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CHAPTER 1

Motivation and the Basics of OpenQuake

This book aims to provide an explanation of the scienti ¢ Imsnd the methodologies
adopted in the implementation of OpenQuake, an open souragdecfor seismic hazard and
risk calculation. The book follows the traditional openseand transparency features of
the Global Earthquake Model (GEMas clearly indicated in the development principles of
OpenQuake.

The GEM initiative aims at establishing uniform, open standards dalculate and com-
municate earthquake risk worldwide, by developing togettdth the community a global,
state-of-the-art and dynamic earthquake risk model. OperaRe is a fully integrated, exible
and scalable hazard and risk calculation engine whose dpuent is at the core ofSEMs
overall objectives.

1.1. The Basics of OpenQuake

The implementation of OpenQuake o cially started in Summ26010 following the experience
gained inGEMs kick-0 project GEML1 | ; ], during Which an extensive
appraisal of existing hazard and risk codes was performesoh ,

] and prototype hazard and risk software were selected, glesil and |mplemented
[ : 1.

Currently OpenQuake is a blend of Java and Python code d@esldollowing the most
common requirements of Open Source software developmeret) as a public repository, IRC
channel and open mailing lists. The source code, releasatkiuan open source software
license, is freely and openly accessible on a web based it@potsee github.com/gem)
while the development process is managed so that the comtywan participate to the
day by day development as well as in the mid- and long-termigieprocess. OpenQuake
development also leverages from a number of open sourcegisoguch a®penSHA Celeryd
and RabbitMQ, just to mention a few.

The hazard component of the engine, which constitutes almestirely the Java part
of the code, largely relies on classes belongingOieenSHA a comprehensive library for
performing state-or-the-art PSHA developed collaborativ at the United States Geological
Survey (USGShand at the Southern California Earthquake Center (SCEQYew code was
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1 Motivation and the Basics of OpenQuake

developed in GEM1 and in the following phases to support andtadized Earthquake-
Rupture Forecast (ERFand logic-tree structure, event-based PSHA and, seismizahd
disaggregation. The Risk component of the engine was design GEM1, prototyped in
Java and eventually coded in Python by the OpenQuake teanraiirgy at the GEM Model
Facility.

A schema that illustrates OpenQuake's structure is repraed in Figurel.l; the schema
contains: purple boxes representing the main modules ofhdugard component, green boxes
showing the modules of the risk component, white boxes withinmoutputs computed by
the distinct modules and orange rectangles displaying treminput information that should
be entered into the calculation engine.

1.2. Book structure

The OpenQuake book is organized into three parts; in the ve¢ give a broad introduction
to OpenQuake and the Book, in the second we describe the seidrehind the hazard
component of the engine whilst in the third we illustrate thieeory of the risk calculators
incorporated into OpenQuake.

Part |I: Hazard

Chapter2 o ers an introduction to the hazard topics discussed in thaléwing chap-
ters. In particular, in this Chapter we discuss the main OQerake concepts and
we illustrate the calculation work ows currently availabin the hazard component of
OpenQuake.

Chapter3 focuses on the structure and the characteristics of the infation necessary
to de ne a comprehensive PSHA input model. This Chapter dlsdudes descriptions
of the main seismic source typologies and of the logic treectre.

We dedicate Chapte# to the explanation of the methodology adopted for the pro-
cessing of the logic tree structures supported by OpenQuaikd for the creation of
the earthquake rupture forecast

The last Chapter of the hazard part (chapté) illustrates the main calculators avail-
able: the classical-PSHA calculator, the event-based walkor and the disaggregation
calculator.

Part 111: Risk
Chapter6 introduces the main risk concepts and work ows.

Chapter7 contains an explanation of the exposure, physical vulngitgtand fragility
concepts.

Chapter 8 describes the deterministic event-based risk methodolmgglemented in
OpenQuake (0OQ)

16 @ Quaoke



1.2 Book structure

Chapter9 provides an overview of the probabilistic event-based calkulation method-
ology.

Chapterl0illustrates risk calculations based on the hazard curvesiffclassical PSHA.

In the closing part, the Book contains a glossary that aimsde ne a clear and unique
terminology.

@ Qe 17
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CHAPTER 2

Introduction

Probabilistic seismic hazard analy$$sa methodology to identify the probability that ground
motion, for a site or region, will exceed a given level of itdigy in a speci ed time period.
Originally formulated in the classic works 6f [ ] and [ ], the funda-
mental theory ofProbabilistic Seismic Hazard Analysis (PSHA&s remained robust. Over
the last four decades there have been many developmentstihae increased the accuracy
and rigour of the process, particularly with respect to theatment of uncertainties.

The evolution of methodologies proceeded in parallel with tevelopment of instrumental
seismology and hardware computing power. Computer codeh s18 EQRISK ] )

] and the sequential versions of SEISRIS¥C| ) ) ] traced the
advancement of PSHA calculation within the last part of th@tB century.

At the present time, many applications of PSHA present pewiar challenges in terms
of model complexity and the computationally intensive nagwf the calculation. The ge-
ographical scale of application can strongly in uence theammer in which certain issues
may be addressed. Site-speci c PSHA analyses for specitdliations (e.g. nuclear power
plants), may require complex and detailed input models, &l as extensive characterisation
of uncertainty in every element of the process. Urban, omlescale, analysis may not require
such a complex input model, but will likely introduce the de® consider large numbers of
sites and incorporate information such a spatial corredatiand geotechnical microzonation.
At the largest (regional) scale, the greatest challengeiseudue to the computational inten-
sity required to perform analysis for, potentially, thousds or tens of thousands of locations.
Advanced regional PSHA models, such as the UCERF2 madeld , ], may also
require extensive treatment of uncertainty and detailedacicterisation of source geome-
try. All of the potential applications require powerful callation facilities and sophisticated
computational codes.

OpenQuake tries to cover this growing requirement for anessible,scalable and e cient
code for PSHA calculation. It's worth noting that the hazarcomponent of OpenQuake
leverages from OpenSHA (http://www.opensha.org) - an adwad, open-source, Java-based
platform for conducting Seismic Hazard Analysis - and it igrently developed in collabo-
ration with the OpenSHA team.

21



2 Introduction

2.1. OpenQuake-hazard: main concepts

Schematically, the procedure that OpenQuake follows to pute probabilistic seismic hazard
is the following:

1. Read the PSHA input model - i.e. the union of theeismic source systeiand the
ground-motion system and calculation settings.

The Seismic Source Systelis an object that contains the information necessary to
create one or several Seismic Sources Model, eventuallyaking into account the
epistemic uncertainties. The Seismic Source System costai

One or severaihitial seismic source models

One logic tree - theseismic source logic tree describing epistemic uncertain-
ties connected with the objects and parameters charactagzhe Initial Seismic
Source Models.

The Ground Motion System is an object that contains the infation necessary to
create (or use) one or severatound-motion modelseventually by taking into account
the epistemic uncertainties.

One or several ground-motion logic trees, each one desgitbhie epistemic un-
certainties connected with the objects and parameters ee#erizing theground{
motion modelsdesignated for a speci ¢ tectonic region.

2. Process the logic tree structures to account for epistenmcertainties connected with
the seismic source and ground-motion and create SeismiacgoModels and Ground
Motion Models

A Seismic Source Model contains the information necessargreate anERF (i.e. the
probabilistic seismicity occurrence model) without calfesing any epistemic uncer-
tainty. A Ground Motion Model includes the information nessary to compute hazard
using a Seismic Source Model.

3. Compute the hazard considering as many Seismic Source Maie Ground Motion
Models as needed to adequately characterize uncertainties

4. Post-process the results obtained for distinct calculasoand calculate simple statis-
tics.

2.2. Calculation work ows

The hazard component of OpenQuake-Hazard performs seisramard analysis (SHA) fol-
lowing various approaches. Currently three main types dlgsis are supported:

Classical Probabilistic Seismic Hazard Analysis (cPSH#pwing calculation of hazard
curves and hazard maps following the classical integrapomcedure ( [ ],
[ ]) as formulated by [ ]).

22 @ Quaoke



2.2 Calculation work ows

Event-Based Probabilistic Seismic Hazard Analysis (ePRHMowing calculation of
ground-motion elds from stochastic event sets. Eventyaltlassical cPSHA results
- such as hazard curves - can be obtained by post-processingset of computed
ground-motion elds.

Deterministic SHA (DSHA) allowing calculation of ground motion elds from a single
earthquake rupture scenario taking into account groundiion aleatory variability.

Each of these analysis types has a modular structure (seer€id.1); this provides the
capability of investigating all possible intermediate uds. Moreover, each calculator can be
extended independently of the others so that more calcolatbptions and methodologies can
be easily introduced, without a ecting the overall calctitan work ow. Each of the work ows
described in the following Sections involves a number otwators, each responsible for
a specic task. Figures2.1l, 2.2, and 2.3 schematically depict the dierent calculation
work ows.

2.2.1. Classical Probabilistic Seismic Hazard Analysis

Input data for the classical PSHA consist of a PSHA Input Mb@@SHAIm) that is provided
together with a set of calculation settings. Chaptérdescribes extensively the content of
a PSHAIm and - in particular - the di erent options for modalj seismogenic sources and
the option o ered to include epistemic uncertainties on thoseismicity and ground-motion
models in the form of a logic tree; Chapt@ralso incorporates the description of the logic
tree structure adopted.

As represented in Figurg.1, the main calculators used to perform this analysis are:

1. Logic Tree Processor

The Logic Tree Processor (LTP) takes as an input the PSHA Ihplodel and creates
a Seismic Source Model. The LTP uses the information in thi¢idhSeismic Source
Models and by 'harvesting' the information contained in tBeismic Source Logic Tree
- that is to sample the epistemic uncertainties - it createSaismic Source Model (i.e.
a model describing geometry and activity rates of each sewsithout any epistemic
uncertainty). Following the procedure just described thedic Tree Processor creates
a Ground Motion model (i.e. a data structure that associateseach tectonic region
considered in the calculation a GMPE).

2. Earthquake Rupture Forecast Calculator
The produced Seismic Source Model is then used as input fer Elarthquake Rup-
ture Forecast (ERF) calculator which computes the probd#ypibf occurrence, over a
speci ed time span, for each earthquake rupture producedthy source model.

3. Classical PSHA Calculator
The cPSHA uses the ERF and the Ground Motion model to compugednd curves
on each site speci ed in the calculation settings.

@ Quake 23
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Figure 2.1 { Work ow for classical PSHA (boxes with an orange border repreésée calcu-
lators). Given a PSHA Input Model the Logic Tree Processor is oasjble for
creating a Seismic Source model and a ground-motion modek $hismic Source
model is then provided to the Earthquake Rupture Forecastukitor, which com-
putes the ERF (the list of all earthquake ruptures in the sournedel with their
probabilities of occurrence). Using the ERF and the GMPEs gldatie Classical
PSHA calculator produces curves at the sites of interest.
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2.2 Calculation work ows

2.2.2. Event-Based Probabilistic Seismic Hazard Analysis

Input data for the Event-Based PSHA - as in the case of the Sieal PSHA calculator -
consist of a PSHA Input Model supplied to OQ together with & sé calculation settings.
As represented in Figur2.2, the main calculators used to perform this analysis are:

1. Logic Tree Processor
The Logic Tree Processor was already introduced in the dps8on of the cPSHA
work ow (see section2.2.1 at page23).

2. Earthquake Rupture Forecast Calculator
The Logic Tree Processor was already introduced in the dpson of the cPSHA
work ow (see section2.2.1 at page23).

3. Stochastic Event Set Calculator
The Stochastic Event Set Calculator generates a StochaBwent set by sampling
each rupture contained in the ERF according to its probapibf occurrence. Usually
a Stochastic Event Set (SES) contains a large number of seigyrhistories each one
representative of a possible collection of events that canpgboduced by the seismic
source considered in an analysis during the time span xedte calculation of hazard
(normally corresponding to 50 years).

4. Ground Motion Field Calculator
The Ground Motion Field Calculator computes for each evemttained in a Stochastic
Event Set - provided as an input - a realization of the grourithleing taking into
account the aleatory uncertainties in the ground-motion ded. Eventually, the Ground
Motion Field calculator can consider the spatial corretatiof the ground-motion during
the generation of the GMF.

