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The purpose of this dissertation is to provide the means for contingdanners
for regional earthquake risk mitigation to systematically determine how much to spend
on mitigation versus pogivent reconstruction and to prioritize alternative mitigation
and reconstruction options.

This dissertation is organized into threlkapters. The focus of chapter one is the
development of a method to estimate earthquake hazard for use in regional loss
estimation. The method includes formulation of a linear program that selects a small
subset of earthquake scenarios from a librarguwafh events and estimates hazard
consistent annual occurrence probabilities so that their combined effect on the region
of interest approximates that describedriyear return period for all possible events.
The method is reproducible, computationallyctadle, and results in earthquake
scenarios, which are easily understood. We apply it to the identification of earthquake
scenarios for Tehran, Iran.

The second chapter develops an optimization model to help highly seismically
active developing countriesedide:(1) How much should be spent on grarthquake
mitigation versus waiting until after an event and paying for reconstruction or simply
not rebuilding damaged buildings?; (2) Which buildings should be mitigated and
how?; and (3) Which buildings shoulde reconstructed and how? extends
previously developed optimization mod&tsconsidethe particular issuethat arisen

such countries=irst, the model allowdor the possibility that some damaged buildings



will not be reconstructed immediately akeleps track of any lost building inventory.
Secondl it allows the set of possible mitigation alternatives to be tihupgradef a
particular structural type a change inthe structural type. Third, the model relaxes
the assumption that all buildingshould be reconstructed to their j@@thquake
condition. Finally, it includes as one objective minimizing the chance of an extremely
high death toll in any one earthquake as well as minimizing the average annual death
toll across earthquakes. This crephcorporates the results from the first chapter into
a case study analysis for Tehran, Iran

The focus of the third chapter the introduction of equity into this type of

analysis.



BIOGRAPHICAL SKETCH
Pantea Vaziri was born August 15, 1978 in Tehham. She received her B.S. in
Civil Engineering from Imam Khomeini International University (Qazvin, Iran) in
2001, followed by her M.Eng. in Systems Analysis and Economics for Public
Decision Making from The Johns Hopkins University (Baltimore, MD) i620n the
Fall of 2002 she joinedCornell Universityto pursue her ®D. in Civil and

EnvironmentaEngineering.



To my father for instillingn methe vale of education

To my mother who epitomizes the spirit of kyin



ACKNOWLEDGMENTS

First ard foremost,| want to thank my advisor Professor Linda K. NozickHer
extensivehelp and guidance in completion of thigork. Above all | would like to
thank her foher supportandfor giving me the chance to learn frdains endeavor the
life lessonghat will be mysource of strengtim the years to come.

| would like to thank Dr. Rehel Davidson for her close collaboration and help in
every step of this work. The quality
without her invaluable contributienl also wid to thank Professdrichard E. Schuler
and Dr. Mahmood Hosseini for offering me advice and insight through out my
research.

| would like to thank my friends and colleagues Carr@erRawlsand Yashoda
Dadkar for their love and support. | camot imagine my years at Cornell without
them. | wish to thank my friend Ali Mahmoudoff for his support and honest
feedbacks which always compelled me to challenge my liingisowish to thank my
counselor of 3 years Dr. Mahnaz Mousavi for her extraordiry support and
professional help.

| can not thank myamily enough for all their encouragements and support. | wish
to thank myparents for instilling in me the principles which carried me through this
journey. | wish to thank my sister Kabeh for being &andid mentor and a
compassionate frientthrough outmy academic career. | thanky sister Katayoun for
giving meperspectiveinspiration and courage.

| also thank my feline members of family Juge and Pishi. | wish you knew how
much joy and balance ydaring to my life.Finally, | want to thank my friend Pradeep

for all hisexceptionalove, support andtrustworthiness.

of



This material is based upon work supported by the National Science Foundation
under Grant No.CMS-0555738 and Grant No. CM®408577 This funding is

gratefully acknowledged but it implies no endorsement of findings.

Vi



TABLE OF CONTENTS

BIOGRAPHIC AL SKET CH e e e 1l
DEDI CATI ON € é ke ceéeceeeceeeeeeeelv
ACKNOW LED GMENT S ... oot \
TABLE OF CONTENT S .ttt e Vil
LIST OF TABLES. ... oo e et aaae A\
CHAPTERL....IDENTIFICATION OF HAZARD-CONSISTENT PROBABILSTIC
EARTHQUAKE SCENARIOSFOR REGIONAL LOSS ESIMATION .................. 1
11 INTRODUGCTION. .. ettt et e e ettt ee e e ettt e e e e e e e e ammeea e e e e e e e e e eneeen 1.
1.2 EARTHQUAKE HAZARD ASSESSMENT FORJSE INREGIONAL LOSS
S 1Y 7N (0 ] AR 2
121 INAIVIAUAL SCENATIOS . ... e e e 3
1.2.2 Probabilistic Seismic Hazard AnalySiS.........cccccovveiiiiiieeciiiennneenn. 3
1.2.3 Deaggregated PSHA..........cooiiiiii e, 4
1.2.4 Monte Carlo SIMUIAtION........ooeie e eeeen 5
1.25 HazardConsistent Probabilistic Scenarios.........ccccovvevieiieeeeenn, 6
1.3 Y1 =5 2 (0] o T 9
1.3.1 OVErall MELNOM. ... .ccn e e 9
1.3.2  Optimization Model Formulation................cccovvvvimmmnnniciiiiiinnee. 11
1.4 @7 XY ) U] 5 ) 72 13
141 INPUL DATAL...... i 13
1.4.2 Errors in terms Of PGA. ..o 16
1.4.3 R ESUIS .. e 16
1.5 LO0 ][I U 1] [ P 23
CHAPTER2..........ceo..... RESOURCE ALLOCATIONFOR EARTHQUAKE RISK
MITIGATION: CASESTUDY ON TEHRAN, IRAN ... 48
2.1 INTRODUGCTION. .ttt enitteneeeeneeeeensensemeresensesensnsensesensnsensmmmresensenensesensenenen 48
2.2 RESOURCE ALLOCATION PR NATURAL DISASTERRISK MANAGEMENT ........ 50
2.2.1 Previously developed models...........ccooeoiiiiiiieeee e, 50
2.2.2  Comparison with the new model...........ccccoooiiiiiiiccc e 51
2.3 OPTIMIZATION MODEL ..t tenttteeeee et e ee s eamema s e e eee e ee e ee e eeseamamnseeneenenen 53
2.3.1 SCOPIE ..ttt eren e e e e e e anees 53
2.3.2 Modelingapproach.............ccoveeiiiiiiiieeerii e 54
2.3.3 Model fOrMUIATION. .. .ot vemee e aaas 55
2.4 @7 XY ] L U] 5 ) 2P 61
24.1 SCOPI ettt eren e e e e e e anees 61
2.4.2 INPUL dat@.....ccceiiiiie e eeeann ) 61

