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Some terminology

Hazard: A dangerous phenomenon, substance, human activity or
condition that may cause loss of life injury, or other health impacts,
property damage, loss of livelihoods and services, social and
economic disruption, or environmental damage (UNISDR, 2009).

Exposure: People, property, systems or other elements present in
hazard zones that are thereby subject to potential losses
(UNISDR, 2009).

Vulnerability: Characteristics and circumstances of a community,
system or asset that make It susceptible to the damaging effects of a
hazard (UNISDR, 2009).

Risk: The combination of the consequences of an event (hazard) and
the associated likelihood/probability of its occurrence
(ISO 31010, 2009).




Global Seismic Hazard Assessment Program (1)

The Global Seismic Hazard Assessment Program
(GSHAP) was completed in 1999.

Of the continental land masses, it was found that
e ca. /0% have low hazard, 0-8% of g being exceeded,;
e ca. 22% have moderate hazard, 8-24%;
e ca. 6% have high hazard, 24-40%;

e ca. 2% have very high hazard, >40%.

HOWEVER . . Remember that while plate boundaries
make up only 15% of the Earth’s surface, 40% of the
_human population is located in their vicinity.
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Seismic hazard maps (1)

Seismic hazard maps describe the probability
(e.g., 2, 50r 10%) that a given ground motion
(e.q., peak horizontal acceleration) will be exceeded
over a certain period (e.g., 50 years).

Evaluating seismic hazard requires characterising
seismic cycles, where the recurrence times range
from 10 to 103 years (active areas) to 103 to 10° years
(low deformation).

The generation of seismic hazard maps may employ a
group of methodologies under the general term
probabilistic seismic hazard assessment (PSHA).




Global Earthquake Model
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Global Earthquake Model (GEM) Seismic Hazard Map

The Global Earthquake Model (GEM) Seismic Hazard Map depicts the geographic distribution of the Peak
Ground Acceleration (PGA) with a 10% probability of being exceeded in 50 years, equivalent to a return
period of about 475 years, the internationally agreed reference for building safety regulation. The map
was created by collating maps computed using national and regional probabilistic seismic hazard models
developed by various institutions and projects, and by scientists womng at the GEM Foundation. The
by

OpenQuake engine, an open source seismic hazard and risk ware
the GEM Foundation, was used to calculate the hazard values. A smnommg me(hodology was applied to

homogenise hazard values between adjacent models within buffer zones across

The GEM Global Seismic Hazard Map is a product of the GEM Foundation. Initiated by the OECD's
Global Science Forum in 2006, GEM was formed in 2009 as a non-profit foundation in Pavia, Italy,
funded through a public-private sponsorship with the vision to create a world that is resilient to
earthquakes. Participants represent national research, applied science or disaster management
institutions, the private sector and international organisations. GEM continues the tradition of the
Global Seismic Hazard Assessment Program (GSHAP), which produced the first global seismic hazard
sts in 1999 in support of the UN International
Decade of Natural Disaster Reduction (IDNDR). GEM's collaborative network comprises more than 70
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the model borders. The map is based on a database of hazard models described using the OpenQuake
engine and data format. Scientists working at the GEM Secretariat converted the models. originally
described using other formats. The models that were translated are: Alaska, Arabian Peninsula, Canada
(translation completed by the Canada Geological Survey), China (translation completed by CEA in
collaboration with GEM and the Swiss Seismological Service), Hawail, India (translation completed by Nick
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Ackerley), Japan by GEM in with NIED), New Zealand
completed by GNS Science), and United States of America. While translating these models various checks
were performed to test the compatibility between the original results and the new results computed using
the OpenQuake engine. Overall the differences between the original and translated model results are
small, notwithstanding some diversity in modelling methodologies implemented in different hazard
modelling software. The map and the underlying database of models are designed as a dynamic
framework, capable to incorporate the most recent open models. The GEM Foundation plans to release
future updates of this map on a regular basis as new information becomes available..
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public and private institutions organized under more than 25 regional, national and multilateral
projects. Observing its core values of collaboration, transparency, openness, credibility and serving the
public good, the GEM initiative extends the scope of work of GSHAP to the risk domain, providing an

for conti updates and fostering direct applications to risk reduction and
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prevention projects. GEM's OpenQuake platform provides access to data, models, tools and software
behind the maps. GEM's heart is the open-source OpenQuake engine, which enables probabilistic
hazard and risk calculations worldwide and at all scales, from global down to regional, national, local,
and site-specific in a single software package

The Sendai Framework for Disaster Risk Reduction (SFDRR) calls for “decision-making on disaster risk
reduction to be based on solid and openly accessible scientific work”. GEM supports the SFDRR goals
by ing its openly ies for hazard and risk assessment, for
training and capacity development, and for application in risk reduction projects. GEM also serves as a
baseline or exemplar for the development of a broader multi-hazard framework for risk assessment in
support of a holistic and comprehensive approach to disaster risk reduction. Technical details on the
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f the hazard and risk maps and the underlying models are available on GEM's website at
http://www.globalquakemodel.org/gem

Legal statements
This map was created for dissemination purposes. The information included in this map must not be
used for the design of earthquake-resistant structures or to support any important decision involving
human life, capitals and movable and immovable properties. The values of seismic hazard in this map
do not constitute an alternative nor do they replace building actions defined in national building codes.
Readers seeking for this information should consult national databases. This hazard map is the
combination of results computed using 30 hazard input models covering the vast majority of inland
areas. ln ‘most of !he cases, these mudels represent the best information publicly accessible; the GEM
the of those models. This hazard map is the result of an
integration process whose results are solely under the responsibility of the GEM Foundation.
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Global Earthquake Model (GEM) Global Seismic Risk Map
The Global Seismic Risk Map (v2018.1) comprises four global maps. The main map
presents the geographic distribution of average annual loss (USD) normalised by the
average construction costs of the respective country (USD/m’) due to ground shaking in
the residential, commercial and industrial building stock, considering contents, structural
and The metric aliows a direct comparison of
the risk between countries with widely different construction costs. It does not consider
the effects of tsunamis, liquefaction, landslides, and fires following earthquakes. The
loss estimates are from direct physical damage to bulldings due to shaking, and thus
damage to infrastructure or indirect losses due to business interruption are not included.
The Global Seismic Hazard Map depicts the geographic distribution of the Peak Ground
Acceleration (PGA) with a 10% probability of being exceeded in 50 years, computed for
reference rock conditions (shear wave velocity of 760-800 mvs). The Global Exposure
Map depicts the i ion of residential, fal and industrial
buildings. The Global Seismic Fatalities Map depicts an estimate of average annual
human losses due to earthquake-induced structural collapse of buildings. The resuts for
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human losses do not consider indirect fatalities such as those from post-earthquake
epidemics. The average annual losses and number of buildings are presented on a
hexagonal grid, with a spacing of 0.30 x 0.34 decimal degrees (approximately 1,000 km’
at the equator). The average annual losses were computed using the event-based
calculator of the OpenQuake engine, an open-source software for seismic hazard and
risk analysis developed by the GEM Foundation. The seismic hazard, exposure and
vulnerability models employed in these calculations were provided by national
institutions, or developed within the scope of regional programs or bilateral
collaborations. These global maps and the underlying databases are based on best
available and publicly accessible datasets and models. Due to possible model
limitations, regions portrayed with low risk may still experience potentially damaging
earthquakes. The GEM Risk Map s intended to be a dynamic product, such that it may
be updated when new datasets and models become available. Releases of updated
versions of the seismic risk map are anticipated on a regular basis. Additional hazard
and risk metrics for each country can be explored at globalquakemodel.org/gem.
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The Global Earthquake Model (GEM) Foundation
The Earthquake Risk Map 2018 is a product of the GEM Foundation. Initiated by the
Organisation for Economic Co-operation and Development (OECD) Global Science
Forum in 2006, GEM was formed in 2009 as a non-profit foundation in Pavia (italy),
funded through a public-private sponsorship with the vision to create a world that is
resilient to earthquakes. Participants represent national research or disaster
management institutions, the private sector and international organisations. GEM
expands the assessment of seismic hazard at the global scale initially started by the

GEM's OpenQuake platform  (platform.openquake.org) provides access to all data,
models, tools and software behind the maps. GEM's open-source OpenQuake engine
enables probabilistic hazard and risk calculations worldwide and at all scales, from
global down to regional, national, local, and site-specific in a single software package.

The Sendai Framework for Disaster Risk Reduction (SFDRR) calls for “decision-making
on disaster risk reduction to be based on solid and openly accessible scientific work”.
GEM supports the SFDRR goals by contributing openly accessible products for hazard

Global Seismic Hazard Assessment Program (GSHAP) in support of the UN
Decade of Natural Disaster Reduction in 1999 to the consideration of direct economic
and human losses. Observing its core values of collaboration, transparency, openness,
credibility, and serving the public good, GEM goes beyond GSHAP by extending the
scope of work to the risk domain, providing an institutional framework for continuous
updates, and fostering direct applications to risk reduction and prevention projects.
GEM's collaborative network comprises more than 70 public and private institutions
organised under more than 25 regional, national and muttilateral projects.
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of the Creative Commons Attribution-
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serves as a baseline or exemplar for the der

framework for risk assessment in support of a holistic and comprehensive approach to
disaster risk reduction. Technical details on the development and compilation of the
hazard and risk maps, underlying models and the list of contributors can be found at
globalquakemodel.org/gem.
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This map is the result of a effort and ly relies on the
and commitment of various organisations to openly share and collaborate. The creation
of this map would not have been possible without the support provided by several public
and private organisations during GEM’s second working programme (2014-2018). None
of this would have been possible without the extensive support of all GEM Secretariat
staff. These key contri are profoundly A complete list of the
contributors can be found at globalquakemodel.org/gem.