5. Event-based PSHA Calculator
The event-based PSHA calculator takes a (large) set of gmbumotion elds repre-
sentative of the possible shaking that the investigatedaaoan eventually experience
over a (large) time span and for each grid node in a ground-omtelds computes
the corresponding hazard curve. This procedure is compatetlly intensive and is
not recommended for investigating the hazard over largeaare

The Logic Tree Processor and the Earthquake rupture forésesre already introduced
during the descrption of the cPSHA work ow (see secti@r?.1 at page23).

2.2.3. Deterministic Seismic Hazard Analysis

For deterministic SHA (DSHA), the input data consist of a gie earthquake rupture model
and a single ground-motion model. Using the Ground Motiorl&iCalculator, multiple
realizations of ground shaking can be computed, each rattin sampling the aleatory
uncertainties in the ground-motion model.

As represented in Figurg.3, the main calculators used to perform this analysis are:
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Figure 2.2 { Work ow for event-based PSHA. Similar to the classical PSHA twow (Figure
2.1), an ERF is computed, which is then used to generate a stochastameset
(representative of the seismic activity of a region in a givendispan). Each event
is then utilized to calculate a ground-motion eld over a lieg of interest.
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2.2 Calculation work ows

1. Ground Motion Field Calculator
The Ground Motion Field Calculator was already introducadtidg the descrption of
the ePSHA work ow (see sectio.2.2 at page?23).
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{
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6,&0/8

Figure 2.3 { Work ow for deterministic SHA. Given a rupture scenario modebnsisting of an
earthquake rupture model, plus a GMPE, the ground-motioridecalculator can
compute multiple ground-motion eld realizations (by takj into account GMPE
aleatory uncertainties).
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CHAPTER 3

OpenQuake Input Description

In this Chapter we discuss the two main information blockse@Quake requires to perform
a calculation: (1) a PSHA input model and (2) Calculation $ags.

A PSHA input modelde nes the properties of the seismic sources of engineeiritgrest
within the region considered in the analysis and the modelpable to describe - once a
rupture occurred in a given position - the properties of tHeaking expected at the site. A
PSHA input model contains two main objects: theeismic source systeand the ground{
motion system The former speci es location, geometry, and seismicitcorence properties
of seismic sources and potential epistemic uncertaintiesting this information. The lat-
ter describes the details of the ground-motion predictioguations to be adopted in the
calculation and the related epistemic uncertainties. Téfre, the PSHA input models for
OpenQuake are always de ned using two logic tree structu@se describing epistemic un-
certainties associated with the creation of the ERF - calkeglsmic source logic treethe
other - calledground-motion logic tree takes into account the uncertainties connected with
the use of models capable to predict the expected groundiamat the site. In cases where
the epistemic uncertainties are not considered, the logeetstructure simply consists of one
branching level with just one branch (with weight equal to. 1)

Calculation settings specify, for example, the typologyre$ults required, the site or the
sites where to compute the hazard and, the calculation metblogy to apply.

The organisation of this chapter is the following. Secti8ri contains a description of the
seismicsource type currently supported by OpenQuake. Tugcltree structure supported
in OQ is described in Sectiod.2 while the PSHA input model is discussed in Secti®B.
Finally, Section3.4 provides an outlook of the hazard speci ¢ calculation setfisupported
by OpenQuake.

3.1. OpenQuake seismic source typologies

An OpenQuake PSHA input model contains a number of sourcdergeng to a nite set
of possible typologies. Currently OpenQuake supports fseismic source types. Each
type contains a limited number of parameters necessary tecify geometry and seismicity
occurrence.
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3 OpenQuake Input Description

In the following sections we provide a detailed descriptiéthe source typologies currently
supported by OpenQuake and that can be included in an IniBalsmic Sources Model as
explained in the introduction of this chapter and in Secti88.

3.1.1. Seismic source typologies description

OpenQuake, at present time, provides four seismic sourgmltygies, for the most part
de ned in the GEML1 project I , ]. The main seismic source types currently
supported are the following:

Area source So far, the most frequently adopted source type in natioaad regional
PSHA models.

Grid source Grid sources can be considered a replacement for area ep@ince they
both model distributed seismicity;

Simple fault source- A Simple fault is the easiest way to specify a fault source in
OpenQuake. This typology is habitually adopted to describallow seismogenic fault
sources.

Complex fault source A complex fault is more often used to model subduction inter
face sources with a complex geometry.

These are the basic assumptions accepted in the de nitiorihafse source typologies:

In the case of area and fault sources, the seismicity is haanegusly distributed over
the source;

Seismicity temporal occurrence follows a Poissonian ntodel

The frequency-magnitude distributiodistribution can be approximated to an evenly
discretized distribution.

3.1.1.1. Area sources

Area sources model the seismicity occurring over wide andese identi cation or character-
ization - i.e. unambiguous de nition of seismicity occunee parameters - of single sources
is di cult. The [ ] - using as a discriminant
the extension - de ned three main types of area seismic sesirc

1. Area sources enclosing concentrated zones of seismicity
2. Regional area sources;
3. Background area sources.

The criteria adopted for their de nition - and the related wertainties - vary according to
each area source type. From a computation standpoint we dbintsoduce any di erence
between these three area types.
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3.1 OpenQuake seismic source typologies

Parameters

A polygon that identi es the external border of the area. Thoirrent version of OQ
doesn't support the de nition of internal borders

One (or several) combinations of the following objects:
{ A discreteFrequency-Magnitude Distribution (FMD)

{ (optional) Strike, dip, and rake angles indicating main fageometry and slip
direction for the seismicity in the corresponding FMD. Foaenple, in the PSHA
model prepared within the PEGASUS project; [ ] de nes
for each area source a discrete distribution of strike val(gip is not considered
because the source-site metrics they use is the Joyner-®dastance).

This description permits the accurate characterizationsgismicity occurrence within
an area by explicitly taking into account the existing faunly trends.

An array specifying the depth to the top of rupture dependgran magnitude. The
array contains two columns and as many rows as the numbes dépth, magnitude
tuples used. The depth in each tuple de nes the top of ruptdoe magnitudes equal
or greater than the corresponding value.

A value to indicate the hypocentral depth in case of punctsalirces. By convention
all the events with magnitude lower than the lowest value cgnitude contained in the
depth to the top of rupture array are modelled as punctual szes. On the opposite,
ruptures with magnitude equal or greater than the lowestuabf magnitude contained
in the depth to the top of rupture array are modelled considertheir nite dimensions.
The nite dimension of the rupture is computed using a magrde-area or magnitude-
length relationship speci ed in the calculation setting$e (in future versions of OQ
we will allow the user to specify for each tectonic region tteresponding magnitude-
scaling relationship).

3.1.1.2. Multi-depth area source

Multi-depth area sources are a generalized version of ameaces. This source typology This source
shares with the area sources most of the parameter necessapyecify seismicity occurrencetypology is not
and geometry. Multi-depth area sources, however, allow thedeller to completely specify icn”rcr)‘;”et:]yQi‘S‘("eab'e
the distribution with depth of the seismicity, in terms of ¢htop of rupture depth.

Parameters

A polygon that identi es the external border of the area. Tloairrent version of OQ
doesn't support the de nition of internal borders

One (or several) combinations of the following objects:
{ A discreteFMD
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3 OpenQuake Input Description

mq my Mn

depthy w1 Wi W1:n
depth,  wa1  wop Woin
depthm  Wm;1  Wm;2 Wm;n

Table 3.1 { Example of table used to specify the amount of seismicity within@gmitude range
located at a certain depth.

{ (optional) Strike, dip, and rake angles characterizing teeismicity in the corre-
sponding FMD.

This description permits the accurate characterizationsgismicity occurrence within
an area hy explicitly taking into account the existing fauoly trends.

An array specifying the depth to the top of rupture dependgran magnitude. The
array containsn columns - corresponding to the number of magnitude intesvebn-
sidered - andn rows equating the number of depth intervals. The followiranstraint

holds:
xn
wip =1
i=1

See the example tabla. 1.

A value of magnitude representing the threshold above whigpture are modelled
considering their nite dimensions. The nite dimension tiie rupture is computed
using a magnitude-area or magnitude-length relationshiea ed in the calculation
settings le (in future versions of OQ we will allow the usear $pecify for each tectonic
region the corresponding magnitude-scaling relationghip

3.1.1.3. Grid sources

A grid source is a typology used to model distributed seistjicusually of low and interme-
diate magnitude. Grid sources can be considered a PSHA sommadel alternative to area
sources, since they both try to represent distributed se@tyy Grid sources usually derive
from the application of seismicity smoothing algorithmsrfinke) i ) ]. The
use of these algorithms carries some advantages comparege® sources, indeed, (1) they
remove most of the unavoidable degree of subjectivity duéhivde nition of the geometries
and (2) they de ne a seismicity spatial pattern that is, udiya more similar to reality. Never-
theless, some smoothing algorithms require the a-priornden of some setup parameters
that expose the calculation to a certain partiality level.

Grid sources are modelled in OpenQuake simply as a set of poinces. The next section
describes the parameters required to characterize a pabotrce.
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3.1 OpenQuake seismic source typologies

Parameters
For each grid node:
A location speci ed in terms of the latitude,longitude> tuple;

Similarly to area sources, one (or many) combinations of fokkowing objects:
{ A discreteFMD

{ Strike, dip, and rake angles characterizing the seismisjtgci ed in the associated
FMD.

An array to specify the dependency on magnitude of the demthite top of rupture.
This array contains two columns and one or manylepth, magnitude tuples where
each tuple speci es the depth to the top of rupture for magmites equal or greater
than a speci ¢ value.

A value to indicate the hypocentral depth in case of punctgaurces. The same

convention speci ed for area sources applies here.

3.1.1.4. Simple faults
Simple Faults are the most common source type used to modétfathe \simple" adjective
relates to the geometry description of the source which isibally obtained by projecting a
trace (i.e. a polyline) along a representative dip directio
Parameters

A fault trace (usually a polyline);

A discreteFMD

A representative value of the dip angle (speci ed accordioghe Aki-Richards con-
vention; see [ 1;

Rake angle (specied following the Aki-Richards conventicsee

[2002)

Upper and lower values of depth limiting the seismogenieinal

A boolean ag that speci es if the size of ruptures shouldlfal a magnitude scaling
relationship (currently speci ed in the calculation settis le) and be distributed ho-
mogeneously over the fault surface or it is accepted thattups within a given range
of magnitudes (speci ed by the FMD) will always rupture thatege fault surface.
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3 OpenQuake Input Description

3.1.1.5. Complex faults

Complex faults di er from simple fault just by the way geonmgtis described and, con-
sequently in the way the fault surface is created. The inp@rgmeters used to describe
complex faults are, for the most part, the same used to ddsethe simple fault typology. In

particular, in the case of complex faults the dip angle is metjuested while the fault trace

is substituted by two fault traces used to limit at top and ktoim the fault surface. Usually,

we use complex faults to model intraplate megathrust fauisch as the big subduction
structures active in the Paci ¢ (Sumatra, South America, gan).

3.2. Logic-tree description

Logic-trees are a tool designed to consider in a systematomer the epistemic uncertainties
of models and parameters included in a hazard analysis.

Branch setde nition .......... ..o Simple Rult Dip Angle
Branch set uncertainty type ...t e e Absolue values
APPIIES 1O ottt Simple faults
Correlated branChes. . . ... . e Yes

value = 30

weight=w;

value = 45

weight=w;

value = 60

weight=wj3

Figure 3.1 { An example of branch set used to account for the epistemic uraieties on faults
dip angle; in this case each branch contains a value of the dip.

A logic tree contains three main elements:
branching level
branch set
branch

A branching level expresses the distance of a given element from the root & kbgic

tree; in the simplest case each branching level correspomdssingle type uncertainty (e.g.
maximum magnitude). Indicatively, we can say that the largfee number of branching levels
in a logic structure the larger is its complexity. Bxanch setdescribes an uncertainty model;
for example - as previously mentioned - a model accountinghe epistemic uncertainties
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3.2 Logic-tree description

Branch setde nition ... e Simple Fult Dip Angle
Branch set uncertainty type ...t e Relatve values
APPIES 1O .t e e e All previous branches
Correlated branChes. .. ... e Yes

value = -15

weight=w,

value =0

weight=w;

value = +15

weight=w3

Figure 3.2 { An example of branch set used to account for the epistemic uraieties on faults
dip angle; in this case each branch contains a di erentialnfra default dip value
indicated for each source in the initial seismic sources model.

connected with the de nition of maximum magnitude. A brandet contains of a number
of mutually exclusive and collectively exhaustive opti¢hs ) ]
Finally, abranchrepresent a particular alternative in a branch set and tHere it refers to
an uncertainty model and has a weight expressing - accordingi erent interpretations
available in the literature - \probabilities or simply swdgtive indications of relative merit"
[ ) , page 999].