vii



2.4.3 RESUIS .. e 68

2.5 CONCLUSIONS. .. .ctuiiiiteeeeit e e e et ieer e e e et e e e et e e e et e e s snmmesa e e eesaneeeenneeeenns 30
CHAPTER3.GEOGRAPHICINEQUALITY IN REGIONAL EARTHQUAKE RISK
MITIGATION PLANS ... ot e e e e e e e eaa s 85

G 75 A 1\ =T 1 1 o3 1 [ PPN 85

3.2 EQUITY IN REGIONAL EARTHQUAKE RISK MANAGEMENT ....cuvvvuiiineiineannesn. 86

3.3  LORENZ CURVE AND EQUALITY COMPARISONS.......uuieiirieeeirnneeeerimmnreeeennns 87

3.4 ILLUSTRATIVE ANALYSIS .tuiitiiiiiiieiteeeeet et meee e e et e s e eae et een s smaneeneennnns 90

34.1 Y o0 0L PP 90
3.4.2 RESUIS ... et eee e e e e e eaaae 91
G 71 T O 0 ]\ Tod I 11 [ ] PN 96

viii



LIST OF FIGURES

Figurel-l Schematic defini ng eedsebhazardtuedsioe en At

(oTo ] a1 (o] N o] | o | 1 PSR 11
Figurel-2 Earthquakes included in the candidate set of events, 198 epicenters and
MCES fOr 8 fAUILS....eueiiiiii e 15

Figure1-3 Earthquakes selected in Mogleand/or Model o with earthquake number

(o] g 7= 10 ]| R 0 F= 1 [P PP PP P PP PP PRSP 17
Figure1-4 Mode} greduced set PGA (g) for 4&far return period...................... 18
Figure1-5 Mode} greduced set PGA (g) for 95@ar return period...................... 19
Figure1-6 Model o error for 475year return period............ccceeeeeviviiiieeeei e, 19
Figurel1l-7 Model o error for 950year return period.............ccceeevvviiivieeene e, 20

Figurel-8 Hi st ogram of errors (| nGA)édoduced set
1 Yo = Y 21

Figure1-9 Map of Tehran showing the contribution (defined in Eq. 6) for the MCE
earthquake on the North Tehran fault for Madelnd the 475/ear return period.

.................................................................................................................. 22
Figure1-10 Map of 475year return period bedrock PGA (g) in Tehran based on Amiri
B AL (2003).... et eer e e e e e s e e e e anne e 25
Figurel-11 Map of 956year reurn period bedrock PGA (g) in Tehran based on Amiri
EL Al (2003).. i ———————————————— 26
Figurel-12 Mode} s error for 475year return period.............ooevvvvvvviniiccceeeeeeennnns 26
Figure1-13 Mode} gs error for 950year return period...............oovvvvvvviiicceeeeeennnnn, 27

Figurel-14 Map of Tehran showing the contribution for the earthquake ID 2 for
Modeb osand the 475/ear return Period............coeevveviiiieiieeen e 27

Figure1-15 Map of Tehran showing the contribution for the earthquake 1D 15 for
Modeb osand the 475/ear return Period............ccoevvieiieiiieeee e e, 28

Figurel-16 Map of Tehran showing the contribution for the earthquake 1D 199 for
Modeb gsand the 475/ear return period..............oooiiiiiiiimemns e 28



Figurel-17 Map of Tehran showing the contribution for the earthquake 10&04
Modeb gsand the 475/ear return period.............coovvvvviiiiiieeee e, 29
Figure1-18 Map of Tehran showing the contribution for the earthquake 1D 205 for
Modeb osand the 475/ear return Period............coeevviviiiiiiieeen e 29
Figure1-19 Map of Tehran showing the contribution for the earthquake ID 2 for
Modeb gsand the 956/ear return period............ccoevvvvviiiiiieeen e, 30
Figure1-20 Map of Tehran showing the contribution for the earthquake ID 15 for
Modeb osand the 956/ear return period..............ooooeeiiiiimmmn e 30
Figurel-21 Map of Tehran showing the contribution for the earthquake ID 199 for
Modeb s and the 956/ear return period.............ccovvvvviiiiiieeeee e, 31
Figure1-22 Map of Tehran showing the contribution for the earthquake 1D 204 for
Modeb gsand the 956/ear return period..............ooooeiiiiiiimmmne e 31
Figure1-23 Map of Tehran showing the contribution for the earthquake ID 205 for
Modeb gsand the 956/ear return period.............ccoovvvviiiiiieeen e, 32
Figure1-24 Map of Tehran shwing the contribution for the earthquake ID 1 for
Modeh gand the 475/ear return Period............uueeeiiiiniee e 32
Figure1-25 Map of Tehran showing the contribution for the earthquake ID 7 for
Modeh g and the 4B-year return Period..............uuiiiiiiiiieeeeceee e 33
Figure1-26 Map of Tehran showing the contribution for the earthquake 1D 24 for
Modeh pand the 475/ear return Period............uuueeiiiiiiee e e 33
Figurel1l-27 Map of Tehran showing the contribution for the earthquake ID 199 for
Modeh gand the 475/ear return Period.............uuviieiiiiieeeeeceee e 34
Figure1-28 Map of Tehran showing the contrilmn for the earthquake 1D 204 for
Modeh pand the 475/ear return Period............uuueeiiiiiiee e e 34
Figure1-29 Map of Tehran showing the contribution for the earthquake ID 1 for
Model o and the 956/ear return Priod..............uveiieeiiiiiiiicccie e 35
Figure1-30 Map of Tehran showing the contribution for the earthquake 1D 7 for
Modeh o and the 95§/ear return Period.............uuvveeiiiiiiiieeeiiiiiiiieeeeeee e 35
Figurel-31 Map of Tehran showing the contribution for the earthquake ID 24 for
Model o and the 956/ear return Period.............veeiieiiiiiiicccie e 36