Legal statements

This map is an informational product created by the GEM Foundation for public
dissemination purposes. The information included in this map must not be used for the
design of earthquake-resistant structures or to support any important decisions involving
human life, capital and movable and immovable properties. The values of seismic hazard
and risk in this map do not constitute an alternative nor do they replace building actions
defined in national building codes or earthquake risk estimates derived nationally.
Readers seeking this information should contact the national authorities tasked with
seismic hazard and risk assessment. The seismic risk map results from an integration
process that is solely the responsibility of the GEM Foundation.
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GEM (Global Earthquake Model) Foundation
Via Ferrata, 1 - 27100, Pavia, taly
info@globalquakemodel.org
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Figure 6.6.1 (a) Ground acceleration; (b) deformation response of three SDF systems with ¢ = 2%
and 7, = 0.5, 1, and 2 sec; (c) deformation response spectrum for ¢ = 2%.
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Response spectra
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Scheme of intensity estimation for scenario earthquakes

1. Epicentral intensity 0 O
as a function of magnitude [0 0

and depth >

A

I-1,=3*log((R*+h*)/h?) +3*a*log(e)*(sqrt(R*+h%)-h)

T
— o~0.001; h=4.0km
— o=0.001; h=6.5km

2. Site intensity from
attenuation relationships

— a=0.001; h=10km
== =0.002; h=4.0km
""" 0~0.002; h=6.5km
= =0.002; h=10km |

intensity difference Il

1 1 1
0 100 200 300 400 500 600
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Scheme of Iintensity estimation for scenario earthquakes

Amplification
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function of magnitude
and stress parameter

Typical site classes (Al — C3)
that correspond to particular
locations are estimated from
correspondent geology maps



Probabilistic Seismic Hazard Analysis

All possible distances are
considered - contribution of

each is weighted by its
probability of occurrence

Ns
Z1 Z: Hfl vil IPLY > y* | my, ril PIM = my]PIR = r«]
= j: =

All sites are All possible magnitudes are

: considered - contribution of
considered All possible effects are

considered - each weighted
by its conditional probability
of occurrence

each is weighted by its
probability of occurrence

ff-;iﬁ'% ). UNIVERSITA
i “ DEGLI STUDI
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Probabilistic Seismic Hazard Analysis

Seismic Zonation

S

Ns Ny N
Ay = 21 _21 ;{21 vil IPLY > Y™ [ mj, ridPIM = mj]PIR = r]
i=1 j=1 k=

All sites are
considered Seisemie Czlzlloe)s

Ground Motion
Prediction
Equations - GMPES

e UNIVERSITA
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Random events

Sample Space

S=11.2.3.4.5.6) S

E, =1{1,3,5} E;=1[4,5.6) C =
Union Intersection

EyUE; =1{1,3,4,5,6} ErnE; = {3}

Baker, Bradley and Stafford (2021), “Seismic Hazard and Risk
Or E1E2 Analysis.” These images are provided for instructional and research
use, with attribution. Not for commercial use.

. Events E, and E; are mutually exclusive when they have no common outcomes (.e.. £ E; = ¢,
where o 15 the null event).

2. Events E,, E,... E, are collectively exhaustive when their union contains every possible outcome
of the random event (i.e., E, U E5sU, ..., UE, = §).

3. The complementary event, E_|._, of an event £, contains all outcomes in the sample space that are
not in event E,;. By this definition, EU E, = § and EE| = (. That 1s, E and E, are mutually
exclusive and collectively exhaustive.

Fis UNIVERSITA
CEEEY DEGLI STUDI
522/ DITRIESTE




Random events

We will be interested in the probabilities of occurrence of various events. These probabilities must
follow three axioms of probability:

0< P(E) < 1, (A1)
P(S) =1, (A2)

and, for mutually exclusive events £, and E,,

P(E, U E) = P(E)) + P(Ex). (A.3)
P(Ey=1-P(E) (A.4)

P(¢)=0 (A.5)

P(E, U E,)= P(E,) + P(E;) - P(E,E,). (A.6)

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
AR R

%% UNIVERSITA and research use, with attribution. Not for commercial use.
bl ]
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Conditional Probability

Ground-motion Seismic
intensity measure sources

Ground-motion Site
model propertles
PEE) -
PEE) i p(E) >0 o\

PlE:)
A(IM > im) = Z P(IM > im | rup;,szte)/l(rupi

0 if P(E5) = 0. -
1 I: _-} \ |nd|v|dual rupture

Consider all
possible ruptures

P(E\|Ez) =

for the nontrivial case of P(E;) > 0, gives S
P(EV\E:) = P(E||E;)P(E>).

Independence

F(E”EE-}: F[EL:I_ {."!'ngl

P(E\E;,) = P(E|)P(E,),

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional

=% UNIVERSITA and research use, with attribution. Not for commercial use.
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Conditional Probability

Ground-motion Seismic
intensity measure sources

Ground-motion Site
model properhes
e N

A(IM > im) = Z P(IM > im | rup;, s1te)/1(rup,

Total Probabilty Theorem i

Individual rupture

Consider all
possible ruptures

Consider an event A and a set of mutually exclusive and collectively exhaustive events
E\.Es, ..., E,. The Total Probability Theorem states that

P(A) = ) P(AIE)P(E,). (A.11)

i=1

E,N A

N_|_Ex

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Sk, R Risk Analysis.” These images are provided for instructional
UNIVERSITA . L .
. DEGLI STUDI and research use, with attribution. Not for commercial use.
DITRIESTE




Conditional Probability

Bayes’ Rule

Consider an event A and a set of mutually exclusive and collectively exhaustive events
E\Es, ... E, Using Equation A9, we can write

P(AE;) = P(E;|A)P(A) = P(A|E;)P(E)). (A.12)

Rearranging the last two terms gives

P(A|E,)P(E))

P(E,|A) = ey (A.13)

Baker, Bradley and Stafford (2021), “Seismic Hazard and
f??/g,s-%%\ UNIVERSITA Risk Analysis. Thes_e images are provided for mstrl_JctlonaI
E EER® DEGLI STUDI and research use, with attribution. Not for commercial use.
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Ground-motion Seismic

intensity measure sources
Ran d O m Var I ab I eS Ground-motion Site
model propertles
nrup\
A random variable is a numerical variable whose specific ‘WM>“'")‘Z;PUM>‘m|’""‘p““’e)’l(’”“p‘
value cannot be predicted with certainty before the occurrence \
Individual rupture
Of an event Consider all
possible ruptures
x1,x2,x3 ...denote possible outcome of X Px(X)
P(X=x1) is the probability of X of assuming the value x1 04
03}
Random variable can be discrete (e.g. number of
earthquakes occurring in a region in a certain amount of time) 0.2
or continuous
0.1¢
The probabilty distribution of a discrete random variable is
guantified by the probability mass function (PMF): 0 :
0 1 2 3 4 5 6
X
()
Fx{.l'j = P(X = x).
Baker, Bradley and Stafford (2021), “Seismic Hazard and
AT UNIVERSITA Risk Analysis.” These images are provided for instructional
duy DEGLI STUDI and research use, with attribution. Not for commercial use.
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Ground-motion Seismic
intensity measure sources

Ran d O m Var I ab I eS Ground-moton/ Site /
model properties

A(IM > im) = Z P(IM > im| rup;,Szte)/l(rupi
i=1

\ Ind|V|duaI rupture

Consider all
possible ruptures

The cumulative distribution function (CDF) is defined as the
probability of the event that the random variable takes a value
less than or equal to the value of the argument:

Fx(x)=P(X = x). Fx(x)
1 ® ° °
PMF and CDF are related by: 0.8 | —o
06 | f
o0
Fx(a)= ) px(x). ol ;
all x;<a )
In many cass (see equation on the top right) we are 0.2 t
interested in the probability of X > x: —o
L '
0 1 2 4 5 6
PIX>x)=1-P(X < 1x) (b)

Baker, Bradley and Stafford (2021), “Seismic Hazard and
FZ3  UNIVERSITA Risk Analysis.” These images are provided for instructional

DEGLI STUDI and research use, with attribution. Not for commercial use.
DITRIESTE




Ground-motion Seismic
intensity measure sources

model properties

nrup\

A(IM > im) = Z P(IM > im | rup;,Szre)/l(rupi
i=1

Ran d O m Var I ab I eS Ground-moton/ Site /

\ Individual rupture

Consider all
possible ruptures

In the case of a continuous variable the Probability Density
Function (PDF) is defined:

)

fy(x)dx=P(x < X < x+ dx)

fx(x)dx  represents the probability of the random

variable X taking values between x and
X+dx x x+ax X

Baker, Bradley and Stafford (2021), “Seismic Hazard and
TR X Risk Analysis.” These images are provided for instructional
AR . L .
| DEGLI STUDI and research use, with attribution. Not for commercial use.
DITRIESTE




Random Variables

05 .
(b)
Probability that the outcome of X is in the interval between and b
b
Pla<X =8 = ffx[:l.’}.:ix.
a
For discrete random F’f[-ﬂ — fx[l’} Ax=Plx =< X =< x+ Ax) , ,
variables 45 5 55 6 65 7 75 8 85
Magnitude
Relation between PDF and CDF
CDF Fx(x)=P(X < x).
X
CDF Fyxix)=PIX =x)= ffx'[ﬂjdu
d
PDF fylx)= —Fyix).
Ei_l' Baker, Bradley and Stafford (2021), “Seismic Hazard and

Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.




Common Probability Distributions

Normal Distribution

fx(x) I I(I_‘“x]: <x<
PDF x)= ——exp|—= | —— —c0 £ X <00
* ox V21 |:|- 2\ ox |

where uy and oy denote the mean value and standard deviation, respectively, of X.

Jx(x)

Spectral acceleration, SA(1 s) [g]

........ Target SA(1 s)

Hin SA
— = SA T Ol SA
107 0 1 2
10 10 10
x xtax X Source-to-site distance, R [km]

S N Baker, Bradley and Stafford (2021), “Seismic Hazard and Risk Analysis.”
7 UNIVERSITA These images are provided for instructional and research use, with

I DEGLI STUDI i ) )
DITRIESTE attribution. Not for commercial use.




Common Probability Distributions

Normal Distribution

A normal random varnable, X, can be transformed into a standard normal random variable as

N —
v=-"H (A.51)
Yy

where {7 15 a standard normal random wvariable.