In more detail, a branch set - the fundamental component irr tngic tree data model -
consists on (1) the parameter (or model) a ected by uncenij, (2) the speci cation of the
type of uncertainty (3) the listing of the - mutually exclus and collectively exhaustive -
alternative hypotheses (4) a weight for each hypothesi9,d5ag specifying if the branches
are (totally) correlated and, (6) the index of the branchekthe previous level - or the subset
of seismic sources - to which this branch set applies.

Figure3.1depicts a branch set xing epistemic uncertainties on the dingle of simple fault
sources. In this case the possible values of the dip are ggeonh each branch composing
the branch set (i.e. 30, 45 and 60 degrees). This means thaisth three values are the
only ones admitted for all the sources included in the idigaismic source model considered.
Figure 3.2 also shows a branch set de ning epistemic uncertainties lo@ dip angle of simple
fault sources. In this case, however, the values speci edefich branch aren't absolute dip
angles but instead di erential values to be added - or sulstead - to the dip value specied
for each simple fault source contained in the initial seismources model.

Two or more branch sets they can be combined in exible fashfpe. concatenated) to
create an entire logic-tree structure. FiguB3 shows an example of a logic tree created by
combining the two branch sets described in the upper part loé tgure. The rst branch
set accounts for epistemic uncertainties connected witk thip of simple fault sources whilst
the second speci es the epistemic uncertainties relatieethie depth to the top of rupture
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3 OpenQuake Input Description

(this branching level also applies to simple faults incldde the model).
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Figure 3.3 { Example of a logic tree structure as de ned in OpenQuake. Tipper part of the
Figure depicts two branch sets.

This data model permits a very general de nitions of logieér structures. For instance,
a non-symmetric logic tree can be easily created by placingtipie branch sets in the same
branching level, each branch set being connected to a sgdmianch of a branch set de ned
in a previous branching level. FiguBe4) shows a general example of a logic tree structure
supported by OpenQuake logic tree data model.
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3.3 The PSHA input model

0.5

1st Branching Level 2nd Branching Level 3rd Branching Level

Figure 3.4 { Logic Tree data structure as de ned in terms of individual bches, branch sets,
and branching levels.

We use this logic tree description to specify the structurietioe Seismic Sources Logic
Tree as well as for the Ground Motion Logic Tree.

3.3. The PSHA input model

The PSHA Input Model is the container of the information nassary to specify (1) posi-

tion, shape, activity rates and associated epistemic uteiaties of the seismic sources of
engineering importance within a de ned area and (2) the gndumotion models and the

associated uncertainties to be used for PSHA calculatiorheTiwo corresponding objects
included in the PSHA Input Model are the Seismic Sources &ysand the Ground Motion

System.

3.3.1. The Seismic Sources System

The seismic source systeis the ensemble of one or severnaitial seismic source modeénd
the seismic source logic treehe initial seismic source model is a list ®fismic source data
(the typologies of sources admitted is described in Sectiof). Usually, a seismic source
model contains one or several seismic sources accountmdjdtrsibuted seismicity (e.g. area
sources, grid sources) and - eventually - one or severavithail seismic sources.

The seismic source logic tredescribes the epistemic uncertainties associated with the
parameters used to characterize the Initial Seismic Sosint®dels. Though this logic tree
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3 OpenQuake Input Description

the user can take into account the epistemic uncertainties@ciated with almost all the

parameters characterizing each source typology. Curie@enQuake contains just a limited
number of logic tree branch set types.

3.3.1.1. Seismic Sources Logic Tree

In the current version of OpenQuake, seismic source logic treean be de ned according
to the following schema:

The rst branching level is assumed describing one or moréetaative" initial seismic
source models.

Subsequent branching levels de ne source parameters taicdies. Parameters un-
certainties are applied independently to each seismic @im a source model. That
is epistemic uncertainties are assumed uncorrelated betwedi erent seismic sources.

One branch set can be de ned for branching level, thus assgnsiymmetric logic tree
de nition only.

The possibility of de ning multiple source models in the tréranching level responds to
the need of modern PSHA of considering alternative sourcalet® (as derived by di erent
expert opinions, for instance). Subsequent branching lede ne the epistemic uncertainties
that apply to parameters characterizing seismic sourcebe Epistemic uncertainties related
to these parameters are implemented ages that is as algorithms describing how this
parameter has to be modied. The major advantage of using derbased approach is
that a user does not need to a provide an input le containingsaurce model de nition
corresponding to a speci ¢ epistemic uncertainty, that isstead computed and applied on
the y to the initial model.

3.3.1.2. Supported branch set typologies

The current version of OpenQuake o ers only two built-in tyjogies of branch set. They
are only a sample of the possible seismic source model epitstencertainties, and future
versions of OpenQuake will provide a broader spectrum oftdibranch sets accounting
for distinct types of epistemic uncertainties.

Figure3.5 depicts a source model logic tree that can be de ned with th@ions currently
present in OpenQuake.

Gutenberg-Richter b value uncertainties

This is thebranch sein the secondranching leveof the seismic source logic tree depicted
in Figure 3.5. This branch sef contains a number of branches. Each one has associated:
(1) a di erential value to be added or subtracted to the Guteerg-Richter b value of each
source as speci ed in thaitial seismic source modahd (2) a weight. Within thisbranch set
conservation of total moment rate (corresponding to the osgeci ed in the initial seismic
source model) is assumed.
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3.3 The PSHA input model

mmax-0.2
b-0.1 mmax
- o mmax+0.2
Initial seismic
sources model 1
b ——  as above
b+0.1 ——— as above
F b-0.1 ——— as above
Initial seismic b as above

sources model 2 \
b+0.1 ——  as above

Figure 3.5 { Example of Seismic Sources Logic Tree. The rst branching ledenes two
alternative source models (Source Model 1, Source Model 2)e $econd branch-
ing level de nes uncertainties in b value (increment of 0QLD, -0.1). The third
branching level de nes uncertainties in maximum magnitu@ecrements of 0.2,
0.0, -0.2).

Gutenberg-Richter maximum magnitude uncertainties

For this branch setthe user can specify for eadbranch a value (positive or negative)
to be added to the Gutenberg-Richter maximum magnitude ealuWithin thisbranch set
conservation of total moment rate (corresponding to the osgeci ed in the initial seismic
source model) is assumed.

3.3.2. The ground-motion System

The Ground Motion System is a combination of one or severgiddrees each one associated
with a speci c tectonic region or group of sources (this sadcoption is still not supported
in OQ). Each Ground Motion Logic Tree speci es the alternagi Ground Motion models
available for a particular group of sources (e.g. subduttioterface sources).

OpenQuake provides only hardcod&tound Motion Prediction Equation (GMPEand
misses of a mechanisms allowing the user to specify new GMPHEs is a feature that we
may think to introduce in the future.

Table 3.2 provides a list of the Ground Motion Prediction Equationsgpported.

The vast majority are GMPEs implemented in OpenSHA with jastouple of developed
in the course of the GEML1 project. New GMPEs are expected tcatlded soon with the
contribution of some GEM's Regional Programmes.
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Ground Motion Prediction IMTs Component ID
Equation type
(2009 PGA AS2008
(2014 MMI AW2010
{2004 PGA AtkBoo06
[1997 BJF1997
[2009 PGA,PGV,S Avg Hor BA2008
(1997 Campbell1997
{2003 CB2003
2009 CB2008
$2009 PGA.S CY2008
[2004
(2004 PGA,S: ZhaoEtAI2006

Table 3.2 { Some of the Ground Motion Prediction Equations (in the Op&i’S terminology
Intensity Measure Relationship) currently included in OperiSihd OpenQuake.

3.3.2.1. Ground Motion Logic Tree

The Ground Motion Logic Tree accounts for epistemic uncertes related to the Ground
Motion models. Given that ground motion models are oftencan be, associated to specic
tectonic region, OpenQuake supports the de nition of mplie GMPE logic trees, one for
each tectonic region type considered in the source modelt é@mple, if a PSHA Input
model contains seismic sources belonging to

In the current version, a GMPE logic tree can have only onenbreng level, containing
only one branch set, where each individual branch is assettito a speci c GMPE. With
the current setting, epistemic uncertainties coming fromedent models can be taken into
account, but epistemic uncertainties inside each model mnbe captured. Figure3.6
schematically shows GMPE logic trees that can be currendyndd in OpenQuake.

3.4. Calculation settings

Calculation settings is an object containing the infornmai necessary to compute hazard.
Through the calculation settings is possible to specify:

The geographical coordinates of site (or sites) where to pome the hazard and the
soil condition at the site (through a ¥.:3¢ value)

The methodology for computing hazard
{ Classical PSHA
{ Event-based PSHA
{ Deterministic SHA

The typology of result expected. Currently OpenQuake coteguhe following results:
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3.4 Calculation settings

{ Hazard curves

{ Hazard maps representing the geographic distribution of iatensity measure
type with a speci ed probability of being exceeded in a xeithe span.

Branch set denition ................... ...l GMPEs for active shallowrast regions
Branch set uncertainty type ... e Absolue values
APPIES tO Acdtive shallow crust sources
Correlated branChes. .. ... Yes

GMPE;

GMPE,

GMPE;
Branch setdenition .......... ..o i, GMPEs for subductin interface
Branch set uncertainty type . .......oiiiii i e Absolut values
APPIES 1O oo e e Sibduction interface sources
Correlated branChES. .. ...t e e e Yes

Figure 3.6 { Examples of Ground Motion Logic Trees. The rst speci es groummbtion mod-
els for active shallow crust (in this case we consider three GMREs)second
de nes the ground motion models to adopt for subduction ifire sources (in
the example depicted above we consider two GMPES).
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CHAPTER 4

The Logic Tree Processor and the
Earthquake Rupture Forecast calculator

In this chapter we discuss the properties of the two main oldtors needed to process the
information contained in thePSHA input modeland prepare it for calculation: the Logic
Tree processor and the Earthquake Rupture Forecast catoula

In Section4.1 we describe the logic tree processor which takes the PSHAtIMDdel and
creates many realisations ofseismic source modand of aground-motion modeivhile in
the following two Sections we concentrate on the EarthqudRepture Forecast Calculator
which takes one seismic sources model - produced by the LTvgie Processor - and creates
the ERF

4.1. The Logic Tree Processor

The Logic Tree Processor is responsible for processing ideda® SHA input model describing
the two logic tree structures (see Sectidh2). The processing consists on the creation of
a seismic source moddtom the seismic source logic tree (see Secti®’.1.1) and one
ground-motion modefrom the ground-motion logic tree (see Secti@n3.2.]).

The potential di culty in processing the information in a Igic tree is constrained by its
size, the complexity of the structure and the intricacy ofettoranch setsinvolved. For a
large logic tree, performing a seismic hazard calculationdll possible end-branch models
is an unfeasible task, therefore, an approach based on Md&aelo sampling appears a
more e cient and thus feasible approach. On the contrary,rfa small and simple logic
tree, a Monte Carlo approach is ine cient with respect to emerating all the possible end-
branch models and performing a hazard analysis for each eimth In other words, to get
stable results in case of a simple logic tree, a Monte Carlpraach would require sampling
epistemic uncertainties a number of times much larger thiha aictual number of end-branch
models. The general plan for OpenQuake is to provide bothtihe processing strategies.

Currently, the logic tree processor can only provide a Mo@a@lo sampler.
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4 The Logic Tree Processor and the Earthquake Rupture Fasecalculator

4.1.1. The Logic Tree Monte Carlo Sampler

Aim of the Logic Tree Monte Carlo Sampler (LTMCS} to create a set ofeismic source
modelsand ground-motion modelsepresenting exhaustively the combinations allowed by the
logic tree structures de ned by the modeller. This way thestlibution of the nal results
will re ect the degree of uncertainty introduced by lack ofgrise knowledge of parameters
and models included in the PSHA input model.