Figure1-32 Map of Tehran showing the contribution for the leguake 1D 199 for
Modek pand the 956/ear return Period.............uuuiiiiiiiiscceecre e 36
Figure1-33 Map of Tehran showing the contribution for the earthquake 1D 204 for
Modek o and the 956/ear return Period............uueeeiiiiiiie e 37
Figure1-34 The scatter in the observations introduces uncertainty in the attenuation
relationships. A lognormal distribution for PGA is often assumed with the mean
value being the attenuation retanship (solid line)...............oovvvvviiiiicccennnnns 38
Figurel-35 Census zones 214 and 1963 and their distances to Mosha. fault...42

Figure2-1 Evolution of lilding inventory in time period t, with variables used in

Figure2-2 Tehr ands | ocati on..and..i.t.s..s.ubXx oundi n
Figure2-3 Geographic distribution of earthquake scenarios considered in caséxstudy
Figure2-4 Census zones and census zone clusters used in case.study.......... 64
Figure2-5 Vulnerability functions of residential structural types in the case stugty
Figure2-6. Recommended expenditures and total cumulative lost bgillcvtentory

fOr DASE CASE.....oeiiiiiiiiiie e rre e 69
Figure2-7 Recommended expenditures and total cumulative lost building inventory

for base case for planning horizon of 50 years.............ccccceevvcvevevvevnnnnnn 0
Figure2-8 Recommended mitigation choices for base case for planning horizons of 30

and 50 years. Structural types ak#:wood(AW), Block and brick BB), Brick

and stee(BS), Reinforced concreté (RCO0),Reinforced cocretel (RC1),

Reinforced concret2 (RC2),Steell (S1),Steel2 (S2), andSun dried brick

€101 JS O PTRR 71
Figure2-9 Recommended mitigation expenditures by initial and final structural type

for base case. Structural types aké:wood (AW), Block and bricKBB), Brick

and stee[BS), Reinforced concret® (RCO0),Reinforced concret& (RC1),

Reinforced concretg (RC2),Steell (S1),Steel2 (S2), andSun dried brick

101 1SR 72
Figure2-10 Recommended reconstruction expenditures by initial and final structural

type for base case. Structural types atewood(AW), Block and brick BB),

Xi



Brick and stee(BS), Reinforced concret® (RCO0),Reinforced concret& (RC1),

Reinforced concret2 (RC2),Steell (S1),Steef2 (S2), andSun dried brick

[SI0]=) RSOOSR 74
Figure2-11 Sensitivity of recommended expenditures to available annual budget
Figure2-12 Sensitivity of mitigation recommendations to available annual budget, by

initial structural type (left column) and final structural type (right column).77
Figure2-13 Sensitivity of recommended expenditures to risk pararaeter.......... 78
Figure2-14 Sensitivity of death toll to risk parameger..............cccvvvvviiiieecninnnnne. 80
Figure3-1 Lorenz curve when distribution X Lorenz dominates distribution Y (Fields

12200 1 RSP PRSR 87
Figure3-2 Number of collapsed buildings per 1000 people for the base.case.92
Figure3-3 Lorenz curve for damage distribution among clusters for the base &sse

Figure3-4 Lorenz curve comparison for base casg\ahen budget is 1145 million

(1S3 0] ] =T £ 94
Figure3-5 Number of collapsed buildings per 1000 people for the budget of 1145
MIION US dOIIAIS........ i e e 94

Figure3-6 Lorenz curve comparison for base case and when p is one million 96
Figure3-7 Number of collapsed buildings per 1000 people for the p=1million. 96
Figure3-8 Initial population distribution in 1000 people...........ccoooiiiiiiinennnenne 98
Figure3-9 The distribution oAll Woodstructures in the initial inventory as
percentage of total number of buildings in that structural.type.................. 98
Figure3-10 The distribution oBlock and Brickstructures in the initial inventory as a
percentage of total number of lings in that structural type...................... 929
Figure3-11 The distribution oBrick and Steestructures in the initial inventory as a
percentage of total number of buildings in that structural.type.................. 99
Figure3-12 The distribution oReinforced Concret8 structures in the initial
inventory as a percentage of total number of buildings in that structural 18e
Figure3-13 The distribution oReinforced Concreté structures in the initial

inventory as a percentage of total number of buildings in that structural 1fe

Xii



Figure3-14 The distribution oReinforced Concret2 structures in the initial
inventory as a percentage of total number of buildings in that structural 1}ie
Figure3-15 The digribution of Steell structures in the initial inventory as a
percentage of total number of buildings in that structural.type................ 101
Figure3-16 The distribution oteel2 structures in the itial inventory as a
percentage of total number of buildings in that structural.type................ 102
Figure3-17 The distribution oSun Dried Brickstructures in the initial inventory as a
percentage abtal number of buildings in that structural type................... 102

Xiii



LIST OF TABLES

Table1-1 Earthquakes selected in each model run with correspoRpuadues......18
Table2-1 Countries with greatest fatalities for earthquake 12810 (UNDP, 2004)