The CDF for general normal random variable can be written as:

x_
P(X ﬂx}lzm[i]

Ox

Baker, Bradley and Stafford (2021), “Seismic Hazard and
UNIVERSITA Risk Analysis.” These images are provided for instructional

DEGLI STUDI and research use, with attribution. Not for commercial use.
DITRIESTE




Common Probability Distributions

Bivariate Normal Distribution

Normal distribution
of 2 random
variables l

fxylx.y¥)= | exp {— - 5 } — 00 = X, ¥ = 00
oy oy |1 - Py y Al —pyy)

where px y 1s the correlation coeflicient between X and ¥, and

(x — ux)* C 2pxy (= )y — piy) . (y— py)*

2 . 2
Oy ax ay Ty

;:

A useful property of random variables having this distribution is that it X and ¥ are jointly normal,

then their marginal distnbutions ( fy (x) and fy(y)) are normal, and their conditional distnbutions
are also normal. Specifically, the distribution ot X given ¥ = y has conditional mean

¥— uy _
Hxw=y = Ux + Pxy Ox [ } (A.55)
oy
and conditional standard deviation
' 2
. — = 1
These properties are convenient when computing joint distributions of ground-motion parameters.
I;“?;-\ gEéVLFE'?lIJTSI Baker, Bradley and Stafford (2021), “Seismic Hazard and Risk Analysis.” These images
S are provided for instructional and research use, with attribution. Not for commercial use.
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Common Probability Distributions

Lognormal Distribution ,. 3
I | (Iny— tpy
A random variable Y has a fry)= o cxXp 5 ( a ] 0=y<oo
lognormal  distribution  if its YOmY - ¥
logarithm, X=In Y has a normal In v —
distribution Fr(y) = m( =) C¥ ] 0<y<co

[
|
|

Relation to the mean and standard | -
deviation of Y

2 =
oy = pyyemr =1 o

OO T T T T
E.H. Field notes 1 10 100 1 10 100
Distance (Km) Distance (Km)
The relationship between the median of ¥, vsp, and ujpy can be determined by setting the CDF of
Equation A.6Y9 equal to 0.5 when y equals the median, ysg:
'In vsp — Uy | .
0.5=1D [ : ' ] —  ysp =€, (A.72)
Ty |
The equivalence of In y5p and Uiy can be stated in words as “the log of the median is equal to the
7 % UNIVERSITA I":"Hﬂrith“]i': mﬂﬂl'l_“ Baker, Bradley and Stafford (2021), “Seismic Hazard and Risk Analysis.” These images
DEGLI STUDI are provided for instructional and research use, with attribution. Not for commercial use.
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Common Probability Distributions

The poisson process

A Poisson process is a sequence of discrete events having the following properties:

|. Stationanty: the probability of an event in a short interval from time ¢ to t + h 15 approximately
A h, for any t.
. Nonmultiplicity: the probability of two or more events in a short time interval i1s negligible

[l

compared with A k.
. Independence: the number of events in any interval of time is independent of the number of events

L

in any other (nonoverlapping) interval of time.

(Ae)*
The number of events observed in time 't Poisson PMF ~ Px(x) = r exp(—Ar), x=0,12,...
froma poisson process has a Poisson o
distribution.
X is the number of success in time t 10" 3
The process has a mean rate of events A Mean hx = At gm_z :
&107 3
Standard deviation dx = YAfL. g; 10*
5 :
z 10" 5
é 3 Ryt
Baker, Bradley and Stafford (2021), “Seismic Hazard and Risk Analysis.” These images E.H. Field notes 10° T | S A A 1
are provided for instructional and research use, with attribution. Not for commercial use. 0.1 1
PGA
Poissonian probability of exceeding each
iy UNIVERSITA  Modified from Probabilistic Seismic Hazard Analysis (PSHA) ground motion level in the next T years from

I DEGLI STUDI

DITRIESTE
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Basic of Probabilistic Seismic Hazard Assessment (1)

Hazard is the mean rate of exceedence of a certain ground motion measure (PGA, SA,
PGV) etc UNIT is (years)*

Risk is the mean annual loss (dollars, properties, lives) UNITS dollars/years lives/years

3000 km

One M=5 per year

| Q One M=6 per decade
Sesimic Source Zone 0 0 One M=7 per century
(SSZ) =5X106 km? S 0
g‘ SSZ )
s | O ¢
0 O 0 Horizontal distance (km) within which the given pga’s
are achieved or exceeded for the given magnitudes
¢ M=5 M=6 M=7
v . 0.1g 14 25 41
0.29 3.2 12 22
2000 km 0.4 g 0 0 10

[~]
1

Mean rate of exceedance (MROES) x 10-4 per year,
for given pga’s for the given magnitudes

B b @@
L vl

PGA (g)

()

E M=5 M=6 M=7 | >

p

o] 0.1g 1.23 0.39 0.11 1.73 1.47

- . 0.2g 0.06 0.09 0.03 0.18 0.41

001 e ‘;'é'é'{ TR T T RS 0.4¢g 0 0 0.006 0.006 0.034

/’;5 1 10 100 1 10 100
tg,\ UNIVERSITA Distance (Km) Distance (Km)

(S5 DEGLI STUDI - S ) ) )
\%';“P DITRIESTE Modified from probabilistic seismic hazard analysis: a beginner’s guide T.C Hanks, C.A. Cornell



Basic of Probabilistic Seismic Hazard Assessment (1)

Example for MROE
M=5
Pga=0.1
One M=5 per year

One M=6 per decade
One M=7 per century

The PGA will be greater than or equal to
the given value of PGA within each
distance R

That i h d I Horizontal distance R (km) within which the given
al IS wnere exceedance comes!

pga’s are achieved or exceeded for the given

magnitudes
M=5 M=6 M=7
Likelihood that the place of interest 019 14 25 41
will be affected by the level of pga 0.2¢g 3.2 12 22
or higher 0.4g 0 0 10
A
l \

Mean rate of exceedance (MROES) x 10-4 per yeatr,
for given pga’s for the given magnitudes

MROE=((r142) km2/(5X106) km2)*1/year = 1.23x10%

— M=5 | M=6 | M=7 D >°
Occurrence rate of each Magnitude 019 1.23 0-39 0-11 Sl Lar
0.2 g 0.06 0.09 0.03 0.18\ 0.41
0.4g 0 0 0.006 | O 006\ 0.034
Numerical
integration with
AM=1

ﬁ"?@. UNIVERSITA

¢ AEFY DEGLI STUDI
- DITRIESTE

N

\'F‘ Modified from probabilistic seismic hazard analysis: a beginner’s guide T.C Hanks, C.A. Cornell



Basic of Probabilistic Seismic Hazard Assessment (1)

One M=5 per year

Example for MROE One M=6 per decade
M=5 One M=7 per century
Pga=0.1

Horizontal distance R (km) within which the given

The mean rate in the order of 10+*4 /year pga’s are achieved or exceeded for the given

magnitudes
does not mean that we need data for 10.000 M=5 M=6 M=7
year_ 0.1g 14 25 41
0.2g 3.2 12 22
0.4¢g 0 0 10

The small value is not due to the seismicity

rate but to the ratio of the area!
Mean rate of exceedance (MROES) x 10-4 per yeatr,

for given pga’s for the given magnitudes

M=5 | M=6 | M=7 D >°
The earthquakes are occurring at the rate 01g | 123 | 039 | 011 | 173 | 147
§ _ 0.2 0.06 0.09 0.03 0.18 0.41
of 1/year for M=5 and 102 year for M=7 - \
0.4g 0 0 0.006 0.006\ 0.034
Numerical
integration with
AM=1
Fis UNIVERSITA
3% § DEGLI STUDI , o _ _ .
“szts’ DITRIESTE Modified from probabilistic seismic hazard analysis: a beginner’s guide T.C Hanks, C.A. Cornell



Basic of Probabilistic Seismic Hazard Assessment (1)

Consider that two subregions are more

active than the rest

Three different seismicty rate but with whole region
with the same value as in the previous case

In Region 1 the seismicity rate is dow by 0.5 but the
(area)-1 is up (for example) of a factor 100

Therefore, for this region the exceedence rate is 50
time larger with respect to the previous case

25t DEGLI STUDI
%52/ DITRIESTE

2000 km

3000 km

0.2 SS7 Region 1

v

2000 km

Modified from probabilistic seismic hazard analysis: a beginner’s guide T.C Hanks, C.A. Cornell



Basic of Probabilistic Seismic Hazard Assessment (2)

3000 km ‘
Consider that the source model is made by N 1
earthquake scenarion E, each one with its Q 0 0
magnitude (m,,) location (L)) and rate (r,) £ 0 557
o
| O  °0
— 0
E,=E(m,L,r,) ,
v
r, represents the annual rate of the earthquake « >
scenario 2000 km

The probability of the scenario over some specified
time period should be given; this would allow the Example
implementation of time-dependent models.
An average repeat time of an earthquake ona fault is 147

Time dependent models are usually implemented years—> r=0.007 events per year
by converting the conditional probability into an
equivalent Poissonian time-dependent rate The Poissonian probability of having more than one event

over T years is:

P=1-exp(-rT)

The Poissonian probability for an event in the next 30 years is
19%

;;é???;\ UNIVERSITA Modified from Probabilistic Seismic Hazard Analysis (PSHA)
3% § DEGLI STUDI : itten by Edward (Ned ield
\ﬁ/ DITRIESTE A Primer Written by Edward (Ned) H. Fie



Basic of Probabilistic Seismic Hazard Assessment (2)

The target is to calculate the PSHA at a certain site
The Seismic source model provide the N
earthquake scenarios E, each one with its
magnitude (m,,) location (L)) and rate (r,)

From the scenario L, we can calculate the distance
D, to the target site. Target site

Given m, and D, and using a Ground Motion \
Prediction equation. D ‘ En

E3

ol
|
1

1 ~(nPGA-g(m,.D,)" /20, _
O 2m

> gD

PGA (g)

D'D1_ _l | I ||||||| | | ||||||| 1
2 4 6 8 2 4 & 8 2
1 10 100 | f
Distance (Km) Distance (Km) InPGA
;? i UNIVERSITA Modified from Probabilistic Seismic Hazard Analysis (PSHA)

gF-?#E?;TTlil;DI A Primer Written by Edward (Ned) H. Field




Basic of Probabilistic Seismic Hazard Assessment (2)

Probabilly of exceeding a certain InPGA

o B B 3 III

P (> InPGA) = 1.— "E (InPGA —g(m,.D,)) -Eﬁnﬂqﬂp{}A _
T, 2n

InPGA

—
l |

= P=InPGA)

;??\‘%\ UNIVERSITA Modified from Probabilistic Seismic Hazard Analysis (PSHA)
gigis s DEGLI STUDI . . .
5 l/ DITRIESTE A Primer Written by Edward (Ned) H. Field
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Basic of Probabilistic Seismic Hazard Assessment (2)

Multiplying for the annual rate r, one get annual rate R, at
which a certain InPGA will be exceeded for that specific M
and Location scenario at the considered site

R, (>InPGA) = 1,P,(>InPGA)

Summing over the N scenarios (all considered Magnitudes and
locations, and rates) one get the
Total annual rate of exceeding a certain In PGA