4.1.1.1. Sampling the seismic source logic tree

As described i3.3.1.1, the rst branching level in the source model logic tree isedsto
de ne one or more alternative source models calleitial seismic source modelSubsequent
branches de ne parameter-speci c epistemic uncertaistieCurrently each branching level
contains only one branch set (therefore producing a symiudbgic tree).

The LTMCS constructs aseismic source modby progressively processing all the branching
levels. In the rst branching level, amitial seismic source modé& randomly selected, with
a probability equal to the uncertainty weight. Epistemic egrtainties de ned in subsequent
branching levels are then applied to this initially selecsource model. For each following
branching level, a loop over the seismic sources de ned énstblected source model is started,
and for each seismic source an epistemic uncertainty vauandomly selected (again with
a probability equal to the uncertainty weight).

4.1.1.2. Sampling the ground-motion logic tree

The ground-motion logic tree allows the de nition of multig branch sets (containing di er-

ent ground-motion models), each referring to a speci c tenic region type. The sampling
of the ground-motion logic tree takes place by looping ovee i erent tectonic region types

de ned by the modeler, and, for each of them, by randomly séfegy a GMPE according to

its weight. The nal set of samples will contain therefore aogind-motion model for each

tectonic region type considered in the source model. Foribie source model and ground-
motion logic trees, the sampling of the epistemic weightpeformed by using the inverse
transform method { [ ]). The method consists in computing the
inverse distribution function of the epistemic weights,dathen generating a uniform random
number between 0 and 1, that put as argument of the inversengfarm function, gives a

epistemic uncertainty model with a probability equal to tlassociated weight.

4.2. The Earthquake Rupture Forecast Calculator

The earthquake rupture forecass a fundamental concept in the OpenSHA frameworks]
: ] as well as in the hazard component of OpenQuake.
As discussed in the previous Section, the calculation offfg-in OQ starts from aseismic
source modetreated by theogic tree processorWhen epistemic uncertainty is not included
in the seismic source systethere exists a one to one correspondance betweenitiiteal
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4.2 The Earthquake Rupture Forecast Calculator

seismic source modahnd theseismic source modelsed in the calculation of hazard. In this
case, thelogic tree processqust duplicates into theseismic source moddhe information
included in theinitial seismic source modelln more complicated cases, when epistemic
uncertainty a ects many parameters characterizing seismources, thdogic tree processor
generates manyeismic Source Models (SSMs) as to explore entirely the space of models
admitted by our imprecise knowledge.

Independently of theseismic source logic tremomplication, the Earthquake Rupture Fore-
cast calculator processes one at a time tB8Msand creates a list of the ruptures generated
by all the sources in thé&&RF. Each rupture in the list is associated with a probability of
occurrence in theinvestigation timespeci ed by the user in the calculation settings. To
produce this results, the earthquake rupture forecast odtor treats separately each source
typology included in the seismic source model. A detailedcdiption of the methodolo-
gies adopted to create the earthquake rupture forecast foemnt seismic source types is
provided in the following Sections.

As a nal important note: so far OQ supports just sources pumihg seismicity in accor-
dance with a Possion temporal occurrence model.

4.2.1. ERF creation in case of distributed seismicity

Open Quake supports two seismic source typologies capabiaddel distributed seismicity:
area sourcesind grid sources

Area sources are the most traditional source type adopte®8HA analysis since its rst
introduction at the end of the 1960s. The works &f [ ] and [ ]
boosted the use of grid sources in probabilistic seismialdhzalculations.

4.2.1.1. Area source

The creation of an ERF in case afea source¢see also Sectio3.1.1.1at page30) requires
a preliminary step consisting in the discretization of thelygon used to delimit the spatial
extension of the source. OQ discretizes area sources byapgmng a regular grid of nodes
over the polygon representing the source. The grid contaiades equally spaced in latitude
and longitude; the position of each node is speci ed by onegraphic coordinate, expressed
in decimal degrees. The nodes of the grid inside the polygmrasent - in a discrete way -
the area source.

The reference system adopted has the advantage that is @raptl intuitive, however from
a computational point of view it has some drawbacks. The modevant one is that the
spacing (in km) between nodes of the grid depends on latitubeleed, the spacing between
two nearby nodes close to the equator is larger than at higtitudes e.g. one degree of
longitude at the equator correponds to about 111 km, at 46f latitude it becomes about
78.8 km and, at 75 it corresponds to only 28 km. Figur& 1 shows a discretization example
considering an area source contained in the Canada moidédj X ]. If
we assume the grid nodes as centers of rectangular cellssliage of these cells tends to
be squeezed as we move towards the poles.
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Figure 4.1 { Example of an area source discretisation (grid spacing equal.50)0 Note how
the spacing between circles decreases moving from bottom poabthe source.

The problem of this uneven distribution of the cell size asswhen we distribute the
seismicity de ned for the entire area source over the nodeedito represent its shape. If
the node spacing along the meridians was homogenous, treméeity on each node would
be simply the total seismicity divided by the number of nodadected to discretize the
area source. In reality this condition is never satis ed, agonsequence, to guarantee a
homogeneous distribution of seismicity rates, we adoptrame procedure that distributes
the seismicity rates proportionally to the cell size (i.edynode spacing). Particularly, for

each node of an area source we compute the area using thenialiprelationship:

earth radius °
8node = 4 2 Spcz YT

360 sin(nodeatitude) 4.1)
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4.2 The Earthquake Rupture Forecast Calculator

where:

spcis the distance between two consecutive cells of the gridped to discretize the
area source (a common value adopted to discretize sourcegusl to 0.1)

earth.radius is the mean radius of the Earth (approximately 6371)km

nodelatitude is the latitude of the cell of which we compute theear.

To get the seismicity ratesfor a single grid node we multiply the ratio between the area
(computed using equatiod.1) and the area of the entire source (i.e. the sum of the areas
computed with looping for the grid nodes used to discretibe source polygon).

ERF calculation

In case of a Poissonian temporal occurrence model, the pihiya of occurrence during
the investigation timet of a rupture rup with magnitudem on nodenode (belonging to
src) corresponds to:

P(rupsrc(mi)jt) =  node(mMi) texp(  node(mi) t) 4.2)

where no4e(M;) is the rate of occurrence of magnitude; for rupture rup on nodenode
node IS computed as follows:

node(Mi) = src (Mi)@node=8src

where ¢¢(m;) is the rate of occurrence of magnitude; within sourcesrc, anoge iS the area
of the node computed using equatiod.1 and agc is the area ofsrc (it can be computed
by iteratively applying equatiort.1 to the nodes used to represent therc polygon and
summing the results).

The inclusion in theERF of the of ruptures produced by an area source is an iterative
procedure with two nested loops, one for the nodes used torditze the area polygon and
the second for the magnitude intervals. During each looge probability of occurrence of the
rupture rup with magnitudem; is computed using equatioi.2. Eventually, a nite rupture
geometry is generated using a magnitude scaling relatignshinally, rupture geometry and
P (rupsrc(m;)jt) are added to theERF

4.2.1.2. Multi-depth area source

This source typology is an extension of the just descrilzeda sourcgsee page4b); it  This source typology
allows to distribute seismicity within a volume lateraliynited by the projection along the is not supported by
depth-axis of a polygon lying on the topographic surface amdtop and bottom by two theocu”e”t version
planes - parallel to the topographic surface - identifyingetupper and lower seismogenic Q
depths.

The creation of theERFin case of multi-depth area sources follows the same funddaie
criteria discussed in the previous section for area sourdée FMD for the entire source is
distributed over the nodes of the 3D grid used to describe sl@rce volume.
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4 The Logic Tree Processor and the Earthquake Rupture Fasecalculator

ERF calculation

The calculation of the ERF in case of multi-depth area souréellows the same general
concepts described for the area source typology. The prsiogsis based on two nested
loops, one for the nodes used to discretize the volume andsbeond for the magnitude
intervals.

4.2.1.3. Grid source

Grid sourcesare becoming a valuable alternative to area sources whemnethea need for
modeling distributed seismicity iRSHA[ | ]. The main advantage ofjrid sources
consists on the seismicity smoothing procedure usuallypéeld for their calculation, which
appears to be objective, reproducible and - generally - nattipularly complex. In spite
of their simplicity, these source typology must be createifhwextreme care 4 ;

y page 9] During the latest years an number of regional andigral PSHA models
based on grid sources to account for distributed seismiwigre published in the literature
[ : : | 1.

The current OQ implementation of this source typology uses most of all tbpenSHA
PointEgkSource.java and PointToLineSource.java classes.

ERF calculation

The calculation of theERF in case of grid sources follows the same general concepts
described for the area source typology. The most relevardrdince in case of grid sources
relates to the information about seismicity that changesrtit node to node.

The inclusion of the ruptures produced by a grid source in ieFis an iterative procedure
with two nested loops, one for the nodes of the grid and thewet for the magnitude
intervals.

4.2.1.4. Accounting for rupture niteness in case of distributed seismi city

The increase - within the last two decades - of the number obugrd-motion recordings
and earthquakes meta-information raised the need to appaiply account for the nite
dimension of rupture in the calculation of hazard. Whiledhissue does not imply relevant
di culties in case of fault sources, di erent approachesieis to account for rupture niteness
in case of seismic sources modelling distributed seisynigihese approaches re ects distinct
thinking of the large epistemic uncertainties a ecting thgotential seismogenic structures
and the computation demand implied by the likely large numbé&ruptures to process when
ruptures are explicitly considered.

Two are the common approaches adopted to properly take intmsideration the nite
dimension of ruptures in case of sources of distributedrsiisy.

The rst approach uses punctual sources and adjusts the tuptsite distance to account
for the nite dimension of rupture. This distance correctias usually based on a complete
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4.2 The Earthquake Rupture Forecast Calculator

ignorance hypothesis implying the use of vertical unifgrrapoked ruptures. Such an as-
sumption is in general acceptable but in cases where the mplemotion models using a &,
metric and the tectonic context is characterized by very Idipping sources. For example,
[ ] used this solution to calculate the latest release of thetiNimal Seis-
mic Hazard Maps for the conterminous United States [see &lso , ]. Rupture-site
corrections factors where also proposed by [ ] and discussed i
[2004.

The second approach uses nite ruptures - centered on eactenof the grid - either
spoked or with random orientation and, usually, verticapdin some cases, the generation
of ruptures with properties restrained to speci ¢ seismaienic styles available for distinct
geographic contexts is possible. This approach is generatire computationally intensive
than the solution based on a source-distance adjustment bbkeing customizable - o ers
a larger exibility than precomputed solutions. This ap@oh was used by
[ ] to calculate the 2002 version of the United States Natiotgdismic Hazard Maps.

Options available in OpenQuake

Of the two just approaches just discussed, OpenQuake culyesupports only the one
based on the use of nite ruptures.

The computation of nite ruptures inOQ follows a uni ed procedure for area, multi-depth
and grid sources since each node of the grid used in the dihemases has always one or
several sets containing the following information:

A discrete representation of BMD

A faulting style: strike [optional], dip [optional] and rak[optional]

The de nition of one, or several, faulting styles is optidnahe simplest case - using on
compulsory information - is based on the knowledge of just aliscrete FMD.

Di erent approaches are available to account for nite ruptes; their adoption depends
on the information provided by the user on the speci ¢ reamrents of the analysis and the
computational demand sustainable. These are the main opiavailable:

Generate ruptures aligned according to a speci ed faultstgle (this approach can be
used when at least the strike direction is speci ed)

Random ruptures
Crosshair ruptures
Spoked rupture

The last three options are always applicable since compylgdormation su ces.

49
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4.2.2. ERF creation in case of Fault sources

OQ currently supports two types of fault sources that di er at@st in the geometry of the
fault surface. Fault sources with a simple geometry are Ulguatilized to model shallow
sources while fault sources with a complex geometry aredredtiited to model subduction
interface sources.

4.2.2.1. Fault sources with simple geometry

The currentOQ implementation of this source typology corresponds to theeadncluded in
the OpenSHAFloatingPoissonFaultSource.java class.