Table2-2 Summary of required input data and sourceadé for case study analy8®

Table2-3 Hazardconsistent annual occurrence probability and magnitude of the
earthquake scenarios considered in the case study (Source: results frogh the fir
(03 0= 1] (] RSP 63

Table2-4 Structural types in the case study with population distribution and unit
mitigation and reconstruction costs in US dollars.........cccoeevveiiiiieeciiccciennn. 65

Xiv



CHAPTERL IDENTIFICATION OF HAZARD-CONSISTENT PROBABILSTIC
EARTHQUAKE SCENARIOSFOR REGIONAL LOSS ESTIMATON

1.1 INTRODUCTION

This paper describes a regional earthquake hazard assessment method for use in
loss estimation. It was developed especially for situations in which the desired output
is probability of exceedence vs. loss curves for everyirsigeregion (or 4year return
period maps), computational demands are of concern, and the spatial coherence of
individual earthquake scenarios is desirablBmmputation may be of particular
concern: (1) when computationally intensive analyses are condtaiteding the
hazard analysis, as when one estimates damage to lifeline network for each possible
earthquake scenario, then estimates service restoration times for each seenage
(e.g,i n ¢aj nan et wherdloss etihdlién)must be repeat@d)many times,
as when evaluatg the relative benefits of many mitigation alternatiyes.,in Dodo
et al. 2005).Retaining coherent individual earthquake scenarios can be desirable
becase they are easy for stakeholdersutolerstandd.g., Anderson 1997) and they
capture the spatial correlation of ground motion across a region.

The method presented herein asnew formulation ofthe hazaretonsistent
probabilistic scenario approach imtiuced by Chang et al. (2000). It similarly involves
selecting a relatively small subset of all possible earthquakes and adjusting their
annual occurrence probabilities so that each of the reduced set of events represents all
events dnl i ke s ofthafrequencyeaad distributioreof gnround motion it
causes, and together the reduced set of events represents the total regional seismic
hazard. However, the method introduced in this paper is novleteekey ways. For
the first time, it uses a camained optimization formulation to estimate the adjusted
hazardconsistentoccurrence probabilities for the reduced set of eveUdtdike

previous versions of the hazacdnsistent probabilistic scenario methodhist



formulation guarantees the minimum ®dsle error between the regional hazard as
estimated by the reduced set and by a full probabilistic seismic hazard analysis. It also
allows the optimization to determine which events should be included rather than
forcing the user to identify the reduceet sof eventsa priori, without a full
understanding of the implicatiod the choican terms of accuracy and computation.
Finally, it clarifies the magnitude and distribution of errors so that the user can make
informed decisions about the tradeoff betweomputational savings and introduction
of errors.In a case study for Tehran, Iran, with 8 earthquakes, the method provides
unbiased results with errors that are small enougmtmstpractical use The method
is described and illustrated for earthgeskbut it can easily be adapted for hurricanes
andother hazards

Available earthquake hazard assessment methods are conmpéaedext section
The newformulationand a case study application for Tehran, Irantlaeadescribed.
The paper concludeswt h a summary of the methodds st
1.2 EARTHQUAKE HAZARD ASSESSMENTFOR USEIN REGIONAL LOSS

ESTIMATION

This section summarizesailable earthquake hazard assessment methods in terms
of their potential to be used in regional loss estiomat(1) individual scenarios, (2)
probabilistic seismic hazard assessment (PSHA), (3) deaggregated PSHA, (4) Monte
Carlo simulation, and (%)azardconsistent probabilistic scenasi@HCPS) Except for
the first, they all incorporate the effects of all psible events and their occurrence
probabilities and result inyear return period maps of loss for a region (asoeeg to
a single site)Crowley and Bommer (2006) provides a helpful overview of the first

four of these methods.



1.2.1 Individual Scenarios

In what is often called the deterministic approach, one particular scenario event is
specified and losses are estimated conditional on occurrence of that scenario.
Magnitude, location, and perhaps other parameters typically define a scenario. Ground
motion i estimated using the median or median plus one standard deviation point in
the attenuation relation. Scenario ground motion and loss maps provide a coherent
story of what might happen in a particular future earthquake, and thus can be
invaluable for commuication with stakeholders. Compared to PSHA, focusing on one
or a few individual earthquake scenarios allows estimation of more ground motion
characteristics that can be important in seismic design, such as duration or full
acceleration time histories. Mever, for many decisions, such as insurance portfolio
planning or regional mitigation resource allocation, it is important to consider all
possible future earthquakes because what is an optimal decision under the occurrence
of one earthquake might be coletely ineffective if a different earthquake occurs.
those cases, loss exceedence curvesyear return period maps can be useful.
1.2.2 Probabilistic Seismic Hazard Analysis

In probabilistic seismic hazard analysis (PSHAhe effects of all possible
eartlquakes with different sizes, occurring at different locations with different
probabilities of occurrence are integrated to determine the probability of exceeding
different levels of ground motion (e.g., peak ground acceleration) at a site of interest
during a specified period of time (e.g., Reiter 1990). For a single site, the hazard curve
derived from PSHA can be convolved with exposure and vulnerability information to
obtain a loss exceedence curve (see Bazzurro and Luco 2005 for the formulation).
When cwmsidering multiple sites, however, the situation is complicated because
correlation among ground motions at the different sites must be considered. FEMA

366 applies the singlseite PSHA approach to every site in a region independently



without consideringspatial correlation irthe ground motion(FEMA 2001). Crowley
and Bommer (2006) compareattapproach to simulation for a case study in Turkey,
demonstrating how this application of PSHA works for a single site, but overestimates
the loss exceedence curvéem applied to multiple sites. As they explain, the PSHA
method effectively treats all ground motion variability as w&eent (earthquaki-
earthquake) variability, whereas most of it is actually #etrant (spatial) variability.
In other words, it assnes that ground motions at different sites are perfectly
correlated. The ground motion associated with a particular exceedence probability at
one site, and the ground motion associated with the same exceedence probability at
another site do not necessardccur together; PSHAased loss estimation assumes
they do. It is theoretically possible to extend the PSHA formulation to estimate losses
while accounting for spatial correlation, but it is difficult in practice. Rhoades and
McVerry (2001) extend PSHAotestimate the joint ground motion hazard at multiple
sites. Wesson and Perkins (2001) provide a method to estimate the mean and variance
(although not the entire distribution) of losses to a portfolio.
1.2.3 Deaggregated PSHA