N N
R (> IPGA)= ¥ R,(>InPGA)= ) r,P,(> InPGA)
n=1] n=l1

i UNIVERSITA  Modified from Probabilistic Seismic Hazard Analysis (PSHA)
3% § DEGLI STUDI : itten by Edward (Ned ield
\ﬁ/ DITRIESTE A Primer Written by Edward (Ned) H. Fie




Basic of Probabilistic Seismic Hazard Assessment (2)

Considering the Poissonian distribution one can compute the
Probability of exceeding each ground motion level in T years
using the total annual rate

Poi(> INPGA.T) = 1-e™"

If P,...=10% In 50 years

poIs
T=50 years
R.,~(-In(1-0.1))/T=0.00210721

From which one get a return period of 475 years

%f\é‘. g';évagwél Modified from Probabilistic Seismic Hazard Analysis (PSHA)
'\» DITRIESTE A Primer Written by Edward (Ned) H. Field




Basic of Probabilistic Seismic Hazard Assessment (2)

Example
Two scenarios only

R1=M=6 every 22 years » 0.19 g
In(PGA) = 0.53(M-6) - 0.39In(D*+31) + 0.25

R2=M= 7.8 every 300 years » 0.5¢

Both at 10 km from the target site s (Inpga)= 0.52

=)

10" = 10" g
E E - PPOiS
' ] £ 7
L 1{]'2_ E 10'1 —jr e esssssssssssssssssssssrrEssEsEEEEEEEEEan
= = o E
0 3 = -
[ ] o -
-g -3 = £ — -_— -_— I LB ] -_— I I -_— -_— -_— -? -_— -_—
: 107 = Z10° 4
= = - = 10% in 50-yr PGA
4 - . N
[ -4 = ]
= 10 3 v 1073 2% in 50-yr PGA
= -
-5 7]
10 — | —43
3 10 1 1T 111 1 1 1 1
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Modified from Probabilistic Seismic Hazard Analysis (PSHA)
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Basic of Probabilistic Seismic Hazard Assessment (2)
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For small PGA (e.g. 0.1 g) <O O

although the probability of

exceedence is larger for the _ B0 - D)

M6, the annual rate of £ 2

exceedence of R1 is larger than & =

that of R2 because the annual " 1aPGA v 1aPGA

rate of R1, rl1=1/22 is much
larger than the annual rate of
R2, r2=1/300!
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Basic of Probabilistic Seismic Hazard Assessment (2)
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Basic of Probabilistic Seismic Hazard Assessment (2)

Rtot=sum of the two scenario is dominated at low PGA by the
small but frequent events and for high pga by the strong but rare
events
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Basic of Probabilistic Seismic Hazard Assessment (2)
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Extending this analysis for several sites we obtain the seismic
hazard maps
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Hazard Inputs

Earthqguake Magnitude

The concept of magnitude was introduced by Richter (1935) to provide an objective
instrumental measure of the size of earthquakes. Contrary to seismic intensity, |, which is
based on the assessment and classification of shaking damage and human perceptions
of shaking, the magnitude M uses instrumental measurements of earth ground motion
adjusted for epicentral distance and source depth.

._I_
N e Modified From
] b — ' . :
=3 T e~ Richter (1958) | The original Richter scale was
E I| ‘*H . ~_ T hi""?_'jltm.g e based on the obser_vati.on that
=gl e ~ - the amplitude of seismic
3 | . T waves systematically
Ty, . .
2 M e LY s _‘;!ag...ﬁ”d& decreases with epicentral
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A ol =~ Mag, Data from local earthquakes in
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The relative size of events is calculated by comparison to a reference event, with M, =0,
such that A, was 1 ym at an epicentral distance, A, of 100 km with a Wood-Anderson
instrument:

M, =log(A/Ay)=l0gA-2.48+2.76A.
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Hazard Inputs

“l found a paper by Professor K. Wadati of Japan in which he compared large earthquakes by plotting the
maximum ground motion against distance to the epicenter. | tried a similar procedure for our stations, but
the range between the largest and smallest magnitudes seemed unmanageably large. Dr. Beno Gutenberg
then made the natural suggestion to plot the amplitudes logarithmically. | was lucky because logarithmic
plots are a device of the devil. | saw that | could now rank the earthquakes one above the other. Also,
quite unexpectedly the attenuation curves were roughly parallel on the plot. By moving them vertically, a
representative mean curve could be formed, and individual events were then characterized by individual
logarithmic differences from the standard curve. This set of logarithmic differences thus became the
numbers on a new instrumental scale. Very perceptively, Mr. Wood insisted that this new quantity should be
given a distinctive name to contrast it with the intensity scale. My amateur interest in astronomy brought out
the term "magnitude,” which is used for the brightness of a star.”

Charles F. Richter - An Interview by Henry Spall, Earthquake Information Bulletin. Vol. 12, No. 1, January - February, 1980
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Earthquake A
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Hazard Inputs

Largest surface wave

Time between arrival
of first P and first S
wave is 6 seconds.

Plot time between
P and S arrivals

on this line.
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Hazard Inputs

Wood-Anderson Seismometer

Richter also tied his formula to
a specific seismic instrument. T mm

M, =log(A/A,)=logA-2.48+2.76A. -----Wﬂp'W‘MFWﬂ w {'i' il h‘,\ Mhn..

|l‘| .|

Wood-Anderson
(Magnification 2800

200 E0

s after earthquake)
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Hazard Inputs

Magnitude Scales

The original M, is suitable for the classification of local shocks in Southern California only
since it used data from the standardized short-period Wood-Anderson seismometer
network. The magnitude concept has then been extended so as to be applicable also to
ground motion measurements from medium- and long-period seismographic recordings of
both surface waves (M,) and different types of body waves (m,) Iin the teleseismic
distance range.

The general form of all magnitude scales based on measurements of ground
displacement amplitudes A and periods T is:

/é\

M = log
T

+f(A,h)+Cr +C_

M seismic magnitude :
M, Local magnitude

A amplitude .
T pepriod m, body-wave magnitude (1s)
f correction for distance and M surface wave magnitude (20s)
depth

C, correction for site

i Suyeesina C, correction for source region

#BEF Y DEGLI STUDI
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Hazard Inputs

Teleseismic Ms and mb

The two most common modern magnitude
scales are:

@®Mysg, Surface-wave magnitude (Rayleigh
Wave, 20s)

@m,, Body-wave magnitude (P-wave)
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Hazard Inputs

Example: mp “Saturation®

Magnitude = 6.1

m, seldom gives values
above 6.7 - It “saturates”.

m, must be measured in the
first 5 seconds - that's the
rule.

Ao

#ardy UNIVERSITA
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Magnitude saturation

Hazard Inputs

Nature limits the maximum size of tectonic earthquakes which is
controlled by
lithosphere. A simple seismic shear source with linear rupture
propagation has a typical "source spectrum’”.

the maximum size of a brittle fracture

Surface waves Body waves
| M; determined S rrlrb
28 8 \* L=76 v
- /.5 N\ (km) 43
56 ——] 24
o
5 |[M,=6 10
C
>
S 24t 5 4.7
S
ER: = 2.2
5oL 3 1.0 L43
; 2 0.47 |33
20 = =
1 l ] 1
18
-2 0 +2 -2 0 +2
Log f (Hz) Log f (Hz)
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In the

Ms is not linearly scaled with Mo for
Ms > 6 due to the beginning of the so-
called saturation effect for spectral
amplitudes with frequencies f > fc
This saturation occurs already much
earlier for mp which are determined
from amplitude measurements around
1 Hz.




Hazard Inputs

Moment magnitude

Empirical studies (Gutenberg & Richter,

1956. Kanamori & Anderson, 1975) lead

formula for the released seismic energy (in Y
Joule), and for moment, with magnitude:

logE=4.8+1.5M; logMy=9.1+1.5M

to a

2

(x,1) = Acos 2t = v(x, 1) < ﬁu
T T

= e oc V* o< A = logE = C+ 2log A
T T

resulting in
9 . :
"l i g ! Mﬂlf"a’?w 1 F-."£|5 )
M,,=2/3logMo-6.07
8+ T
- _‘_,..-"'--H -
when the Moment is measured in N-m ran SA— M,
(otherwise the intercept becomes 10.73); 3 P
it is related to the final static displacement 6l o .
after an earthquake and consequently to the e A )
tectonic effects of an earthquake. <l N
] I ; 1 | ] " ; ! : 1
4 5 & 7 8 Q i
(b} M
Body wave | Surface wave Fault Average | Moment | Moment
magnitude | magnitude | area (km?) |dislocation| (dyn-cm) |magnitude
Earthquake mp M, length X width|  (m) M, M,
Truckee, 1966 5.4 5.9 10x 10 03 [83x10%| 58
San Fernando, 1971| 6.2 6.6 20 x 14 14 [12x10%] 6.7
Loma Prieta, 1989 6.2 7.1 40 % 15 1.7 |3.0x10% 6.9
San Francisco, 1906 8.2 320 x 15 4 160x107] 7.8
- Alaska, 1964 6.2 8.4 500 x 300 7 |52x10® 9l
5&:&? UNIVERSITA Chile, 1960 83 800200 | 21  [24x10°| 95
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Hazard Inputs

Seismic moment (1)

Remember . . . the displacement equation for the P and S wave radiation patterns:

SII'](Z@)C@ e.g. P waves

N\

Amplitude Source time Describes
term function the pattern

Considering the seismic moment rate function |\/| (t _ r/V)
or source time function
which is the time derivative of the M )= D(t t
seismic moment function ( ) H )S( )
where u is rigidity, and D(t) and S(t) are the slip and fault area histories,
respectively.

(Lay & Wallace, 1995; Stein & Wysession, 2003)

iR s DEGLI STUDI
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Hazard Inputs

Seismic moment (2)

This leads to the best measure of an earthquake's size and energy,

_ the seismic moment, where D__ Is the
M (t)_ :UDaVS average slip or dislocation and Sis the
fault area.

which in turn gives the moment magnitude M,

M = IOgMO — 10.73 where M Is in dyn-cm.

w 1.5
and which we will discuss again with respect to other magnitude
scales.

