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Executive Summary

Earthquakes in the Mediterranean Region are the main natural disasters for the people and urban
systems in the area. After the 1978 Volvi and the 1999 Kocaeli catastrophic seismic events near
Thessaloniki and Istanbul respectively, civil protection authorities and researchers have focused on
the reduction of potential impact on urban societies, given that it is impossible to predict accurately
when the next earthquake will occur. As a result, different methodologies and tools have been
developed in terms of earthquake rapid response system to estimate ground motion parameters,
building damages, human and social losses.

One of the newly developed software is E.L.E.R (Earthquake Loss Estimation Routine). ELER is
as a powerful tool, which can essentially calculate at near real-time consequences (building
damage, consequential human casualties), resulting from the ground motion generated by a specific
earthquake, or obtained from a hazard study. The ultimate goal is the rapid estimation of losses for
effective emergency response and public information after potential damaging earthquakes.

Two case studies are considered in this thesis. In the first one, the 1999 Kocaeli earthquake is
studied. Then, using building and population data from Zeytinburnu district in Istanbul, as well as
appropriate fragility and capacity curves, building damages and casualties are calculated and
compared with the observed damages from the actual event. Similar to that, losses are also
calculated from a deterministic scenario using data from the Main Marmara Fault.

In the second case study, the city of Thessaloniki is investigated for two scenarios; the first one
referring to the 1978 Volvi earthquake and the second one based on a potential seismic event
caused by Anthemountas Fault. The scenarios are studied in ELER in order to examine the
vulnerability of the building stock in Thessaloniki. Both analysis results and observed damages are
compared in order to examine the reliability of the ELER software.
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Hepiinyn

Ot celopol oty mepLoy YOPw amd T MecdyEl0 amoTELODY TNV KLPLOTEPT PVGIKN KOTAGTPOPT Yo
ToVg avOpdmovg ko To dounuévo mepaiiov. ‘Emetta amd Tou¢ KOTaoTPOQIKoNS GEIGHONE TG
BoABNg to 1978 kar tov Kotlaéi 1o 1999, kovtd ot Oescorovikn ko v Kovotavtivodmoin
avTIGTO O, 1 TOMTIKT TPOCTAGIO KOl Ol EMGTNUOVESG £OVV TALOV eMKeEVIPMOEL 6T peiwon Tov
TOOVOD OVTIKTUTTOV G€ aOTIKEG TTEPLOYES, Oedopévov OTL glvar advvato va TtpoPrepdel axpimg
wote Oa cvuPel 10 EMOUEVO GEICUIKO YEYOVOC. ATOTEAEGUO QLTOV, O1Gpopeg peBodoroyieg Kot
gpyodreia Exovv avamtuybel ota TAAIcIO TOV UNYXAVIGHOD TNG GUECTG GEIGIKNG OTOKPIGNC Y10 TOV
VROAOYIOUO TOV TOPUUETPOV TNG €0aQWKNG kiviong tov uov-PAafov e KTtpo. Kot
avOpOTIVOV KOl KOWVOVIKOV GITOAELDV.

‘Eva omd to epyoieio-Aoyiopikd yio tov mopandve vmoAoywopd eivor to E.L.E.R. To ELER
amoteAel Eéva duvatd epydieio, TO 0moOl0 OLOIOGTIKG LUTOPEL VO VTOAOYIGEL GE GYEOOV TPUYLOTIKO
xPOVO KTNPLoKEG CNIIES Kot avOpOTIVEG OTMAELES, YPNOILOTOIOVTAG TNV E0QIKY| Kivnomn, 1 oroia
TPOKVTTEL OO £VOV OPIGUEVO GEIGUO 1 OO PEAETN GEIGIKNG EMIKIVOLVOTNTOC. Baowdg otdyog
glval n dpeon eKTipnomn aTOAEIDY Yo TNV £YKOpN AvTiOpacT-KIVNTOTOINGT Kol TNV TANPOQOpon
TOV KATOIK®OV U0 TEPIOYNG LETA amd Evo TBOVO KATAGTPOPIKO GEICLLO.

Avo mepmtooelg egtalovion ot cvykekpévn dmlopatiky. H tpot avapépetar 610 oelioud
tov 1999 pe emikevipo 10 Kotlaéil 'Eyovtag dedopévo yio to KTNplo. Kot TN ONUOYPUPIKT|
Katovoun ot mepoyn Zeitivumovpvov g Kovetavtivoumoing, Onmg emiong Kot KOTOAANAEG
KOUTOAEG TPOTOTNTOS KOl avTioToong, vwoloyilovtal ot {nuég 6To KNP KOl OTOAEES GTOV
aoTikd TANOLoUd Kol cuykpivovtol pe T mapatnpndeiceg (NUEg and T0 TPOYUATIKO GEGUIKO
veyovoc. Hapopoing, anmieiec vmoroyilovior AapPavoviag voyn Kot Vo aLTIOKPATIKO GEVAPIO,
YPTOLOTOIDVTOS OToLElD, amd T0 KVplo pryna ot OdAacca tov Mapuapd mov ywpobeteital
mAnciov g Kovotavivodmoing.

H odebtepn mepintowon eotdlel ot Oeccorovikn, omov diepguvaviol dvo cevdpla. To mpdTo
Bacileton oto oeiopd tov 1978 pe emixevipo ™ BOAPN kon 1o devtepo og éva mBOvO GEIGUO
TPOEPYOUEVOG amd To pryHo Tov AvBepodvta. H pedét touvg yiveton oto mpdypopupo ELER pe
OKOTO vo, €£€TACTEL M TPOTOTNTO TOV KTNPOKOL amobépatoc tng Oescorovikng. BAafeg mov
TPOKVTTOVY MG OMOTEAESHA TNG oviAlvong Kot BAGPeg amd TIG TPAYUATIKEG KOTOYPOPES TOL ‘78
ouykpivovtal ylo vo eE€TaoTel 1 aS10T1oTio TOV AOYIoUIKOD.
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1. Introduction

Earthquakes represent a major natural hazard, resulting in social and economic losses due to
damage to buildings and businesses. Almost all countries in South-East Europe are located in high
seismically active regions where the continuous seismic activity is the major cause of natural
catastrophes.

For the people who live in areas affected by major earthquakes, risk management decisions need to
be made. Examples of such decisions include the level of the determination of seismic design
whether or not structural upgrading of buildings is needed, and how to cost insurance premiums.
These decisions need to be based on some prediction of future earthquake events. However,
existing technology and scientific knowledge do not enable the direct prediction of future events,
and use of historic event time series must be made instead.

The main question is how it is possible to reduce the impact of a large earthquake on urban
societies.

1.1 Istanbul Earthquake Rapid Response System

In Mediterranean region, Istanbul, as a megacity, faces a significant earthquake and risk as
illustrated by the recent event in 1999 in Kocaeli. The inevitability of the occurrence of a large
earthquake in Istanbul makes it imperative that certain preparedness and emergency procedures be
available in the event of and prior to an earthquake disaster, which in turn requires quantification of
the effects of the earthquake on the physical and social environments (Erdik et al., 2003).

To assist in the reduction of losses in a disastrous earthquake in Istanbul a dense strong motion
network has been established. A hundred of the strong motion recorders are stationed in dense
settlements in the Metropolitan area of Istanbul in dialup mode for Rapid Response information
generation (Figure 1.1).

Figure 1.1 Rapid Response Stations (Erdik et al., 2003)
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Ten of the strong motion stations are sited at locations as close as possible to the Great Marmara
Fault in on-line data transmission mode to enable Earthquake Early Warning (Figure 1.2).
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Figure 1.2 Early warning stations (Erdik et al., 2003)

The remaining 40 strong motion recorder units will be placed on critical engineering structures in
addition to the already instrumented structures in Istanbul
http://www.koeri.boun.edu.tr/depremmuh/stronmotion.htm). Altogether this network and its
functions are called Istanbul Earthquake Rapid Response and Early Warning System (IERREWS).
The system is designed and operated by Bogazici University with the logistical support of the
Governorate of Istanbul, First Army Headquarters and Istanbul Metropolitan Municipality.

When triggered by an earthquake, each station processes the streaming three-channel strong motion
data to yield the spectral accelerations at specific periods, 12 Hz filtered peak ground acceleration
and peak ground velocity and sends these parameters in the form of SMS messages at 20 s intervals
directly to the main data center through the GSM communication system. The main data processing
center is located at the Department of Earthquake Engineering, Kandilli Observatory and
Earthquake Research Institute of Bogazici University (KOERI-BU). A secondary center located at
the Seismological Laboratory of the same Institute serves as a redundant secondary center that can
function in case of failure in the main center. Shake, damage and casualty distribution maps are be
automatically generated at the data centers after the earthquake and communicated to the end users
within 5 minutes. Full-recorded waveforms at each station can be retrieved using GSM and GPRS
modems subsequent to an earthquake (Erdik et al., 2003).
The Rapid Response part of the IERREWS has the objective of providing (Erdik et al., 2003):

» Reliable information for accurate, effective characterization of the shaking and damage for

rapid response

» Recorded motion for post-earthquake performance analysis of structures
»  Empirical basis for long-term improvements in seismic microzonation, seismic provisions of

building codes and construction guidelines
» Seismological data to improve the understanding of earthquake generation at the source and
seismic wave propagation.
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To achieve that, a new methodology and software (E.L.E.R-Earthquake Loss Estimation
Routine) for the rapid estimation of earthquake shaking and losses in the Euro-Mediterranean
region has been developed under the JRA-3 component of the EU FP-6 NERIES Project. This tool is
utilized in the present thesis.

1.2 Short description of the E.L.E.R. Methodology and

Software

The methodology encompasses the following general steps:

i.  Estimation of the spatial distribution of selected ground motion parameters for a given
earthquake (with given magnitude and epicenter) through region specific Ground Motion
Prediction Equations (GMPEs) and using distribution of average shear wave velocity at
30m depth from surface (Vs30), to describe local site effects.

ii.  Incorporation of actual strong ground motion data for the improvement and bias correction
of the theoretical estimations.

iii.  Estimation of the building damages and human casualties at different levels in urban
environment.

iv.  Assessment of direct economic losses associated with building damages.

v.  Estimation of damages for urban pipeline systems

Figure 1.3 depicts the general steps of the procedure:

LEVEL 0 LEVEL 1 LEVEL 2
Intensity Map Intensity Map Ground Motion Map
HAZARD (Point Source/Extended (Point Source/Extended (Point Source/Extended
(Shake-map) Source based on Source based on Source based on
Seismotectonic Database + Seismotectanic Database + Seismotectonic Database +
& Observed GM values +vs30 Observed GM values +Vs30 Observed GM values +Vs30)
‘ : Building Inventory (types Building Inventory (types
INVENTORY C'g;ﬂf:;’(?:;;;mgz%an And storey numbers) + And storey numbers) +
P Population Distribution Population Distribution
BUILDING NIA EMS8 Intensity based Spectral Displacement
DAMAGE Building Vulnerability with based Building Vulnerability
Uncertainities. withUncertainities.
Regionally Adjusted
CASUALTY Fatality vs Magnitude Building Damage related Bullding Damage related
and/or EMSB Casualty Distribution Casualty Distribution
Relationships
Replacement costand Ioss Replacement cost and loss
ECONOMIC
NIA ratio related to damage ratlo related to damage
LOSS - states states
;'::Ik'g: [ Pipeline damage using PGV based on GMPES |

Figure 1.3 Flow chart for multi-level analysis methodology of ELER (ELER, 2010)
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The methodology of ELER aims at generating an estimation of the consequences (*'loss estimate™)
to a city under probabilistic earthquake hazard or exposure to a "scenario earthquake", that is, an
earthquake with a specified magnitude and location. Although the study is carried out for Istanbul,
if it is applied to other cities in Mediterranean region, the study will help guide the allocation of
national resources to stimulate risk mitigation efforts and to plan for national earthquake response.
For this reason, the case of Thessaloniki is also investigated.

The general steps for using the methodology for a scenario earthquake are the following:

1.
. Define an earthquake scenario with potential focal mechanism.

. Gather information for local soil conditions.

. Gather building and population data.

. Estimate ground motion parameters for specific locations in the city.
. Provide software with vulnerability data.

. Estimate damage of buildings to different levels and casualties.

~N O OB W

Select the city is about to be studied.

To achieve that, ELER software provides the following modules (ELER, 2010):

Hazard module: For a given earthquake magnitude and epicenter information, spatially
distributed intensity and ground motion parameters (i.e. PGA, PGV, S,, Sy) are estimated
through region specific ground motion prediction equations and gridded shear wave
velocity information (Vs30)

In Level 0 module, the casualty estimation is done utilizing regionally adjusted intensity-
casualty or magnitude-casualty correlations based on the Landscan population distribution
inventory.

Level 1 module calculates the number of damaged buildings and associated casualties. The
intensity based empirical vulnerability relationship is employed to find the number of
damaged buildings. The casualty estimation is done through the number of damaged
buildings.

Level 2 module calculates the number of damaged buildings and associated casualties. The
spectral acceleration-displacement-based vulnerability assessment methodology is utilized
for the building damage estimation. The casualty estimation is made through the number of
damaged buildings using HAZUS99 (FEMA, 1999) and HAZUS-MH (FEMA, 2003)
methodologies.

Apart from ELER software, ArcGIS was also used for the data manipulation (building stock,
population inventory, Vs30 map). Details are given in the following chapters.
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1.3 Main objectives of the thesis

The main objectives of this thesis are the following:

- Loss estimation of Istanbul and Thessaloniki building stock for different seismic scenarios
using ELER software.

- The examination of two seismic scenarios for Istanbul in order to improve the quality of
the Shake maps considering local soil conditions.

- Preparation of all necessary input data such as demographic/building inventory and soil
parameters in a grid format. Application of ELER routine in Thessaloniki case study for
two seismic scenarios.

- Use of different ground motion prediction equations for the estimation of the required
ground motion parameters.

- Validation of the results based on observations from past earthquakes.

In the case of Istanbul city, default seismic scenario (scenario A), as well as a new one are
(scenario B) are examined using existing Vs30 map, attenuation relations and building and
population inventory data, which are incorporated in ELER.

In the case of Thessaloniki city, two different seismic scenarios (scenarios C and D) are applied
based on regional tectonics. Damages are also calculated based on provided building and
population inventory and local soil conditions, which must be firstly prepared to the appropriate
format to be used within ELER.

1.4 Overview of the thesis

Besides the present introductory chapter, the thesis comprises 3 more chapters.

Chapter 2 provides an overview of ELER methodology and software package. The theoretical
background of the methodologies adopted in ELER is described in detail. The work in Chapter 2
reflects both the diversity of parameters (magnitude, focal mechanism, local soil conditions,
Ground Motion Prediction Equations) involved in Hazard Module and the spectral displacement-
based vulnerability assessment methodology for the building damage estimation. Together, they
provide a comprehensive overview of rapid loss estimation after potential damaging earthquakes.

Chapter 3 focuses on the application of the software in Istanbul. Two different scenarios are
applied; the ‘1999 Kocaeli Disastrous Earthquake’ and one possible worst case scenario associated
with the Main Marmara Fault. Ground motion distribution and building damage in Zeytinburnu
district are the outputs results based on these two scenarios.

Similarly to Chapter 3, Chapter 4 is referred to the case of Thessaloniki. The ‘1978 Thessaloniki
Earthquake’ located in Mygdonia basin and one of the most hazardous earthquake sources , the
Anthemountas Fault, are studied to estimate the ground motion parameters and the building
vulnerability.
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2. ELER Methodology and Software

2.1 Hazard Module

211 Introduction

The hazard module can be run independently or combined with the loss assessment modules. On
the other hand the required ground motion parameters for each level of loss assessment can be
calculated using the hazard module or provided externally. All parameters, options and modes of
the ground motion computation are specified though the graphical users interface of the Hazard
Module. As an example, a flowchart and a snapshot are given in Figure 2.1 and Figure 2.2.
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Figure 2.1 Flowchart of the Hazard Module GUI
(ELER, 2010)
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2.1.2 Terminology

In order to be able to use the Hazard Module, the user has to be familiar with the specific
terminology. The definition of some specific terms is given below:

Fault Movements: Faults are created when the stresses within geologic materials exceed the ability
of those materials to withstand the stresses. Most faults that exist today are the result of tectonic
activity that occurred in earlier geological times. These faults are usually non-seismogenic (i.e.
incapable of generating earthquakes, or inactive).

However, faults related to past tectonism may be reactivated by present-day tectonism in
seismically active areas and can also be activated by anthropogenic (man-made) activities such as
impoundment of a reservoir by a dam or injection of fluids (e.g. waste liquids) deep into the
subsurface.

The maximum size of an earthquake on an anthropogenically reactivated fault is a subject of some
controversy, but earthquakes as large as moment magnitude 6.5 have been attributed to reservoir
impoundment.

Not all faults along which relative movement is occurring are a source of earthquakes. Some faults
may be surfaces along which relative movement is occurring at a slow, relatively continuous rate,
with an insufficient stress drop to cause an earthquake. Such movement is called fault creep. Fault
creep may occur along a shallow fault, where the low overburden stress on the fault results in a
relatively low threshold stress for initiating displacement along the fault. Alternatively, a creeping
fault may be at depth in soft and/or ductile materials that deform plastically. Also, there may be a
lack of frictional resistance or asperities (non-uniformities) along the fault plane, allowing steady
creep and the associated release of the strain energy along the fault. Fault creep may also prevail
where phenomena such as magma intrusion or growing salt domes activate small shallow faults in
soft sediments. Faults generated by extraction of fluids (e.g., oil or water in southern California),
which causes ground settlement and thus activates faults near the surface may also result in fault
creep. Faults activated by other non-tectonic mechanisms, e.g. faults generated by gravity slides
that take place in thick, unconsolidated sediments, could also produce fault creep.

Type of Faults: Faults may be broadly classified according to their mode, or style of relative
movement. The principal modes of relative displacement are depicted in Figure 2.3 and are
described subsequently.
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Simple faults and why they form

Type of Simple Type of stress
Deformation Mode/ causing
aeformation
No
deformation
Normal - Tensional
Fault <= Stress
Reverse = <= Compressional
Fault Stress
Thrust = <= Compressional
Fault Stress
i
Strike-slip .~ [ & Shear
Fault Stress
LBR 9/4/2001;
rev 2/2002

Figure 2.3 Fault types (http://www.gly.uga.edu/railsback/1121SimpleFaults.jpeq)

Strike Slip Faults: Faults along which relative movement is essentially horizontal (i.e., the opposite
sides of the fault slide past each other laterally), are called strike slip faults. Strike slip faults are
often essentially linear (or planar) features.

Dip Slip Faults: Faults in which the deformation is perpendicular to the fault plane may occur due
to either normal (extensional) or reverse (compressional) motion. These faults are referred to as dip
slip faults. Reverse faults are also referred to as thrust faults. Dip slip faults may produce multiple
fractures within rather wide and irregular fault zones.