Recognizing the benefits of scemararthquakes, a great deal of research has
focused on identifying one or a few design earthquakes that are compatible in some
sense with a certain hazard level (e.g., Ishikawa and Kameda ¥e83iire 1995
Bazzurro andCornell1999). (These designearthqg¢ k es ar e somet-i mes cC:
consistent, 0 but with a different meaning
have aimed to identify a single or few design earthquakes that can provide a detailed
representation of ground motion for seismic dgesiThey have not been intended for
use in estimating regional losses. Nevertheless, as CrowleyBammer (2006)
describe, it is theoretically possible to use deaggregated scenarios in regional

earthquake loss estimation although it would require a laogeputational effort



because all contributing scenarios must be considered. Campbell and Seligson (2003),
described below, can be considered a type of deaggregation approach.
1.2.4 Monte Carlo Simulation

Monte Carlosimulation @lso called thewalkthroughor event-based method)
provides an alternate method fazgional loss estimatiothat retains the ability to
identify the contributions of specific earthquake events to the regional risk. It involves
simulating the occurrence of many earthquakes in the regiortesést (on the order
of tens of thousands); estimating the losses caused by each earthquake; and using the
resulting database of losses to calculate thedgseedence curves. Simulation has
recently become more common (e.g., Crowley Bochmer2006 Bazzurro and Luco
2005, Ebel and Kafka 1999%erner et al. 2006and He 200¢. There are many
variations in the details of how each earthquake, its characteristics, and the resulting
ground motion are simulated. For example, earthquakes may be simuladdhas
historical earthquake catalogue; or by simulating location, magnitude, and other
characteristics to create synthetic earthquakes. (It is interesting to note that simulation
has long been the dominant approach for hurricanes since hurricane scaranot
easily defined by just a couple parameters like magnitude and location, and therefore,
a PSHAbased approach cannot be used for hurricane loss estimation.)

This approach has the advantages of being straightforward conceptually;
representing thepatial correlation among sites; and allowing explicit incorporation of
temporal changes in hazard, exposure, vulnerability, or economic parameters (Jain and
Davidson 2007, Taylor et al. 200L Nevertheless, the simulation method can be
computationally intasive, which may be problematic if the analysis must be repeated
many times or if many analyses build on the initial hazard assessment. Werner et al.
(2006) discusses pesampling variance reduction techniques that can reduce the

number of simulations redred by a factor of three or more.



1.2.5 Hazard-Consistent Probabilistic Scenarios

The hazaretonsistent probabilistic scenario (HCPS) approach estimates losses the
same way the simulation method does, but it offers a different way to identify the set
of earthgiakes that are simulated and their mean annual occurrence probabilities. A
relatively small subset of all possible earthquakes is identified (on the order of tens),
and the annual occurrence probability of each is adjusted so that each of the subset of
evemt s represents all events fAli ke that one
of ground motion it causes, and together the subset of events with their adjusted
hazardconsistent occurrence probabilities represent the total regional hazard.

Chang etal. (2000) first developed this approach and applied it in Southern
California. Without explaining how exactly, they identified a set of 47 earthquakes. To
estimate the hazabnsistent occurrence probability for each scenario, they tried to
match the rgional ground shaking produced by the reduced set of 47 earthquakes to
that produced by a PSHA conducted with the full set of all possible earthquakes.
Specifically, they matched several points on the hazard curve at a single location (Los
Angeles city hd), and the 475/ear ground motion at the centroids of 16 particular
census tracts. Hazambnsistent occurrence probabilities were adjusted iteratively and
manually wuntil the match was considered toc

Campbell and Seligson @23) provides a more objective, reproducible version of
the HCPS method. They assume the reduced set of earthquakes is comprised of only
maximum credible events (MCEs) with moment magnitude of at least 6.5. An
application for Los Angeles included 17 sceosr To estimate the adjusted hazard
consistent occurrence probabilities for those reduced set earthquakes, they match
systemwide average ground motion values (averaged over all grid points in the
system of interest) one hazard bin at a time, where @ad¢hidan interval on a hazard

(annual probability of exceedence vs. ground motion) curve. The average-sydem



hazard associated with bknas given by a full PSHA is distributed among the MCEs
that contribute significantly to it, in proportion to theontributions. That provides an
annual occurrence probability for the MCE for each bin. The mean ground motion
associated with each MCE and grid point is then adjusted so that the -syigiem
average value equals the average of the ground motion Maliesch bink. This
adjustment accounts for the fact that each scenario may not have been contributing to
the bink at its mean value (K. Campbell, personal communication, 2007). The result
of this analysis is, for each bky a set of MCEs, each describeyg its soitamplified

ground motion map and its annual frequency. The set of scenarios may be different for
each bin, which may be less intuitively appealing than one set of earthquakes, each
with a single annual frequency. Thmsethod could also be codsred a type of
deaggregation method in which the deaggregation is done by earthquake, rather than
separately by magnitude, distance, and epsilon as in the other methods mentioned in
the Deaggregated PSHA section.

Unlike the other HCPS methods (includitige one presented in this paper),
Campbell and Seligson (2003) in effect approximate the hazard curve as a step
function, then match it perfectly. The effect of reducing the number of bins (and
computation) on the resulting error is not clear. Furtheraumezthe match is based on
a systerawide average, it is not clear how uniform the resulting errors are across the
study region.