(Lay & Wallace, 1995; Stein & Wysession)

#eai UNIVERSITA
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Hazard Inputs
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Importance of comparing Mw and Me

Station GNI {Armenia), A=67.6°, Az=316.4"

120°E " Station GNI {Armenia), A =65.4°, Az =316.4°
]
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—26-0! T T T T 0.0 Z —26-05 - T T T 0.0 Z

720 840 960 1080 720 840 960 1080 1200
Time [s] after OT

Time [s] after OT

Rupture Duration window [s] Rupture Duration window [s]
o oot | R | R
10.[\9|E 100°E ‘— 13+131P: S bz 19+13-P; S 6
m_ OT: 2007-10-24 21:02:50.61 0 s'ojéo_uim 2{34;3&0360&0450 0 s'o'1én Té.ozf;t;s&nséoéoéosio
OT: 2007-09-13 03:35:28.72 A ‘, -\\‘. S—P window: time [s] after P-wave onset S—P window: time [s] after P-wave onset
W o Mw(GCMT) = 6.8 :
Mw(GCMT) = 7.0 R However, the high frequency
105 N content observed in the
Mw(GCMT) = 7.0 Mw(GCMT) = 6.8 seismograms is significantly
Me(GFz)=7.1 Me(GFZ) = 6.4 different and cannot be
explained by Mw only.
The locations differ by about 250 km and the
moment magnitudes Mw and the fault plane
solutions are very similar.
Fis UNIVERSITA
G BB DEGLI STUDI L .
s’ DITRIESTE Di Giacomo and Bindi (2009)
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Hazard Inputs

Importance of comparing Mw and Me

90°'W 80 W__70'W
s i OT: 1992-09-02 00:16:01.69

Mw(GCMT) = 7.6
Mw(GCMT) = 7.6

Station CCM (USA), A =29.2°, Az =346.7° Station CCM (USA), A =26.4°, Az =353.2°
T 4e-051 P J‘PPI S| [ 7 4e-051 P| PPl S| T
> 1 \ fw | "\1“ | L > B it AW g mA WA AN f"“,“ a8
5 0 ' WM il M J\ v“f W™ h / J ¢\W 5 0 «f”\wm VRIS TR 4
g » {3
—4e-05+ T T T T T T T T T ) —4e-05+ T T T T T T T T T T 3
360 420 480 540 600 660 360 420 480 540 600
Time [s] after OT Time [s] after OT
Mw(GCMT) = 7.6, Me(GFZ) = 7.19 Mw(GCMT) = 7.6, Me(GFZ) = 6.75

The locations differ by about 500 km and the moment magnitudes Mw are nearly identical, therefore
the differences in the high frequency content observed in the seismograms can be attributed to
different source characteristics.

Di Giacomo and Bindi (2009)
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Hazard Inputs
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Figure 3. Inter-event errors for the maxmum honzontal
PGA model, considenng epicentral distance. The amount of
error 18 given by the color of the symbol. (top) Mw 1s
considered in the regression. The emrors having absolute
values >0.04 are shown as a function of the stress drop
Ao and the seismic moment Mo of each earthquake.
(bottom) M; is considered in the regression. The errors
having absolute values >0.02 are shown as a functon of
Ao and M;. The source parameters are taken from Parolai
et al. [2007].



Hazard Inputs

Earthquakes Energy equivalents
Chile {1960) 56,000,000,000,000

Sumatr: 4]
T , Alask 54y = 1,800,000,000,000
Great earthguake ' Krakatoa
San Francisco (1906) g @ Largest nuclear test (USSR)
Major earthquake o Mt St. Helens (198 O ) ; 56,000,000,000
20 1,800,000,000

Strong earthguake Kobe (1995)

200 56,000,000

Moderate earthquake Hiroshima atomic bomb

2,000 Average tornado 1,800,000

12.000 56,000
Minor earthquake Large lightning boilt
100,000 Oklahoma City bombing 1,800
tModerate lightning bolt
1,000,000 56

=
@
o
=
=
c
o
48]
=

Light earthquake

Energy released (equivalent kg TNT)

Number of earthquakes/year (world wide)

M

to 2.9 Minor  Generally not felt but recorded 1000/day
31t03.9 Minor Often felt, but rarely cause damage. 49000/year
4104.9 Light Noticeable shaking, damage unlikely. 6200/year
51t05.9 Moderate Can cause damage to poor quality buildings  800/year

6 t0 6.9 Strong Destructive in areas up to ca.160 km. 120/year
7t0o7.9 Major Serious damage over larger areas. 18/year
8t08.9 Great Serious damage over areas of 100's km. 1/year
9t09.9 Great Serious damage over areas of 1000' s km. 1/20 years

Fis UNIVERSITA
C5EE" DEGLI STUDI
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Hazard Inputs

Estimation of rupture rates

kinematically admissible conserve rates
rupture geometries > Arupi) = X(m)

The rate of occurrence of
geometry 1 the scenario is obtained by
partitioning the total rate

/geometryz : of occurrence of the

i P~ magnitude- J : N b “.given magnitude over all
Selsm|C|ty [earthquake data frequency | SEEE € 1 L rupture rate 3 3 plausible rupture

f (
.| rupture rate 1
" A(rupy)

rupture rate 2 )

L A(rups)
(historical record) distribution A(rups) ] )
based A(m) - / - ‘ geometries that can exist

for the respective source.

,,,,,,,,,, S | |
approaches ek data ) : ;
i (e.g., maximum | i ; ‘
} magnitude) 1 |
,,,,,,,,,,,,,, y ‘ rupture rate n
| { geometry n ]—A—{ Nz }

Pt duerstzalon | sowcoscaingrddton Tpureraes  ‘sanseeno  FOT €ach geometric rupture, a

[ | [ I { I [ | . .
—{ geometry 1 JH SRR § 1. rupturerate 1 || [ eventslip1 } magnitude can be obtained
: JiL I O H | G from a source-scaling relation
L geometry 2 \§ L( magnitude 2 \1 Lr rupture rate 2 N% L event slip 2 } Or_frO_m the definition .Of the
; | il | T e T % seismic moment (if an
_ / | o i o 1 ! i associated estimate of the
Geological 1 | o | o | o | average slip for the rupture is
fault data ! { [ ruptureraten | event slip n ilabl ) Each .
(e.g., segments, —>  magnitude n }v—>£ H : } available). Each scenario’s

approaches aeretzaton —+ T Mewa) T

Lo R B - rate of occurrence is then
earthquake data constrained by the overall slip

_(istoric record)  ——__ ™("average slip rate rates conserve rate for the fault.
S for fault ~ slip rate
| deformation |+ __— "] z = Y"1 Nrup;)u;

models and
geodetic data

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
) DEGLI STUDI and research use, with attribution. Not for commercial use.
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Hazard Inputs

Gutenberg-Richter distribution

The number of earthquakes of a given size decreases by about an order of magnitude per magnitude
unit increase.

N is the total number of events
with magnitude M greater or
equal to m

log,, NIM =z m) =a- bm.

the total number of earthquakes per year having M = Ois N(M = 0) = 10¢

The parameter b 1s known as the Gutenberg—Richter b-value,

b =1 in the original study

o
o

Modern equivalent Gutenberg-Richter in a double
bounded exponential distribution

o

B exp [—,E (m— -ﬁ"IminJ]
I —exp [—,E (Mmax — -ﬁ"IminJ] E

—

f;'l-*.l'rtm}' - Mpin = 01 = Mgy

| -
©
)
>
-
)
o
%)
Q
X
©
-
o
<
=
©
)
o
| -
)
o
=
-
=

o
—

e

f=In(10) = b.
#u UNIVERSITA _ _ :
Wy Dot Stein & Wysession, 2003 Magnitude M_
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Hazard Inputs

Gutenberg-Richter distribution

Bexp | —f (m — mmin) |

fag(m) =

3 Mmin = M = Mgy
1 —exp [—ﬁ (Mmax — %[n:l]

L —exp [ (m— my,)|

CDF Fayr(m) = :
1 - CXPp [—]E (Mmax — mmin}]

Baker, Bradley and Stafford (2021), “Seismic Hazard and

TR X Risk Analysis.” These images are provided for instructional
goens. UNIVERSITA . . .
SMEEY DEGLI STUDI and research use, with attribution. Not for commercial use.
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Hazard Inputs

Gutenberg-Richter distribution

Fp(m) = P(M < m|M > Mp;y,)
_ Rate of earthquakes with myin < M < m
~ Rate of earthquakes with mpyin < M

CDF

lﬂa—hmnﬁn . lﬂa—hm

109 —bM min
—1_ lﬂ_b[m_mﬂ‘ﬁﬂ]‘_ M > Mmin

PDF fm(m) = d ——Fpn(m)

d
~ dm

_ bh{lﬂ]lﬂ_b[FrI_FrI’“i“}, M > Mpin

[1 _10-blm- mmm}}

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.



Hazard Inputs

Gutenberg-Richter distribution

1 — lﬂ—h{m—mnﬁn} i an upper limit of M=m
1 ID_'E":?”mm—"’”mm] ’ Mmin < M < Mmax can be defined

max

CDF Fpy(m) =

b In(2.10)10 b —asa)
PDF fM(m} - 1 — 10—t (™Mmax —Mmin )

’ Mmin << T < Mmax

Since in PSHA we consider a discrete set of magnitude

10 . .
e Observations
1 Gutenberg-Richter
= = = Bounded Gutenberg-Richter | P {M ) F { :} {
: =m;) = m;yq) — Fpp(m;
A — — M +1 M
3 o _ j j j
2
[=
2 107}
(=
“5 3
@ - ~
é 10 3 \\
- *
E Y
~ _|0—4 i \
1
i
10” _—
3 4 5 6 7 8
m
Baker, Bradley and Stafford (2021), “Seismic Hazard and
UNIVERSITA Risk Analysis.” These images are provided for instructional

DEGLI STUDI and research use, with attribution. Not for commercial use.
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Hazard Inputs

Gutenberg-Richter distribution

mj FM{mj:I P{M:mj}
Since in PSHA we consider a discrete set of magnitude 5.00 00000  0.4381
5.25 0.4381  0.2464
5.50 0.6845  0.1385
— ) — : — : : 8 .
P(M = m;) = Fyy(mj 1) — Fpp(m;) 75 o 007
6.25 0.9447 0.0246
6.50 0.9693 0.0139
6.75 09832  0.0078

Ns Nps Nr , 7.00 0.9910  0.0044
— * i —_
=2 X X vil IPLY > y* [ mj,relP PR =r4] 7.25 09954  0.0024
i=1 j=1 k=1 . 7.50 0.9978  0.0014
7.75  0.09992  0.0008
.00  1.0000  0.0000
Contlnuqus Prob_ablllty Discrete Probabilities
Density function
0,025 _— 0.5 —_—
(a) (k)
0.2} ] ]
005}
E
= oo
0,005}
0 P —— 0 -
45 5 55 6 65 7 75 B &5 45 5 55 6 65 7 75 B8 &5
Magnitude Magnitude
UNIVERSITA Baker, Bradley and Stafford (2021), “Seismic Hazard and

3¢ DEGLI STUDI

DITRIESTE Risk Analysis.” These images are provided for instructional

and research use, with attribution. Not for commercial use.