Other Special Cases: Faults that show both strike slip and dip slip displacement may be referred to
as oblique slip faults.

Earthguake Magnitude: M, is a measure of the energy released by an earthquake. A variety of
different earthquake magnitude scales exist. The differences among these scales are attributable to
the earthquake characteristic used to quantify the energy content. Characteristics used to quantify
earthquake energy content include the local intensity of ground motions, the body waves generated
by the earthquake, and the surface waves generated by the earthquake.

Due to limitations in the ability of some recording instruments to measure values above a certain
amplitude, some of these magnitude scales tend to reach an asymptotic upper limit. To correct this,
the moment magnitude, M,, scale was developed by seismologists (Hanks and Kanamori, 1979).
The moment magnitude of an earthquake is a measure of the kinetic
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energy released by the earthquake. M,, is proportional to the seismic moment, defined as a product
of the material rigidity, fault rupture area, and the average dislocation of the rupture surface.
Moment magnitude has been proposed as a unifying, consistent magnitude measure of earthquake
energy content. Figure 2.4(Heaton et al., 1986) provides a comparison of the various other
magnitude scales with the moment magnitude scale.

Hypocenter and Epicenter and Site-to-Source Distance: The hypocenter (focus) of an earthquake is
the point from which the seismic waves first emanate. Conceptually, it may be considered as the
point on a fault plane where the slip responsible for an earthquake was initiated. The epicenter is a
point on the ground surface directly above the hypocenter. Figure 2.5 shows the relationship
between the hypocenter, epicenter, fault plane, and rupture zone of an earthquake.

The horizontal distance between the site of interest to the epicenter is termed epicentral distance,
Re. The distance between the site and the hypocenter is termed hypocentral distance, Ry.
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Figure 2.4 Comparison of Earthquake Magnitude Scales (Heaton et al., 1986)
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Figure 2.5 Definition of Basic Fault Geometry Including Hypocenter and Epicenter

2.1.3 Input specification

Event data

To begin with, ELER software gives two options to enter the event data. The first one is to use an
XML file containing the information of the seismic event. Alternative way is to enter manually the
data from the graphical user interface (GUI). An example event XML file is given in Figure 2.6

[= evert_greece xml l

H<shakemap-data> -
cearthguake id="9583002 se"
lat="38.11"

lon="23.60"

mag="6"

yvear="1952"

month="3"

day="13"

9 :n;:=”DD”

10 minutce="00"

(¥R S R

[ P Y Y

m

11 second="00"

12 timezone="GMT"

13 depth="10"
locstring="Greece"
created="982348863" />

-« /shakemap-data>

f PR L Y Y

1
1

4 LI I

Figure 2.6 Example earthquake event in XML format
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Source type

The Source Type panel defines the source mechanism associated with the event. For small
magnitude events the source can be given as a point (point source mode), while for large magnitude
events the user can specify the source type as a finite fault (event specific mode).

Point Source mode:
In this mode a point source will be defined by the epicentral coordinates and the depth of the
event. The ground motion distribution will be calculated for this point source.

Event Specific Fault mode:

To define the source as a finite fault, the user should select a text file containing the coordinates of
the ruptured fault. Faults are defined by their vertices as a pair of latitude and longitude. Examples
of single and multi-segment fault files are given in Figure 2.7.

40.714594 29.380615
40.695632 30.671500

40.689311 30.727665
40.803988 31.028354

Figure 2.7 Multi-segment fault defined by four vertices

Site correction

The Site Correction panel determines how the effect of the local site conditions will be
incorporated into the calculations of ground motion parameters. There are four available options:

No Site Correction:

In this mode all ground motion estimations are calculated at the engineering bedrock. Site
condition is not taken into account, thus the site condition selection panel remains disabled. Since
site correction requires additional computing No Correction mode is considerably faster than the
other site correction modes.
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Borcherdt (1994):

In this method all ground motion parameters are calculated at the engineering bedrock. The
obtained grid based ground motion is then corrected with the site amplification factors (F, and F.)
given in Borcherdt (1994) according to the selected Vs30 map. Since this procedure involves
element-wise operations on large grids, it is considerably slower.

Eurocode 8:

This mode differs from Borcherdt (1994) in the calculation of the site amplification factors. In
Eurocode 8mode only the peak ground acceleration values are modified according to the site
condition. Thus in this mode ELER produces only the site corrected PGA distribution. The same
element-wise site correction procedure used in Borcherdt (1994) mode is utilized.

Calculation at Surface:

In this newly developed approach rather than calculating bedrock values and then amplifying these
with respect to site conditions, ELER uses ground motion prediction equations (Boore et al., 1997,
Campbell and Bozorgnia, 2008, Boore and Atkinson, 2008, Chiou and Youngs, 2008) taking Vs30
as an input parameter to calculate the ground motion values directly at the surface.

Site condition

In order to calculate the effect of the geologic conditions ELER needs the site condition map of the
region. Site condition is represented by one parameter: average shear wave velocity at 30m depth
(Vs30). The user has the following two options in choosing the site condition.

Default Site Condition Map:
ELER comes with a default site condition map covering the entire Euro-Mediterranean region. The
default site condition map has been compiled from the USGS Global Vs30 Map Server.

Custom Site Condition Map:

Custom site condition maps should be in form of Vs30 grids. In MATLAB grids are defined by a
matrix containing the values of each cell and a reference vector which is used to map each cell to
its corresponding geographical location. An example of a grid matrix, its reference vector and the
resulting map is given in Figure 2.8. The first element of the reference vector defines the number of
cells per degree while the second and third elements specify the latitude and longitude of the upper
left corner of the grid.
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Figure 2.8 Grid Matrix, Reference Vector and Vs30 Map in MATLAB

Ground Motion Prediction Equations (GMPE) and Instrumental Intensity Prediction
Equations (11PE)

Ground Motion Prediction Equations (GMPE) are considered a very important parameter for any
earthquake hazard analysis and are very significant on the resulting earthquake design loads
(Ambraseys and Bommer, 1995). Despite the fact that the number of strong-motion accelerographs
has been increasing, for some hazard and risk assessment purposes the intensity scales remain an
important measure of strength of ground shaking in earthquakes (Dowrick, 1992).

There are a large number of attenuation relationships available for both PGA and intensity, which
allows the selection of the most appropriate or the most convenient equation for each particular
situation. One of the main criteria for the selection and application of an attenuation law is that the
seismological and strong-motion input data have been completely reconsidered and published and
that they are typical of the seismotectonic environment of the area under consideration (Ambraseys
and Bommer, 1995).

In ELER, the final stage of the input specification is the selection of GMPE’s. Since different
prediction equations are derived from different event catalogues the user must select a suitable
equation taking into account the regional characteristics, magnitude and ground motion parameter
of interest. Three options are available:
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Ground Motion Estimation:

The selected GMPE’s used to estimate measurable ground motion parameters such as PGA and
spectral accelerations. Each prediction equation has its unique set of input parameters resulting
from the regression analysis. The common parameters such as event magnitude distance to source
and site condition are set automatically. The remaining parameters such as fault type, hanging wall
effect etc. should be specified by the user. Figure 2.10 (left figure) illustrates how it can be applied.

Instrumental Intensity Estimation:

The selected method is used to obtain the estimated intensity distribution. Figure 2.9(right figure)

illustrates how it can be applied.
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Figure 2.9 Ground Motion Estimation on the left and Instrumental Intensity Estimation on the right

figure

Custom Ground Motion Prediction Equations:

ELER Hazard Module also enables the user to define custom ground motion prediction equations
(GMPEs). With this feature the user is able to input his/her custom GMPEs in a simple text file
format. A user defined equation can also be used for the estimation of intensity values.
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Outputs of GMPE’s and IIPE’s can be:
e pga : Peak Ground Acceleration
¢ pgv : Peak Ground Velocity
e psal2 : PseudoSpectal Acceleration at T=0.2sec
e psal3 : PseudoSpectal Acceleration at T=0.3sec
e psal.0 : PseudoSpectal Acceleration at T=1.0sec
e psa3.0 : PseudoSpectal Acceleration at T=3.0sec

e intens : Intensity

2.2 Urban Earthquake Loss Assessment module (Level 2)

221 Introduction

Over the last decade a decent number of earthquake damage or loss scenarios studies were
performed, wherein some of the most have been applied to a number of European cities. By
scenario it is understood here that the study refers to a given earthquake (having a probability of
exceedance higher, equal, or lower than that of the design earthquake specified in the seismic code
in force) and provides a comprehensive description of what could happen If such an earthquake
occurred; this is different from ‘risk analysis’ that refers to all the possible earthquakes, estimating
the probability of losses over a specified period of time.

Level 2 analysis is essentially intended for earthquake loss assessment (building damage,
consequential human casualties and macro-economic loss quantifiers) in urban areas. The basic
Shake Mapping is similar to the Level 0 and Level 1 analysis (see Figure 1.3). The spectral
acceleration-displacement-based vulnerability assessment methodology is utilized for the building
damage estimation. The following methods can be chosen for the analysis:

1. Capacity Spectrum Method (CSM)
2. Coefficient Method (CM)

The building and population data for the Level 2 analysis consist of grid (geo-cell) based urban
building and demographic inventories. The user has also the capability to define custom capacity
and fragility curves by Building Database Creator- BDC in order to use with any selected method
of the Level 2 analysis. Once having calculated the damaged buildings with one of the above
methods, casualties in Level 2 analysis are estimated based on the number of buildings in different
damage states and the casualty rates for each building type and damage level. Modifications to the
casualty rates can be used if necessary.
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In the following information of the main items of the spectral capacity-based vulnerability
assessment methodology, i.e. representation of the seismic demand, representation of the building
capacity and estimation of the performance point. In the next sections the implementation of the
analytical methods and the casualty estimation methodology in Istanbul and Thessaloniki are
explained in detail.

222 Spectral Capacity-Based Vulnerability Assessment

The so-called Capacity Spectrum Method (ATC-40, 1996 and HAZUS99) developed for the
analytical assessment of the structural vulnerabilities evaluates the seismic performance of
structures (represented by equivalent single-degree-of-freedom, SDOF, models) by comparing their
structural capacity and the seismic demand curves drawn in spectral acceleration (S,) versus
spectral displacement (Sq) coordinates (hence the terminology: capacity curve and demand
spectrum). The key to this method is the reduction of 5%-damped elastic response spectra of the
ground motion (in S,-Sy or the so-called ADRS format) to take into account the inelastic behavior
of the structure under consideration. The performance of the building structure to earthquake
ground shaking is then identified by the so-called “performance point” located at the intersection of
the capacity spectrum of the equivalent non-linear single-degree-of-freedom system and the
reduced earthquake demand spectrum. After estimation of the performance point the damage is
assessed through the use of fragility curves. Fragility curves calculate the probability of being equal
or exceeding a damage state assuming log-normal distribution of damage.

The main ingredients of the capacity spectrum method can be summarized as follow:

e Seismic demand representation : Demand Spectrum

e  Structural system representation : Building Capacity Curve
e Structural response assessment : Performance Point

e Representation of the damage probability : Fragility Curves

A schematic description of the methodology is provided in Figure 2.10 where the inelastic
acceleration-displacement spectrum for the ground motion (seismic demand spectrum)
superimposed with the capacity of a building (capacity curve) and the fragility curves are
illustrated. The probability distributions, drawn over both the capacity and demand curves, indicate
the associated uncertainty and randomness of performance. The intersection of these spectra gives
the expected level of performance (performance point). As it can be seen from Figure 2.10, there is
a substantial uncertainty of the location of the performance point and the fragility curves should be
able to characterize this probabilistic nature of the problem.

The capacity spectrum method is an approximate method which essentially assumes that a complex
non-linear multi-degree-of-freedom system such as a multi-storey building undergoing severe
plastic deformations during an earthquake can be modeled as an equivalent single degree of
freedom system with an appropriate level of inelasticity. The advantage of the method is its
simplicity, as no time history analyses need to be performed.
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Figure 2.10 Spectral capacity-based vulnerability and damage assessment methodology

2.2.3 Representation of the Seismic Demand

Seismic demand is represented by 5%-damped elastic response spectrum. ELER provides two
options for the construction of the response spectral shape:

1. Eurocode 8 Spectrum

2. IBC 2006 Spectrum

In the development process of CSM method NEHRP design spectrum is conducted to obtain the
performance point of the buildings.

Eurocode 8-EC8 (European Committee for Standardization CEN, 2003)

EC8 suggests two types of elastic acceleration response spectra for horizontal components of the
ground motion: Type 1 and Type 2. The shape of the elastic response spectrum is illustrated in
(Figure 2.11).
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Figure 2.11 Shape of the horizontal elastic response spectrum by EC8
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If the earthquakes that contribute most to the seismic hazard defined for the site for the purpose of
probabilistic hazard assessment have a surface-wave magnitude, Ms, not greater than 5.5, it is
recommended that the Type 2 spectrum is adopted. Type 1 spectrum is used for the earthquakes
with magnitude greater than 5.5.

The horizontal elastic response spectrum is defined by:

ag: Design ground acceleration on type A ground

Tg, Tc: The periods that limit the constant spectral acceleration region

Tp: The period that define the beginning of the constant displacement range of the
spectrum

S: Soil factor

n: Damping correction factor

The values of Tg, Tc, Tp and S for each ground type and type of spectrum are given in Table 2.1.

Table 2.1 EC8 Type 1 elastic response spectra parameters

Ground type S Tg (sec) Tc (sec) Tp (sec)
A 1 0.15 04 2
B 1.2 0.15 05 2
C 1.15 0.2 0.6 2
D 1.35 0.2 0.8 2
E 1.4 0.15 05 2

International Building Code-1BC 2006 (International Building Council)

IBC 2006 provides a general horizontal elastic acceleration response spectrum (Figure 2.12). It is
defined by:

Ss, S;: Spectral accelerations at short periods and 1-sec period, respectively

Sps, Sp1: Short period and 1-sec period design response spectral accelerations adjusted for
the specified site class and damping value

To, Ts: Corner periods of the constant spectral acceleration region given by T,=0.2Ts and
Ts= Sp1/Sps

T.: Long-period transition period. It is a regional-dependent parameter and it is assumed
that T, =5s herein.

The recommended values for the site and damping corrections are given in IBC 2006 and NEHRP
2003 Provisions.
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Figure 2.12 Shape of the horizontal elastic response spectrum by IBC-2006

224 Representation of the Building Capacity

A building capacity curve is the plot of the building’s lateral load resistance as a function of a
characteristic lateral displacement and quantifies the inelastic structural capacity of the structure.
Capacity spectrum can be approximated from a “pushover” analysis in which monotonically
increasing lateral loads are applied to the structure and the characteristic deformations (usually roof
level displacement) are plotted against the lateral load. The capacity spectrum based vulnerability
analysis requires the pushover curve of the MDOF system, quantified by the base shear (V) and the
top floor displacement (D), be converted to the capacity spectrum of the equivalent single-degree-
of-freedom (SDOF) system quantified by the spectral acceleration (S,) and spectral displacement
(Sg) for direct comparison with the associated demand spectrum.

For each building type the capacity curve has an initial linear section where the slope depends on
the typical natural frequency of vibration of the building class, and rises to a plateau level of
spectral acceleration at which the maximum attainable resistance to static lateral force has been
reached. As an example, a capacity spectrum is shown in Figure 2.13. As it can be seen the
capacity curve is controlled by the points of design, yield and ultimate capacities. These points can
be correlated with the damage limit states.
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Figure 2.13 Typical structural capacity curve (left) and its simplified form (right)

For the building taxonomies of RISK-UE and HAZUS99, the capacity curve parameters as
described above are provided in the ELER database.

2.25 Demand Spectrum and the Performance Point

_For utilization in capacity spectrum-based vulnerability analysis, the elastic 5% damped response
spectra (in spectral acceleration versus period format, S,, T) is converted into the spectral
acceleration (S,) versus spectral displacement (Sg), the so-called ADRS format, through the use of
the following transformation (Figure 2.14):

Figure 2.14 The NEHRP — IBC 2006 standardized spectrum shape plotted in ADRS S,.-T (left) format
(right).
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Figure 2.15 NEHRP Spectrum Plotted in ADRS Format (T, Tc and Tp show the characteristic periods.
Saes and Sge; respectively indicate the short period and 1s period spectral (elastic) accelerations)

Nonlinear Static Procedures are widely used approaches to estimate the performance point (target
displacement). The three of commonly used (code-based) procedures are: the Capacity Spectrum
Method specified in ATC-40 (1996), its recently modified and improved version Modified
Acceleration-Displacement Response Spectrum Method (FEMA-440) and the Coefficient Method
originally incorporated in FEMA-356 (2000).

The Capacity Spectrum Method is a form of equivalent linearization that uses empirically derived
relationships for the effective period and damping to estimate the response of an equivalent linear
SDOF model. The Modified Acceleration-Displacement Response Spectrum Method basically
differs from the Capacity Spectrum Method in the reduction of the elastic demand curve. The basic
assumption of the equivalent linearization is that the maximum displacement of a nonlinear SDOF
system can be estimated from the maximum displacement of a linear elastic SDOF system that has
a period and a damping ratio that are larger than those of the initial values for the nonlinear system.
The elastic SDOF system that is used to estimate the maximum inelastic displacement of the
nonlinear system is usually referred to as the equivalent or substitute system. Similarly, the period
of vibration and damping ratio of the elastic system are commonly referred to as equivalent period
and equivalent damping ratio, respectively. The equivalent period is computed from the initial
period of vibration of the nonlinear system and from the maximum displacement ductility ratio, p.
On the other hand, the equivalent damping ratio is computed as a function of damping ratio in the
nonlinear system and the displacement ductility ratio.

The Coefficient Method is essentially a spectral displacement modification procedure in which
several empirically derived factors are used to modify the response of a linearly-elastic equivalent
SDOF model of the building structure.
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Another nonlinear static procedure is the so-called “N2” method (Fajfar, 2000) in which the
inelastic demand spectra is obtained from standardized (code-based) elastic design spectra using
ductility based reduction factors. The “N2” method (herein called the Reduction Factor Method)
has been implemented in the so-called “Mechanical-Based Method” of vulnerability analysis
(Lagomarsino and Giovinazzi, 2006) in the RISK-UE (2001-2004) project.

All four of these methodologies require development of a pushover curve (capacity spectrum for
the equivalent SDOF system) to provide the relationship between the base shear and lateral
displacement of a control node (usually located at roof level). They differ mainly in the
computation of the demand spectrum and the performance point. For the Level 2 Loss Assessment,
computation of the demand spectrum and estimation of the performance point by each method is
explained in the forthcoming sections. Following the computation of the performance point,
calculation of the damage probabilities by use of fragility curves and the estimation of casualties
are described.

Capacity Spectrum Method (CSM)

The Capacity Spectrum Method (CSM) utilizes the equivalent linearization for the estimation of
the performance point which is the intersection of the building capacity spectrum with the demand
response spectrum reduced for nonlinear effects. The performance point represents the condition
for which the seismic capacity of the structure is equal to the seismic demand imposed on the
structure by the given level of ground shaking (ATC-40).