In OQ, simple fault sourcesepresents tectonic structures with a straightforward geetry
characterized by relatively constant values of dip over #mire surface and along-strike

405

Figure 4.2 { Example of random ruptures generated with OpenQuake to taki iaccount
rupture niteness in case of hazard computation based on a sirgéa source.
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pro les at di erent depths similar to the fault trace.

The methodology used for the creation of the fault surfac&da the fault trace, a repre-
sentative dip direction (e.g. it could be the mean dip dirieet) and, the upper and lower
seismogenic depth and creates a 3D gridded surface usingrdoeuof equally spaced nodes.

4.2.2.2. Fault sources with complex geometry

The OQ implementation of this source typology at the moment usesstaf all the OpenSHA
FloatingPoissonFaultSource.java and ApproxEvenlyGriddedSurface.java classes.
Fault sources with complex geometry tries to replicate theometry of subduction inter-
faces | , ]. Because of the methodology used to
create the source and oat the ruptures on its surface thissggic source typology has a ma-
jor drawback which corresponds to an in-homogenous demdigseismic moment released per
unit of surface (i.e. the rupture area for a speci c magniteidvaries over the fault surface).

4.2.2.3. Computing the probability of occurrence of each rupture

In case of sources with a Poissonigamporal occurrence modethe probability of occurrence
for a given rupture - that equals the probability of occur@nof corresponding magnitude,
given a magnitude scaling relationship - is computed usingr@cedure that's conceptually
homologous with the one described in caseacfa source¢see pagel?).

In this case, the main di culty is related to the calculation given a magnitude interval
- arises when ruptures with a surface smaller than the enfinglt are allowed to oat. In
this case nite ruptures are homogeneously distributed othe fault surface and the rate of
occurrence for each rupture (i.e. magnitude) is computedtlas ratio between the number
in order to derive the rate of occurrence.
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CHAPTER 5

SHA Calculators

OpenQuake computes probabilistic seismic hazard using diverent methodologies: the
classical one and a methodology based on the generation ¢dehastic event set.

The classical PSHA methodology adopted @Q is the one presented by
[ ] and implemented in OpenSHA. This particular formulationas also proposed by

[ ] - has the distinctive property of performing the entire calation using
probabilities instead of working with occurrence rateslik most of the commonest PSHA
codes [see for instande ) ]. The OpenSHAmMethodology has also the
clear advantage of decoupling the creation of the probabdi seismicity occurrence model
(in the OpenSHA terminology this is de ned as thearthquake rupture forecapffrom the
assumption of a Poissonian temporal occurrence modek [ ] demonstrated
that by assuming negligible contributions to hazard comiingm multiple occurrences - i.e.
the probability that a source will generate two or more ocances of the same rupture
within the time span xed for the analysis is equal to zero ighmethodology is completely
consistent with the most classical procedure.

The OQ stochastic event based PSHA calculation procedure resemi#@cent approaches
proposed in the literature (see for exampié [ ] and references therein). The
major advantages of this approach are that (1) hazard can lireatly linked to a sequence
of earthquakes and (2) the residuals of ground-motion on ledevestigated site can be
distinctly considered, eventually by taking into accouritet spatial correlation of ground-
motion.

The two hazard calculation kernels have in common a rst edition phase (see also
Figures2.1 and 2.2) which is the creation of thesarthquake rupture forecastThe creation
of the ERF was extensively discussed in Chapteat page43. The second phase in the
classical PSHA approach corresponds to the calculationadand at the site by combining
the probabilistic seismicity occurrence model with a grdemotion model. It will be discussed
in section 6.1 at page54). The second calculation step in the event based PSHA apghoa
is the generation of the stochastic event set, the calcudatiof the corresponding ground-
motion elds and, eventually, the post-processing of thé sEground-motion eld computed
to obtain the nal values of hazard. This methodology will Imeore extensively described in
section5.2 at page56. The last section of this Chapter (see pa@é) is dedicated to the
discussion of the disaggregation methodology implemenie®Q.
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5.1. Classical PSHA calculator

This calculation methodology is the one we consider the mesient for the calculation
of traditional PSHA results such as hazard maps, hazard earand uniform hazard spec-
tra. The classical PSHA calculation kerneti§ , ] takes as input the following
information:

An earthquake rupture forecast

A ground-motion model

5.1.1. PSHA calculation: assuming a negligible contributi on from repeated
ruptures in t

The classical PSHA calculation methodology available ine@Quake is the one currently
implemented inOpenSHA this methodology works in terms of probabilities insteafiam-
currences as many of the currently available PSHA codeseattly do. As demonstrated by

[ ], this method is coherent with the classical one under thewamption that
the contribution to hazard coming from multiple ruptures iggligible (i.e. the probability
that src will repeat two - or more fup int is very very low).

The calculation of hazard for a single sitte and a single ground-motion parametgr
simply consists of an iterative procedure that integratdee tcontributions coming from the
ruptures included in thé&eRFand located at a distance from th&ite shorter than a threshold
value (often set in the range 200 to 300 km). During each itéma, OQ takes a rupture
rup within sourcesrc and calculates the probability of exceedanceyah a investigation in
time t at site using the following equation:

P(Y yjtirupsrec;site) = P(rupscjt) P(Y  yjrupsec; site) (5.1)

The probabilityP (Y  yjt;rup src; Site) corresponds to the product between the probability
of occurrence ofrup in a time t and the conditional probability of exceeding at site
given the occurrence atup. This conditional probability is usually computed by mearfsa
ground-motion prediction equatiowhich provides, given a rupture and a site, the rst two
moments of a gaussian distribution (a general and commomaggion in the ground-motion
community). On the contraryP (rupsrcjt) is the probability of occurrence attributed toup
during the creation of thecarthquake rupture forecastEquation’5.1 can also be rewritten
by substituting to each rupture the corresponding magnitudnd node within sourcsrc.

P(Y yjt;m;nodeg.;site) = P(m;nodet) P(Y  yjm; nodeyc; site) (5.2)

This equation states that the probability of exceedanceyah t corresponds to the product
between the probability of occurrence of magnitudeon nodenode (in OpenSHA and OQ
sources are always discretized in a number of nodes) and tblegbility of exceedance of
given the occurrence ah on node

Assuming that ruptures within a source are mutually exchasithe probabilityP (Y
yjt; src; site) that at least one rupture generated by soursec will produce during the
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5.1 Classical PSHA calculator

investigation timet at least one exceedance gf corresponds to the di erence between
unity and the probability that none of the ruptures will gerate an exceedence ¢fin t.

X
P(Y yjtsrc;site) =1 P(rupscjt) P(Y  yjrupgrc; site) (5.3)

8rup insrc

The nal value of hazard at sitesite will be obtained by merging the contributions coming
from the totality of sources considered during the creatiointhe ERF, under the assumption
that events occurring within di erent sources are indep&md.

Y
P(Y yjtsite)=1 1 P(Y yjt src;site) (5.4)
8srcin ERF
Combining equation®.3 and 5.4 we get [see als6 , , equation 4, page 410]:
P(Y jt; site) =
Y i ) 8 9
Y < X . . . =
1 1 P (rupscjt) P(Y  yjrupgrec;site) ~ (5.5)
8srcinERF ~ 8rup insrc ’

5.1.2. PSHA calculation: accounting for contributions fro m repeated rup-
tures in t

Sometimes (e.g. in case of particular time dependent PSHh®) assumption of negligible
contributions to the nal value of hazard coming from repeat ruptures does not hold
anymore (e.g. in case of particular time dependent PSHAs)on&equently, for precise
hazard calculations is necessary to take into account angsfime contribution produced by
the sources in theearthquake rupture forecast

In particular, in order to account for repeated ruptures egion 5.1 must be rewritten as

P(Y yjtrupg,;site) =
o
1 P(Y yjrupge;site)” P# rupse = njt)  (5.6)
n=1

whereP (Y  yjt;rup,.;site) stands for the probability of at least one exceedanceyof
given one or several rupturesipsc occurring within sourcesrc. As a result, equatiorb.3
becomes

P(Y yijt;src;site) =

X R
1 1 P(Y yjrupsec;site))" P(#rupse = njt)  (5.7)

8rup 2src n=1
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Substituting equation5.6 into equation5.5

P(Y yijtsite) =

00
Il ©

Y < X
1 1 P(rupjt) P(Y  yjrupge;site)  (5.8)

8srcinERF ~ 8rup insrc

5.2. Event-based PSHA calculator

The calculation of astochastic event seand the correspondingground-motion eldsis
procedure particularly suited for seismic risk calculaganvolving a number of assets located
at close distance to each other. OpenQuake, givesegsmic source systeroan generate a
number ofseismicity historieseach one representing a possible realisation of the seigmi
originated by aseismic source modduring a given investigation time ( xed by the user).
The ensamble of thesseismicity historiess called aStochastic Event Set (SES)

Each rupture in a seismicity history is successively assediwith aground-motion eld,
an object describing the spatial distribution of@ound-motion parameterepresentative of
the intensity of shaking.

5.2.1. Stochastic Event Set Calculator

A SESis collection of seismicity histories; a seismicity higtaontains earthquake ruptures
obtained by randomly sampling asarthquake rupture forecast
Currently OpenQuake can generafe=Ssfrom PoissoniarERFs In a Poissonian ERF, the
probability of at least one occurrence of the rupturep during the investigation timet is
given by:
P@#rup 1jt)=1 exp( t) (5.9)

where is annual rate of occurrence of the rupture. KnowiRd# rup  1jt), it is possible
to derive the expected number of earthquake rupture$ in the time spanT as:

= In(l Pi#rup 1jt)) (5.10)

The Poisson probability of having rup ruptures given expected ruptures can be then
computed as:

P# rup; ) =exp( )ﬁ (5.11)

For each rupture, the number of occurrences in a time sgacan be then obtained as a
random sample of the Poisson probability density functioesdribed in equatiorb.11. By
looping over all the ruptures in a ERF, it is therefore pogsito simulate a stochastic event
set where each rupture is present (zero, one or more timespeing to the input probability.
In other words, the resulting collection of sampled ruptsinepresents a possible realization
of the seismicity as described by the ERF. By samplingEadF multiple times, di erent
SESscan be obtained each representing a possible realizatiadhefeismic activity. As an
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example, Figur&.1 shows twoSESsproduced by a fault model for the Italian region (derived
from the Italian fault databasef , ]). Each SESrepresents seismicity for a
period of 50 years. The tw8ESsshows similar spatial distribution of seismicity (as exteec
given that they come from the same source model), but the kimaand magnitude of the
events is di erent due to the fact that they depict two di enet ‘possible’ realizations of
seismic activity in the region.

5.2.2. Ground Motion Field calculator

The ground-motion eld calculatorcomputes a value of ground-motion parameteon each
element in a set of geographical locations, utilizing a nug model (minimally described in
terms of geometry and magnitude) as the source of shaking.
In general, a ground-motion model that predicts values afraund-motion parameteat
an individual sitei due to an earthquakg takes the following form {
[2009) i
In(Y ) =In(Yi)+ jj + | (5.12)

whereYj denotes the ground-motion parameter of intere¥t; denotes the predicted median
ground-motion intensity (which depends on parameters likagnitude, distance, period,
etc.); j denotes the intra-event residuals (which is a gaussian camd/ariable with zero
mean and standard deviation; ); and ; denotes the inter-event residual, which is a gaussian
random variable with zero mean and standard deviatipn The standard deviations;; and
j are estimated as part of the GMPE and are function of the spaicperiod of interest. The
intra-event standard deviation may depends also on thelggwake magnitude and distance
of the site from the rupture. During an earthquake, the intevent residual computed at
any particular period is constant across all the sites.

