Duzce (C2-1614Y)
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Figure A105. Scaled Acceleration Time Histories of Duzce (C2-16142)
Earthquake
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Figure A106. Scaled Horizontal Response Spectra of Big Bear-01 (C2-6057)
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Figure A107. Scaled Vertical Response Spectra of Big Bear-01 (C2-6057)
Earthquake
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Figure A109. Scaled Acceleration Time Histories of Big Bear-01 (C2 6057Y)
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Figure A110. Scaled Acceleration Time Histories of Big Bear-01 (C2 60572Z)
Earthquake
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Figure A111. Scaled Horizontal Response Spectra of Parkfield (C3-33) Earthquake
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Figure A112. Scaled Vertical Response Spectra of Parkfield (C3-33) Earthquake
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Figure A115. Scaled Acceleration Time Histories of Parkfield (C3-332)
Earthquake
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Figure A116. Scaled Horizontal Response Spectra of Imperial Valley-06 (C3-164)
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Figure A117. Scaled Vertical Response Spectra of Imperial Valley-06 (C3-164)
Earthquake
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Figure A118. Scaled Acceleration Time Histories of Imperial Valley-06 (C3-164X)
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Figure A119. Scaled Acceleration Time Histories of Imperial Valley-06 (C3-164Y)

Earthquake
0.4
™
= 0.2
S
S
© 0
$10 0 50 60 70 80
S -0.2
<
0.4
Time (sec)
—_—M1 ——M2

Figure A120. Scaled Acceleration Time Histories of Imperial Valley-06 (C3-1642Z)
Earthquake
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Figure A121. Scaled Horizontal Response Spectra of Livermore-01(C3-210)
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Figure A122. Scaled Vertical Response Spectra of Livermore-01(C3-210)
Earthquake
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Figure A123. Scaled Acceleration Time Histories of Livermore-01(C3-210X)
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Figure A125. Scaled Acceleration Time Histories of Livermore-01(C3-2102)
Earthquake
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Figure A126. Scaled Horizontal Response Spectra of Mammoth Lakes-03 (C3-237)
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Figure A127. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C3-237)
Earthquake
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Figure A129. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C3-
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Figure A130. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C3-

237Z) Earthquake
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Figure A131. Scaled Horizontal Response Spectra of Mammoth Lakes-03 (C3-238)
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Figure A132. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C3-238)
Earthquake
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Figure A134. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C3-
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Figure A135. Scaled Acceleration Time Histories of Mammoth Lakes-03 (C3-

238Z) Earthquake
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Figure A136.Scaled Horizontal Response Spectra of Westmorland (C3-318)
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Figure A137. Scaled Vertical Response Spectra of Westmorland (C3-318)
Earthquake
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Figure A140. Scaled Acceleration Time Histories of Westmorland (C3-3182)
Earthquake
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Figure A142. Scaled Vertical Response Spectra of Chalfant Valley-02 (C3-552)
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Figure A143. Scaled Acceleration Time Histories of Chalfant Valley-02 (C3-552X)
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Figure A145. Scaled Acceleration Time Histories of Chalfant Valley-02 (C3-5522)
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Figure A146. Scaled Horizontal Response Spectra of Kocaeli (C3-1148)
Earthquake
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Figure A147. Scaled Vertical Response Spectra of Kocaeli (C3-1148) Earthquake
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Figure A148. Scaled Acceleration Time Histories of Kocaeli (C3-1148X)
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Figure A150. Scaled Acceleration Time Histories of Kocaeli (C3-11482)
Earthquake