To account for the increased hysteretic damping as the building shifts from elastic into inelastic
response, the spectral reduction factors in terms of effective damping are introduced. The effective
damping (essentially the equivalent damping, Be;) can be calculated as a function of the capacity
curve, the estimated displacement demand and the resulting hysteresis loop. Figure 2.16 shows the
building capacity spectrum with the idealized hysteresis loop for a ductile building with equivalent
viscous damping less than 30% and subjected to relatively short duration of ground shaking. For
more realistic approximation of the hysteretic energy dissipated by the structure, the effective
viscous damping (Besr) concept is utilized with the consideration of a damping modification factor
(). By the incorporation of Figure 2.16, the effective damping is defined as:

63.7x(a,d; —d,a,) 5
a,d

pi " pi

By =KB,+5=

where Py is the hysteretic damping and “5” stands for the 5% viscous damping inherent in the
structure (assumed to be constant).
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Figure 2.16 Graphical representation of the idealized hysteretic damping and the reduction of the 5%-
damped elastic demand spectrum (modified after ATC-40)

The «-factor is related to the structural behaviour. ATC-40 provides three categories of structural
behavior:

e Type A-stable, reasonably full hysteresis loops

e Type B— moderately reduced hysteretic behavior

e Type C- poor hysteretic behavior

The variation of k values is presented in Table 2.2.

Besides, the methodology recognizes the importance of the duration of ground shaking on building
response by reducing effective damping (i.e., k factors) as a function of shaking duration. Shaking
duration is described qualitatively as short, moderate or long, and is assumed to be a function of
earthquake magnitude (although proximity to fault rupture also influences the duration of ground
shaking).
e For scenario earthquakes of magnitude M <5.5, effective damping is based on the
assumption of ground shaking of Short duration
e For scenario earthquakes of magnitude M >7.5, effective damping is based on the
assumption of ground shaking of Long duration
e Effective damping is based on the assumption of Moderate duration for all other
earthquake magnitudes (including probabilistic, or other, analyses of unknown magnitude)
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Table 2.2 Degradation factors (k) as a Function of Short, Moderate and Long Earthquake Duration
(Hazus-MH Technical Manual)

Degradation factors (k)
Duration of Earthquake

Behavior type Short | Moderate | Long
Poor 0.6 0.3 0.1
Average 0.8 04 0.2
New 0.9 0.6 0.4

To obtain the reduced demand spectrum ATC-40 applies the following spectral reduction factors:
B 3.21-0.68In(L )

A 2.12
SR, = 2.31-0.41In(B,,)
a 1.65

SRA and SRy are, respectively, applied to the constant acceleration and the constant velocity
regions of the 5%-damped elastic demand spectrum. SR and SRy are limited by the values given
in Table 2.3.

Table 2.3 Minimum allowable values for the spectral reduction factors

Structu;iI/FI)Beehawor SRA SRV
Type C 0.56 0.67
Type B 0.44 0.56
Type A 0.33 0.5

For the determination of the performance point two criteria needs to be satisfied:
1. the point must lie on the capacity curve to represent the structure at a given displacement
2. the point must lie on a reduced demand spectrum that represents the nonlinear demand at
the same structural displacement

In order to achieve this, three iterative procedures based on trial and error search are suggested in
ATC-40. The so-called Procedure A is utilized in the implementation of the CSM herein. In
Procedure A, a trial performance point (a, dyi), is selected. Then, the bilinear capacity spectrum
and the reduced demand spectrum are drawn on the same plot. It is determined whether the demand
spectrum intersects the capacity spectrum at the point (ayi, dyi) or if the displacement at which the
demand spectrum intersects the capacity spectrum, d;, is within acceptable tolerance of dpi. Figure
2.17 illustrates the determination of the performance point by Procedure A.
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Figure 2.17 Capacity and demand spectra, and the performance point at the last step of Procedure A
(taken from ATC)

Coefficient Method (CM)

The Coefficient Method (CM), presented as a nonlinear static analysis procedure in FEMA-356
(2000) and FEMA-273 (1977) essentially modifies the linear elastic response of the equivalent
SDOF system by multiplying it by a series coefficients to generate an estimate of the target
displacement (performance point). The coefficient method has been critically evaluated in FEMA-
440 (2005) and the results reflected in ASCE/SEI 41-06 (2007).

Using this method the inelastic spectral displacement demand (the performance point, Sg,) is
obtained through multiplying the elastic spectral displacement (Sq) by the C, Cjand C,
coefficients.

Sdp = COC1CZSde

The elastic spectral displacement is computed at the fundamental period (T¢) of the equivalent
SDOF system.

C, is the modification factor that relates the spectral displacement of the equivalent SDOF system
to the roof displacement of the building’s MDOF structural system. C, is equal to the first mode
participation factor at the roof level (Co=I" if the amplitude of the mode at the roof level is set to
unity). Table 2.4 provides tabulated values of C, for general building types (ASCE/SEI 41-06
2007). Cy increases with number of floors and varies between 1 and 1.5.

Table 2.4 C, Coefficient (ASCE/SEI 41-06 2007)

Number of Stories Cy
1 1
2 1.2
3 1.3
5 1.4
10+ 1.5
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The C; coefficient, defined as the modification factor to relate expected maximum inelastic
displacements to displacements calculated for linear elastic response, is given by (ASCE/SEI 41-
06, 2007):

C,=1+(R,-1)/(@T")
C,<C/(T, =0.2sec) for T, <0.2sec
C,=1.0 for T, >1.0sec

where T is the effective fundamental period of the building computed by modifying the
fundamental mode vibration period (T., obtained from linearly elastic dynamic analysis) by:

Teff :Te L
d Keff

where K; is the elastic stiffness of the building and K is the effective stiffness of the building
obtained by idealizing the pushover curve as a bilinear relationship. In the application of
Coefficient Method herein, it is assumed that T is equal to Te.

Ry represents the ratio of elastic strength demand to yield strength:

Sae (Teff )
S

ay

where S, (Tefr) represents the elastic spectral acceleration at the effective fundamental period of the
structure and S, refers to the yield spectral acceleration.

The factor “a” is called the site class factor and is assigned the following values:

a=130 for NEHRP site class A and B

a=90 for NEHRP site class C

a=60 for NEHRP site class D, E and F

R, =

The C, coefficient represents the modification factor for the effect of pinched hysteresis shape,
cyclic stiffness degradation and strength deterioration (ASCE/SEI 41-06, 2007):
R, -1
C, =1+i(—y )?
800 " T

C,=10 for T, >0.7sec

When comparing the Coefficient Method with the Capacity Spectrum Method of Level 2 analysis,
discrepancies in damage estimations might be expected to some degree. While CSM method relies
on more complicated procedures, e.g. equivalent linearization, reduction of the demand spectra and
the iterative procedures for estimating the performance point, the Coefficient Method modifies the
elastic spectral displacement by multiplying some coefficients to obtain the performance point.
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2.2.6 Fragility Curves

To estimate the performance of a group of buildings of a particular class under given ground
shaking, the spectral response of the building at the performance point for the standard building of
that class, as defined above, is used in conjunction with a set of fragility curves for that class,
which estimate the probability of any particular building exceeding each of the damage states after
shaking at any given spectral response level.

The fragility curves represent the probability-based relation between the expected response and the
performance limits in terms of the cumulative density function of the probability of exceeding of
specific damage limit states for a given peak value of a seismic demand. If structural capacity and
seismic demand are random variables that roughly conform to either a normal or log-normal
distribution then, following the central limit theorem, it can be shown that the composite
performance outcome will be log-normally distributed. Therefore, the probabilistic distribution is
expressed in the form of a so-called fragility curve given by a log-normal cumulative probability
density function (Figure 2.18).

The analytical expression of each fragility curve is based on the assumption that earthquake
damage distribution can be represented by the cumulative standard lognormal distribution function,
@, (HAZUS 1999, Kircher et al. 1997).

P[ Damage > D, |S,, |=®[(L/ 4)IN(Sy, / S, ]

Here Sy, is performance point, Sqx is median spectral displacement value corresponding to the
related damage level (i.e. slight, moderate, heavy or very heavy), f is standard deviation of
spectral displacements natural logarithm for related damage level and @ is cumulative standard
normal distribution function. Median spectral displacements are estimated for each building type
depending on the floor displacements.
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Figure 2.18 General example fragility curves (HAZUS, 2003)
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In Figure 2.19 , the horizontal axis represents the spectral displacement demand and the vertical
axis refers to the cumulative probability of structural damage reaching or exceeding the threshold
of a given damage state.
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Figure 2.19 Example fragility curves for four damage levels (Kappos et al., 2006)

An example how Capacity Spectrum Method in ELER combines fragility curves, capacity curves
and demand spectrum is given below:

To estimate the building damage in each cell, ELER firstly calculates the PGA value at bedrock in
each cell in Hazard Module. Taking the Vs30 value in the same cell, the user can create the elastic
response spectrum by EC8 (Figure 2.20).

GridID Vs30 (m/s) Type PGA (g)
348 431 B 0.10
Elastic Response spectrum by EC8
0.35
0.30
< 0.25
<
8 0.20
€ 0.15
& 0.10
0.05
0.00
0 0.5 1 1.5 2 2.5
T (sec)
Figure 2.20 EC8 elastic response spectrum
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Following this, the elastic response spectrum is converted into the spectral acceleration versus
spectral displacement spectrum; the so-called ADRS format (Acceleration-Displacement Response
Spectrum).

The demand response spectrum is reduced for nonlinear effects, taking into consideration the
equivalent damping Beq (Figure 2.21). In the same plot, the capacity curve is also plotted in order to
determine the performance point. For the specific example, the performance point is equal to 2.42
cm.

Location of performance point

0.45

0.40 |

0.35 [
—~ 030 | —— ADR Spectrum
% 025 _
o Capacity curve
= 0.20 [
% 0.15 . - = = Performance
(9p] 0.10 | point

0.05 [ ADRS reduced

0.00 !

0 2 4 6 8 10 12
Sd(cm)

Figure 2.21 Spectral capacity - based vulnerability. The performance point is the intersection of the
capacity curve and the reduced ADRS.

After determining the performance point, probabilities of exceedance of four damage states are
calculated from the appropriate displacement-based fragility curves, using the performance point as
displacement. The performance point intersects the curves, so percentage for each damage state is
calculated (see Figure 2.22 and Table 2.5).

Pnone=1.0-P(ds>DS1)=1.0-0.68=0.32

Pslight=P(ds>DS1)- P(ds>DS2)=0.68-0.43=0.25
P ~P(ds>DS2)- P(ds>DS3)=0.43-0.11=0.32
P =P(ds>DS3)- P(ds>DS5)=0.11-0.03=0.08

Pcomplete=P(ds>DS1)= 0.03
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Figure 2.22 Damage assessment methodology. Fragility curves are taken from (Kappos et al., 2006)

Table 2.5 Damage percentages for each damage state for building typology RC3.2ML in GridID 348

| Moderate | Extensive

- EEE 8
2sel 2 256 0.64

Finally, the diagram in Figure 2.23 depicts the discrete percentage of each damage state.

Discrete percentage of damages
35
30
25
H None
20 m Slight
15 = Moderate
Extensive
10
m Collapse
5
0 I
None Slight ~ Moderate Extensive Collapse

Figure 2.23 Damage percentages for each damage states for building typology RC3.2 ML in GridID 348
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2.2.7 Casualty Model

Once the definition of a grid based building inventory and a grid based population distribution is
completed, the software calculates the number of dwelling units (using user defined estimated
number of dwellings per building type) and an average population per dwelling unit for each cell.
Then, casualties for each building type, building damage level and injury severity level can be
calculated by the following equation:

Kij= Population per Building * Number of Damaged Building in damage state j* Casualty

Rate for severity level i and damage state j

Three casualty models are included in ELER. These are HAZUS99 (FEMA, 1999), HAZUS-MH
(FEMA, 2003) and the KOERI (2002) casualty models. All studied scenarios use HAZUS MH
approach. The output from the module consists of a casualty breakdown by injury severity level,
defined by a four level injury severity scale (Durkin and Thiel, 1993; Coburn and Spence, 1992;
Cheu, 1994). Table 2.6 defines the injury classification scale used in the methodology.

Table 2.6 Injury severity levels

INJURY SEVERITY | INJURY DESCRIPTION

Level 1 Injuries requiring basic medical ad without requinng
hospitahization

Level 2 Injuries requiring medical care and hospitahization, but not
expected to progress into a life threatening status

Level 3 Injuries that pose an immediate life threatening condition if not
treated adequately and expeditiously. The majority of these
mjuries result because of structural collapse and subsequent
collapse or impairment of the occupants.

Level 4 Instantaneously killed or mortally injured
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3. Application to Istanbul

3.1 Buildings and population data for Zeytinburnu district
of Istanbul

311 Classification of buildings in Istanbul (Zeytinburnu)

The Zeytinburnu District is selected for this application. The data for building assets in the
Zeytinburnu District were collected in the framework title of the ‘‘Urban Transformation’” project
of the Istanbul Metropolitan Municipality (IMM) and it is considered to be of high quality and
accuracy. Due to the detailed and complete database the loss assessment analysis is expected to be
more reliable.

In ELER, the building inventory should be associated with geographical coordinates in order to
perform an urban loss estimation study resulting from the ground motion generated by a specific
earthquake.

The grid based building inventory of Marmara region is based on the year 2000 census, which has
been carried out by Turkish Statistical Institute (TUIK). The data for buildings include the
construction year, the occupational type, the construction type and the number of floors of each
building. Since the seismic design code applicable in Turkey improved particularly after 1975,
buildings were classified as pre-1979 (included) and post-1980 reflecting the state of seismic
design applications. The inventory is classified in the following way in accordance with the EMS
building classification system.

The construction type was selected as the basic parameter to be distributed to geocells. Next, the
number of floors and the age of building were added using a logic tree and the district based ratios

of these two parameters (Table 3.1).

Table 3.1 The logic tree to obtain the numbers for each of building class (taken from ELER)

Construction Type The story Number of Construction Y ear
Buildings
RCI =———#¥ Low Rise ﬁ Pre — 1980
M1- Rubble Lol Mid Rise Post - 1980
M2- Adobe \ﬁ High Rise
M5 — Unreinforeed Masonry
Rapid Seismic Risk Assessment at Urban Scale: 43

Applications in Istanbul & Thessaloniki Building Stock



For this purpose, a more detailed inventory is provided for the Zeytinburnu district of Istanbul
(Figure 3.1) as an input to be used in Level 2. This inventory was based on the 1/5000 scale
building footprint maps of the Istanbul Metropolitan Municipality (IBB) and TUIK year 2000
building census (KOERI, 2002). The building inventory is classified both in terms of the European
Building Classification System and also a HAZUS similar system considering the construction
type, the height and the construction year of the buildings, as it is shown in Table 3.2. The building
inventory is provided in 0.005°x0.005° geocell (Figure 3.2 and Figure 3.3).

Zérytinburnu

i

o

i)
ol
P
branb ul
d (572)

”

*po

Figure 3.1 Location of Zeytinburnu district in Istanbul Metropolitan Municipality

Table 3.2 Building inventory of Zeytinburnu based on RISK-UE Building Taxonomy

Corresponding to
Type | European Building | Structural System | Number of | Construction

Class Floors year
B111 M7_L Other-Unknown 1--4 -1979
B121 M7_M Other-Unknown 5--8 -1979
B131 M7_H Other-Unknown 9+ -1979
B112 M7_L Other-Unknown 1--4 1980-2000
B122 M7_M Other-Unknown 5--8 1980-2000
B132 M7_H Other-Unknown 9+ 1980-2000
B211 M7_L Masonry 1--4 -1979
B221 M7_M Masonry 5--8 -1979
B231 M7_H Masonry 9+ -1979
B212 M7_L Masonry 1--4 1980-2000
B222 M7_M Masonry 5--8 1980-2000
B232 M7_H Masonry o+ 1980-2000
B311 RC3_DCL_Il_M Precast 1--4 -1979
B321 RC3 DCL II_M Precast 5--8 -1979
B331 RC3 DCL_II_M Precast 9+ -1979
B312 RC3 _DCL_II_M Precast 1--4 1980-2000
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e Total number of buildings (all types): 14482

Figure 3.2 Building density in Zeytinburnu

e Total population: 243188

H

Legend

[ lom

s
S

o
.
P

—

[Cz-=0

5
5

B

B = - =0

istanbul_zeytinburnu
TOTAL_BLD

B322 RC3 _DCL_II_M Precast 5--8 1980-2000
B332 RC3 DCL_II_M Precast 9+ 1980-2000
B411 S Steel 1--4 -1979
B421 S Steel 5--8 -1979
B431 S Steel 9+ -1979
B412 S Steel 1--4 1980-2000
B422 S Steel 5--8 1980-2000
B432 S Steel 9+ 1980-2000
Building Density in Zeytinburnu

o
istanbul_zeytinburnu

0 v v |[E[B ] 0outof 52 Selected)

E- R By O x
istanbul_zeytinbumu X
I

FID | Shape | CELLNAME DISTRICT DISTRICTO B111 B112 | B121 [ B122 B131 B132 | B211 B212 | -«
0 | Polygon | DZ103 ZEYTINBURNU| SUMER 14 16 5 119 0 4 18 1 !:‘

1 | Polygon | EA100 ZEYTINBURNU| SEYTTNIZAM T 8 [ 53 0 1 5 2

2 | Polygon | EA101 ZEYTINBURNU| CIRPICI 115 T4 85 346 0 1 28 1

3 | Polygon | EA102 ZEYTINBURNU| VELIEFENDI 132 102 65 393 1 5 128 8

4 [ Polygon | EA103 ZEYTINBURNU| SUMER 51 57 17 431 o 13 56 3

5 | Polygon | EA104 ZEYTINBURNU| SUMER B0 66 20 502 o 15 65 4

6 [ Polygon | EA105 ZEYTINBURNU| KAZLICESME 27 8 5 9 o 1 28 8
‘ 7 | Bnbsnn | FROA FEYTINRIIDNII MA| TFDF 17 11 kel s n n 4 el o

4 n L3

Figure 3.3 ArcGIS shape file with its attribute table; data refers to cells
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3.2 Fragility and Capacity Curves for Istanbul building
stock

3.2.1 Structural Damage Levels

Structural damage levels definitions for RC buildings in Istanbul are given below:

o slight damage: In some columns, beams and near joints, there may be some hairline cracks.
In dual systems (shear-wall), there may be also some small shear cracks.

e moderate damage: Cracking in most of beams and columns. In some ductile frames,
ultimate capacity reached in some elements, so wider cracks are formed (approximately
2mm). In non-ductile frame elements and in dual systems diagonal shear cracks are formed
rather than small cracks.

e extensive damage: Most of the ductile frame elements reach to their limit capacities and
wider cracks are formed (approximately 3mm or wider). Some re-bar may buckle.

e complete damage: Complete or impending collapse.