In Lee et al. (2005), from an initial set of earthquakes based on all regional faults,
the reduced set was determined such ey all caused at least a threshold level of
ground motion in the study region and there were not multiple events with similar
magnitudes and high correlation in ground motion they caused. For an analysis of a
water supply system in Los Angeles, this gsxresulted in a set of 59 scenarios. An

unconstrained optimization was conducted to estimate the heaasdtent



occurrence probabilities for each of those 59 earthquakes (J. Lee, personal
communication, 2006). An error function was defined to reptabendifference, at a

set of 56 distributed grid points, between the regional hazard estimated by the reduced
set of events and that represented by the full PSHA. The error function was defined as
the sum of errors when uncertainty in the ground motiediption equation was and

was not considered. For the former component, 5 points on the hazard curve were
matched (for 10to 2475year return periods); for the latter, 19 points were. The errors
calculated in each case were normalized so that they weghteed equally in the
optimization. In all cases, the error for a particular grid point was defined as
[IN(P,/Py)]%, whereP; and P; are the annual exceedence probabilif@sthe reduced

set and the full set of events, respectively (J. Lee, personal woication, 2006). The

P, are the values estimated by the optimizatibine logarithm was used so that the
points in the high exceedence probability range of the hazard curve did not have undue
influence. The errors for the case without ground motion umiogytwere included
because the users anticipated using only the mean attenuation relations when applying
the reduced set of events. The optimization was solved using the variable metric
method, which does not guarantee a global minimum.

The HCPS approacthas the advantages of including the contributions of
earthquakes on all regional faults and preserving the coherence of particular scenarios
(as compared to PSHA), while reducing the computational demands significantly
compared to using a full historical synthetic earthquake s&patial correlation is
not explicitly addressed in any of the hazaohsistent probabilistic scenario methods
(including the one in this papetiowever,their ability to capture spatial correlation
can be assumed to be somewhbetween PSHAwhich incorrectly assumes perfect
correlation, and Monte Carlo simulation which, © the extent thait includes all

possible earthquakes, does capture spatial correl&ince the HCP$nethodis like



a simulation with a smaller set olmefully chosen earthquakes, they implicitly,
partially capture spatial correlation. To some extent, including more earthquakes in the
final reduced set is likely to lead to a better representation of the true spatial
correlation, but the exact relationglbetween number of events and match to the true
spatial correlation is unknown. Thusiradeoff exists between fully capturing spatial
correlation but at a high computational cost witfukh Monte Carlosimulation, and
partially capturing spatial corraion with a lower computational cost withHCPS
method. The most appropriate choice of method will depend on the intended use.
Further, all of these methods determine the reduced set of earthquakes and their
associated hazambnsistent occurrence prohigies based on matching according to

a single ground motion parameter (e.g., PGA), so the extent to which the reduced set
accurately represents other ground motion parameters or collateral hazards like
liquefaction, for example, remains unknown.

Unlike the method presented in this paper, (1) none of these three -hazard
consistent probabilistic scenario methogisarantees the minimum possible error
between the regional hazard as estimated by the reduced set and by a full probabilistic
seismic hazard analigs (2) all require the user tdentify the reduced set of everas
priori, without a full understanding of the implication$ the choicein terms of
accuracy and computatipand (3) none explores the effect of modeling decisions on
the resulting erroror the implications of the resulting error for subsequent loss
estimation or other analyses.

1.3 METHOD
1.3.1 Overall Method

The method we developed for characterizing earthquake hazard for use in regional

loss estimation includes three main steps: (1) Identifyt @afseandidate earthquakes,

(2) select a reduced set of earthquakes from the candidate set, and (3) determine



hazardconsistent annual occurrence probabilities for each earthquake in the reduced
set. In the first step, the goal is to identify a candidet®earthquakes such that each
is physically realistic, and together they cover the study region and the full range of
possible ground shaking intensity, so that a subset of them can adequately match the
Atrueo r e gCadidasdventsnzayirecludd historical, maximum credible, or
userdefined earthquakes; area sourced\ote that ualike a full PSHA in which it is
critical to include all possible sources, in the HGifproachif a possible source is
omitted, it just means that it will benavaiable for selection in the final reduced set.
Only a small number are selected for the reduced set anyivdne errors obtained
from the analysis are acceptably small, the user can conclude that the candidate set
was adequate; if not, the candidate sell@d be expanded and the analysis redone

An optimization model accomplishes the second and third steps together so as to
make the regional hazard estimated by the earthquakes in the reduced set match the
Atrueo regional h &guaserl-d). Regonahhadarnd is eegreseneds s i b |
by the hazard curvesiinual probability of exceedence wgound shaking) for all
control points in the study region, or equivalently, a setysdar return period ground
shaking maps. Groanshaking can be in terms of any scalar metric, such as peak
ground acceleration (PGA) or spectral acceleration at pdri¢8ym). In the case
study, we use PGA in g. Control points may be census zone centroids -gyvacdyl
grid points, locations of kefacilities of interest, or any other usgpecified locations
in the study region. The fAtrued regional
full probabilistic seismic hazard analysis or Monte Carlo simulation, as represented by
a set ofr-year réurn period maps. The hazard curve at each control point is
approximated by the points associated with thegear return periodsF{gure 1-1).

The set of control poiateturn period combinations are the matching points.
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Figurel-1Schematic defining errors between Atr
for control point

1.3.2 Optimization Model Formulation

The objective of the optimization is to minimize the sum of the errors, aler
control points and return periods, bet wee
corresponding points on hazard curves developed with the reduced set of earthquakes

and hazargtonsistent annual occurrence probabilitiéigifre 1-1):

MR
Min g al& +e) (11)

i=1lr %

wheree; ande, are the errors resulting from overestimating and underestimating,
respectively, the @t r urabcorttra gomir theearrorel ve f or
is positive if the Atrueod v g lispesitivetheov er e st
A t r valeedsunderestimated and zero otherwise.