For a given earthquake and a set Nf sites, equatiorb.12 can be rewritten in a vectorial
form as:

In(Y)=In(Y)+ + (5.13)
where
IN(Y ) =[In( Y1);In(Y2); 35 In(Yn)]
In(Y') = [In( Y1); In(Y2); 255 In(Yn )]
=[ 15 255 N
and =[ 1; 2;:5 n], where 1= o= 11= =

Given a GMPE, the Ground Motion Field calculator can compdierent types of ground-
motion elds:

Median
Intra-Event Uncorrelated

Intra-Event Correlated
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Figure 5.1 { Di erent stochastic event sets (a) and (b) generated from a faahodel for the
Italian region (derived from DISS databased] , ]) for a period of 50
years.
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The median ground-motion eld provides for each locatioretimedian value of the ground
shaking parameter as predicted by the GMPE. Following théation of equation5.13 the
median ground-motion is computed simply from the equation:

In(Y) =In(Y) (5.14)

The intra-event uncorrelated ground-motion eld calcutatprovides for each location a value
of the ground shaking parameter that takes into account thieatory uncertainties de ned

in the GMPE. In particular, for a single eld calculation, landomly samples the inter-event
standard deviation, and for each location, it randomly sdegpthe intra-event standard
deviation. Both the inter- and intra-event residuals areeth added to the mean value of
the ground shaking parameter. In other words, the intrasevancorrelated ground-motion
eld is computed using equatiors.13 where the intra-event residuals are sampled from a
multivariate normal distribution with mean zero and a diagd covariance matrix ():

2 3
0O ::: O

2
1
0 2 ::: 0
=6. . : (5.15)
0 0 ::: 3
where 1; »;:::; N are the intra-event standard deviations for sitégo N .

The Intra-Event Correlated ground-motion eld calculatdollows the same work ow of
the uncorrelated eld calculator, with the only di erencehtat the intra-event residuals are
assumed to be spatially correlated. In this case the intvard residuals are sampled from a
multivariate normal distribution with mean zero and a nomgdonal covariance matrix:

2 ) 3
1 1212 i 1 N IN
2
2121 2 2 N 2N
=§ _ _ (5.16)
2
N 1 N1 N 2 N2 ::ii N

where j is the correlation between intra-event residuals at sSitendj .

Currently, the intra-event correlated ground-motion elchlculator adopts the correlation
model of [ ], according to which the correlation between intra-event
residuals is given by:

ij = (h)=exp( 3h=b (5.17)

whereh is the distance between sitdsandj. bis a coe cient dependent on period and
site conditions at the site of interest. Two cases are ideadi

casel: Vs.3p values do not show or are not expected to show clustering.
case2: Vs.3p values show or are expected to show clustering.

At short periods T < 1), for casel.

b=8:5+17:2T (5.18)
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At short periods T < 1), for case2:

b=40:7 150T (5.19)
At long periods T 1, for both casesl and 2):

b=22:0+3:7T (5.20)

Summarizing, ifVs.3o values do not show clustering, the correlation length bedweantra-
event residuals is expected to increase with increasingpddrvith a rate that changes from
T<1toT 1). IncaseVs3g values show clustering, f@ T < 1, the correlation length
decreases with increasing period.

Figure 5.2 depicts the dierent types of ground-motion elds descride The median
ground-motion eld is shown in Figur®.2 (a). In this case the aleatory uncertainties are not
taken into account, and the ground-motion pattern followsaetly the rupture geometry.
The highest values are observed on the surface projectiothefrupture, and decreasing
values are found at increasing distances from the rupturégufe 5.2 (b) shows an intra-
event uncorrelated ground-motion eld. The aleatory untanties are taken into account
and therefore the ground-motion pattern shows a signi caewel of heterogeneity. When
introducing the intra-event correlation [Figurg.2 (c)], the heterogeneity is diminished and
an additional Itering is introduced when considering a fer period [Figurés.2 (d)].

5.3. PSHA disaggregation

Seismic hazard disaggregation - or deaggregatioivleGuirg j ]

] is a procedure aimed at identifying the contributions to arpcular level of hazard
at speci c site - produced by di erent combinations of basiariables - such as magnitude
and rupture-site distance - characterizing either the rups in the ERF or the selected
ground motion models. Two are the main typologies of disaggtion currently adopted
in PSHA studies (see for exampie [ ]): the m-r- disaggregation and the
geographic disaggregation. Conceptually there are no idireces between them; simply, in
the geographic disaggregation the source-to-rupture aliste is replaced by the position of
the point used to calculate the distance to the site.

Figure 5.3 shows a 3-D plot representing the contribution to hazard yided by distinct
discrete combinations of magnitude, distance and The usual information that can be
extracted from this plot is the dominant m-r couple [for a disssion on this topic see

> ], that is the couple of parameters giving the highest cobtriion
to the hazard disaggregated (i.e. the highest conditionateedance probability).

In OQ we introduced a number of alternative disaggregation tygmpés that should help
the modeller in better understanding the PSHA models andtoaliing the results provided
for speci c sites. In particular, we added the tectonic regiand the seismic source type to
the classical disaggregation variables (i.e. magnitudstathce and epsilon); this way it will
be possible to clearly identify the contributions to hazazdming from a several di erent
combinations of variables and source and/or ground motiondual attributes. Indeed, the
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Figure 5.2 { Examples of median (a), intra-event uncorrelated (b), iatevent correlated for
PGA (c) and for SA atT =1s (d). A rectangular planar rupture is considered as
source of the shaking (the red line depicts the rupture tracadahe black line
the rupture border). The rupture is associated to a magnitudeatthquake. The
ground-motion is estimated using the [ ] ground-motion
prediction equation.
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disaggregation methodologies implementedd® is exible enough to provide the disaggre-
gation type according to the modeller's need€Q supports disaggregation based on the
classical PSHA methodology as well as on the event based aaetlogy one. In the following
sections we describe the details of the approaches impléaten

5.3.1. Disaggregation methodology

From a calculation point of view, disaggregation simply simts on systematically collecting
the contributions (i.e. conditional probabilities of ex@dance) to a selected value of hazard
into a multidimensional matrix (calledlisaggregation matrix and later to appropriately
combine these contributions according to user requirenseriysually only a fraction of the
ruptures included in afctRF and located at close distance to the reference site provithes
main contributions to the disaggregated hazard (see alsgufé 5.3).

The disaggregation matrixused inOQ contains the following axes: magnitude (index
i), longitude (index j), latitude (index k), source (indeX) &nd epsilon (index l). For each
rupture the longitude and latitude coordinates correspertd the point on the rupture used
to calculate the source-site distance.

5.3.1.1. Classical PSHA: examples of application of the disaggre gation methodology

In case of the classical PSHA methodology, the cumulatiorncoftributions in thedisag-
gregation matrixis based on a somewhat modi ed version of Equati®i. This equation
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Figure 5.3 { Example of the results provided by a magnitude-distanalisaggregation analysis.
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5.3 PSHA disaggregation
distinctly accounts for inputs to the probability of excesce ofy coming from di erent
intervals.

P(Y yitirupsre; ;site) = P(rupsecjt) P(Y  yjrupsrc; ;site) (5.21)

Equation5.21is recursively used to calculate (and successively stotherappropriate cell)
the contributions coming from the ruptures included ERFand giving a contribution to the
hazard at the investigated site.

Disaggregation in terms of tectonic region

The disaggregation in terms of tectonic region is probabheoof the simplest disaggre-
gation from a conceptual point of view. It consists on cumnting in the disaggregation
matrix the probabilities of exceedance computed in the immest summation contained in
the equation below:

P(Y yjtsite) =

N

9
Y X X =
1 1 1 P(Y yjtrupsec; ;site) . (5.22)

8srcinERF 8rup insrc 8

Successively, the calculations of the conditioned probitds of exceedance for each tectonic
region are computed using two nested loops: the rst for thectonic regions de ned in the
PSHA the second for the seismic sources belonging to a gigetonic region

Disaggregation in terms of magnitude, distance and epsilon

The magnitude-distance-disaggregation is, probably, the disaggregation typologgst
frequently adopted.

Figure 5.3 shows an example of this disaggregation type. In this casapjtears clearly
that the main contribution to the value of hazard disaggrégd come from from events of
moderate magnitude (between 5.5 and 6.0) located at shodtaince from the site. This
plot also nicely shows how the epsilon values, keeping xembarce-site distance, tends to
decrease in contrast with the increase of magnitude.

5.3.1.2. Event based PSHA: examples of application of the disaggreg ation method-
ology

In case of the event-based PSHA methodology the disaggiegas extremely simple since

it consists on the cumulation of the events with speci c chateristics.

In future releases of the book we will provide in this secxamples of this disaggregation
typologies and comparison with the more classical one.
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Risk
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CHAPTER 6

Introduction

OpenQuake-risk has been developed by the scientic membéthe GEM Model Facility,
following an extensive review of existing software to ctdbtel seismic risk due to physical

damage to buildings( , i

6.1. OpenQuake-risk: main concepts

OpenQuake-risk is coded in the Python programming languagd is currently linked to
OpenQuake-hazard, but there are plans to allow users to ingiieir own hazard in the
future. The procedure to calculate risk outputs is currgnts follows:

1. Read the hazard input les, the physical vulnerability de input le, the exposure
model input le and the calculation settings.

2. Combine the ground motions from OpenQuake-hazard (gitttem hazard curves or
ground motion elds depending on the calculation work ow)itlr the physical vul-
nerability for each asset de ned in the exposure model, técakate the losses to the

assets.

3. Post-process the losses in an appropriate manner, deipgnan the calculation type,
to produce loss curves, maps and statistics due to physieahage to buildings.

6.2. Calculation Work ows

OpenQuake currently comprises three risk calculation wasls: one computing losses due
to a single event, and the other two computing seismic rislkeda most or all of the possible
events that might occur in a given region within a certain gnspan. The calculation work-
ows are comprised of a number of separate calculators. lskeorto run any of the calculation
work ows, it is necessary to de ne the geographic coordieatof the region of interest, the
type of calculations, the path to the input les (physical inerability and exposure models),
the type of results that are to be produced and several pararsnecessary for the hazard
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6 Introduction

calculations. Currently, a con guration le to be providetb OpenQuake incorporates this
information.
The following three calculation work ows are thus suppaite

Deterministic Event-Based Risk : this calculation sequence is capable of computing
losses and loss statistics due to a single, deterministithgaiake, for a collection of
assets (see Figuré.1l). Such analyses are of importance, for example, for emergen
management planning and for raising societal awarenesss&f r
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5>#-8"%&'-/&0

Figure 6.1 { Work ow of the deterministic event-based risk calculations.

Probabilistic Event-Based Risk: this calculation work ow computes the probability
of losses and loss statistics for a collection of assetseflas the probabilistic hazard
(see Figures.2). The losses are calculated with an event-based approaath shat the
total, combined losses to a set of assets can be calculates. foted that cumulative
loss exceedance curves, which present the probability eeedance of cumulative
losses within a given time span are not yet supported in Opesike.

Classical PSHA-Based Risk this calculation work ow leads to the computation of
the probability of losses and loss statistics for singleetssbased on the probabilistic
hazard (see Figur&.3). The output of this calculator is useful for comparativeski
assessment between assets at di erent locations.

The hazard calculators in the aforementioned work ows haaleeady been described in
the hazard section of this book, and so the following chaptéycus on the input, the calcu-
lators required for the three distinct work ows (i.e. dete¥inistic event-based risk calculator,
probabilistic event-based risk calculator and classic8HA-based risk calculator) and their
output.
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6.2 Calculation Work ows
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Figure 6.2 { Work ow of the probabilistic event-based risk calculations.
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Figure 6.3 { Work ow of the classical PSHA-based risk calculations.
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CHAPTER 7

OpenQuake Input Description

The main sources of input information required for a riskadhtion with OpenQuake are an
exposure model and a physical vulnerability model (in addito the calculation type, such
as those described in Chaptér and the region of interest). An exposure model for a given
asset category describes, at each location of interest it given region, the value of each
asset typology. The physical vulnerability model descsibiee vulnerability characteristics of
each asset typology.

7.1. EXposure

The OpenQuake engine requires an exposure model that neels stored according to the

respective NRML schema. This le format can include sevdyglologies of asset such as
population or buildings. The following parameters are ey being used to describe each
asset in the exposure model:

Asset reference: A unique key used to identify the assetaimst;
Location: Geographic coordinates of the asset expresseatbaimal degrees;
Asset value: Numerical value of the quantity of the asset la¢ tgiven location;

Vulnerability function: Code of the physical vulnerabjilitunction that should be em-
ployed in the calculations;

Taxonomy: Reference to the classi cation code that deseslthe asset.