Structural damage levels definitions for Masonry buildings are described below:

e Structural slight damage: In the surface of structural walls there may be small cracks,
wider cracks may occur between door and window gaps. Cracks may occur on the base of
parapets, and movements can be seen on lentos.

e Structural moderate damage: There may be cracks in diagonal direction on surface of the
most of the structural walls. In some parts walls are dispatched from floors. Severe cracks
on window below parapets may be seen and fall of bricks can be seen.

e Structural heavy damage: In almost all of the structural walls there may be very wide
cracks. In many parapets and walls brick falls are seen. Floors and roofs move. Permanents
deformations and displacements are observed.

e Structural very heavy damage: Structure collapses due to the extreme deformation or
become in a condition near to collapse.

322 Fragility curves

The fragility curve parameters as well as capacity curve parameters are provided in the ELER
database (Figure 3.4 and Figure 3.5) for the building classes in Istanbul, based on RISK-UE
building typologies.
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Slight Moderate Extensive Complete
H
/ J a, D i D S, D S D Sy
(m) B ‘ A : B. ‘ : B
(%) (cm) ) (cm) (% em (% ) em)
1 | 6 0.75 0.40 1.80 0.95 0.80 3. 60 0.91 2.00 9.00 0. 85 4.00 18.00 0.97
I 2 15 0.75 0.35 3.94 0.70 0.80 9.00 0.74 1.60 18.00 0.8 3.00 33.75 0.98
| 3 30 0.65 0.30 6.75 0.70 0.80 18.00 0. 81 1.20 27.00 0.89 2.50 56.25 0.98
2 | R s T M ¢ 1,33 0.99 0.70 3. 15 1.05 1.60 7.20 1.10 3.20 14.40 1.08
K=1
2 2 10 0.75 0.35 2.63 0.70 0. 80 6. 00 0.74 1.60 12.00 0. 86 3.00 22.50 0.98
3.4 l 6 0.75 0.40 1.80 0.95 0.80 3.60 0.91 2,00 9.00 0.85 4.00 18.00 0.97
3.4 2 15 0.75 0.30 3.38 0.70 0. 60 6.75 0.74 1.20 13.50 0. 86 2.67 30. 04 0.98
3.4 3 30 0.60 0.30 6.75 0.70 0.80 18.00 0. 81 1.20 27.00 0.89 2.50 56.25 0.98
1 1 6 0.75 0.50 2.25 0.89 1.00 4.50 0.9 2.50 11.25 0.90 5.00 22.50 0.89
| 2 15 0.75 0.40 4.5 0.70 1.00 11.25 0.70 2.00 22.50 0.70 4.00 15.00 0.89
1 3 30 0.65 0.40 9.00 0. 66 1.00 22.50 0. 66 1.60 36.00 0.76 3.20 72.00 0.91
2 | 6 0.75 0.40 1.80 0.99 0.90 4.05 1.05 2.00 9.00 1. 10 4.00 18.00 1.08
K=2
2 2 10 0.75 0.40 3.00 0.70 1.00 7.50 0.70 2.00 15.00 0.70 4.00 30.00 0.89
3.4 | 6 0.75 0.50 2.25 0.89 1.00 4.50 0.90 2.50 11.25 0.90 5.00 22.50 0.89
3.4 2 15 0.75 0.40 1.50 0.70 0.70 7.88 0.70 1.60 18.00 0.70 3.33 37.46 0.89
34 3 30 0.60 0.40 9.00 0.66 1.00 22.50 0.66 1.60 36.00 0.76 3.20 72.00 0.91
Figure 3.4 Spectral displacement- based fragility curves parameters
A B c D E F G H | J K L M N [0} B Q R s T u \
Fragility Curves Capacity Curve Economic Loss |  Structural Behaviour Building Charactreristics
Slight Moderate Extensive Complete Yield Ultimate Elastic Degradation Factor
Building Name |Median Beta Median Beta Median Beta Median Beta |Displacement Acceleration Displacement Acceleration Displacement Damping |Building Cost Short Moderate Long |Ductility Value [CO coefficient  Period
B111 0018 0985 0036 081 009 085 0.18 097 0007753087 1913 0015506194 1.913 0.006590132 5 1000 08 E 02 2 B 021
B211 00394 07 009 074 018 086 03375 088 0024108109 1692 0048216218 1.692 0020491893 5 1500 09 06 03 3 13 0355
B221 0018 095 0036 081 009 085 018 087 0007753087 1.913 0015506194 1.913 0.006590132 5 1000 08 04 02 2 11 021
B212 00394 07 009 074 018 086 03375 098 0024108109 1692 0048216218 1.692 0020491893 5 1500 079 06 03 3 13 0355
Figure 3.5 Example excel document for fragility and capacity curves in Istanbul

3.2.3 Capacity curves

A building capacity curve is the plot of the building’s lateral load resistance as a function of a
characteristic lateral displacement and quantifies the inelastic structural capacity of the structure
Each building type in Istanbul has its own capacity curve quantified by the spectral acceleration

(Sa) and spectral displacement (Sq).
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3.3 Hazard Scenarios for Istanbul; the 1999 Kocaeli
Earthquake (scenario A)

3.3.1 Introduction

The Marmara Sea region housing one third of Turkey’s population is one of the most tectonically
active regions in Eurasia. In the last century, this region witnessed seismic activities with nine
district events having M,>7.0 (M,, stands for moment magnitude). In 1999, two destructive
earthquakes (Kocaeli and Duzce) occurred in the eastern part of the Marmara region on the North
Anatolian Fault (NAF) system. This strike-slip fault system cuts across northern Turkey for more
than 1500 km, and accommodates 25 mm/year right-lateral slip between Anatolia and Eurasian
plate (Straub et al., 1997; McClusky et al., 2000). Based on the renewal model, the probability of
occurrence of M7.0 and greater earthquakes in the Marmara Sea region (which would directly
affect the Istanbul Metropolitan area) was computed as 44+18 percent in the next 30 years
(Parsons, 2004). As implied by the level of hazard exposure in the Marmara region, and especially
in the Istanbul Metropolitan area due to its socio-economic importance, critical assessment of the
regional seismic hazard retains paramount priority for preparedness and other regional earthquake
engineering applications.

3.3.2 Regional seismicity and tectonic setting

The Marmara Sea region, limited in this study within latitudes 39-43 deg. N and longitudes 26-32
deg. E, is one of the most seismically active regions of the continent as manifested by the number
of large earthquakes (M 6.0) that occurred during 1509-1999. The epicenters of these events are
depicted in Figure 3.6. Many of these events ruptured on or in proximity of the NAF system. A
moderate to large earthquakes with M 6.0 also occurred on fault segments situated well away from
the NAF. For regional seismic hazard formulation, all potential sources of seismic activity that
could produce significant ground motions were identified and characterized based on geologic,
tectonic, historical and instrumental evidences. Two major ingredients of hazard computation that
follow are the earthquake catalog and fault segmentation data (Kalkan et al., 2008). The current
regulatory seismic zoning map in Turkey including the Marmara Sea region is based on a study
(Gulkan et al., 1993) using then available earthquake catalog and attenuation expressions originally
developed for western U.S. ground motion data. In the past 14 years, a large number of additional
strong motion records were obtained in Turkey, which has allowed development of regional
attenuation relationships (Gulkan and Kalkan, 2002; Kalkan and Gulkan, 20044, b; Ulusay et al.,
2004). In addition, tracing of new fault segments beneath the Marmara Sea augments our
understanding of the seismotectonic environment of the Marmara basin (e.g., Le Pichon et al.,
2001; Armijo et al., 2002).
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For Istanbul an earthquake scenario is determined to take place on the Main Marmara Fault. For the
estimation of earthquake hazard, geotechnical, geological, topographical data as well as the
appropriate attenuation relationships are taken into consideration.
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Figure 3.6 Locations of M 6.0 earthquakes (A.D. 1509-1999) (Note: Parentheses in the legend denote the
breakdown of earthquakes; Category-1 faults were recently visualized using bathymetric images and
seismic reflection survey; Category-2 faults indicate the previously known faults) (Kalkan et al., 2008)

The selected attenuation relationships provide earthquake intensities, peak ground acceleration,
velocity and displacement and, spectral acceleration, at specific frequencies and damping ratios, for
given earthquake magnitude, distance, fault mechanism and local geology (KOERI, 2002).

The North Anatolian Fault (NAF) with a length of 1500 km is the most active component in the
tectonic evolution of Anatolia, and is one of the most active and largest strike-slip faults in the
world. Within this century, 8 destructive earthquakes have occurred between Erzincan and Istanbul
(Figure 3.7). The last destructive earthquakes in NAF were the 1999 Izmit (Mw 7.4) and the 1999
Duzce (Mw 7.2) earthquakes. Figure 3.8 shows the North Anatolian fault system in the Marmara
region and the surface ruptures of the Izmit and Duzce earthquakes.

The August 17, 1999 Izmit earthquake ruptured about 125 km of the surface. The epicenter was
Izmit at the eastern end of the Marmara Sea. This event affected the highly developed urban and
industrialized area surrounding the Gulf of Izmit and Adapazari. The focal mechanism solution
shows a right lateral strike slip movement on the fault.
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The fault mechanism for earthquakes that have occurred on the North Anatolian Fault System in
Northwestern Turkey is predominantly strike-slip. Various authors analyzed the fault mechanisms
of the thirty largest aftershocks of the Izmit earthquake and found strike-slip dominance in most of

these events and a normal faulting type in some cases.
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Figure 3.7 Destructive earthquakes along the North Anatolian fault between Erzincan and Istanbul in this
century (Ulutas & Ozer, 2009)
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Figure 3.8 North Anatolian Fault system in Marmara region and the surface ruptures after 1zmit and
Duzce earthquakes (Ulutas & Ozer, 2009)
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3.3.3 Input data for ELER

Event Data
Details for the input data of the 1999 Kocaeli earthquake are given in Figure 3.9.

B e s E
Event Data Event Location
@ MM Fis
Manust input
Source Type
Pont Source
Event Specific Faut '
Auto Assign '
|
Site Correction event_kocaeli90.xmf m
etz Magnitude: 74 [
o Latitude: 40702
Longitude: 29987 |
Depth: 17
Location String:  lzeft |

Instrumental intensity

s it

Figure 3.9 Event Location of the 1999 Kocaeli earthquake. Red star in the figure denotes the epicenter of
the event.

Source type
Kocaeli Fault had a (pure) dextral strike-slip mechanism reflecting the overall characteristic of the

North Anatolian Fault Zone (NAFZ). In the case of the Izmit event the rupture extended from the
eastern Sea of Marmara to the Duzce area.

Another important remark is that surface projections of the fault planes are modeled like linear
segmentations in ELER. Generally, the region has a very complex fault system. All these faults
systems are examined with segments. The segmentation model of Kocaeli fault is illustrated in
Figure 3.10, Figure 3.11. Table 3.3 summarizes the main information regarding the Kocaeli fault.
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Table 3.3 The 1999 Kocaeli Earthquake Fault Identity

General Information

Country: Turkey
[Mame: North Anatolian Fault

Parametric Information

Parameter ?il:_:iz: Evidence

|Fau|t type right-lateral strike slip focal mechanisms
IDepth (km) 17 oD co-seismic ruptures and seismological data (various authors)
Strike (deg) 268 oD inferred from microseismic spatial and field measurements | various authors)
|Dip (deg) a6 oD focal mechanisms (various authors)
Iﬁake (deg) 180 oD kinematic indicators, focal mechanisms and regional stress field (various authors)
Il'u'lax magnitude (Mw) 7.4 oD monitoring/seismological data
IEpicenter (Lat/Long) 40.702/25.987 oD monitoring/seismological data
ILenglh {km) 125 oD co-seismic ruptures and seismological data (various authors)

Associated Earthquake
|Latest earthquake | 17/8/1999 |Mw=?.4 {instrumental recordings)- The 1999 Kocaeli Earthguake

*Acronyms: OD=0Original Data

.Ek' e L M‘

Event Data Event Location

@ XML Fig
Manuy input

Source Type
Pont Source
9 Event Specifc Faut
Auto Assign

Site Correction fault_kocaeli.txt

No Correction The selacted Mk containg 2 faut sagmant(s)

Drectly & Surface
13t Seament: (trst 2 vertices of 2)

Borcherdk (1904) 407146 293806
Burocode 8 40853 6715

Vs-30 Grid

Instrumental intensity

Defned e } Cioar Al

oS —

Figure 3.10 Segmentation model of Kocaeli fault

Rapid Seismic Risk Assessment at Urban Scale: 52
Applications in Istanbul & Thessaloniki Building Stock



ISTANBUL

e

Kocaeli Fault /

Figure 3.11 The segments of the Kocaeli fault considered in the analysis

Site correction

Local site effects are taken into account with Vs30 parameter, which is the average shear velocity
down to 30m. Using Next Generation Attenuation relations (NGA), ground motion parameters are
calculated directly at surface.

Site condition

The Quaternary Tertiary Mesozoic (QTM) map developed by the Turkish Republic’s General
Directorate of Mineral Research and Exploration was used in addition to average shear wave
velocity down to 30m depth (Vs30). Vs30-QTM correlations are given in Wills and Silva (1998) to
obtain site specific PGA for Istanbul Metropolitan Area. Vs30-QTM is grouped into three units of
Vs30 values. Vs30 maps of Turkey and Istanbul Metropolitan Region are given in Figure 3.12 and
Figure 3.13 respectively.

%s30 Map in Turkey
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Figure 3.12 Distribution of Vs30 in Turkey
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Figure 3.13 Distribution of Vs30 in Marmara Region. The main focus of the white frame is on the
Metropolitan Area of Istanbul

Ground Motion Prediction Equations
As it is mentioned above, using NGA relations all calculation for the ground motion can be given
directly at the surface.

Campbell and Bozorgnia (2008) GMPE estimates peak ground acceleration (PGA) and spectral
acceleration (S,) at different periods depending on the information on magnitude, distance, fault
type and average shear wave velocity down to 30m depth (Vs30). In this study, Campbell and
Bozorgnia (2008) GMPE has been used in the estimation of PGA, Sa (T=0.2sec) and Sa (T=1.0sec)
distribution.

The general equation of the model is as follows:
INY =1 g + Faic + Fae + Frng + Faie + e

hng site

where Y represents ground motion parameters of estimated PGA, PGV, PGD and SA. The other
parameters which are used in the model are as follows:

fmag: Magnitude parameter:
c, +cM M <5.5
frag = Co +GM +¢,(M -5.5) 55<M <65
C,+¢M +c,(M-55)+¢c,;(M-6.5 M >6.5

Fais: Distance parameter:
2 2
fdis = (C4 + C5|\/| )In( RRUP + CG )

Fae: Fault type parameter:
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In these equations the parameters from c, to c;, and k; to k; are coefficients, Vss is the average
shear wave velocity down to 30m depth, fi,g and feq are the parameters of hanging wall and basin
effect. Rryp is the closest distance to surface rupture, Fry, Fnu, are slip parameters, Zror is depth of
the rupture surface from ground surface.

Regression Standard deviation (o T) for each ground motion parameter is also provided.

In order to estimate PGA distribution of the 1999 Kocaeli earthquake with M,,=7.5, median +0.5
standard deviation is selected, as it shown in Figure 3.14. Other parameters are calculated through
specific commands in ELER (Figure 3.15):

"

— Event Data

(@ XML File
() Manual Input

— Source Type
(") Point Source
(@) Event Specific Fautt
() Auto Assign

— Site Correction

() Mo Correction

(@) Directly at Surface
() Borcherdt (1994)
(7 Eurocode 8

— V20 Grid.

() Defaut \'s-30 Grid
(@ Custom Vs-30 Grid

— Ground Motion

Campbell & Bozor... -

CET= i)
- - — S

Event Location

= User Definzd Int._.

— Instrumental intensity—

— Ground Motion: Campbeli & Bozorgnia, 2008—

(Rrup-RjbYRID : [ 5
Ztor: g

Fus:

Rake Angle:
Dip Angle : | g
brbirary/Average: g

Median + 0.5 | Sigma

Outputs: pga, pgv, pzal?, pzal3, psall, psadl

Ztor: Depth to the top of coseismic rupture Ckm)

Zvs: Depth to the 2.5 kmis shear-wave velocity horizon
(k)

Rake Angle: S5=0; NR=-110; R¥=110; NRO=-140, R¥(=50
Arbirary/Average: sigma companent (1/0) [

Run Clear All I
——— =

Figure 3.14 GMPE input screen (Campbell & Bozorgnia, 2008)
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Figure 3.15 Alternative ground motion parameters

3.34 Output results

Deterministic seismic hazard is computed to understand the spatial distribution of the earthquake
ground motion that would result from a given (Scenario) earthquake. Simulating the 1999 Kocaeli
earthquake with the selected attenuation relationships and site response quantification, output
results are given in Figure 3.16. Parameters for the selected scenario are summarized in Table
3.4Figure 3.4.

Table 3.4 Input Parameters for Istanbul- the 1999 Kocaeli earthquake (scenario A)

Analysis-50*
SEISMIC HAZARD
Event Data Kocaeli99
Source type Kocaeli
Site correction directly at surface
Vs30 gtm _turkey cor
SMPE Campbell & Bozorgnia
08

median+___ sigma 0.7
PGA at Zeytinburnu 0.115¢g
Sa0.2 at Zeytinburnu 0.279
Sal.0 at Zeytinburnu 0.15¢

Comments
phantom grid 2km, interpolation grid 0.005

*Analysis vol. denotes just the priority of the results done by the author in his personal database
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Figure 3.16 PGA (%g) and Spectral Accelerations (%g) at T=0.2sec and T=1.0sec obtained from the
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3.4 Hazard Scenarios for Istanbul; The “Credible Worst
Case” Scenario Earthquake for Istanbul (scenario B)

34.1 Introduction

In Istanbul province a scenario earthquake is determined to take place on the Main Marmara Fault,
as the “Credible Worst Case” Scenario event. Based on recent findings a fault segmentation model
is developed for the Marmara Sea region as shown in Figure 3.17. The segmentation provided
relies on the discussion of several portions of the Main Marmara Fault, given in Le Pichon et al.
(2000, 2003), based on bathymetric, sparker and deep-towed seismic reflection data and interprets
it in terms of fault segments identifiable for different structural, tectonic and geometrical features.
The studied fault consists of three active segments close to the city, determined as a right-lateral
fault. For given earthquake magnitude, distance, local geology, and fault mechanism, the selected
ground motion prediction equations provide earthquake intensities, peak ground acceleration, and
spectral acceleration.
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Figure 3.17 Fault segmentation model proposed for the Marmara region. Studied area consists of three
segments S5, S6 and S7 (Erdik et al., 2004)

34.2 Input data for ELER

Event Data

Similar to 1999 Kocaeli earthquake, this scenario is considered to have magnitude M,,=7.5 as well
as the same total rupture length. Distance between hypocenter and surface is about 27.2 km
according to various authors. In this study, a different location of epicenter is selected closer to
Ataturk International Airport (Figure 3.18). Fault Identity is given in Table 3.5.
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Table 3.5 The Main Marmara Fault Identity (studied segments)

General Information
Country: Turkey
Name: Main Marmara Fault
Parametric Information
Parameter ?;':_:ﬂ: Evidence
Fault type right-lateral strike slip focal mechanisms
Depth (km) 27.2 EJ estimation of Credible worst case scenario earthquake for Istanbul
Strike (deg) 815 LD inferred from microseismic spatial and field measurements (Okay et al, 2000)
Dip (deg) a0 LD focal mechanisms (Okay et al, 2000)
Rake (deg) 180 LD kinematic indicators, focal mechanisms and regional stress field (Okay et al, 2000)
Max magnitude [Mw) 75 AR estimation of Credible worst case scenario earthguake for Istanbul
Epicenter (Lat/Long) 40947/28.871 El estimation of Credible worst case scenario earthquake for Istanbul
Length (km) 120 LD geological/geophysical studies
Associated Earthquake
02/09/1754 Mw=7 4 (historical event), associated with segment 56
Latest earthquake 22/05/1766 Mw=7.1 (historical event), asscciated with segment 57, S8
10/07/1894 Mw=7.3 (historical event), associated with segment 53, 54, 55

*Acronyms: EJ=Expert Judgement, LD=L.iterature Data, AR=Analytical Relationship

— Event Data

~) Manual Input

Ewvent Lacation

; __ .
B e i

Figure 3.18 Event Epicenter for Scenario
B (close to Ataturk International Airport)

— Source Type

) Point Source

) Auto Assign

_) Evert Specific Fault

— Site Correction

([ Mo Correction

Default \Vs-30 Grid
Custom V's-30 Grid

Magnitude:
Latitude:
Longitude:
Eurocode 8 Depth:
Location String:
— V520 Grid

— Ground Motion

= User Defined G...