148



=
EN

o 1.2
5
e
2 0.8
(]
o
< 0.6
Te 0.4
tJ' .
g WO
202 \'\;_C\_,,\\

0

0 0.5 1 1.5 2 2.5 3 3.5
Period (s)
H1 H2 SRSS SPEK

Figure A151. Scaled Horizontal Response Spectra of Manjil (C3-1633) Earthquake
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Figure A152. Scaled Vertical Response Spectra of Manjil (C3-1633) Earthquake
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Figure A153. Scaled Acceleration Time Histories of Manjil (C3-1633X)
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Figure A154. Scaled Acceleration Time Histories of Manjil (C3-1633Y)
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Figure A155. Scaled Acceleration Time Histories of Manjil (C3-16332)
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Figure A156. Scaled Horizontal Response Spectra of Big Bear-01 (C3-6057)
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Figure A157. Scaled Vertical Response Spectra of Big Bear-01 (C3-6057)
Earthquake
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Earthquake
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Figure A161. Scaled Horizontal Response Spectra of Big Bear-01 (C3-6059)
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Figure A162. Scaled Vertical Response Spectra of Big Bear-01 (C3-6059)
Earthquake
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Figure A164. Scaled Acceleration Time Histories of Big Bear-01 (C3-6059Y)
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Figure A166. Scaled Horizontal Response Spectra of Parkfield (C4-33) Earthquake
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Figure A167. Scaled Vertical Response Spectra of Parkfield (C4-33) Earthquake
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Figure A171. Scaled Horizontal Response Spectra of Imperial Valley-06 (C4-164)
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Figure A172. Scaled Vertical Response Spectra of Imperial Valley-06 (C4-164)
Earthquake
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Figure A175. Scaled Acceleration Time Histories of Imperial Valley-06 (C4-164Z)
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Figure A176.Scaled Horizontal Response Spectra of Mammoth Lakes-03 (C4-237)
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Figure A177. Scaled Vertical Response Spectra of Mammoth Lakes-03 (C4-237)
Earthquake
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Figure A180.Scaled Acceleration Time Histories of Mammoth Lakes-03(C4-237Z)
Earthquake
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Figure A182.Scaled Vertical Response Spectra of Mammoth Lakes-03 (C4-238)
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Figure A187. Scaled Vertical Response Spectra of Westmorland (C4-318)
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Figure A197. Scaled Vertical Response Spectra of Chalfant Valley-02 (C4-552)
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Figure A201. Scaled Horizontal Response Spectra of Kocaeli (C4-1148)
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Figure A202. Scaled Vertical Response Spectra of Kocaeli (C4-1148) Earthquake
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Figure A206. Scaled Horizontal Response Spectra of Manjil (C4-1633) Earthquake
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Figure A207. Scaled Vertical Response Spectra of Manjil (C4-1633) Earthquake
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Figure A210. Scaled Acceleration Time Histories of Manjil(C4-1633Z) Earthquake
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Figure A212. Scaled Vertical Response Spectra of Parkfield-02( C4-4137)
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Figure A215. Scaled Acceleration Time Histories of Parkfield-02( C4-41372)
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Figure A216.Scaled Horizontal Response Spectra of Big Bear-01 (C4-6057)
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Figure A217. Scaled Vertical Response Spectra of Big Bear-01 (C4-6057)
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Figure A222. Scaled Vertical Response Spectra of Imperial Valley-03 (D1-10)
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Figure A225. Scaled Acceleration Time Histories of Imperial Valley-03 (D1-10Z)
Earthquake
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Figure A226. Scaled Horizontal Response Spectra of Parkfield (D1-31) Earthquake
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Figure A227.Scaled Vertical Response Spectra of Parkfield (D1-31) Earthquake
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Figure A231. Scaled Horizontal Response Spectra of Imperial Valley-06 (D1-167)
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Figure A232. Scaled Vertical Response Spectra of Imperial Valley-06 (D1-167)
Earthquake
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Figure A235. Scaled Acceleration Time Histories of Imperial Valley-06 (D1-1672)
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Figure A236. Scaled Horizontal Response Spectra of Victoria (D1-266) Earthquake
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Figure A237.Scaled Vertical Response Spectra of Victoria (D1-266) Earthquake
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Figure A240. Scaled Acceleration Time Histories of Victoria (D1-2662)
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Figure A242.Scaled Vertical Response Spectra of Westmorland (D1-314)
Earthquake
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Figure A244.Scaled Acceleration Time Histories of Westmorland (D1-314Y)
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Figure A245. Scaled Acceleration Time Histories of Westmorland (D1-314Z)
Earthquake
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Figure A246. Scaled Horizontal Response Spectra of Landers (D1-848) Earthquake
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Figure A247. Scaled Vertical Response Spectra of Landers (D1-848) Earthquake
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Figure A251.Scaled Horizontal Response Spectra of Landers (D1-850) Earthquake
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Figure A252.Scaled Vertical Response Spectra of Landers (D1-850) Earthquake