Empirical ground motion models

Also Attenuation relationships or Ground Motion Prediction
Equation(GMPES) In Literature

GMM can be empirical or physics-based

median, 16/84™ percentiles
from BJF97 prediction
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Spectral acceleration, SA(1 s) [g]

|
o ° ®o ev ~s
° e ®o k -
[ ]
.. [ ]
3 e
10 L MR | L L L L L L | L L L M
10° 10" 102
Source-to-site distance, R [km]
Baker, Bradley and Stafford (2021), “Seismic Hazard and
N Risk Analysis.” These images are provided for instructional
% UNIVERSITA and research use, with attribution. Not for commercial use.
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Acceleration, a [g]

Yerba Buena Island

Empirical ground motion models

Treasure Island
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Baker, Bradley and Stafford (2021), “Seismic Hazard and
UNIVERSITA Risk Analysis.” These images are provided for instructional
DEGLI STUDI and research use, with attribution. Not for commercial use.
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Empirical ground motion models

Bracket and Uniform Duration

Dy = I'Ilﬂll'.[hmm},{r] — mnif g )= ar)
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UNIVERSITA  Baker, Bradley and Stafford (2021), “Seismic Hazard and
DEGLI STUDI Risk Analysis.” These images are provided for instructional
DITRIESTE  and research use, with attribution. Not for commercial use.
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Empirical ground motion models (GMM)

Magnitude — Distance Maximum usable response
distribution spectral period
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Empirical ground motion models (GMM)

Effect of site conditions

T T T T T T T

VS’30 =1000 m/s

Vs,so =400 m/s

Acceleration, a [g]

\'%

30 = 150 m/s

S

| | | | | | |

0 5 10 15 20 25 30 35 40
Time, t [s]

Effect of site conditions on recorded ground motions from the 198% Loma Prieta (M6.9) earthquake at four nearly adjacent
locations. Other than the variation in 30-m time-averaged shear wave velodity, Vs 3, the recordings all have source-to-site

distances of approximately A = 75 km.

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.



Disaggregation

Which earthquake rupture is most likely to cause IM>x?

Example of two ruptures influencing the site

10'15----. - - ——
. Total hazard

rup2

A(SA(L s) > 0.2 g) = 0.00566
: A(SA(l s) > 0.2 g, rup, ) = 000378
_ ootoz|  ALSA(18) = 0.2 g, rup;) = 0.00188

Annual rate of exceedance, \
oy =
o o
w )
I

=
o
A
|

1071

Spectral Acceleration, SA(1 s) [d]

Taking the ratio of the exceedance rate from a given rupture to the overall exceedance rate, we can
find the probablity that an exceedance is caused by that rupture:

. 24)=0. 7.
Baker, Bradley and Stafford (2021), P{;HP] | SA”' E} = I} 2 g} {' 655 {: 4}
i “Seismic Hazard and Risk Analysis.” These . _
I;“?m gEéVLF';.?USI images are provided for instructional and P{’HP: | SA(] 5} = 0.2 E] = 0.332. {?5}
\* DITRIESTE research use, with attribution. Not for

""" commercial use.



Disaggregation

Which earthquake rupture is most likely to cause IM>x?

Example of two ruptures influencing the site

10'1 T ; ; ; —
; Total hazard | _
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Baker, Bradley and Stafford (2021), “Seismic Hazard and
“H UNIVERSITA Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.
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Disaggregation

107

= =

@) o
o N
|

Annual rate of exceedance, \

=
o
A
|

Total hazard

rup2

Nﬂ s)> 0.2 g) = 0.00566

% UNIVERSITA
i DEGLI STUDI
< DITRIESTE

1071

Spectral Acceleration, SA(1 s) [d]

For the relatively lower SA(1s) value
of 0.2 g, the more active source 1
has a high probability of being the
causal rupture

At larger SA(1s) (0.5 g) the less
acitive source 2 has the greater
contribution to the exceedance of
the SA(1s)

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.



Disaggregation calculation

NOTE: This is site! specific

Annual rate of

observing ground Probability that
motion at a given Rate of ground the ground
site  with  Im>im, with Im>im motion comes
caused by the from rupture rup;

rupture rup; ‘ ‘ 1

AUM = 1m,rup;) = A(UM = im) = Plrup; | IM = im).

OR

AUM = im,rup;) P(rup, | IM > im) = P(IM > im | f“F’iHU‘HPﬂL

Pirup; | IM > im) = TIM = im) AIM = im)

The equations show that the probability of rupicausing IM > im is
equal to the rate of rupiearthquakes that cause IM > x, divided by the
rate of all earthquakes that cause IM > x. The left-hand side of these
equations always produces a valid probability distribution; that is, the
sum over i of P(rupi|IM > im) always equals 1.

% UNIVERSITA Baker, Bradley and Stafford (2021), “Seismic Hazard and
%#E® DEGLI STUDI Risk Analysis.” These images are provided for instructional
e/ DITRIESTE and research use, with attribution. Not for commercial use.




Disaggregation

Table 63. Intermediate calculations to compute A ($4(15) = 0.2 q) for the example of

i m, Alrupy) PISA(1s)> 02glrup)  PSA(15) > 02 ¢ | rupo)A(rup) Let’s consider that the disaggregation over
; g; &g:f}; |—ﬂ-m1—|um '—1—59*—1#—3-55 m:- maghnitude correspond to the
) b R .

3 55 00074 0.011 7.84x 105 disaggregragation on rupture rup;

4 57 0.0046 0.029 135 10-4

5 59 0.0029 0.068 1993 10-4

5 6.1 0.001% 0.137 7 S 10

7 63 0.0012 0.242 7 B2 10

3 65 73510 0.378 T TR 10 _

S i e AlSA(TIs) =02 g.my) = ASA(]l 5) = 0.2 g, rup ).
10 68 293104 0.674 197 10-4
I 7.1 185 x 10-4 0.795 147 10-4
iz 73 1.17 x 1074 0,584 103 1074 _ -
"t am Tasaans 040 g The rate of M=5.1 causing SA(1ls) >0.2 g
14 77 464 1077 0.972 451%10°° 1.59X10-°
15 79 29310 0.9%8 2005 10-F

[Sum = 0.00212 | The rate of all ruptures causing SA(1s) >0.2
g 0.00212

i my, Alrap, ) PiSAl s) = 0.5 g | rup,) PiEACL 8) =05 g | g, JA (P, )

1 5.1 00185 0.000 904 1077

7 53 0017 0.000 439 108 - _

3 55 00074 0.000 177% 107 The probability that ground motion SA(1s)

7 R .

© Te omm oo el >0.2 g is caused by a M=5.1 event is

6 6.1 0.001% 0.002 3.9 1075

7 63 0.0012 0.007 H.O7 1075

8 65 735104 0.019 1.40% 10-3

9 67 46410 0.046 T 12 105
5 e 0.095 e P(5< M <52|SA(ls) > 02g) = ABA0S) >02gm) 159x 107 _ 0.008
I 7.1 185 % 107 0175 3.23% 10°° = ‘ “E T T SA0s = 02) . o002z o
iz 73 1.17 2 1074 0.285 3.32x 10
13 75  735% 103 0419 3,083 10-5
14 77 46410 0.562 T 61 10-5
15 78 29310 0.695 7 D4 105

Sum = 000022

Baker, Bradley and Stafford (2021), “Seismic Hazard and
% UNIVERSITA Risk Analysis.” These images are provided for instructional

% gl s DEGLI STUDI and research use, with attribution. Not for commercial use.
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Disaggregation

Repeating this for other magnitudes

m; Pim; | SA(1s)>02g) Pim; | SA(1s) =035 ¢g)

51 0.008 0.000 §0.15 - 30.15 -

5.3 0.018 0.000 S HEHE ©

5.5 0.037 0.001 9 01 @ o1

5.7 0.064 0.003 5 ] 5

5.9 0.094 0.008 g =1 EL T £

6.1 0.120 0.018 0.05 1 005f

6.3 0.133 0.037 h

6.5 0.131 0.064 OH 0 ;I_( .

6.7 0.116 0.096 5 6 7 8 5 6 7 8

6.0 0.003 0.126 Magnitude, M Magnitude, M

: E:E Ei’;? Smaller magnitude (i.e., M 6) earthquakes are Iikely_to

> 0.033 0.140 cause exceedances of SA(1 s) > 0.2 g, but are qwt_e

77 0.02] 0118 unlikely to cause exceedances of SA(1 s) > 0.5 g. This

79 0.014 0,092 IS because M 6 ruptures are relatively likely compared
with larger-magnitude ruptures, and also likely to cause

Sum = 1.000 Sum = 1.000 smaller-intensity ground motions. However, these M 6
ruptures are very unlikely to cause SA(1 s) > 0.5 ¢
ground motions, so they contribute little at that higher
Baker, Bradley and Stafford (2021), “Seismic Hazard and intenSity

gEéVLFE'?lIJTSI Risk Analysis.” These images are provided for instructional
DITRIESTE and research use, with attribution. Not for commercial use.




Disaggregation

The disaggregation iIs also carried out to find probabilities of
combination of Magnitude, Distance etc..