= User Defined Int..

— Instrumental intensity—
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Source type
Three segments are selected for the scenario B in Istanbul, as it is shown in Figure 3.19.

[ TR i —

Ground Motion

Instramental Intensity

G At

Figure 3.19 Segmentation model of the fault considered in Scenario B

Site correction
Local site effects are taken into account with Vs30 parameter. Using Next Generation Attenuation
relations (NGA), ground motion parameters are calculated directly at surface.

Site condition
The QTM-Vs30 map created for the scenario A is also used for the scenario B.

Ground Motion Prediction Equations

Campbell and Bozorgnia (2008) ground motion estimation equation has been used in the estimation
of PGA, Sa (T=0.2sec) and Sa (T=1.0sec) distribution.

343 Output results

Earthquake hazard in the Istanbul region is essentially controlled by the Main Marmara Fault (part
of the North Anatolian Fault) passing about 20 km south of the city in the Marmara Sea. In order to
estimate the regional hazard, a scenario based on Main Marmara Fault (Table 3.6), is studied.

Table 3.6 Input Parameters for Scenario B

Analysis-56 |
SEISMIC HAZARD
Event Data Istanbul Worst.Scenario-
Ataturk Airport
Source type North Marmara Fault
Site correction directly at surface
Vs30 gtm_turkey cor
GMPE Campbell & Bozorgnia
08
median+___sigma 0
PGA at Zeytinburnu 0.249
Sa0.2 at Zeytinburnu 0.54¢
Sal.0 at Zeytinburnu 0.30g
Comments
phantom grid 2km, interpolation grid 0.005

Rapid Seismic Risk Assessment at Urban Scale: 60
Applications in Istanbul & Thessaloniki Building Stock



M7.5 Depth= 27.2 Lat= 40.9468 Lon= 28.8718
Map of: PGA (%g)

T —T—T——1
10 0 10 20 30km

41°30'N

40°30'N
: L
Bandirma
Blrsa L1%  ELER v3.0
28°00'E 28" 30'E 29°00'E 29°30'E 29°60'E
M7.5 Depth= 27.2 Lat= 40.9468 Lon= 28.8718
Map of: PSA02 (%g)

AL B P e |
10 0 10 20 30km

41°30'N

40°30'N

Bandirma

i ELER v3.0
28°00'E 28"30'E 29°00'E 29°30'E 29°60'E

M7.5 Depth= 27.2 Lat= 40.9468 Lon= 28.8718
Map of: PSA10 (%g)

Pt
10 0 10 20 30km

41°30'N

41°00'N

¥ \| ELER v3.0
28°00'E 28"30'E 29°00'E 29°30'E 29°60'E

Figure 3.20 PGA (%g) and Spectral Accelerations (%g) at T=0.2sec and T=1.0sec obtained from the

Campbell and Bozorgnia (2008) GMPE for Scenario B

Rapid Seismic Risk Assessment at Urban Scale:
Applications in Istanbul & Thessaloniki Building Stock

61



3.5 Building damages & casualties for Scenario A

35.1 Building damages (analysis results)

The analysis is conducted for the Zeytinburnu district using the building inventory of Istanbul. The
distribution of damages obtained from Level 2 module for the different damage states is presented
in Table 3.7.

Calculations were performed by using:

i.  One Ground Motion Prediction Equation (GMPE):
-Campbell & Bozorgnia (2008) ----Analysis 50*

* Analysis vol. denotes just the priority of the results done by the author in his personal database

ii.  Two demand spectrums:
-International Building Code (IBC)
-Eurocode 8 (EC8)

iii.  Two different approaches for the computation of the demand spectrum and the
performance point:
-Capacity Spectrum Method (CSM)
-Coefficient Method (CM)

As a result, comparisons of different methods are given in the following diagrams. Figure 3.21
shows that EC8 demad spectrum overestimates the damages in moderate, extensive and complete
level compared to IBC demand spectrum.

Spatial distributions of damaged buildings at each discrete damage level, namely slight, moderate,
extensive and complete, are given in Figure 3.22. Indicative results from this scenario are:

Number of complete damage building: 182

Number of extensive damage building: 363

Number of moderate damage building: 1337
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Table 3.7 Damage estimation results for Zeytinburnu Scenario A, using the GMPE by Campbell & Bozorgnia (2008)

Avalysis-50 |
SEISMIC HAZARD LEVEL2 LEVEL2
Event Data Foczelitd Diemend Spactrum Diemznd Spectrum
Souace trpe Koczsli Clazsification Istz=nbul Clazsification Iztznbul
Site cograction directly atsurkce | Building DB Zevtinbumu Building DB Zeywtinburnu
Va3l gtm_tuwrkey cor | AEEnituds T4 Mzgnituds 74
GMDE Campell ‘ﬁsﬂnmg"ia V=30 qbm_turkey_cos V=30 qim_turkey_cos
medizn 0.7 BGA - BGA o
PGA zt Zeytinburnu 0.115g S202 037g 5202 -
5202 at Zeytinburny 0317g 5210 013g 5alD -
CSM- AL CaM- L
Eal0at . Capacity | percentage . percentage e | AAVEraZE Capacity | percentage _ pErCentase o | Average
Zeptinbumn 015g Mlsthod 5 (%) ngfgﬁdmt (%) Average perc (V%) Msthod 5 () C‘Eefgﬂdmt () Average perc (V%)
Method Method
Extenzive 363 15 108 o7 136 16 Extenzive 355 15 148 10 152 17
phantom grid 2o, interpolation grid 00005" | Moderate 1337 02 1030 7.1 1184 B2 Moderats 1370 0.5 1272 BE 1321 21
Taitzl 14481 1300 14482 B2 14482 106 Totzl 14482 1320 14481 103 14482 118
Damage State (Average values)
EC8
L 10.0 IBC 9.1
> 8.2
= 8.0
< .
+—
o
S 6.0
o
3
@ 20 IBC EC8 1.6 1.7
2 : 0.8 0.9
a _ .
0.0
Complete Extensive Moderate
Figure 3.21 Discrete damage probabilities under Analysis 50 (Scenario A)
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Figure 3.22 The distribution of damaged buildings in Zeytinburnu resulting from Analysis 50, IBC
demand spectrum and CSM as selected method-Level 2 Analysis (Scenario A)
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352 Comparison with observed damages from the 1999 Kocaeli Earthquake

Recorded damages from Kocaeli earthquake, are available for Istanbul region. In Zeytinburnu
district, damaged buildings were limited to moderate damage state (Figure 3.23)

RAANG ilie -0 k@ @m2sS B Editers

Table Of Contents X o
ol o £ ° -y @
v s
D liyess o
a ool & '2 -,
@ L5 e R @ 2
¢ u 60
1 hemy damage_busddings_point o %;, A > >
. . Lo i
A colapse_damage bukdings_point &, Smetiiee 0 -
. s I i s 3
Buildings.mdb ®on
i Q. - o
P
A - Mg &
w ® ‘ "
238 - Jmm]| .
~ o
= .

H-B-HBOF

moderate._damage_buikdings_point

: ¢
0+ » E®| (12 ocutof 1382 Selected)
] mosese sumsge it pore

Ve e e

Figure 3.23 Distribution of moderate damaged buildings in Istanbul due to August 17, 1999 Kocaeli
earthquake (Scenario A)

e Total number of moderate damaged buildings in Zeytinburnu: 84

Comparison between observed and calculated damages is not consistent, as ELER seems to
overestimate the damages from this specific seismic event. Fragility curve parameters are not
dated, thus uncertainty is inherent.

3.5.3 Casualties

ELER calculates the human losses due to the damaged buildings using the Hazus approach..

Results are shown in Figure 3.24. The total number of expected deaths is 19 in total 243188 or
0.08%o.

Total people in severity level [ 3 4]
Total of: 19
1.7
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15
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13
41700 N
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ELER v3.0

1.1
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Figure 3.24 The distribution of casualties in Zeytinburnu district resulting from the 1999 Kocaeli
earthquake scenario
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3.6 Building damages & casualties for Scenario B

3.6.1 Building damages (analysis results)

In this case, the seismic hazard of Main Marmara Fault in Zeytinburnu district is studied. The results are summarized in Table 3.8.

Table 3.8 Damage estimation results for Zeytinburnu Scenario B, using the GMPE by Campbell & Bozorgnia (2008)

Analysis-56
SEISMIC HAZARD LEVEL2 LEVEL2
stanbul Wors
Event Dtz j;t:“a'_ck:ui Di=mznd Spectrum Di=mand Spsctrum
Sournce type North mermerz Eult | Classification Istznbul Classification Istznbul
Site cosraction directly at surecz | Building DB Zaytinburnu Building DB Zevtinburnu
R qim_turkey cor Mzgnituda T4 Mzgnituds T4
GMPE Campell 'if“mg"ia V30 qlm_turkey_cor V30 qim_turkey_cor
medizn 0 BGA - BGA o
PEA at Zeytinburnu 024g 503 D54g 5203 -
5203 at Zeywtinburnu 0 34g SalQ 0.30g 5ald -
CEM- CEM-
Eal0at f30s Mathod Capacity | percentage c ?ﬁi—. i percentage Averam Average Mathod Capacity | percentage c Cf']éi-. i PErCEntaze Averam Average
Zaytinbusn 8 Spectrum | (%) : mﬁuﬂ () ATEUAZE | perc (14) Spectrum | {04) E mﬁuﬂ oy | TR percqog)
Method Method
Extenziva 1044 T2 261 59 033 o6 Extenziva 1359 04 1169 Bl 1164 57
phantom grid Mo, interpolation grid 00005 | Moderate 3140 17 36353 152 3397 135 | Moderatz 3342 145 4046 178 3794 67
Taotzl 14482 3383 14482 3412 14482 340 Totzl 14482 4110 14482 404 14482 407

Figure 3.25 and Figure 3.26 shows the graphical display of the previous results in bar chart and in map.
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Figure 3.25 Discrete damage probabilities under Analysis 56 (Scenario B)
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Figure 3.26 The distribution of damaged buildings in Zeytinburnu resulting from Analysis 56, IBC

demand spectrum and CSM as selected method-Level 2 Analysis (Scenario B)
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3.6.2 Casualties

Human losses are estimated based on Hazus Method and it was found that 93 people would suffer
of severe injury or be unsaveable for this specific earthquake scenario.

Total people in severity level [ 3 4]
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Figure 3.27 The distribution of casualties in Zeytinburnu district resulting from earthquake scenario B
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4. Application to Thessaloniki

Thessaloniki is located in the eastern part of Mediterranean in the Northern Greece (Macedonia,
Thrace) in a strategic geographical location. It is the second city in population in Greece with
almost one million inhabitants (included suburban areas), after Athens and an important
administrative, economic, industrial, academic and cultural centre at national scale. The city was
stroked from several earthquakes as its urban area is located on the Axios-Vardar seismogenic
zone, which is adjacent to Servomacedonian massif, one of the most seismotectonically active
regions in Europe. The latest major earthquake occurred in Thessaloniki in June 1978 with an
epicenter located at a distance of about 25km NE of the city, a focal depth of about 8 km and a
magnitude of M=6.5. Especially, the urban area of Thessaloniki is situated on three (3) main large-
scale geology structures. The first formation includes the metamorphic substratum, the second is
composed by alluvial deposits and the third formation composed by recent deposits. The purpose of
this application is to implement ELER to Euro-Mediterranean City, as Thessaloniki is, in order to
predict potential losses after an earthquake.

4.1 Manipulation of Vs30 data in Geographical Information
Systems

411 The Thessaloniki VVs30 map from point to polygon

GIS can provide an effective solution for integrating different layers of information, thus providing
a useful input for city planning and in particular input to earthquake resistant design of structures in
an area. According to recent researches, seismic microzonation includes delineation of the ground
zones that are homogenous in geological and seismological characteristics in specific region as a
city. As a result of that, classification ground motion parameters are varied relatively.

For the seismic microzonation, geotechnical site characterization need to be assessed at local scale
grouped at geo-cells, which is further used to assess of the site response and liquefaction
susceptibility of the sites. Another crucial point is the quality and quantity of input data. To classify
the ground in a city, a detailed study of penetration holes is needed for that. To improve the quality
of data, 0.0045x0.0045 degree sized grid cell is selected to gather the appropriate information.

The first step for the Thessaloniki study is to map the distribution of Vs30 in 0.0045x0.0045 grid
cells gathering available data. At this point it is important to note that the average shear-wave
velocity of the upper 30 meters of a soil profile (Vs30) is a key indicator of site response
dominating the ground-motion amplification.
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Vs30 values are taken from the microzonation study of Thessaloniki (Figure 4.1). For this purpose,
a detailed model of the surface geology and geotechnical characteristics, for site effect studies, was
generated for the city of Thessaloniki. The resulted geotechnical map (Anastasiadis et al. 2001) was
based on numerous data provided by geotechnical investigations, geophysical surveys,
microtremors measurements, classical geotechnical and special soil dynamic tests (Pitilakis et al.
1992, Pitilakis and Anastasiadis 1998, Raptakis et al. 1994a, Raptakis et al. 1994b, Raptakis 1995,
Apostolidis et al. 2004). The dynamic properties of the main soil formations have been defined
from an extended laboratory testing including resonant column and cyclic tri-axial tests (Pitilakis et
al. 1992, Pitilakis and Anastasiadis 1998, Anastasiadis 1994).
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Figure 4.1 Distribution of Vs30 in the city

For the study area, the available information data for Thessaloniki is referred to city blocks, so the

user has to manipulate it and convert the files to the appropriate format; geo-cells, recognisable to
ELER software (Figure 4.2).

It is noted that during the manipulation of data in GIS environment, it is important to keep the same
unique grid ID (identity) for each cell.
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Figure 4.2 Municipality of Thessaloniki; Manipulation of available data. Each cell has its unique
GridID.

Custom site condition maps should be in form of Vs30 grids. To achieve that, 215 Vs30 values are
selected to define the site conditions under the city (Figure 4.3). Next step is to group the values in
each cell in order to take one single average value for each 0.0045 degree gridded cell. Regarding
the cells that are not intersected with any Vs30 value, an interpolation with the neighbour cells is
done to obtain values for the rest of the grid. Manipulation of data is succeeded through ArcGIS
software. Figure 4.4 illustrates the resultant Vs30 map for Thessaloniki that is used for the
following analysis in ELER.
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Figure 4.4 Distribution of Vs30 in Thessaloniki
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A qualitative comparison is attempted in Figure 4.5 between the EC8 Site Classification taken from
microzonation study of Thessaloniki and the resultant Vs30 gridded map.

Comparison Vs30 map with the EC8 Site Classification
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Figure 4.5 Eurocode 8 Site classification of Thessaloniki ground

412  The Central Macedonia Vs30 map generated by USGS

ELER software uses maps of Vs30 grids for extended areas, so in order to use the above values of
Thessaloniki, it is necessary to incorporate them into a more extended Vs30 model. The USGS
Vs30 maps, available for the whole world, were used for this purpose.

However, Vs30 maps provided by USGS are based on a simplified approach and should not be
considered accurate for every location or region. As stated in USGS website:

“The maps and grids are provided for general purpose use, and are not intended to supplant or
supercede existing, detailed Vs30 maps or measurements. Wald and Allen (2007) note significant
limitations to this simplified approach. Users should be aware of these limitations and should
exercise caution in using this approach for anything other than regional scale Vs30-based site
amplification estimates. As always, site-specific Vs30 values should be used at finer scales or at
particular locations. ”
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Figure 4.6 shows the generated Vs30 map for Central Macedonia including the city of
Thessaloniki.

338°W 337°W 338'W 335°'W

S 2012 Sep 21 1307 07|

Figure 4.6 Distribution of Vs30 in Central Macedonia (generated by USGS)

413 Interpolation of USGS Vs30 map

One of the main problems is to transfer the USGS values from point to polygon. Input data for
ELER is given in grid format, so the user has to create a new map where the information refers to
0.0045 degree sized grid. To achieve this, a new fishnet is created containing all the points.

The default grid provided by USGS is 0.0083 degree, thus the user has to decrease the size of the
grid, because ELER can recognise only one grid interval for the input data. Figure 4.7 and Figure
4.8 illustrate the above problem.
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Figure 4.8 USGS Vs30 grids. The focus of the black frame is on the Municipality of Thessaloniki
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414  Joining to a single map

The final phase of the procedure is to combine the two VVs30maps; the simplified one from USGS
that refers to the whole Central Macedonia region, and the second, more detailed one, from the
microzonation study that refers to the city of Thessaloniki. Figure 4.9 depicts the final VVs30 map of
Central Macedonia that contains values from both above maps.
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Figure 4.9 The final Vs30 map of Central Macedonia

Following this, ELER provides tools for external data integration. After extracting the Vs30 values
from each cell and theirs coordinates to a text (.txt) files, the txt file can now be converted to a
MATLAB file.

Figure 4.10 and Figure 4.11 show the Text2Grid tool, the input text file and the figure obtained
from the converted MATLAB matrix, respectively. The Header lines parameter defines the number
of lines to be ignored when processing the text file.
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The Grid interval parameter specifies the density at which the points in the text file are located.
These points do not need to be sorted in any particular order, but the X y z columns should be
separated by a whitespace or a tab. The resulting MATLAB matrix file is saved automatically with
the same name as the input file, with a .mat extension.