This list of parameters will be further extended in futureleases of OpenQuake once
more complex data will need to be stored (e.g. value of cotdesr number of occupants
per building at di erent times of the day). Furthermore, thde nition of the vulnerability
function to be used for each asset will be removed from theosxpe model, and will instead
be stored within a separate le; the two will be linked throadghe GEM Taxonomy (that is
currently under development).
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7 OpenQuake Input Description

7.2. Physical Vulnerability

Physical vulnerability is de ned as the probability didtution of loss, given an intensity
measure level. These vulnerability functions can be derdlieectly, usually through empirical
methods where the losses from past events at given locatemesrelated to the levels of
intensity of ground motion at those locations, or they can terived by combining fragility
functions and consequence functions. Fragility functiolescribe the probability of exceeding
a set of limit states, given an intensity measure level; listates describe the limits to
performance levels, such as damage or injury levels. Rsadiinctions can be derived by
expert-opinion, empirically (using observed data), or btiaally, by explicitly modeling the
behavior of a given asset typology when subjected to indrepgevels of ground motion.
Consequence functions describe the probability distritmitof loss, given a performance level
and are generally derived empirically.

Version 0.4 of OpenQuake only supports physical vulneitghiirough the aforementioned
vulnerability functions. As part of the Modeller's Toolkilevelopment, calculators that
combine fragility functions and consequence functions toguce vulnerability functions will
be produced in the future. Furthermore, the possibility taput fragility functions directly
is planned in future releases of OpenQuake such that usemsvieaw intermediate results of
seismic loss calculations, such as the distribution of dgea

7.2.1. Vulnerability Functions

7.2.1.1. Discrete Vulnerability Functions

In the current version of OpenQuake (V0.4) discrete vulrmlity functions are used to
directly estimate fatalities and economic losses due togitgl damage. Discrete vulnerability
functions are described by a list of intensity measure eaeld corresponding mean loss ratios
(the ratio of mean loss to exposed value), associated coerts of variation and probability
distributions. The uncertainty on the loss ratio is assumiedOpenQuake v0.4 to follow a
lognormal distribution, however di erent probabilistidstributions for the uncertainty will be
developed in future versions, such as the beta distributiGigure 7.1 illustrates a discrete
vulnerability function.

7.2.1.2. Continuous Vulnerability Functions

Continuous vulnerability functions will be implemented fimture versions of OpenQuake.
Continuous vulnerability functions will probably be dabed by continuous distributions of
mean loss ratio and other fractiles of loss ratio, with groumotion intensity. Figure7.2
illustrates this type of function, showing the distributioof mean loss and the 10 percent
and 90 percent fractiles.

7.2.2. Fragility Functions

Fragility functions describe the probability of exceediagset of limit states, given an
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7.2 Physical Vulnerability
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Figure 7.1 { Discrete vulnerability function.
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Figure 7.2 { Continuous vulnerability function.

intensity measure level. When the asset category concemgtsires (e.g. buildings), the
intensity measure can either be structure-independent toncture-dependent. The former
can be calculated directly from recorded measurements otigd shaking (e.g. peak ground
acceleration, peak ground velocity, spectral acceleratéd a given period of vibration, or
even macroseismic intensity). The latter requires infotioa on the characteristics of the
structures in order to be calculated, for example spectrateleration at the fundamental
period of vibration, or spectral displacement at the limitate period of vibration. The
calculation of these structural characteristics might berough a simple formula (e.g. a
yield period-height equation, see e.growley and Pinhd2004 ) or through so-called non-
linear static methods, which are needed when the intensigasure is a non-linear response
quantity such as spectral displacement at the limit staterioel of vibration (see e.gFEMA-
440:ATCJ2009). Discrete and continuous fragility functions with striure-independent and
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7 OpenQuake Input Description

structure dependent intensity measures (and the methodsessary to calculate them) are
not currently supported, but they will be implemented in twe versions of OpenQuake.

7.2.2.1. Discrete Fragility Functions

Fragility functions can be de ned in a discrete way by prdwigl for each limit state, a list
of intensity measure levels and respective probabilititexxeedance. Figuré.3 presents
a set of discrete fragility functions using a macroseisnmitemnsity measure. As mentioned
previously, these are not yet supported by OpenQuake.

5! 6! 7! 8! 9! 10! 11!
MMt

=*=Negligible! Moderate! =*=Substantial!=*=Very Heavy!=*~Destruction!

Figure 7.3 { Set of discrete fragility functions.

7.2.2.2. Continuous Fragility Functions

Continuous fragility functions are de ned by the parameteof a cumulative distribution
function. In Figure7.4 an example of a set of continuous fragility functions with teusture-
dependent intensity measure is presented. As mentionedigusly, these are not yet sup-
ported by OpenQuake.

7.2.2.3. Uncertainty in Fragility Functions

The uncertainty in continuous fragility functions will alde accounted for in future versions
of OpenQuake. Figur&.5 shows a lognormal distribution that has been t to the data€i
the fragility function), and the probabilistic distributin (i.e. mean and standard deviation)
to describe the uncertainty in both the logarithmic mean aludjarithmic standard deviation
of the fragility function. When a set of fragility functionfor di erent limit states are used,
it is also necessary to provide information on the correatbetween the logarithmic means
and logarithmic standard deviations of each limit state.
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Figure 7.4 { Set of continuous fragility functions.

Figure 7.5 { Uncertainty of continuous fragility functions.

7.2.3. Consequence Functions

Consequence functions describe the probability distritmtof loss, given a performanceConsequence
level. For example, if the asset category is buildings ane plerformance level is signi cant functions are not
damage, the consequence function will describe the meas flato, coe cient of variation i"n‘i;‘zrr'rt]'gmed in 0Q
and probability distribution for that level of damage. Figu7.6 presents the mean damage
ratios for a set of performance levels proposed by two dirgreources.
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7 OpenQuake Input Description

Figure 7.6 { Consequence functions adapted froa
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CHAPTER 8

Deterministic Event-Based Risk Calculator

8.1. Introduction

The deterministic event-based risk calculator is capalileamputing losses and loss statistics
from a single event for a collection of assets, given a setrofigd motion elds. A set of
ground motion elds is required to represent the aleatoryriaility (both inter- and intra-
event) in the ground motion prediction equation. The inputagind motion elds are currently
calculated following the deterministic event-based wask that has been presented in Figure
6.1

For each ground motion eld, the intensity measure level agigen site is combined with a
vulnerability function, from which a loss ratio is randonggmpled, for each asset contained
in the exposure model. The loss ratios that are sampled faets of a given taxonomy
classi cation at di erent locations are considered to betler independent or fully correlated,
knowing that the reality is likely to lie somewhere in betwethese two assumptions. Using
these results, the mean and standard deviation of the log®saacross all ground motion
elds can be calculated. Loss ratios are converted into éssby multiplying by the value of
the asset given in the exposure model. It is furthermore fimdsto sum the losses throughout
the region and to compute the mean and standard deviation lu# total loss.

8.2. Calculation Steps

To compute the mean loss:

1. For each ground motion eld, the intensity measure leveltlae location of the asset
is used to derive the mean loss ratio and associated coe tiehvariation from the
vulnerability function. Since currently the vulnerabjlifunctions are being de ned in
a discrete manner, it is quite probable that the intensity aseire level provided by
the ground motion eld is not contained in the vulnerabilifynction. In these cases,
linear interpolation methods are being employed to derifie thean loss ratio at the
intensity measure level of interest.
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8 Deterministic Event-Based Risk Calculator

2. The engine takes the vulnerability function assigned txle asset and checks if the
coe cient of variation is zero. If so, the loss ratios are deed based on the mean loss
ratio for each intensity measure level. Otherwise, if thecartainty is de ned, it is
randomly sampled following the probabilistic distributiof the respective vulnerability
function, as described below:

logLR, = + (8.1)

Where and stand for the mean and standard deviation of the logarithmtioé loss
ratios respectively and is a term that has a standard normal distribution with a zero
mean and a standard deviation of one.

The method used to sample epsilon can follow two approactegsedding on whether
the correlation between the vulnerability of assets of aegitaxonomy is to be con-
sidered or not:

Perfectly correlated: the term is randomly sampled once for the rst asset and
this result is used to derive the loss ratio for all the asggtshe same taxonomy.
Uncorrelated: the term is always randomly sampled for each asset and therefore
the correlation between the vulnerability of the assetsgaadred.

It is expected that the true level of correlation lies somemdh between these two
assumptions, and thus they provide boundaries to the expeaiutput.

3. The mean loss ratio for each asset across all possiblelations of the deterministic
event can be calculated through the formula:

P
m, LRpjIML
m

LR =

(8.2)

Wherem stands for the number of ground motion elds simulated.

4. The mean loss can then be derived by multiplying the meas Iatio by the value of
the asset contained in the exposure model le.

To compute the standard deviation of the loss:

1. In order to compute the uncertainty, the engine takes thet ®f loss ratios for each
asset, and computes the associated standard deviationguie classical formula:

U
e 2
sD[LR]=T = (LR, E[LR) (8.3)
n=1

WhereE[LR] stands for the mean loss ratio computed previously.

2. The standard deviation of the absolute loss can nally bmrgputed by multiplying the
standard deviation of the loss ratio by the value of the regjpee asset.
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8.3 Calculator Output

8.3. Calculator Output

The output of the Deterministic Event-Based Risk Calculaturrently comprises loss statis-
tics (mean total loss and standard deviation of total loss)daloss maps. Loss maps are
comprised by a set of loss nodes, which are associated withiragh coordinates. For each
node, one or more loss values might exist, due to the fact thaveral di erent assets can
be located at the same location. Figufel presents an example of a loss map containing
the expected economic losses for reinforced concrete imgifdlocated in the metropolitan
area of Istanbul, considering a rupture of magnitude 7.5Mmdar the Sea of Marmara.

Figure 8.1 { Loss map with the distribution of mean economic losses for rea&@drconcrete
buildings.
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CHAPTER 9

Probabilistic Event-Based Risk Calculator

9.1. Introduction

This calculator uses stochastic event sets and associatedrgd motion elds to compute
loss exceedance curves for each asset contained in an exgposadel. This calculator thus
requires ground motion elds from a number of stochastic eigeas an input, which are
currently calculated following the probabilistic evenaded work ow that has been presented
in Figure6.2.

For each ground motion eld, the intensity measure level atgaven site is combined
with a vulnerability function, from which a loss ratio is rdomly sampled, for each asset
contained in the exposure model. The loss ratios that are gk for assets of a given
taxonomy classi cation at di erent locations are consids=t to be either independent or
fully correlated, knowing that the reality is likely to liecosewhere in between these two
assumptions. The occurrence distribution of loss for a giasset is calculated using all
of the ground motion elds, leading to a histogram of loss i@ which is then converted
into a cumulative histogram, by calculating the number ofneulative occurrences for each
interval of loss ratio. The rate of exceedance of each los® lia calculated by dividing the
number of cumulative occurrences by the number of stocltastient sets multiplied by the
length of each event set. By assuming a Poissionian distigiouof the occurrence model,
the probability of exceedance of each loss ratio is cal@dat If a total loss curve for a
portfolio of assets is required, a secondary module is usegrder to sum the losses from
all the assets in the exposure le, per event, before caltntathe occurrence distribution
of loss.

9.2. Calculation Steps

1. The engine starts by using the set of ground motion elds ¢atract the intensity
measure levels for the location of each asset.

2. Then the engine takes the vulnerability function assidrie each asset and checks if
the coe cient of variation is zero. If so, the loss ratios aderived based on the mean
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9 Probabilistic Event-Based Risk Calculator

82

loss ratio for each intensity measure level. Otherwisehig uncertainty is de ned,
it is randomly sampled following the probabilistic distifton, mean loss ratio and
associated coe cient of variation of the respective funoti, as described below:

logLR, = + (9.1

Where and stand for the mean and standard deviation of the logarithmtioé loss
ratios respectively and is a term that has a standard normal distribution with a zero
mean and a standard deviation of one.

The method used to sample epsilon can follow two approachesedding on whether
the correlation between the vulnerability of assets of aegivaxonomy is to be con-
sidered or not:

Perfectly correlated: the term is randomly sampled once for the rst asset and
this result is used to derive the loss ratio for all the asggtshe same taxonomy.

Uncorrelated: the term is always randomly sampled for each asset and therefore
the correlation between the vulnerability of the assetsgreared.