189



0.6

iy
o

Acceleration(g)

Time (sec)

Figure A253. Scaled Acceleration Time Histories of Landers (D1-850X)
Earthquake

50

Accele@tion(g)
o

-0.4

-0.6

Time (sec)

Figure A254. Scaled Acceleration Time Histories of Landers (D1-850Y)

Earthquake
1
o0
=4
S
©
210 40 50
S
<
-3
Time (sec)
—_—M2 ——M1

Figure A255. Scaled Acceleration Time Histories of Landers (D1-850Z)
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Figure A257. Scaled Vertical Response Spectra of Kocaeli (D1-1158) Earthquake
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Figure A261.Scaled Horizontal Response Spectra of Duzce (D1-1602) Earthquake
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Figure A262. Scaled Vertical Response Spectra of Duzce (D1-1602) Earthquake
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Figure A270. Scaled Acceleration Time Histories of Northwest China-01 (D1-
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Figure A272. Scaled Vertical Response Spectra of Parkfield-02 (D1-4125)
Earthquake
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Figure A277. Scaled Vertical Response Spectra of Parkfield (D2-31) Earthquake
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Figure A282. Scaled Vertical Response Spectra of Imperial Valley-06 (D2-167)
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Figure A285. Scaled Acceleration Time Histories of Imperial Valley-06 (D2-167Z)
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Figure A287. Scaled Vertical Response Spectra of Victoria (D2-266) Earthquake
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Figure A292. Scaled Vertical Response Spectra of Morgan Hill (D2-458)
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Figure A297. Scaled Vertical Response Spectra of Landers (D2-848) Earthquake
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Figure A302.Scaled Vertical Response Spectra of Landers (D2-850) Earthquake
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Figure A306.Scaled Horizontal Response Spectra of Landers (D2-900) Earthquake

1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

Spectral Acceleration(g)

0 0.5 1 1.5 2 2.5 3 3.5
Period (s)

M1 M2 SPEK

Figure A307. Scaled Vertical Response Spectra of Landers (D2-900) Earthquake
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Figure A312. Scaled Vertical Response Spectra of Kocaeli (D2-1158) Earthquake
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Figure A315. Scaled Acceleration Time Histories of Kocaeli (D2-11582)

Earthquake

214

35

35

35



o =
[ = [N}

Spectral Acceleration(g)

0 0.5 1 1.5 2 2.5 3 3.5
Period (s)

H1 H2 SRSS SPEK

Figure A316.Scaled Horizontal Response Spectra of Duzce (D2-1602) Earthquake
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Figure A317. Scaled Vertical Response Spectra of Duzce (D2-1602) Earthquake
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Figure A320. Scaled Acceleration Time Histories of Duzce (D2-1602Z2)
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Figure A322. Scaled Vertical Response Spectra of Northwest China-01 (D2-1748)
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Figure A325. Scaled Acceleration Time Histories of Northwest China-01 (D2-
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Figure A327. Scaled Vertical Response Spectra of Parkfield-02 (D2-4125)
Earthquake
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Figure A328. Scaled Acceleration Time Histories of Parkfield-02 (D2-4125X)
Earthquake

25

[62]

Acceleration(g)

Time (sec)

Figure A329. Scaled Acceleration Time Histories of Parkfield-02 (D2-4125Y)