The Text2Grid tool can be used for creating ground motion grids to be used in Level 2 or for
creating custom site condition maps for use in the Hazard module.
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Figure 4.10 Text2Grid for external data integration
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Figure 4.11 Text2Grid GUI, input and output
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4.2 Buildings and population data for Thessaloniki

42.1 Division into grids; from blocks to grid-cells

The building inventory for Thessaloniki has been developed by the Laboratory of Reinforced
Concrete and Masonry Structures in Aristotle University of Thessaloniki (Kappos et al., 2008). The
inventory which was introduced in a GIS platform during the RISK-UE project is based on a
combination of the 1991 census data from the Statistics Agency of Greece, those from a previous
project and a recent in-situ survey of appropriately selected blocks. The inventory includes
information about material, code level, and number of storey, structural type and volume for each
building. The building database has been updated during SYNER-G EC project covering the entire
municipality. The population data is obtained from SRM-LIFE project based on the 2001 census.

Each record represents one block, and the total number of records is 2985 (Figure 4.12). The
available information includes information of building type, construction year, number of floors
and population.

e Total number of buildings (all types): 27725
e Total population: 362570

Table

RS
Buildings_Population_Thessaloniki
OBJECTID * Shape * IR, Block, ID_SynerG Code OIKOD | nM5t12 | nM5t3 | nMBri -
1 [ Polygon 11 a a
2 | Polygon 2|2 2287 a a
3 | Polygen 33 6499 I 0
4 | Polygon 44 304 1 a
S | Polygon 5|5 7385 0 0
5 | Polygon 6|6 5843 1 0
7 | Polygen 7|7 4711 0 0
8 | Polygon 8|8 1901 1 0
9 | Polygon 9|9 5168 0 0
10 | Polygon 10 | 10 3554 1 0
11 | Polygen 111 9266 0 0
12 | Polygen 12 | 0012_0403 3314 1 0
13 | Polygon 13113 5819 0 0
14 | Polygon 14114 4096 0 0 a2
< T 3
o 0 » 1 [E 5 ©0outof 2085 Selecten)
Buildings_Population_Thessaloniki

Figure 4.12 Shape file with its attribute table; data refers to blocks

In order to produce 0.0045 degree grid based building inventory, building area geometry data have
been converted into a polygon geometry data, as it is shown in Figure 4.13, step 4. Number of total
polygon of this covered area set is 155.
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Figure 4.13 Preparation of compiled building data
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As it was mentioned before, ELER can recognise shape files that contain the data based on grid.
The available data for Thessaloniki refer to blocks (Figure 4.13, step 1), so it is important to
compile the data to 0.0045 degree grid-cells, similar to Vs30 map. Next step is to create a fishnet
sized 0.0045 degree (Figure 4.13, step 2) and trim the rest of the fishnet that doesn’t intersect the
layer of the blocks. Then, the data from the source layer is pasted to grid-cells. For those blocks
that belong to more than one cell, the information they contain is divided according to their
geometry percentages (Figure 4.13, step 3). Once the data are summed in each cell, the resultant
model is then ready, as an input file in Level 2 in ELER (Figure 4.13, step 4; Figure 4.14)

ID:411|1D:412|ID:413 |ID:414|ID:415 ID:415 |ID:419

1D:367 (ID:388 |ID:389 (ID:390 |ID:391 (ID:392 |ID:393 (ID:394 ID:395 ID:396

1D:363 (ID:364 |ID:365 [ID:366 | ID:367 (ID:368 |ID:369 (ID:370 [ID:371 (ID:372 |ID:373 (ID:374|ID:375 (ID:376 | ID:377

10:340 (ID:341|1D:342 (1D:343 |ID:344 |ID:345 |ID:346 (ID:347 |ID:348 |ID:349|ID:350 (ID:351|ID:352|1D:353

10317 (ID:318|1D:319 ID:320 |ID:321 (ID:322 |ID:323 (ID:324 |ID:325 (ID:326 |ID:327 (ID:328 |ID:329 |ID:330 |ID:331

ID:296 1D:298 (ID:299 (ID:300 |ID:301 |ID:302 |ID:303 |ID:304ID:305 |ID:306 |ID:307 |ID:308
ID:277 (ID:278 |ID:279 |ID:280 (ID:281 | ID:282 ID:283 (ID:284 |ID:285
Table =]
FERIR- R [ ID:284 | ID-255 | 1D:256 |ID:257 |ID:258 |ID-259 |ID:260 |ID:261
ResultsForELER_Thessaloniki_Build_Pop x
OBJECTID: | Shape* | Griaip | mst12 | msts | mBraz | mers | Reatel | Resaul | Resime - 1D:231|ID:232ID:233|ID:234 ID:235 (ID:236 (ID:237 |ID:238
1| Polygon 64 1 0 0 0
2 | Polygon 65 0 ] 0 ]
3 [ Polygon 56 3 i 0 i ID:207 (ID:208 |ID:208 (ID:210 [ID:211 |ID:212 ID:213 [ID:214 |ID:215
4 | Polygon [ 0 0 0 0 [ 0 [
5 [P 8 1 0 1 0 0 0 0
5 pzzgzz a7 8 f 2 7 i f i D:183 {ID: 184 |ID: 185 |ID:186 |ID:187 ID:188 ID:189 [ID:190 [ID:191
7 | Polygen 88 10 0 [ 0 2 0 0
olygon 89 10 6
olygon ) B Y ID:158 [ID:159 |ID: 160 |ID:161 |ID:162 ID:163 ID:164 |ID:185 |ID:166 |ID:167
1 olygon 91 4 2
1 'olygon 92 2 2
12 | Folygon B 0 0 o o o o 0 ID:1341D:135 |ID: 136 |ID:137 |ID:138 ID:139 ID:140 (ID:141 |ID:142
13 | Polygon 110 1 0 1 0 0 0 0
a S 1 Bl_¢o 2l o 5 2 C D110 10111 | 1D:1121D:113 |1D:114|1D:115 |1D: 118 [1D-117
o 1 n =8 it of 155 Selected
outo eected) ID:86 | ID:87 | ID:88 | ID:89 | ID:90 | ID:91 | ID:92 | ID:93
ResultsForELER_Thessaloniki_Build_Pop

ID:64 | ID:B5 | ID:B6 | ID:67

Figure 4.14 Shape file input with its attribute table; data now refers to grid-cells

422 Classification of buildings in Thessaloniki

RC Buildings
For RC buildings the building typology matrix proposed by Kappos et al. (2006) has been applied.

Referring to the height of the buildings, 2-storey, 4-storey, and 9-storey R/C buildings were
selected as representative of Low-rise, Medium-rise and High-rise, respectively. Regarding the
structural system, both frames and dual (frame & shear wall) systems were addressed. Each of the
above buildings was assumed to have three different configurations, “bare” (without masonry infill
walls), “regularly infilled” and “irregularly infilled” (soft ground storey, usually pilotis), (Kappos
et al, 2006).

Regarding the level of seismic design and detailing, four subclasses could be defined, as follows
(Table 4.1):
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Table 4.1 Specific building types and design levels for R/C building analysis (Kappos et al., 2006)

Type Structural system Height (number of storeys) Seismic design level

RC1 Concrete moment frames
RC3 Concrete moment frames with
unreinforced masonry infill walls
3.1 Regularly infilled frames (L)ow-rise (1-3)
3.2 Irregularly infilled frames (pilotis) (M)id-rise (4-T)
RC4 RC dual systems (RC frames and walls) (H)igh-rise (8+)
4.1 Bare frames (no mnfill walls)
4.2 Regularly infilled dual systems
4.3 Irregularly infilled dual systems (pilotis)

(N)o/pre code
(L)yow code
(M)edium code
(H)igh code

e No code (or pre-code): R/C buildings with very low level of seismic design or no seismic
design at all, and poor quality of detailing of critical elements

e Low code: R/C buildings with low level of seismic design (roughly corresponding to pre-
1980 codes in S. Europe, e.g., the 1959 Code for Greece)

e Moderate code: R/C buildings with medium level of seismic design (roughly
corresponding to post-1980 codes in S. Europe, e.g., the 1985Supplementary Clauses of the
Greek Seismic Codes) and reasonable seismic detailing of R/C members.

e High code: R/C buildings with enhanced level of seismic design and ductile seismic
detailing of R/C members according to the new generation of seismic codes (similar to
Eurocode 8) (Kappos et al., 2006)

Masonry buildings

For unreinforced masonry bearing walls buildings (URM in Hazus format) the building typology
matrix proposed by Kappos et al. (2009) has been applied. Referring to the height of the buildings,
1-storey, 2-storey, and 3-storey masonry buildings were selected as representative of Low-rise.
Regarding the structural system, the unreinforced masonry bearing walls system was only
addressed. There are two sub-categories for URM buildings in Thessaloniki; the first only refers to
structures built by stone and the second one built by brick.

As a result, the building inventory for Thessaloniki contains data for 27 categories based on
Building Type, Number of Floors and Construction Year. Building categories are shown in Table
4.2 in detail, containing both URM and RC buildings.
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Table 4.2 RISK-UE building typology matrix; contains only the building types used in Thessaloniki

Type Structural system Height (number of stories) Seismic design level
URM Unreinforced Masonry
MSt12
stone
MSt3
(L)ow rise (1-3) (L)ow code
MBr12
bricks
MBr3
RC3 Concrete Moment frames with unreinforced masonry infill walls
RC31LL (L)ow rise (1-3)
RrRc3iML | regularly infilled frames (M)id-rise (4-7)
RC31HL (H)igh-rise (8+)
) (Lyow code
RC32LL (Low rise (1-3)
irregularly infilled -
RC32ML frames (pilotis) (M)id-rise (4-7)
RC32HL (H)igh-rise (8+)
RC4 Reinforced concrete dual systems (frames & walls)
RC42LL (Low rise (1-3)
RC42ML (M)id-rise (4-7) (Low code
RC42HL (H)igh-rise (8+)
RC42LM (L)ow rise (1-3)
larly infilled dual . .
reazmm | ar;)l,sltnerlnse . (M)id-rise (4-7) (M)edium Code
RC42HM (H)igh-rise (8+)
RC42LH (L)ow rise (1-3)
RC42MH (M)id-rise (4-7) (H)igh code
RC42HH (H)igh-rise (8+)
RC43LL (L)ow rise (1-3)
RC43ML (M)id-rise (4-7) (L)ow code
RC43HL (H)igh-rise (8+)
RC43LM | irregularly infilled dual (Dow rise (1-3)
RC43MM systems (pilotis) (M)id-rise (4-7) (M)edium Code
RC43HM (H)igh-rise (8+)
RC43MH (M)id-rise (4-7) )
(H)igh code
RC43HH (H)igh-rise (8+)

The distribution in Thessaloniki is given in Figure 4.15 and Figure 4.16. It can be seen that the
majority of buildings were built with past design codes, so the building stock in Thessaloniki could
be characterized as “old”. Moreover, the dominated structural system is regularly infilled dual
system (RC42).
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Figure 4.15 Building distribution based on structural

system

Design Level

Figure 4.16 Building distribution based on design level

4.3 Fragility and capacity curves for Thessaloniki building

stock

431 Structural Damage Levels

Structural damage levels for RC buildings in Thessaloniki are given below:

Table 4.3 Damage states and losses indices for R/C buildings (Kappos et al., 2006)

Damage Range of loss | Central
stateg Damage state label in(?ex-R/C Index (%)
DSO None 0 0
DS1 Slight 0--1 0.5
DS2 Moderate 1--10 5
DS3 Substantial to heavy 10--30 20
DS4 Very heavy 30--60 45
DS5 Collapse 60--100 80

43.2 Generate in ELER Software

For this purpose, fragility and capacity curves for Thessaloniki city derived by the 1978 Volvi
earthquake are modified in order to create a user-defined building inventory database.

Building capacity curves are constructed for each model building type and represent different
levels of lateral force design and building performance. Each curve is defined by two points: (1) the
“yield” capacity and (2) the “ultimate” capacity. The yield capacity represents the strength level
beyond which the response of the building is strongly nonlinear and is higher than the design
strength, due to minimum code requirements, actual strength of materials being higher than the
design one (mean values of concrete and steel strength were used in the nonlinear analyses) and,
most important of all, due to the presence of the masonry infills (this influence is more pronounced
in the case of frame systems), whenever such infills are present.
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The ultimate capacity is related to the maximum strength of the building when the global structural
system has reached a full mechanism (Kappos et al., 2006). An example for RC42LM building type
is given in Figure 4.17.

0.8
0.7
0.6
__..-——-"--.

0.5 el
g v == RC4.2LM
D44 ) DS1
a DS?2
».3 '. DS3
0.2 {1 DS4

H DS5
0.1

"
0.0 §— ‘ ‘ ‘ ‘

0 2 4 Sd(cm) 6 8 10

Figure 4.17 Capacity curve for RC42LM building type (Kappos et al., 2006)

ELER provides a tool BDC-Building Database Creator, which is able to make over the
Thessaloniki data with the compatible format. Basic steps of Building Database Formation are:

i.  Definition of Building Taxonomy

i.  Definition of Fragility Curve Parameters

iii.  Definitions ofAnalytical Methodology Parameters

iv.  Definition of Building Capacity Parameters

Figure 4.18 depicts the menu of BDC, where the number of building types and the corresponding
design levels are entered as WeII as the working units are assigned.

0 Mumber of building type: 16
) Ediit Current Database: |test_level2_db_Thessaloni.. Number of design code levels: 3

Save
Close
Wirite to Database

Figure 4.18 Main menu of Building database Creator
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All parameters defined for Thessaloniki building inventory can be saved at each step as well as can
be written to a new database as it is shown in Figure 4.21. Building type definition is done based on

the number of building type and design Code levels.
Table 4.4,

Table 4.5and Table 4.6 illustrate all parameters referred to three specific building types.

Table 4.4 Estimated Sy fragility curve parameters for Thessaloniki (median values in m), (Kappos et al,

2006)

Building

Name
14 RC42LM
15 RC42MM
16 RC42HM

Fragility Curves

Moderate Extensive
Median Beta| Median |Beta
0.0086912 | 0.7 | 0.033401 | 0.7
0.0190124 | 0.7 | 0.070305 | 0.7
0.0576581 | 0.7 | 0.151111 | 0.7

Table 4.5 Estimated capacity curves for Thessaloniki (displacement values in m, acceleration values in
m/sec?, damping values in %), (Kappos et al, 2006)

Building Capacity Curve
Name Yield Ultimate Elastic
Displacement | Acceleration | Displacement | Acceleration | Displacement | Damping
14 RC42LM 0.0059 4.887 0.0609 5.424 0.0059 5
15 RC42MM 0.0133 2.671 0.1273 2.728 0.0133 5
16 RC42HM 0.0473 2.851 0.2549 3.030 0.0473 5

Table 4.6 Estimated additional parameters for analytical vulnerability analysis (period values in sec),

(Kappos et al, 2006)
Building Structural Behaviour Ductility Building Characteristics
Name Degradation Factor Value
Short Moderate Long CO coefficient Period
14 RC42LM 0.8 0.4 0.2 9.22 1.2 0.219
15 RC42MM 0.8 0.4 0.2 9.36 14 0.444
16 RC42HM 0.8 0.4 0.2 5.07 1.46 0.810

Fragility curves are shown in Figure 4.19 and Figure 4.20. It is noted that for high design level the
vulnerability of building is lower (i.e. the curves are lower compared to the corresponding ones for
the low seismic design).
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Figure 4.19 RC42LM fragility curves (Kappos et al., 2006)
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Figure 4.20 RC42HH fragility curves (Kappos et al., 2006)

(B builcing Detabase (e -

— Building Datak Infortmation
New Database Mame: |MyDataBase 16
(@ Edit Current Database: |test_level2_db_Thessaloni.. 3

‘Working on Database Files: db_Building_test_level2_db_Thessaloniki_2.m inlsl
db_CustomCapacityCurves_test_level2_db_Thessa |n b

Creste data structure for solution algoritm:

CSM MADRS Reduction Factor Method Coefficient Method ‘

— Building Mame and Mavigating

Building Marme: RC3THL Building type: 7

(=7 Design code level: 1

— Spectral Displacement-Based Fragiity Curve Parameters [SlightModerste/ExtensiveComplete Damage Levels]

Median =:(0.0235 |m  + | Median m:|0.0379 |[m - | Mediane 00768 |[m - Median c01423 [m |

Betas:075 Beta m:|0.75 Beta e 0.75 Betac: 075
— Building Capacity Parameter: — Building Characteristics
Yield disp:| 00336 M w|  Uitimate disp. 012m - # of stories: 1 m
Yieldace:|  1642|mis2 w| Utimsteacc:| 2036 mise2 | cocoett:| 146
Elastic dizp.:| 0.0336|m v. Dramping (%) 5 Period:| pgoo| s ,'
(@ Bilinear curve (defautt) =l ey e
() User defined curve Ductiity. 288
— Economic Loss
Browse
Building Cost: 1
— Structural Behaviour Parsmeter Click "Save" buttan after each
(7) Behaviour Type (as in ATC-40)  |Poor v building type data ertry.

(@ Degradation Factor (kappa value) | g5 03 0.1 Save
(Earthouake Duration: [Shart] [Maoderate] [Long]) Write to Database

‘ Close ‘

Figure 4.21 Definition of RC31HL building parameters in ELER
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4.4 Hazard Scenarios for Thessaloniki; the 1978 Volvi
Earthquake (scenario C)

441 Introduction

Greece is the most earthquake-prone country in Europe, as it located at the convergence of the
Eurasian plate over the African one, as well as the western termination of the North Anatolian Fault
Zone.

442 Regional seismicity and tectonic setting around Thessaloniki

The central sector of the Mygdonia is represented by the Gerakarou fault, which is the causative
fault of the 1978 Volvi Earthquake. The earthquake, as well as the focal mechanism, has been
thoroughly studied, due to its location close to the second largest city of Greece. Extended co-
seismic ground ruptures were produced that splayed out in the Mygdonia Basin (Mercier et al.,
1979; 1983; Papazachos et al., 1979; Soufleris and Stewart, 1981; Mountrakis et al., 1996a). The
most significant ones occurred along the southern margin of the basin, coinciding with the principal
N-dipping fault escarpment. All scientists agree showing roughly E(SE)-W(WN)-striking nodal
planes (273°-289°), dipping between 43° and 55°, with a prevailing dip-slip kinematics and some
left-lateral component (rake 272°-300°). Regarding the dimensions of the fault surface, fault length
likely ranges between 18 and 22 km. Fault length has been constrained on the basis of
seismological data suggesting a 25 km -long rupture plane (Roumelioti et al., 2007). Depth is
proposed to be 8km (Carver and Bolligner, 1981). The maximum expected magnitude on the basis
of the above parameters is M,,=6.5.