It is expected that the true level of correlation lies som&md between these two
assumptions, and thus they provide boundaries to the expeaiutput.

. In this method a histogram of the loss ratios per asset guiged. Before the histogram

can be built, it is necessary to de ne the number and width éktbins. The former
might vary signi cantly since it might depend of several facs (e.g. number of
ground motion elds, range of ground motion covered by thdnerability model) while
the latter is related with the minimum and maximum values o&$ ratio previously
computed and with the number of bins.

. The histograms for each asset need to be converted intorawdative histogram. The

number of occurrences for each bin can be derived using thewimng formula:

X
NCOm=  NO, (9.2)

n=m

whereNCO,, stands for the number of cumulative occurrences of th® bin of the
cumulative histogram andNO,, stands for the number of occurrences of th& bin
of the histogram of the loss ratios.

. Thereafter, the rate of exceedance of a set of loss ratieeds to be computed for

each asset. This set of loss ratios is comprised of the migdlaes of each bin of the
cumulative histogram. The following formula is employeddompute this rate:

NCOp
TSES

(LRn) = (9.3)



9.3 Calculator Output

Where stands for the rate of exceedance of the respective lose eid T SES stands
for the time representative of all stochastic event setg, ithe number of stochastic
event sets multiplied by the time span of each.

6. Assuming a Poissonion distribution of the occurrence elpdhe probability of ex-
ceedance of the set of loss ratios in a given time span can bigetkusing the following
formula:

PE(LR,)=1 exp n t (9.4)

Wheret stands for the time span used to produce the stochastic evasit

9.3. Calculator Output

The output of this calculator comprises loss exceedancevesirand loss maps. Loss ex-
ceedance curves are represented by a list of losses andctesapprobabilities of exceedance.
Furthermore, each curve is associated with a pair of coatis, an end branch label (that
allows the curve to be connected to the set of speci catiorsed in the calculations) and an
asset ID (that permits tracking of the asset that each lossei was computed for). Fur-
thermore, for this calculator, total loss exceedance curean be produced which combine
the losses to all assets into a single loss exceedance citri® noted that cumulative loss
exceedance curves, which present the probability of exaeeel of cumulative losses within
a given time span are not yet supported in OpenQuake. Lossarfapa given probability
of exceedance in a given time span can be produced, as wellags wf mean loss within a
given time span. Figur®.1 and 9.2 present a total loss exceedance curve and a loss map
for a probability of exceedance of 10% in 50 years for reddrconcrete buildings located
in the metropolitan area of Istanbul, respectively.

Figure 9.1 { Total loss exceedance curve for RC buildings.

83



9 Probabilistic Event-Based Risk Calculator

Figure 9.2 { Loss map for a probability of exceedance of 10% in 50 years.
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CHAPTER lO

Classical PSHA-Based Risk Calculator

10.1. Introduction

The Classical PSHA-based risk calculator can be used toutale loss exceedance curves
for single assets, calculated site by site, using hazardresir This calculator thus requires
hazard curves as an input, which are currently calculatdtbfeing the classical PSHA-based
work ow that has been presented in Figu@3.

10.2. Calculation Steps

1. By default, the hazard component of the OpenQuake enginenputes the hazard
curves for a set of intensity measure levels that are prerdel in the con guration
le. With the integration of the hazard and risk componenta the engine, a feature
is currently being implemented with the purpose of verifyithat this set of values
covers the range of intensity measure levels de ned in thinexability functions. If
not, the set of values in which the hazard curves are goingeéccbmputed is extended
based on the minimum and maximum values of the vulnerabflityctions.

2. To use this calculator, the hazard curves need rst to bawgerted into probability mass
functions (e.g. probability of occurrence of a discrete sétintensity measure levels).
To do so, the engine starts by reading the intensity measineels from the discrete
vulnerability functions, and computes the central valuetheen consecutive levels.
Two consecutive values de ne the boundaries of the inteffealeach intensity measure
level and by relating these limits with the hazard curve, thagine computes the
corresponding probabilities of exceedance. Figl®el contains a discrete vulnerability
function (bottom gure) and a hazard curve (top gure) in with the de nition of the
interval for a given intensity measure level and associasimation of the probabilities
of exceedance of each limit are illustrated.

3. The probability of occurrence of the intensity measureds that fall within each
interval can be derived by subtracting the probabilitiesesiceedance of the lower and
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10 Classical PSHA-Based Risk Calculator

Figure 10.1 { Work ow to estimate the probabilities of exceedance of theumalaries of each
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intensity measure level.

upper limits, as described by the following formula:

PO = PE[lowerbound P E[upperbound (10.1)

. The discrete vulnerability functions for each asset amnerted into loss ratio ex-

ceedance matrices (e.g. matrices which describe the priihabf exceedance of each
loss ratio for a discrete set of intensity measure levelshe3e matrices have a number
of columns equal to the number of intensity measure levelsei on the vulnerability
function and a number of rows that can go from the number ofdastios de ned
by the discrete function, up to any multiple of this numbem order to properly in-
corporate the probabilistic distribution of loss ratios pmtensity measure level, the
probabilities of exceedance should be computed not justtifier loss ratios de ned on
the vulnerability function, but also for many intermediat@lues between consecutive
loss ratios. Currently, following a number of sensitivitgadyses, the OpenQuake en-
gine considers 5 intermediate values between consecubs® datios, however, this is
a parameter that will eventually be adjustable by the userigufe 10.2 contains an
example of a discrete vulnerability function and the redpexloss ratio exceedance
matrix (in light grey).

Note that for this example only one intermediate value wassidered between con-
secutive loss ratios and in order to consider the whole tistion of the loss ratios,
the matrix was computed considering a minimum and maximussloatio of 0 and 1
respectively.

. Finally, each column of the aforementioned matrix is niplied by the probability of

occurrence of the respective intensity measure level éoted from the hazard curves)



10.3 Calculator Output

Figure 10.2 { Example of a discrete vulnerability function and respectivgs| ratio exceedance
matrix.

to produce a conditional loss ratio exceedance matrix. Thim each loss ratio the
probabilities of exceedance are summed, leading to a ldg8seaceedance curve, whose
set of loss ratios can be multiplied by the value of the asdeeny by the exposure le
to obtain an absolute loss exceedance curve.

10.3. Calculator Output

The output of this calculator comprises loss exceedancevesirand loss maps. Loss ex-
ceedance curves are represented by a list of losses andctespprobabilities of exceedance.
Furthermore, each curve is associated with a pair of coati#s, an end branch label (that

allows the curve to be connected to the set of speci catiorsed in the calculations) and an

asset ID (that permits tracking of the asset that each lossaiwas computed for). Loss

maps for a given probability of exceedance in a given timensgen be produced, as well as
maps of mean loss within a given time span.
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Glossary

area source
PSHA source typology usually adopted to model distributesdsmicity. The rate of
occurrence of seismicity is assumed uniform over the soare@; this produces an
hazard pattern consisting of a more or less uniform patcterabling the shape of the
polygon smoothed at the borders.

branch
The simplest element in a logic tree; it belongs tdeanch setwhere it represents one
possible option among a nite number of alternatives. A bdiinis associated with a
weight value P] if the branch setrepresents the epistemic uncertainty on a parameter
or a model when théiranch setis used to specify alternative models (e.g. district
FMDs) .

branch set
The structure describing the epistemic uncertainty on a Gipe parameter or model
included in a logic tree structure. It ensembles a numbebi@inches each one repre-
senting a discrete alternative.

branching level
It indicates the position where &ranch setor a branchis located in a logic tree
structure. For example, i©Q the rst branching level of theseismic source logic tree
always contains one or seveialtial seismic source models

complex fault source
A source typology usually adopted to model subduction ifdgee faults .

disaggregation matrix
A multi-dimensional matrix used to systematically storestbontributions to a level of
hazard to be disaggregated and that is speci ed by the usege @lsoseismic hazard
disaggregation

earthquake rupture forecast
A list of all possible ruptures generated by all the sourceduded in a seismic source
model. Each element in the list contains: the rupture geomeand the rupture
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probability of occurrence in a given time span. See also taaition available on the
OpenSHA website

frequency-magnitude distribution
This distribution describes the density of earthquakeshnatspeci ¢ magnitude occour-
can can be continuonus or discrete. One frequency-mageitdistribution frequently
adopted inPSHA is the double truncated Gutenberg-Richter distribution. .

grid source
PSHA source typology usually adopted to model distributedsmicity. It's usually
produced by a seismicity smoothing algorithm (one of the mfazsnous algorithm is
the one proposed by [ 1).

ground-motion eld
An object describing the geographic distribution aroundwpture of a ground motion
intensity measure.

ground-motion eld calculator
An OQ calculator that given a rupture computes the geographictdimition of a
ground motion intensity parameter. Currently OQ can gerterground motion elds
using aGMPE

ground-motion logic tree
Tool used to systematically describe the epistemic undettas related to the ground
motion models used in the computation of hazard using a speBiSHA input model

ground-motion model
An object that given a rupture with speci ¢ properties comi@s the expected ground
motion at the given site. In simplest case a ground motion mbdorresponds to
a ground-motion prediction equatian In case of complex PSHA input models, the
produced ground motion models contains a selGiWIPEs one for each tectonic region
considered. .

ground-motion parameter
A scalar or vector quantity describing a relevant properfyttie shaking such as inten-
sity (e.g. PGA or Spectral Acceleration) or duration, eqalient number of cycles [see
for example?]) .

ground-motion prediction equation
An equation that - given some fundamental parameters ch&eeing the source, the
propagation path and the site (in the simplest case magnéudistance and ¥ 3p) -
computes the valu€&M of a (scalar) ground motion intensity parameter. .

ground-motion system
An object containing a list ofjround-motion logic tree
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initial seismic source model
It's a seismic source mod@icluded in the rst branching level of a seismic source togi
tree.

investigation time
The time interval considered to calculate hazard; usuallgarresponds to 50 years.

logic tree processor
An OQ calculator that takes the PSHA Input Model and createsmy realisations of
a seismic source modeind of aground-motion model

OpenSHA
OpenSHA is an open-source, advanced Java-based platfornedoducting Seismic
Hazard Analysis - (se®penSHA websife OQ-hazard relies on a distilled version of
OpenSHA.

probabilistic seismic hazard analysis
A methodology to compute seismic hazard by taking into aatbtor the potential
contributions coming from all the sources of engineeringportance for a speci ed
site.

PSHA input model
Object containing the information necessary to describe theismic source and the
ground motion models - plus the related epistemic uncetrtias

seismic source data
An object containing the information necessary to complgtdescribe &SHA seismic
source i.e. seismic source type, position, geometry anshsieity occurrence model.

seismic source logic tree
Logic tree structure de ned to describe in structured andsgymatic way the epistemic
uncertainties characterizing the seismic source modele Tist branching level in the
logic tree by de nition contains one or several alternativetial seismic source model

seismic source model
An object containing a list okeismic source data

seismic source system
An object containing a list ofnitial seismic source mode&nd theseismic source logic
tree.

seismicity history

An object containing a set ruptures representative of thespible seismicity generated
by the sources in @eismic source moddluring the investigation time .
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seismicity rate
Number of events per unit of time (if not better speci ed, thae nition of a seismicity
rate generally presumes a time independent .

simple fault source
A source typology usually adopted to model shallow struetiwith an uncomplicated
geometry .

stochastic event set
An object containing one or manygeismicity histories

tectonic region
A area on the topographic surface that can be considered hgeneous in terms of
tectonic properties such as the prevalent seismogenic @riiggs and/or the seismic
wave propagation properties .

temporal occurrence model
Usually a probabilistic model giving the probability of acence of an event in a
speci ed investigation time.

Vs:30
Average shear wave velocity of the materials in the uppet83@sn of the soil column.
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ERF
Earthquake Rupture Forecast.

FMD
Frequency-Magnitude Distribution.

GEM
Global Earthquake Model.

GMPE

Ground Motion Prediction Equation.

LTMCS
Logic Tree Monte Carlo Sampler.

0oQ
OpenQuake.

PSHA

Probabilistic Seismic Hazard Analysis.

SCEC

Southern California Earthquake Center.

SES
Stochastic Event Set.

SSM
Seismic Source Model.

USGS
United States Geological Survey.

Acronyms
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