AlIM > x, M = m)
AlIM = x)

PM=m|IM>x) =

Fspurces "R
AMIM > x,M=m) = ZA(M > Mmin) Y P(IM > x|m, ri)P(M; = m)P(R; = ry.)
k=1

To find the conditional distribution of distance the equations above iIs
modified to have summation over magnitude

Baker, Bradley and Stafford (2021), “Seismic Hazard and

. Risk Analysis.” These images are provided for instructional
u— ' DEGLI STUDI and research use, with attribution. Not for commercial use.
“aibss DITRIESTE




Disaggregation

The conditional JOINT distribution of Magnitude and Distance is given by:

A(IM =x M=mR=r)
A(IM = x)

PIM=mR=r|IM>x)=

WITH

M coyrees
A(IM =x,M=m,R=r) = Z A(M; = Myin)P(IM = x|mj, r)P(M; = m)P(R; = r)
i—=1

% MEHRF BC rock

. SA[1s) > 06385 g

‘E o Mean Return Time = 2475

ﬁ Mean (R,M, g5) 10.3 km 765, 1.25
I g

B ™

S | 0<e, <05
g ™ 4 W -2 05 < 1
E -1 <gp<-0.5 1<epc2
'U W o5e,c0 M 2eg<3
2 E. <Ey =

Baker, Bradley and Stafford (2021), “Seismic Hazard and

i UNIVERSITA =% . . . . Hazard
I.@[C;};c’! DEGLI STUDI = Risk Analysis.” These images are provided for instructional
“ate” DITRIESTE and research use, with attribution. Not for commercial use.




Basic of Probabilistic Seismic Hazard Assessment (1)

Disaggregation for hazard of
0.18x104/yr for Pga=0.2 g

M=5 and distance <3.2 Km contribute
for 0.06x10%/year that is nearly 1/3

M=6 contribution for distance <12 km
(0.09x10*%/year)

Part from distance <3.2 km (0.09x10

4lyear x 3.22/122) and the rest between

3.2 and 12 km (0.09x10%/year X(122/12*

3.22/122)

M=7 contribution from distance <22 km
must be divided in 3 contributions

If all numbers are divided by the total
of 0.18X10%/year one get the fractional
contribution to the total hazard of each
magnitude and distance range

#53%, UNIVERSITA
£% DEGLI STUDI
7 DITRIESTE

One M=5 per year
One M=6 per decade
One M=7 per century

Horizontal distance R (km) within which the given
pga’s are achieved or exceeded for the given
magnitudes

M=5 M=6 M=7
0.1g 14 25 41
0.2 g 3.2 12 22
0.4 g 0 0 10

Mean rate of exceedance (MROES) x 10-4 per yeatr,
for given pga’s for the given magnitudes

M=5 | M=6 | M=7 D >°
01g | 123 | 039 | 011 | 173 | 147
02g | 006 | 009 | 003 | 018 | 041
04g 0 0 0.006 | 0.006 | 0.034

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.




Uniform Hazard Spectrum

It is developed by:

- performing the PSHA calculation for spectral accelerations at a range of
(oscillator) periods.

- ldentifying the spectral acceleration value having the target rate or
exceedance at each period.

- Plotting those spectral acceleration values versus their periods.

Since the spectrum ordinates all have the same exceedance rate (i.e., “hazard”
level), it is called a uniform hazard spectrum.

10'1 : L T T T T L T 2
; SA(0.1s)| | 4.04x10™* exceedance rate UHS
gﬁg 3 2.1x10° exceedance rate UHS
~ =)
g 1072 <
(&)
= @
g 5
g 5
() 3 o)
« 10 o)
Q
g - E
T ©
= 8
€10 7
<
O 05 0.1 O..5 1 3 Period, T [s]
Spectral Acceleration, SA [g]
Baker, Bradley and Stafford (2021), “Seismic Hazard and
L Risk Analysis.” These images are provided for instructional
f:h&" BE'Q{.E';?US. and research use, with attribution. Not for commercial use.
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Seismic Risk

Fragility functions

A fragility function provides a prediction of a binary outcome, F (failure
or nonfailure), as a function of ground-motion intensity.

In{x/&)

P(F | IM = x}_-x-[

where P(F | IM = X) is the probability that a ground motion with IM = x will cause failure to
occur, @() is the standard normal cumulative distribution function, 6 is the median of the
fragility function (the IM level with a 50% probability of failure), and B is the standard deviation
of the In IM level at which failure will occur

1
Table 9.1. Examples of binary failure criteria and continuous consequence metrics. Entries in
a given row are not necessarily related

Failure criteria Conseguence metrics 08I

Material yielding Repair cost .

Cracking of windows Time to reopen a building n 0-6

Reduction of x% capacity in an element Time to repair a component =

Exceedance of y floor acceleration Number of fatalities % o4l

Structural collapse Number of displaced people '

Breakage in a pipe Number of injuries

Breach of a levee Amount of levee settlement 0.2

Soil liquefaction triggering
5 B_aker, Brac_jley and St_afford (2021), “S_eismic I_—Iazard _and 00 05 1 15
,' UNIVERSITA Risk Analysis.” These images are provided for instructional : ] '
'*{f}" gFTGé'llEssIrl‘éDl and research use, with attribution. Not for commercial use. Intensity Measure, IM



Seismic Risk

Fragility functions

Generally one considers discrete set of damage states (DS), and specify fragility
functions for the probability of a structure reaching that damage state or worse:

P(DS > ds,) = 0.87

0.8

:X)

P(DS > ds § =0.57

06

P(DS = ds; | IM = x) m[ In(x/6:)

>ds. | PGA

04 r

P(DS

0.2

0 0.5 1 1.5
Peak Ground Acceleration, PGA [g]

where dsi is the ith damage state, increasing values of | indicate more severe
damage, and the fragility parameters 0i and (i are specified for each damage
state. The multiple damage states are typically assumed to be mutually exclusive
and collectively exhaustive

Baker, Bradley and Stafford (2021), “Seismic Hazard and
Risk Analysis.” These images are provided for instructional

-
e “e'\ . . . .
a:fﬂg BE};‘{FE?HS. and research use, with attribution. Not for commercial use.
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Seismic Risk

Vulnerability functions

A vulnerability function is used to quantify outcomes when the consequence of
Interest is a continuous outcome, rather than a binary “failure” or “non failure.

PIC>c|IM=x)=1-Fic| x)

where C iIs the consequence metric of

Table 9.1. Examples of binary failure ariteria and continuous consequence metrics. Entries in

interest and F(c | x) is a cumulative  given row are not necessarily related
distribution function for the _ Failurecriteria Consequence metrics
consequence C, evaluated at ¢ and mygldﬁng }:tepairmt .
. ing of windows ime to reopen a building
dependent on the IM amp“tUde X. Reduction of x% capacity in an element Time to repair a component
Exceedance of y floor acceleration Number of fatalities
Structural collapse Number of displaced people
Breakage in a pipe Number of injuries
Breach of a levee Amount of levee settlement

Soil liquefaction triggerin
Baker, Bradley and Stafford (2021), “Seismic Hazard and ' £
% UNIVERSITA Risk Analysis.” These images are provided for instructional
ETC

FEEEY DEGLI STUDI and research use, with attribution. Not for commercial use.
Wit DITRIESTE
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Seismic Risk

Failure rate

ALF) = r PF | IM = x)|dA(IM = x)|.
Jo

where A(F) denotes the annual rate of
failure, F, P(F | IM = X) Is the fragility
the failure limit state from

PCF | IM = I}_m[lmxﬁ'i]

A(IM > Xx) is the ground-motion hazard

curve from
ﬂ.l"u]'.l

AIM = im) = Z P{IM = im | rup;, site) A (rup;)
i=1
Baker, Bradley and Stafford (2021), “Seismic Hazard and

I”f Y DEGLI STUDI Risk Analysis.” These images are provided for instructional
i sv;,,_.j;* DITRIESTE and research use, with attribution. Not for commercial use.




Seismic Risk

Failure rate

A[F}=IWP{F | IM = x)|dA(IM = x)|.
0

In discrete form: Ady =AM = x)0— AUIM = x,.4)

AF) = Z P(F | IM = x,)AA,.
=1

10°°
%1073 8p T
1 2
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LL g ﬂ

a 06 c >

- 8 1

£ 18 =

g 2 w

g 04r 8 a

o ©
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=] 10.5 S

5 0.2 s Fragjility, 0 = 0.5 g g

———— Fragility, § = 0.6 g <
Ground-motion hazard
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Joaiy UNIVERSITA Baker, Bradley and Stafford (2021), “Seismic Hazard and
12| i T . oy . . . .
&{\gg/’s DITRIESTE Risk Analysis.” These images are provided for instructional

and research use, with attribution. Not for commercial use.



Seismic Risk

Loss exceedance curve

A loss exceedance curve provides the rates of exceeding various levels of
losses (i.e., consequences) by combining a ground-motion hazard curve with
a vulnerability function. The exceedance rate is computed for a particular
loss level as

A(C > c¢) = I P(C>c|IM=x)|dA(IM > x)|

ol

. -1

where AC > c¢) is the annual rate of ?
consequence metric C exceeding threshold c, R

P(C > c | IM) is a vulnerability and A(IM > x) is =107
again the ground-motion hazard curve. g

%10'3

§10'4
Z

10°°

1 10 100

Baker, Bradley and Stafford (2021), “Seismic Hazard and Consequence, C
Risk Analysis.” These images are provided for instructional
and research use, with attribution. Not for commercial use.
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Seismic Risk

Exceedance probability curve

An exceedance probability (EP) curve (sometimes abbreviated as an ‘EP
Curve’) provides the probability of exceeding various levels of loss during a
specified window of time (often 1 year).

This connects the loss exceedance rates to the probability of an event occurring
over some period of interest. The exceedance rates can be used to compute
probabilities of exceedance over some time period t, assuming that the
exceedances are Poissonian in nature and

PiC>c)=1-exp[-A(C = c)i1].

Baker, Bradley and Stafford (2021), “Seismic Hazard and
S
/

N Risk Analysis.” These images are provided for instructional
g SNLYERSITA d h ith attribution. Not f ial
£/£BEY DEGLI STUDI and research use, with attribution. Not for commercial use.

(b
“amis/ DITRIESTE




Seismic Risk

Average annual Loss

The average annual loss (AAL) measures the expected amount of loss
experienced per year.This metric is of interest for insurance transactions, as the
annual cost of an insurance policy is influenced by the average payouts expected
under the policy. It is also useful in evaluating risk reduction actions, as the cost of
the action can be compared with the expected reduction of loss produced by the

action.

E[C] = F E[C | IM = x]|dA{IM > x)|
ol

1.2 1.2
] 1r 1F
where E[C] is the expected loss - -
. . . 0.8 0.8
(conseguence) per unit time. Since = =
. . < <
A(IM > Xx) Is typically an annual rate, 7 00 = 08
: . . > =
these units persist and E[C] Is an 5 04 S 04
expected annual loss. Ll .
Baker, Bradley and Stafford (2021), “Seismic Hazard and 00 o_l5 1 15 0o o.I5 1 1.5

xﬁ’?@_\ UNIVERSITA Risk Analysis.” These images are provided for instructional (a) Intensity Measure, IM (b) Intensity Measure, IM

g § DEGLI STUDI and research use, with attribution. Not for commercial use.
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Scale

The short form ofthe European Macroseismie Scale, abstracted from the Core Part, 15 mtended
to give a very simplified and generalized view of the EM Scale. It can, ez, be used for
educational purposes. This shori form iz noi suitable for intensify azsisnmenis.