443 Input data for ELER

Event data
Preferred epicenter location is 40.710N and 23.270E (various authors)

Source type
Table 4.7 The Gerakarou Fault Identity
General Information

Country: Greece
[Mame: Gerakarou Fault (Mygdonia Basin)

Parametric Information

Parameter 3::“::; Evidence

|Fau|t type normal focal mechanisms
IDepth (km) 2 LD Carver & Bolligner (1981)
IStrike (deg) 272 LD geclogical/morphotectonic maps, foci and co-seismic ruptures (various authors)
ID-ip (deg) 50 LD focal mechanism (various authors)
IRake (deg) 270 LD kinematic indicators and focal mechanisms (various authors)
IMax magnitude (Mw) 6.5 ER after the relationships of Wells and Coppersmith {1994 and Hanks and Kanamori {1979)
Iepicenter (Lat/Long) | 40.710/23.270 LD AUTH Catalogue relocated by Karakostas
ILength (km) 225 LD co-seismic ruptures and seismelogical data (various authors)
I Associated Earthquake
Il.atest earthquake | 20/6/1978 |Mw=5.5 {instrumental recordings)- The 1978 Volvi Earthquake or The Great Thessaloniki Earthquake

*Acronyms: EJ=Expert Judgement, LD=L.iterature Data, ER=Empirical Relationship
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Gerakaroy Fault
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Figure 4.22 Segmentation model of Gerakarou Fault

Site correction
Local site effects are taken into account with VVs30 parameter. Using Next Generation Attenuation

relations (NGA), ground motion parameters are calculated directly at surface.

Site condition
To take into consideration the local site effects of Thessaloniki, a new Vs30 map is used to
calculate ground motion parameters at surface. The new map is integrated into USGS Vs30 map for

Central Macedonia, as it is depicted in Figure 4.23.
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Figure 4.23 Vs30 distribution in Central Macedonia
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Ground Motion Prediction Equations

For the application in Thessaloniki, it has been decided that both the Peak Ground Acceleration
(PGA) and Spectral Acceleration will be examined for the damage estimation. The Boore &
Atkinson (2008) model which was developed in NGA Project and the Akkar & Boomer (2007) and
Campbell & Bozorgnia (2008) model have been selected.

The general equation of the Boore & Atkinson, 2008 model is as follows (taken from Douglas,
2011):

InY = Fy :_".Jr:i + ED:R__:E__".I:i + FE:R-L:L.:,_R__.'E__".I:i
Fp(Rjp. M) = [ci+ca(M — M.f)In{R/R..5) +c3s(R — R.y)
B = \ Ri_ + At
J’ e U+ e288 + NS + e RS + e (M — MG )+
FylM) = es(M —My)? for M < M,
iU+ e85 + s NS + RS + &7 (M — AL for M = M
Fe = Frgv+ Far
Frimv = bynIn(Vagg/ V5]

borlnipga_low/0.1) for pgednl < a

b In(pge low/0.1) + c/ln(pgadnl

Fyy = [
l

= dln(pgadnl/a;)]* for & < pg 5
boiln{pgadnl/0.1) for a; < pgadnl
c = (3Ay —byAz)/AL®
d = —(2Ay— b Az) AL
Ar = Infaz/a;)
Ay = bylnlaz/pea low)
J’b; for Vezg = 1
(51 —b2)ln(Veao,/ V2)/ In(Vi/ Vo) + b2 for V] <Vgap < ¥
= l boln(Vasa/Vies )/ lnl(Va/ Vi) for Vi < Veag < Vies
0.0 for 1 o

where Y is in g, My=6.75 (hinge magnitude), V.~=760m/s (specified reference wvelocity
corresponding to the NEHRP B/C boundary), a,;=0.03g (threshold for linear amplification), a,=
0.09g (threshold for nonlinear amplification), pga_low=0.06g (for transition between linear and
nonlinear behaviour), pgadin is predicted PGA in g for Vs with F:=0, V;=180m/s, V,=300m/s,
biin=-0.360, b;=-0.640, b,=-0.14, M,=4.5, R=1km, c;=-0.66050, c,=0.11970, c;=-0.01151,
h=1.35, e;=-0.538004, e,=-0.50350, e;=-0.75472, e,=-0.50970, es=0.28805, e,=-0.10164, e,=0.0;
0=0,502 (intra-event); 1,=0.265, tv=0.260 (inter-event); c+,=0.566, c1=0.56 (total).

The general equation of the Akkar & Boomer, 2007 model is as follows (taken from Douglas,
2011) :
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logy = by +bo M + b M 4+ (by + s M)log \ R%, 4B} + 5785 +beS4 4 baFiy +b1oFr

0 2

where ¥ is in cm,; = by = 1647, by = 0.767, by = —0.074, by = —3.162, by = 0.321,
bs = T.682, by = 0.105, bz = 0.020, by = —0.045, big = 0.085, oy = 0.557 — 0.0490
{intfra-event) and o> = 0.188 — 0.017{ (inter-event) when bz is unconstrained and by =

4185 by = —0112, by = —2.963, bs = 0.290, bs = 7.5593, b; = 0.099, bz = 0.020,
by = —0.034, byg =0.104, oy = 0.557 — 0.049M (intra-event) and oz = 0.204 —0.018M
(inter-event) when bz is constrained to zero (to avoid super-saturation of PGA).

» Use three site categories:

Softsoill Sc=1, 54 =0
Stiff soil S4 =1, 5 =10.
Rock E-_: =0, E.J_ =

* Use three faulting mechanism categories:

Mormal For =1, Fr=10.
Sfrike-slip Foy =0, Fg=10.
Reverse Fr =1, F.y =10.

444 Output results

The selected equations have been analyzed and compared and their limitations were taken into
consideration. Both equations exhibit advantages and disadvantages, so it is difficult to identify the
most suitable. Despite the uncertainties, two criteria were taken into consideration to decide that
Boore & Atkinson (2008) model is more suitable scenario the 1978 Thessaloniki earthquake (\Volvi
earthquake). The fist criterion was the ground motion obtained during the verification process.
PGA value at surface at the City Hotel during the 1978 Thessaloniki earthquake was recorded
about 0.14g. Distribution of PGA obtained from Boore & Atkinson (2008) is close to the real one
at City Hotel (=0.135g). The second one is that using the previous equation, damages in Level 2 are
comparable with the observed damages.

Figure 4.24 illustrates the spatial distribution of peak ground acceleration, and spectral
accelerations.
Table 4.8 Input parameters for Thessaloniki (Scenario C)

Analysis-59 |
SEISMIC HAZARD

Event Data Thess78
Source type Gerakarou-Stilvos fault
Site correction directly at surface
Vs30 Vs30_Thess
GMPE Boore & Atkinson 08

median+___sigma 0
PGA at City Hotel 0.1351g
Sa0.2 at City Hotel 0.3183¢g
Sal.0 at City Hotel 0.1186g

Comments

phantom grid 1km, interpolation grid 0.0045
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Figure 4.24 PGA (%g) and Spectral Accelerations (%g) at T=0.2sec and T=1.0sec obtained from the
Boore & Atkinson (2008) GMPE for Thessaloniki (Scenario C)
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In addition, Akkar & Bommer (2007) ground motion estimation equation was also used in the
estimation of PGA distribution.

Table 4.9 Input parameters for Thessaloniki (Scenario C)

Analysis-66
SEISMIC HAZARD

Event Data Thess78
Source type Gerakarou-Stilvos fault
Site correction Ec8
V/s30 Vs30_Thess
GMPE Akkar & Bommer 07

median+__ sigma 0.15
PGA at City Hotel 0.141g
Sa0.2 at City Hotel -
Sal.0 at City Hotel -

Comments
phantom grid 1km, interpolation grid 0.0045

M6.5 Depth= 8 Lat= 40.71 Lon= 23.27
Map of: PGA (%g)

40°30'N -

Figure 4.25 PGA (%g) obtained from the Akkar & Boomer (2007) GMPE for Thessaloniki (Scenario C)
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The third GMPE for the estimation of ground motion is the Campbell and Bozorgnia (2008)
equation depending on the information on magnitude, distance, fault type and average shear wave
velocity at 30m depth (Vs,30). In this thesis, Campbell and Bozorgnia (2008) ground motion
estimation equation has been used in the estimation of PGA, S, (T=0.2s) and S, (T=1.0s)
distribution, as it summarized in Table 4.10.

Table 4.10 Input parameters for Thessaloniki (Scenario C)

Analysis-64
SEISMIC HAZARD
Event Data Thess78
Source type Gerakarou-Stilvos fault
Site correction directly at surface
\/s30 Vs30_Thess
GMPE Campbell & Bozorgnia 08
median+___ sigma 0.2
PGA at City Hotel 0.137g
Sa0.2 at City Hotel 0.378g
Sal.0 at City Hotel 0.145¢
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Figure 4.26 PGA (%g) and Spectral Accelerations (%g) at T=0.2sec and T=1.0sec obtained from the
Campbell and Bozorgnia (2008) GMPE for Thessaloniki (Scenario C)
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4.5 Hazard Scenarios for Thessaloniki; the Anthemountas
Fault; one of the most hazardous earthquake sources
for Thessaloniki (scenario D)

451 Introduction

Around Thessaloniki, there are a few active faults, which could cause a destructive earthquake
similar to the 1978 one. Investigating the faults around the city of Thessaloniki, it is considered that
Anthemountas fault in the southern side of the city could be a deterministic scenario for the seismic
hazard of the region.

452 Regional seismicity and tectonic setting around Thessaloniki

The surface ruptures observed at Peraia are part of the longer active fault, known as the
Anthemountas Fault (Neotectonic Map of Greece, Tranos et al 2003, Goldsworthy et al 2002). As it
is shown in figure 2.23, the fault extends from the coastal area of Megalo Emvolo Cape, north of
Angelochori village, with an E-W strike up to Galarinos village, with a total length of 32 km.
About the fault type, it is a normal fault dipping to the north and divided into three segments (Fig.
2.23) based on the geometrical characteristics of the surface fault trace and the hypothetical
extension to the sea area of Thermaikos Gulf.

e The first segment (1) extends from Galarinos to N. Risio with direction N110 and length 17

km.

e The second (2) segment extends from N. Risio village to Megalo Embolo Cape
(Angelochori) with direction N90 and length 15 km.

e The third (3) part is the hypothetical extension of the fault into the sea with direction N90.
The dip direction of the fault is 87 to the North near the surface, but deeper than 8km the
dip decrease to 50 at 20km depth; it is therefore a listric fault.

Figure 4.27 The Anthemountas fault with red colour and its segments (Zervopoulou et al., 2007)
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453 Input data for ELER

Event Data

Due to the fact that Thessaloniki is surrounded by active faults, a scenario is proposed for the
seismic hazard of the region. Depth is proposed to be 6km, accordingly to the empirical relation by
Mai et al. (2005). The maximum expected magnitude on the basis of the following parameters is
M,=6.5; calculated from the empirical relationships of Wells & Coppersmith (1994). Moreover,
dimensions of the first segment are derived by Zervopoulou (2004), where length is 17-17.5 km
and width 18km. Input parameters are depicted in Figure 4.28.

Maximum magnitude of this scenario is calculated below:
Normal rupture: Mag=3.93+1.02log(Area)=3.93+1.02l0og(17x18)=6.46

r _ ,
B R

—EventData—————— Ewvent Location

() Manual Input

— Source Type

(7 Point Source
() Event Specific Fault
(7 Auto Assign

— Site Correction — event_Thessaloniki_anth untas. xmi-
Mo Carrection Magnitude: B5
Dire urface Latitude: 404749
I Borcherct (1994) Longitude: 23.0909
Eurocode 8 Depth: B

Location String:  Thessaloniki_anthemountas

— Vs-30 Grid

Defautt \/s-30 Grid
Custom s-30 Grid

— Ground Motion

= User Defined G...

— Instrumental Intensity—

= User Defined Int... Clear All

Figure 4.28 Event data for the forth scenario
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Source type
Table 4.11 The Anthemountas Fault Identity

General Information

Country: Greece
Name: Anthemountas Fault

Parametric Information

Parameter ﬁ;zli;i:'— Evidence

Fault type normal focal mechanisms
Depth (km) & ER empirical relations (various authors)
Strike (deg) 272 LD various geclogical/morphottectonic maps
Dip (deg) &0 El inferred from microseismic spatial and field measurements (Tranos et al, 2003)
Rake (deg) 270 LD kinematic indicators, focal mechanisms and regional stress field (Mountrakis et al., 2008)
Max magnitude [Mw) 6.5 ER calculated from the empirical relationships of Wells and Coppersmith (1994)
Epicenter (Lat/Long) | 40.475/23.099 LD various geological/morphottectonic maps
Length (km) 17 LD morphotectonic maps (Zervopoulou, 2004)

Associated Earthquake
Latest earthquake | 03,/07/1759 |Mw=5.5 historical event

*Acronyms: EJ=Expert Judgement, LD=L.iterature Data, ER=Empirical Relationship

THESSALONIKI

Ly
85 Ry

Figure 4.29 Segmentation model of Anthemountas Fault

Site correction
The procedure used for the scenario C is also repeated in the scenario D.
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Site condition

To take into consideration the local site effects of Thessaloniki, a new Vs30 map is used to
calculate ground motion parameters at surface. The new map is integrated into USGS Vs30 map for
Central Macedonia, as it is depicted in Figure 4.23, as in scenario C.

Ground Motion Prediction Equations
Using Boore &Atkinson (2008), Campbell & Bozorgnia (2008) and Akkar & Boomer (2007),
spatial distribution of PGA and S, is estimated Central Macedonia area.

454 Output results

In this paragraph, it is attempted to evaluate the ground motion produced by Anthemountas Fault.
The ground motion was computed in Hazard module based on the Boore and Atkinson (2008)
equation. Table 4.12 summarizes all necessary data for the analysis.

Table 4.12 Input parameters for Thessaloniki (Scenario D)

Analysis-67 ‘
SEISMIC HAZARD

Event Data Anthemountas
Source type Anthemountas Fault
Site correction directly at surface
V/s30 Vs30_Thess
GMPE Boore & Atkinson 08

median+___ sigma 0
PGA -
Sa0.2 -
Sal.0 -

Comments
phantom grid 1km, interpolation grid 0.0045, map
extent 0.6/0.7
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Figure 4.30 PGA (%g) and Spectral Acceler;tGihomnFs (%g) at T=0.2sec and T=1.0sec obtained from the
Boore & Atkinson (2008) GMPE for Thessaloniki (Scenario D)
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Similar to the previous analysis, Campbell & Bozorgnia (2008) was also used to estimate the
ground motion. Analysis parameters are summarized in Table 4.13.

Table 4.13 Input parameters for Thessaloniki (Scenario D)

Analysis-69
SEISMIC HAZARD

Event Data Anthemountas
Source type Anthemountas fault
Site correction directly at surface
V/s30 Vs30_Thess
GMPE Campbell & Bozorgnia 08

median+___ sigma 0
PGA -
Sa0.2 -
Sal.0 -

Comments
phantom grid 1km, interpolation grid 0.0045, map
extent 0.6/0.7

Ground motion distribution is mapped automatically by ELER, thus it is possible to compare the
reliability of the values. PGA and spectral acceleration distribution are depicted in Figure 4.31.
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Map of: PGA (%g)

23°00'E
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ELER v3.0
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M6.5 Depth= 6 Lat= 40.4749 Lon= 23.0989
Map of: PSA10 (%g)

23 00'E
Figure 4.31 PGA (%g) and Spectral Accelerations (%g) at T=0.2sec and T=1.0sec obtained from the
Campbell and Bozorgnia (2008) GMPE for Thessaloniki (Scenario D)
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Last equation included in the analysis package is the Akkar & Bommer (2007).

Table 4.14 Input parameters for Thessaloniki (Scenario D)

Analysis-71 |
SEISMIC HAZARD
Event Data Thess78
Source type Gerakarou-Stilvos fault
Site correction directly at surface
Vs30 Vs30_Thess
GMPE Akkar & Bommer 07
median+___sigma 0
PGA -
Sa0.2 -
Sal.0 -
Comments
phantom grid 1km, interpolation grid 0.0045, map
extent 0.6/0.7

PGA contours obtained from the aforementioned equation are shown in the Figure 4.32.

M6.5 Depth= 6 Lat= 40.4749 Lon= 23.0989
Map of: PGA (%g)

23°00'E

Figure 4.32 PGA (%g) obtained from the Akkar & Boomer (2007) GMPE for Thessaloniki (Scenario D)
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4.6 Building damages and casualties from Scenario C

46.1 Building damages (analysis results)

In order to validate the applicability of the Level 2 module in an urban environment such as
Thessaloniki, the building damage probabilities were calculated by CSM and CM. Average of total
damaged number of buildings is given in Table 4.15 which was obtained for the scenario
earthquake using the two aforementioned analytical methods (CSM and CM).

Calculations were done by using:

1. three Ground Motion Prediction Equations (GMPE’s):

- Boore & Atkinson (2008)---------- Analysis 59*
- Campbell & Bozorgnia (2008) ----Analysis 64
- Akkar & Bommer (2007) ---------- Analysis 66

*Analysis vol. denotes just the priority of the results done by the author in his personal database

2. Two demand spectrums:
- International Building Code (IBC)
- Eurocode 8 (EC8)

3. Two different approaches for the computation of the demand spectrum and the
performance point:

- Capacity Spectrum Method (CSM)

- Coefficient Method (CM)

As a result, comparisons of different methods are given in the following diagrams.

Spatial distributions of damaged buildings at each discrete damage level, namely slight, moderate,
extensive and complete, are given in Figure 4.34.
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Table 4.15 Damage estimation results for Thessaloniki (Scenario C), using the GMPE by Boore and Atkinson (2008)

Analysis 59 |
SEISMIC HATARD LEVEL 2 LEVEL2
Event Dtz ThessTE Diemznd Spactrum Deemzned Speactrum
Sourcs typs Gerzlzrou-Stilvos Bult | Classification Thezz_1 Claszification Thess_1
Sits comaction digactly at surBcs Building DB Thess rounding Building DB Thess rounding
V=3l Vz3l_Thesz Mzenituds 6.5 Lzgnituds 6.5
GMPE Boore & Atkinson 08 | Va30 Ve3{_Thess V=30 Vs3I0 _Thess
medizn 0 BFA - PEA 0.1351g
PGA at City Hotsl 0.1331g 5302 03183g 5202 -
3202 at City Hotsl 03183g Sal.0 O11E8g Zald -
CEM- CEM-
. Capacity | percentage m_. PErcentaze ) Average Capacity | percentage CH—. PErcentaze ) Average
Bal 0zt City Hotsl 0L11B6g Mlethod 5 (08) C':Efgi:dmt () Average perc (%) Mathod 5 (0%) C‘:{fgi:dmt () Average perc (1)
Method Method
Extenzive BEL 318 1720 62 1301 47  |Extznzive 3B02 13.71 2334 B4 306E 11.1
Modarats 407 2671 2437 340 2422 304 | Modserats 10566 3E11 10E43 381 10705 386
phantom grid llow, interpolation grid 00045 | Slight B1EE 1953 7054 287 2076 191 |Slight 6254 1155 7508 271 GEEL 148
Totzl 27728 10000 27T1R 1000 27718 1000 Total 27728 100000 2771 1000 37718 100.0

According to previous research, PGA at City Hotel in 1978 Thessaloniki was recorded approximately 0.14g. Using the GMPEs of Boore & Atkinson (2008),
PGA value in the same geographical point is 0.135g, close to the recorded one.
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IBC EC8

Com
Ext

Mod

Total

0.5 2.3
4.7 111
304 38.6

356%  52%

Once the EC8 demand spectrum is selected, the
number of unusable buildings (complete + extensive +
moderate) is increased almost 1.5 times,
overestimating the result compared to IBC spectrum.