SupposeP; is the hazareconsistent annual occurrence probability for earthquake
il (LN), N is the number of candidate earthquakég,is the grounl shaking from
the Atrueodo hazar dr atoontwlepointi,candy ietheugromd per i od
shaking at control pointcaused by earthquakeThe following constraint defines the

error terms, for each control poirdturn period combination, athe difference
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bet ween the Atrueodo annnand the ancuel extecdeoce pr ok

probability estimated using the reduced setarthquakes
N
. 1 .
a{PJ* R y,j 2 Yr)} -§ f? F: ) | I (12)
j=1
If cis the annual probability that no earthquake ocemdthe probability of two
or more earthquakes in a unit timenisgligible compared to the probability anly

one, we can assuntiee sum of no earthquake and all possible earthquakes equals one
N

aP+c4 (1.3)
Finally, the probability of ear%F\lquakp must be between 0 anen., where
0¢Pmadl, and the errors must be nonnegative.
0¢P ¢, | (1.4)
€,e20 "ir (1.5)
One would typically assum@n.=1, but f desiredthe usercan specify @ma<1.
While the probabilities estimated by the model for each earthquake are really for all
Afearthquakes | ike that oneo athidmay et t he
awkward to explain a very large value Bf Hence, it may be desirable to include a
limit significantly less than onentluding an arbitraryimit Ppha<1 may result in a
wor se match between t hebecaesd addsd additiertal a n d
constraint. It will also tend to increase the number of earthquakes identified by the
model, which may be undesirable becatiselarger the set of earthquakes the more
computationis required insubsequent analyse$he value ofPga is theus er 6 s
decision and should depend on the particular analysiheloase studywe conduct
the analysis witPmaxequal to 0.05 and 1 and compare the solutions.
The optimization model is a linear program in which the objective function is

given in Expresion (1.1) and the constraints are given in Expressi@dn2) to (1.5).

The model determines the hazaahsistent annual occurrence probabiftyor every

12



earthquakg in the candidate set. B=0, earthquake is not included in the reduced
set of earthqakes. It also provides the erroes, and e, for each control poiritand
return period, so the user can see how big the errors are and how they are distributed.
14 CAsE Stuby

This section presents a case studyliaption of the model for Tehran, the capital,
and political and economic center of Iran. Tehran is located at the foot of the Alborz
Mountains, which form part of the Algdimalayan Orogenic Zone. It is a highly
seismic area surrounded by many activd faus . Tehrano6s popul ati o
recent decades, growing from 1.0 to 7.0 million from 1950 to 2000 (UN 2002).
14.1 |Input Data

The optimization model requires as input: flrandidate set afarthquakes(2)
the Atrueo Y assaciated wisdachkdntrolgpointand return period;
(3) the probability that candidagarthquake will cause ground shaking greater than
or equal toY;, at control pointi, P(y;; 2 Y,), for everyi-j-r combination; (4) the
annual probability of n@arthquakeg; and if desired, (5) the usdefined maximum
allowable occurrence probabilit¥nax, Of each earthquakie For the case study, the
candidate set of earthquakes was based on an earthquake catalogue developed as part
of a microzoning study ofthe Greater Tehran Area conducted by thapan
Cooperation International Agency (JICA) for the government of Iran (JICA et al.
2000). The JICA database includes 6,114 historical events from 734 to 1999. For each,
the database contains the latitude anditodg of the epicenter, date, and magnitude
in My, (which were converted to Massuming M=M,,+0.1).

TheYir, P(y;2Y,), andc values were based a@nprobabilistic seismic hazard
analysis of Tehran by Amiri et al. (2003). In that study, #uwthors compiled a
catalogue onhistorical and instrumental eventsa 200 km radius of Tehrafrom the

4™ century BC to 1999The logic tree methodias used to integrate two methods of
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estimating seismicity parametees\d three attenuation relationghiKijko (2000) and
Tavakoli (1996), considered appropriate for regions in which there is substantial
uncertainty in the earthquake catalogweye used to estimate seismicity parameters.
Because of uncertainty in the catalogue, specific earthquakes roatulte related to
specific sources, so both studies determined a single set of seismicity parameters for
the Tehran study region. The attenuation relationships were based on |Renmaaz(

1999, regional Ambraseys and Bommé&©91),andglobal Sarma ad Srbulov1996)
earthquake catalogueSeismic hazard assessmeavdas conductedfor 132 evenly
spaced grid points in Tehraising SEISRISK llisoftware (Bender and Perkins 1987).

In our case study, the control points were taken as the centroids of the 3,070
census zones in Tehran. We selected the 198 events from the JICA catalogue for
whi ¢c h<64a0ddO2 00 k)6 o@®OENM 0 k mpD iswhb epicentral
distance from the center of Tehran. Other earthquakes are not expected to cause
significant ground skking in Tehran, and thus were not considered. To ensure
coverage of higher intensity ground shaking, we included an additional 8 earthquakes
that Amiri et al. (2003) identified as the maximum earthquakes associated with the 8
main faults near Tehrarrigure 1-2 shows the locations of the 198 events from the
JICA historical database and the 8 faults identified by Amiri et al. (2003). The 8 faults
with their maximum magnitudes are (Amiri et al. 2003): Mosha 7.5, North Tehran 6.9,
Niavaran 6.0, North Rey 6.85outh Rey 6.2, Kahrizak 6.6, Garmsar 6.9, and Pishva
6.5. Fault locations were obtained from the JICA et al. (2000) sflias.ground
shaking values;, were obtained by digitizing 4#ear and 95@ear return period
PGA maps from Amiri et al. (2003).