Earthquake

1
g
= 0.5
e
® 0
o5 0 0 15 20
3 -0.5
<

-1

Time (sec)
—M1 ——M2

Figure A330. Scaled Acceleration Time Histories of Parkfield-02 (D2-4125Z)
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Figure A331. Scaled Horizontal Response Spectra of Parkfield (D3-31) Earthquake
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Figure A332.Scaled Vertical Response Spectra of Parkfield (D3-31) Earthquake
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Figure A335. Scaled Acceleration Time Histories of Parkfield (D3-312)
Earthquake
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Figure A336. Scaled Horizontal Response Spectra of Imperial Valley-06 (D3-164)
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Figure A337. Scaled Vertical Response Spectra of Imperial Valley-06 (D3-164)
Earthquake
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Figure A340. Scaled Acceleration Time Histories of Imperial Valley-06 (D3-1642)
Earthquake
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Figure A341. Scaled Horizontal Response Spectra of Victoria (D3-266) Earthquake
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Figure A342. Scaled Vertical Response Spectra of Victoria (D3-266) Earthquake
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Earthquake
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Figure A347. Scaled Horizontal Response Spectra of Morgan Hill (D3-458)
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Figure A351. Scaled Horizontal Response Spectra of Landers (D3-848) Earthquake
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Figure A352. Scaled Vertical Response Spectra of Landers (D3-848) Earthquake
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Figure A357. Scaled Vertical Response Spectra of Landers (D3-850) Earthquake
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Figure A361. Scaled Horizontal Response Spectra of Landers (D3-900) Earthquake
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Figure A362. Scaled Vertical Response Spectra of Landers (D3-900) Earthquake
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Figure A367. Scaled Vertical Response Spectra of Kocaeli (D3-1158) Earthquake
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Figure A371. Scaled Horizontal Response Spectra of Duzce (D3-1602) Earthquake
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Figure A372. Scaled Vertical Response Spectra of Duzce (D3-1602) Earthquake
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Figure A375.Scaled Acceleration Time Histories of Duzce (D3-1602Z) Earthquake
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Figure A377. Scaled Vertical Response Spectra of Northwest China-01(D3-1748)
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Figure A382. Scaled Vertical Response Spectra of Parkfield-02 (D3-4125)
Earthquake
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Figure A387. Scaled Vertical Response Spectra of Parkfield (D4-31) Earthquake
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Figure A392. Scaled Vertical Response Spectra of Imperial Valley-06 (D4-167)
Earthquake
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Figure A396. Scaled Horizontal Response Spectra of Victoria (D4-266) Earthquake
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Figure A397. Scaled Vertical Response Spectra of Victoria (D4-266) Earthquake
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Figure A400. Scaled Acceleration Time Histories of Victoria (D4-266X)
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Earthquake

250



o =
[ [N}

Spectral Acceleration(g)
o
[e)]

0.4
/ -

02 [ \V \/*\

\‘\\
0 e — ——
0 0.5 1 1.5 2 2.5 3 3.5
Period (s)
H1 H2 SRSS SPEK

Figure A406. Scaled Horizontal Response Spectra of Landers (D4-848) Earthquake
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Figure A407. Scaled Vertical Response Spectra of Landers (D4-848) Earthquake
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Figure A410. Scaled Acceleration Time Histories of Landers (D4-848) Earthquake
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Figure A411. Scaled Horizontal Response Spectra of Landers (D4-850) Earthquake
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Figure A412. Scaled Vertical Response Spectra of Landers (D4-850) Earthquake
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Figure A416. Scaled Horizontal Response Spectra of Landers (D4-900) Earthquake
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Figure A417. Scaled Vertical Response Spectra of Landers (D4-900) Earthquake
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Figure A421. Scaled Horizontal Response Spectra of Kocaeli (D4-1158)
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Figure A422. Scaled Vertical Response Spectra of Kocaeli (D4-1158) Earthquake
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Figure A426. Scaled Horizontal Response Spectra of Duzce (D4-1602) Earthquake
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Figure A427. Scaled Vertical Response Spectra of Duzce (D4-1602) Earthquake
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Figure A431. Scaled Horizontal Response Spectra of Northwest China-01 (D4-
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Figure A432. Scaled Vertical Response Spectra of Northwest China-01 (D4-1748)
Earthquake
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Figure A435. Scaled Acceleration Time Histories of Northwest China-01 (D4-
1748Z7) Earthquake
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Figure A437. Scaled Vertical Response Spectra of Parkfield-02 (D4-4125)
Earthquake
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Figure A438. Scaled Acceleration Time Histories of Parkfield-02 (D4-4125X)
Earthquake
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Figure A5. Scaled Acceleration Time Histories of Parkfield-02 (D4-4125Y)
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Figure A440. Scaled Acceleration Time Histories of Parkfield-02 (D4-4125Z)
Earthquake
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