Figure 4.33 illustrates the comparative difference using the two demand spectrums IBC and Ec8.

Discrete percentage %

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

Damage State (Average values)
EC8
38.6 IBC
35.3
A
: 29.1
EC8
24.8
EC8
11.1
IBC
EC8 47
IBC 53
0.5
|
Complete  Extensive  Moderate Slight None

Figure 4.33 Discrete damage probabilities under Analysis 59

It is important to mention that ELER extracts the results to gridded maps with graduated colours.
Figure 4.34 depicts the damage buildings in Thessaloniki after an earthquake similar to the ‘1978’

one.
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Legend

No of Buildings
L0-1
Bm2-5
mme-10
01 -15
L16-20
B 21-50
I 51 - 100
I 101 - 200
I 201 - 300
I 301 - 380
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Figure 4.34 The distribution of damage buildings in Thessaloniki resulting from Analysis 59, IBC demand spectrum and CSM as selected method-Level 2 Analysis
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Following the same concept, but changing the GMPE to Campbell & Bozorgnia (2008), the results are given in Table 4.16.

Table 4.16 Damage estimation results for Thessaloniki (Scenario C) using the GMPE by Campbell & Bozorgnia (2008)

Analysis 64 |
SEISMIC HAZARD LEVEL 2 LEVEL 2
Event Data ez 7B Dieamznd Spactrum Diemmzned Spactrum
Source type Crerzlzrou-Stilves Eult | Clzszification Thesz_1 Clzssification Thezz_1
Sits comaction digactly at surBcs Building DB Thess rounding Building DB Thess rounding
V=30 Vz30_Thess Mzenituds 6.5 Mzenituds 6.5
GMPE Campbell & Bocorgnia 08 | Va30 V30 _Thess Va3l VeIl _Thess
medizn 03 DA - DA o
PGA at City Hotel 013888 5202 03775g 5202 -
2202 at City Hotel 037758 S22l 014308 52l -
CEM- CEM-
. - Capacity | percentage m_. PErcentaze ) Average Capacity | percentage m_. PErcentaze ) Average
Bal 0zt City Hotsl 01430g Mlethod 5 (08) C':Efii::nt () Average perc (%) Mathod 5 (0%) C‘:{f&i:dmt () Average perc (1)
Method Method
Extensziva 1483 R 1063 107 PypL 0E Extenziva 3855 139 1741 oo 3108 119
Mloderate 2478 3412 11362 41.0 1418 3746 | Mloderats 11182 404 11432 4112 11311 408
phantom grid 1iom, interpolation grid 00045 | Slieht T623 15 T 262 T44E 269 | Slight [orry) 15 7137 261 6732 243
Totzl 17728 10000 ITTIR 100.0 ITTIR 1000 Toitzl 17728 10000 ITT2R 100 ITTIR 1000
Rapid Seismic Risk Assessment at Urban Scale: 107

Applications in Istanbul & Thessaloniki Building Stock



Figure 4.35 shows the comparative difference using the two demand spectrums IBC and EC8. Damages at each level are very close. Figure 4.36 summarizes
in one single bar chart the damages using different GMPE’s. It is obvious that the Campbell & Bozorgnia (2008) overestimates the number of unusable
buildings (complete + extensive + moderate).

Damage State (Average values) Damage State (Average values of CSM &CM using IBC demand
spectrum
45.0 EC8 p )
IBC 40.8 40.0 37.6
40.0 37.6 35 0 353
S 350 S > 291
o IBC ) 30.0 26.9
5 250 EC8 5 20.0
o o
g 20.0 £ 15.0
= 150 5 EC8 5 100 9.8
a og a 5'0 . AT
50 24 29 0.0
Complete  Extensive  Moderate Slight None
00 TN _ _
Complete Extensive Moderate  Slight None B Boore & Atkinson 2008 Campbell & Borzognia 2008
Figure 4.35 Discrete damage probabilities under Analysis 64 Figure 4.36 Comparison of damages between the selected GMPE
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Estimated building damages from the analysis 66 based on the Akkar & Bommer (2007) equation
is given in Table 4.17.

Table 4.17 Damage estimation results for Thessaloniki (Scenario C) using the GMPE by

Akkar & Bommer (2007)
Analysis 66 |
SEISMIC HATARD LEVEL2
Event Data ThessTE Deemznd Spactum
Sournce type Gerzlrou-5tilvos Bult | Classification Thess_1
Eite cograction EcB Building DB Thezs rounding
V=3l Vi3l _Thesz Mzgnituds 6.5
GMPE Alkkar & Bommer 07 | Va3 V530 Thess
median 015 PGA 0l4lg
BGA 2t City Hotsl 0.141g 5202 -
320.2 at City Haotsl - 3al0 -
CEM-
. Capacity | percentage CM_. percentage . Average
5210 at City Hotel - Method 5 () C:Efiﬁdmt (%) Average perc (%)
MMethod
phantom grid 1o, intsrpolation grid 00045
Total 27718 100.00 27718 100.0 27718 1000

Damage State (Average values of CSM & CM using EC8 demand spectrum)
45.0 42.4

40.8
40.0

38.6
35.0
30.0
25.0 248243 . 932

20.1

20.0 16.9
15.0 111 119 13.7
10.0
50 23 29 42
00 -

Complete Extensive Moderate Slight None

Discrete percentage %

B Boore & Atkinson 2008 Campbell & Borzognia 2008 Akkar & Bommer 2007

Figure 4.37 Damage results obtained from the ground motion of the three selected GMPE’s
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All three GMPE’s produce highly comparable results, since the applied demand spectrum of EC8
overestimates the performance point and building stock data used are identical (see Figure 4.37). It
should be noted that the aim of this comparative damage estimation exercise is to validate
applicability of the Level 2 module in an urban loss assessment study.

46.2 Observed damage from the 1978 Thessaloniki earthquake

According to different references, forty-seven (47) people lost their lives during the earthquake of
June 20™. The major loss of life occurred, when an 8-storey concrete frame apartment building in
Thessaloniki collapsed killing 37 people. Another 4 people were killed elsewhere by falling bricks
and an additional 6 were reported to have died from heart attacks.

Aftershock researches registered 66159 buildings. Of these, 3170 (4.8%) were found dangerous,
13918 (21%) had to be repaired before they could be reoccupied and 49071 (74.2%) were found to
be safe (A.U.THand Y.A.Z.B.E), as it is shown in Table 4.18.

Table 4.18 Observed damages in Thessaloniki

Damage state '\tl):wgﬁ:ng Perczg/:;age Colour
Very heavy 3170 4.8
[Moderate 13918 21.0
None and slight 49071 74.2
Total 66159 100.0
46.3 Comparison between calculated and observed vulnerability

Comparing the three analyses (59-64-66) above, the analysis that could approach the observed
damages from the 1978 Thessaloniki earthquake, is the one with the selection of the GMPE of
Boore & Atkinson (2008), the demand spectrum of IBC and employed method of CSM.

Table 4.19 gathers the necessary data for comparison.

Table 4.19 Damages generated in ELER VS Observed damages

Results from ELER Observed
DS Discrete percentage % Total % damages %
4.8
Moderate  [Moderate 26.71 26.7 VS 21.0
. Slight 29.53
Slight . .
=21 None 40.34 69:9 4.2
Total 100.0 100.0
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As it can be seen in Figure 4.38, the results obtained from analytical method are consistent with the
real/observed one, thus the main goal of this scenario C, testing ELER in the region of Central
Macedonia, is achieved.

Comparison of analysis & observed results =~ Observed
Analysis  results
80.0 results — 74.2
69.9
¥ 70.0
S
& 60.0
o
S 50.0
8 Analysis
% 40.0 results Observed
2 300 26.7  results
o 21
20.0  Analysis Observed
results  results
10.0 3.4 4.8
_ mmmm N
0.0
>Heavy Moderate <Slight

Figure 4.38 Bar chart with results obtained from observed data and analysis 59

46.4 Casualties

Total people in severity level [ 3 4]
Total of: 7

237 00'E

Figure 4.39 Human losses from the studied scenario calculated by HAZUS methodology

Rapid Seismic Risk Assessment at Urban Scale: 111
Applications in Istanbul & Thessaloniki Building Stock



4.7 Building damages and casualties from Scenario D

4.7.1 Building damages (analysis results)

In this scenario, Anthemountas Fault is examined to check how hazardous could be as an active
fault near to Thessaloniki. Likewise, hazard results obtained from Scenario D, are used to estimate
loss assessment for Thessaloniki. Three different parameters were examined, like in scenario c:

1. Ground Motion Prediction Equations (GMPE’s):

- Boore & Atkinson (2008)---------- Analysis 67*
- Campbell & Bozorgnia (2008) ----Analysis 69
- Akkar & Bommer (2007) ---------- Analysis 71

*Analysis vol. denotes just the priority of the results done by the author in his personal database
2. Demand spectrums

3. Approaches for the computation of the demand spectrum and the performance point
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The results from the analaysis 67 are presented in the Table 4.20.

Table 4.20 Damage estimation results for Thessaloniki (Scenario D) using the GMPE by Boore and Atkinson (2008)

Analysis 67 |
SEISMIC HAZARD LEVEL2 LEVEL2
Event Datz Anthemountzs Demand Spactrum Demand Spactrum
Source typa Anthemountzs Eult | Classification Thess_1 Clazzification Thess_2
Sits comraction directly a2t surbee Building DB Thass rounding Building DB Thess rounding
Vs30 Vs30_Thess Mzenituds 65 Mzpnitde 63
GMPE Boore & Atkinson 08 | V=30 V=30 _Thazs Va3l V3l _Thess
madizn 0 DGA - DPGA
PEA - 5202 - 5202 -
5203 - 5210 - 5210 -
CSM-Capacity percentame CM-. percentage ) Average Cfpsality percentage | CM-Coefficient | percentage ) Average
5210 - Method 5}];&::]'1:::& (%) C:ﬁi::nt (o) Average — Method 5 () method (%) Average perc ()
Method
Extenzive 1801 650 1311 B4 2061 74  |Extenziva 4048 14.60 208D 10.7 3514 117
) . ) ) . Moderate B3BD 3032 10271 370 0316 336 | Modemste 11071 3903 11583 418 11337 408
phantom grid lm;t:f;'i“;’f £rid 0.0043' =p Iy 7036 2815 7545 71 e8| 277 |stiemt 5086 2150 T2 253 0+ | 235
Totzl 17718 100.00 17718 1000 17T1R 1000 Totzl 17718 100,00 ITT3R 1000 17718 1000
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Distribution of Damaged Buildings [TOTAL] (Mod + Ext + Com) Distribution of Damaged Buildings [TOTAL] (Com) Distribution of Damaged Buildings [TOTAL] (Ext)
Total of: 10741 Total of: 560 Total of: 1801

Thes<aloniki

23 00'E 23 00'E

Distribution of Damaged Buildings [TOTAL] (Mod) Distribution of Damaged Buildings [TOTAL] (Sli) Distribution of Damaged Buildings [TOTAL] (No)
Total of: 8380 Total of: 7836 Total of: 9155

Thessaloniki

23 00'E

Figure 4.40 The distribution of damage buildings in Thessaloniki resulting from Analysis 67, IBC demand spectrum and CSM as selected method-Level 2 Analysis
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Damage State (Average Values)
45. EC8
5.0 40.9
40.0 IBC
R 350 33.6 IBC
2 300 oy B9
e o "' EC8
[S]
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19.2
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o 15.0 12.7
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1B
5.0 e 3.8
0.0 _-.
Complete Extensive Moderate Slight None

Figure 4.41 Discrete damage probabilities under Analysis 67 (Scenario D)

Evaluating the findings from scenario C and D, it can be understood that scenario D is more
hazardous for Thessaloniki (Figure 4.42). Although magnitude in both scenarios is the same, the
results are quite different. This is because of the focal depth and the fault length that in case of
Anthemountas is larger than Gerakarou fault.

Damage State (Average values)
40.0 C
D 35.3

35.0 c 336 o D
° 30.4 D 206
> 30.0 291577
(=)
8
s 250
e
g 200
3
S 15.0
2 D
a)

10.0 C 74

D 4.7
50 € 45§
05 ™
0.0 _—-
Complete Extensive Moderate  Slight None

Figure 4.42 Discrete damage probabilities under Analysis 59 (scenario C) and 67 (scenario D)
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Following the same concept, but changing the GMPE to Campbell & Bozorgnia (2008), the results are given in Table 4.21.

Table 4.21 Damage estimation results for Thessaloniki (Scenario D) using the GMPE by Campbell & Bozorgnia (2008)

Analysis 69 |
SEISMIC HAZARD LEVEL2 LEVEL2
Event Dtz Asnthsmountzs Diemznd Spectmum Diemznd Spectmm
Source typa Anthemountzs Bult | Clzssification Thesz_1 Clzzzification Thezz_1
Sita comraction digactly at surfos Building OB Thess rounding Bailding DB Thess rounding
Va3l Ve3D Thess Azenituds 835 Mzenituds 85
GAMPE Camphbell & Bozorgnia 08] Va3l Ve3D_Thess V30 Ve30_Thess
madizn o BEA - BEA
PGA - 5202 - Sal3 -
5202 - 5al.0 - Eald -
CSM-Capacity percentage CH-. percentage § Average Cfpsaud-ty percentage | CM-Coefficent | percentage . Average
salo - Meathod 5{){&:&:;.;1 (%) C:ﬁfﬁ;ﬂt (%) Average perc (%) Meathod Spectrum (o) method (%) Average perc (V)
Method
Extenziva 36 11.63 JES4 14.0 3560 118 |Extensivs 4855 1751 3622 131 4139 153
. . . . o Moderate 10262 3701 11282 431 11132 401 | Moderate 1131¢ H0BG 12155 438 11741 413
phantom grid lm;;t:f;'i“:f grid D004 mep ooy §530 7463 £508 PER §560 | 241 |shizm 5342 1837 5343 PER 5843 714
Totzl 17TiR 100.00 17728 100.0 TR 1000 Totzl 17TiR 100.00 TR 1000 TR 1000
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Figure 4.43 shows the comparative difference using the two demand spectrums IBC and EC8. Damages at each level are very close. Figure 4.44 summarizes
in one single bar chart the damages using different GMPE’s. It is obvious that the Campbell & Bozorgnia (2008) overestimates the number of unusable
buildings (complete + extensive + moderate).

Damage State (Average Values) Damage State (Average values of CSM & CM using IBC demand
45.0 IBC Ezc 2 spectrum)
401
40.0 450 401
40.0
(=} (=]
i 35.0 C?, 35.0 33.6 206
D (@] .
g 30.0 IBC ,,g 30.0 27.7 o1
3 24.1 EC8 8 :
5 250 214 1BC 5 25.0 19.2
g 200 EC8 19.2 c8 e 20.0
5 IBC 15.3 g 15.0 12.8
[72] (2]
2 15.0 12.8 a 100 7.4
3.8
10.0 IBC E5C18 5.0 1.6 .
5.0 38 & 0.0 -
.. Complete  Extensive  Moderate Slight None
0.0
Comp|ete Extensive Moderate S||ght None W Boore & Atkinson 2008 Campbell & BorZOgnia 2008
Figure 4.43 Discrete damage probabilities under Analysis 69 Figure 4.44 Comparison of damages between the selected GMPE
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Table 4.22 Damage estimation results for Thessaloniki (Scenario D) using the GMPE’s by Akkar &

Bommer (2007)
Analysis-71 |
SEISMIC HAZARD LEVEL2
Event Data Anthemountzs Diemznd Spectum
Souace type Anthemountzs Eult Clzzsification Thess_2
Site comraction directly at surkce Building DB Thass rounding
Vi V30 _Thess Mzenituda ]
GMPE Akkar & Bommer 07 | V230 Vz3l_Thesz
medizn 0 BEA
BEA - 5207 -
522 - 5ald -
CEM-Capacity CM- )
5210 - Mathod spectrum | PEIOMIAZE | Coppricient | PEICEMAZE | 4y, | Averaze
Method {04 method (%) perc (2a)
Extznzive 5737 .68 4353 157 5045 1832
. . . . - Moderats 11383 4105 12626 455 12005 433
phantom grid 1iom, |r.t=_~rj|:»:|lat|a:r. erid 0.0045", mep Slight s 156 v BT 0a 151
extent DLEOADT
Totzl 27731 100001 17731 10000 17731 10000

Damage State (Average values of CSM & CM using EC8 demand spectrum)
50.0
40,9 423 433
< 40.0
S
g 30.0 235 5,
S 18.2 “191 19.2
a8 200 107 %3 12.5
£ 7.0
a 00 I
Complete Extensive Moderate Slight None
m Boore & Atkinson 2008 Campbell & Borzognia 2008 Akkar & Bommer 2007

Figure 4.45 Damage results obtained from the ground motion of the three selected GMPE’s
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472 Casualties

Figure 4.46 illustrates the severity level of human losses. The number of expected casualties is
expected to be about 61 people for the earthquake scenario caused by Anthemountas Fault.

Total people in severity level [3 4]
Total of: 61

Figure 4.46 Human losses for the analysis 67 calculated by Hazus Methodology
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5. Conclusion

To sum up, the motivation for the case of Thessaloniki is to demonstrate earthquake risk for the
selected region with a user-defined earthquake scenario. Thus, assessment results demonstrate
building damage, help to minimize the risks for the selected region, and offer the best
reinforcement options for the buildings.

While this risk assessment relies on the best available data and methodologies, uncertainties are
inherent in any loss-estimation methodology and arise in part from incomplete scientific knowledge
concerning natural hazards and their effects on the built environment. Uncertainties also result from
the following:

e Incomplete or dated inventory, demographic, or economic parameter data

e The unique nature, geographic extent, and severity of each hazard

e Fragility curves

These factors can result in a range of uncertainties in loss estimates. Therefore, potential exposure
and loss estimates are approximate.

Consequently, both damage and human losses maps can be used to inform the local authorities and
the civil protection services and help them to prepare the regional response, because they show
where the effects of the earthquake are more likely to be stronger. Good planning does not stop the
earthquake from happening. But knowing which places are more at risk can help to prevent serious
infrastructure damages and human tragedies.
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