Since these were the only return period maps available, rey5 andr=950

were considered. This means the hazard curves at each census zone is approximated

14



by two points. If we had access to the complete PSHA, more return periods could

easilybe consideredoroviding abetterdescription of the hazard.
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Figure 1-2 Earthquakes included in the candidate set of events, 198 epicenters and
MCEs for 8 faults

Following Amiri et al. (2003)a logic tree approach wassed to calculat¢he
probability that each candidagarthquake would cause ground shaking greater than
or equal toY;, at census zonie P(y;; 2 Y, ), for everyi-j-r combination.The Ramazi
(1999), Ambraseys and Bommer (199ahd Sarmarad Srbulov (1996) attenuation
relationships were each applied and a weighted average of the values was used, where
the weightswere, from Amiri et al. (2003),0.4, 0.35, and 0.25respectively.
Specifically, we used the hard site equatioRamazi (1999)Eqg. 7 inAmbraseys and
Bommer (1991)and Eg. 6 irSarma and Srbulov (1996n Ramazi (1999), since no

distribution was specified, based on the form of the equation, we assumedai)as In(
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normally distributed with a mean of bl and standard deviah of 0.62 (estimated to
be similar to the distribution in the other two relations).

The annualprobability of no earthquake occurring that would affect the study
region, c, was taken to be one minus the annprbabiity of an earthquake with
MO4 within 200 km of Tehrahs05 Wea ramtheAmi r i
analysis for two possible values Bf.x (0.05 and 1) to see the effect of imposing that
constraint.

1.4.2 Errors in terms of PGA

The errors in the model formulations are defined in teshy@obabilities (vertical
differences between the curvesHigure 1-1, €', and €, but it is easier to interpret
errors defined in terms of the ground shaking parameter, PGA (horizivitéaénces
in Figure 1-1, f,; and f, . To translate the probability error for census zoa@d
return periodr into the associated PGA error, we first use the reduced set of
earthquakeso develop a new hazard curve for each census zone faguire 1-1).

This is done by calculating the annual probability of exceeding each PGA yaine,

the range of interest as § P *Ry,2? y, whereP; is the opimization

estimated annual occurrjl—:‘r;déceezd SE)trobability for earthqupkend P(y ;2 y) are

calculated using the logic tree approach described in the Input Data section.
Interpolating on the hazard curve, we then find the reduced set estifr@#éd

associated with return period and compar e iY,fdrcensuslzane it r ue
i and return period. To facilitate interpretation, results are presented in terms of PGA

errors.

1.4.3 Results

The linear optimization model waslved using AMPL software, with CPLEX by
ILOG, for bothPma=1.0 (Model o) andPma=0.05 (Moded o5). We first present results

for Model o, then compare them to Moges results.Figure 1-3 shows the historal
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earthquakes selected in one or both models,Tatde 1-1 lists the hazaraonsistent
annual occurrence probabilitl); estimated for each. Eight of the 206 candidate
earthquakes were selected in Madelwith two having large hazardonsistent

occurrence probabilities of 0.34 and 0.12. (Note tRatdoes not represent the

occurrence probability of a single real e
one, 0 so it shoul d n a@agnitudecastgpicallasean) v be of t
23

] Tehran MSAR FAULT

A
50 0 4(/4}

Figure 1-3 Earthquakes selected in Moglebnd/or Model o with earthquake number
or fault name

Figure 1-4 and Figure 1-5 show the geographic distribution of 4y&ar and 950
year PGAs, respectively, estimated with the Meogeteduced earthquake set.
Figure 1-6 and Figure 1-7 show the Modelper r or s (reduced set PG
PGA) for 475 and 950 years, respectivelhich indicateno discernible geographic
pattern (Figures are in UTMNGS84, Zone 39N.)
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Table 1-1 Earthquakes selected in each model run with correspoigdirajues

EQ ID or fault Magnitude P; for Model o P; for
name Modeb o5
1 7.1 0.1241 0.0500
2 7.0 0.0001 0.0003
7 7.7 0.0025 o}
15 7.1 0.0112 0.0290
23 7.6 o} 0.0500
24 6.4 0.3425 0.0500
34 6.6 o} 0.0500
35 7.0 o} 0.0500
54 5.4 o} 0.0500
62 6.7 o} 0.0484
87 4.1 0.0064 0.0083
Garmsar MCE 6.9 o} 0.0500
Kahrizak MCE 6.6 0.0037 0.0037
North Tehran 6.9 0.0044 0.0057
MCE
Pishva MCE 6.5 o} 0.0500
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Figure 1-4 Modeh oreduced set PGA (g) for 44kear return period
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Figure 1-5 Modeh oreduced set PGA (g) for 95@ar return period
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Figure 1-6 Model, o error for 475year return period
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Figure 1-7 Model, o error for 950year return period

Figure 1-8 shows a histogram of the errors for Madgwith oneobservation for

each return periedensus zone. Since PGA is typically modeled as having a

lognormal probability distributionfigure 1-8 is in terms of In(reduced set PGA)

I n(Atrueodo PGA).

Wi

t h

8.00fn and positivd skelv .of01AL6 ,

Figure1-8 shows an approximately norndiktribution with little bias and small errors

in general. There is no statistically significant difference in the errors by return period
and no outliers of amern. In terms of PGA, both the expected value and median error
are 0.003g (or 1%), 84% of errors are within £0.02g, and 95% of errors are within
+0.04g. In practical terms, for this case study, the errors are not large enough to affect

damage and losstewations, and will be dominated by the uncertainty in other aspects

of loss estimation.
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To understand why the selected earthquakes were chosen and how each
contributes to matching the @t rthgeakef hazar d

to matching the fAtrueo hiaweturdpedogsiasoci at ed v
PP(y, 2
PPy, 2 Y,) w6
a PPy 2Y)

it3,

whereJ; is the reduced set of earthquakes. The contributions vary greatly by census
zone and return period, with a few earthquakes contributing much more than the
others. If we average the contributions over all censusszand both return periods,

the eight earthquakes contribute 44% (MCE on North Tehran fault), 19% (MCE on
Kahrizak fault), 13% (earthquake 7), 12% (earthquake 24), 6% (earthquake 1), 3%
(earthquake 15), 2% (earthquake 2) and 2% (earthquake 87), respectivel
Figure1-9shows the geographic distribution of contributfonthe MCE on the North
Tehran fault for the 47§ear return period. Notice that this earthquake contributes

significantly to the match in most of the region except the south.
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