ACCORD PARTIEL OUVERT
_ en matiere de prévention, de protection et EAIS Definition Description of typical ohserved effects
d’organisation des secourcs contre les risques naturels intensity (absiracted)
et technologiques majeurs du -
# I Mot felt Mot felt.
CONSEILCHE L EUROPE II Searcely felt | Felt only by very few mdmaduzl people at rest m howses.
dll1ers
- I Weak Felt ndoors by a few people. People at rest feel a swayng or light
du Centre Européen trembling
de GeOdVllallllque IV Largehr Felt mdoors by many people, outdoors by very few. A few people
et de Selgllloloole obzerved are awakened. Windows, doors and dishes rattle.
. - v Strong Felt mdoors by most, outdoors by few. Many sleeping people
Volue 15 awake. A few are fnghtened Buildings tremble throughont.

Hanging objects swing considerably. Small objects are shifted.
Dioors and windows swing open or shut.

VI Slightly Many people are frightened and mn cutdoors. Some objects fll.
damaging Many bouses suffer shght non-struchural damage like hair-lme
eracks and fall of small pieces of plaster.

V11 Damaging Most people are fnghtened and mun cutdoors. Fumtare 15 shifted
and objects fall from shelves 1n large mumbers. Many well bwlt
ordimary buldings suffer moderate damage: small aracks o walls,
fall of plaster, parts of chimmneys f3ll down; older buldmgs may
show larpe cracks in walls and failure of fill-in walls.

VIII Heavily Many people find i difficult to stand. Many bouses have large
damaging eracks m walls. A few well built ordmary baldings show senous
failure of walls, while weak older stuctures may collapse.

X Destructive | General panie. Many weak constructions collapse. Even well
bult ordinary buldings showr very beavy damage: senous falore
of walls and parhal shrectural farhore.

European Macroseismic Scale 1998 X Very . Many ordmary well bult banldings collapse.
destructive
ooy Editor ko | Devastating | Dlost crdmary well bmlt buildings collapse, even some with good
G. GRUNTHAL earthquake resistant design are destroyed.
Luxembourg 1998 X1 Completely | Almost all buldings are destroyed.
devastating
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EMS Scale

Differentation of structures (buildings) into vuinerability classes
{Vulnerability Table)

Type of Structure Vulnerahility Class
AB CDE F
rubble stong, fieldstone O
adobe (earth brick) {:}-
simple stone =

MASONRY

unreimnforced, with |.
manufactured stone units

unreinforced, with RC floors

_|
O
massive stone I—{}.{
O
I_

reinforced or confined

frame without I {:} {
earthquake-resistant design (ERD) I
frame with moderate level of ERD I —[:}-

5L
1

frame with high level of ERD

walls withoul ERD |' O_I

walls with moderate level of ERD |-{:]-

wallz with high level of ERD

_I

O
stee] structures |._.C}_|

_{

timber structures | —[‘:}

WOOD (STEEL | REINFORCED CONCRETE (RC)

C:J most likely vulnerability ¢lass; =— probable range:

NIVERSITA range of less probable, exceptional cases
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amage Classification

Classification of damage to masonry buildings

Claszsification of damage to _buildings of reinforced conerete

Grade 1: Negligible to zhight damage
{no structural damage,
slight non-structural damage)
Hawr-line cracks m very few walls.
Fall of small preces of plaster onlyv.

Il of looss stones from upper parts of

Crade 1: Negligible to slizht damagze
(no stroctural damage,
slight non-structural damage)
Fme cracks m plaster over frame members

or in walls at the base.

Fme cracks in partitions and mnfills.

tldmzs m very faw cases.

Grade 2: Moderate damage
(slight structural damage, moderate
non-structural damaze)
Cracks 1 many walls.
Fall of faurly large pieces of plaster.

Partial collapse of chimmays.

Crade 2:
(slight structural damage,

Moderate damage

moderate non-structural damage)
Cracks i columns and beams of frames
and 1m stmctural walls,

Cracks m partition and mfill walls; fall of

brttle cladding and plaster. Fallng mortar
from the jomts of wall panals.

Grade 3: Substantial to heavy damage
{moderate structural damage,
heavy non-structural damage)
Large and extenzrve cracks m mest walls.
Foof tles detach Chimmews fracture at the
roof line; fallure of individual non-strue-

tural elements (partihons, gable walls).

'T [ﬁ"‘ﬁ.‘ n."-."lln,.

F'u.-;‘l_..-r. =

o

Crade 3: Substantial to heavy damagze
(moderate structural damage,
heavy non-structural damage)
Cracks in columns and beam columm jomts
of frames at the base and at joints of
coupled walls, Spalling of conrete covar,
buckling of remforcad rods.
Large cracks in partition and mifill walls,

failure of mmdividual infill panals.

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)
Sertous failure of walls; partial stroctural
falure of roofs and floors.

Diestruction

Crade 5:

{very heavy structural damage)

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)

Large cracks in structural elements with

AREALF T3NS AT,
vy wlrarwllSE RS - - -
i | B COMPresslon failure of concrete and

] =t AT
T - g

fracture of rebars; bond failure of beam

reinforced bars; dlting of columns
Collapss of a faw columomns or of a single

upper flocr.

s 1—- =
*‘hx:-- -':EL: ".

Total or near total collapse.
'-r..‘lrll

e
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Definitions of quantity

Crade 5: Destruction
(very heavy structural damage)
Collapss of zround floor or parts (e. g

wings) of buldimgs.

Grinthal (1998)



Damage classification

Grade 2: AModerate damage

i{shght structural damage, moderate

non-structural damage) TYPE OF STRUCTURE EARTHQUAKE /SITE GRADE OF DAMAGE

Cracks in many walls.
1_.;?] ofE:ly I.:i-.l':fpieces of plaster Unreinforced masonry Roermond, The Nether- 1 {23415
, - ' lands 1992 / Heinsberg
Partial collapse of chimomays. @
TYPE OF STRUCTURE EARTHQUAKE /SITE GRADE OF DAMAGE
Simple stone masonry Grison, 1 |23 |45
Switzerland 1991 / Vaz
. CAAAR L S AR ADE DS 15 .; )

“Ml‘ _AAL‘) mu 805
Y ¥ »

Several chimneys have been damaged and tiles on the roof
have been shifted. Large and extensive cracks in most walls
were not observed, and therefore the damage is to be
assessed as grade 2.

The long crack in this wall is large enough to constitute slight Note: The chimney on the left of the picture was broken due
structural damage. The damage should be considered to be of to the differential shaking behaviour of the two adjoining
grade 2 buildings. Parts of the broken chimney hit the roof and

dislodged tiles; this damage to the tiles is therefore a
#53%, UNIVERSITA secondary effect and not caused directly by the earthquake

{477 2

(ERY DEGLI STUDI Grunthal (1998) shaking.
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Damage classification

Grade 2: Substantial to heavy damage
{moderate structural damage,

heavy non-structural damage)

Larze and extensrve cracks m most walls. TYPE OF STRUCTURE EARTHQUAKE / SITE GRADE OF DAMAGE

Foof tiles detach Chimmevs fracture at the = - o , -
roof line: failure of individnal non-struc- Unreinforced masonry Friuli, Italy 1976 / 1 12 |3 (4]5

mral elements (partitions, zable walls). Gemona (Udine) -

TYPE OF STRUCTURE EARTHQUAKE /SITE GRADE OF DAMAGE

Adobe masonry East Kazakhstan 1990 / 1 1213|415
Saisan

The large and extensive cracks in most walls suggest damage There are large diagonal cracks in most walls, but they are not
of grade 3. so severe and the walls have not failed. In this case the damage
is grade 3.

L% . UNIVERSITA
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Damage classification

>rade 4: Very heavy damagze

(heavy structural damage,
very heavy non-structural damage)
Serious failure of walls; partial structural

! farhare of roofs and floces.
Rt T ¥ ¢ i AN
s H I'_"".- 2

i Fa . % '-'n..
TYPE OF STRUCTURE EARTHQUAKE /SITE GRADE OF DAMAGE ’
Field stone masonry North Peloponissos, I |2 |3 | 4.|5
Greece 1995/ Aegion TYPE OF STRUCTURE EARTHQUAKE /SITE GRADE OF DAMAGE
L]

Simple stone masonry Montenegro, 1 (2|3 |45
Yugoslavia 1979

The serious failure of walls in this example is indicative of
damage grade 4. The vulnerability is affected by the poor quality
of mortar and the non-effectiveness of the concrete elements in Parts of the bearing walls have failed, causing partial collapse of the
the construction. roof and floor slabs. This is heavy structural damage and therefore
damage grade 4.

DEGLI STUDI

7 DITRIESTE Grunthal (1998)




Damage classification

Grade 5: Destruction

wings) of buldings.

(very heavy structural damage)
Collapse of ground fleor or parts (e g.

TYPE OF STRUCTURE

EARTHQUAKE /SITE

RC frame

GRADE OF DAMAGE

North Pelopponissos,

1 2 3 4 5

Greece 1995 / Aegion

The whole ground floor has collapsed completely. In such cases

the damage grade is 5.

o UNIVERSITA
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Grinthal (1998)

TYPE OF STRUCTURE

RC frame

EARTHQUAKE /SITE

GRADE OF DAMAGE

Spitak, Armenia 1988 /

1 2 3 4 5

Leninakan

This is obviously very heavy structural damage and near-total
collapse, and therefore damage grade 5.
Note: This RC frame structure incorporating a certain level of
earthquake resistant design was adversely affected by the
insufficient coupling between beams and columns. This
building type is a typical example where one should assign a
low vulnerability class, in this case B, which represents an
exceptionally low class for this type of structure.




Italian building code (NTCO08/18)

® Seismic classification

https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-
sismica

® Seismic hazard

http://essel.mi.ingVv.It

® NTCO08 Seismic code (8 2.*; 3.2; 7.%)

https://www.qgazzettaufficiale.it/eli/id/2008/02/04/08 A00368/sq

® NTCI18 Seismic code (§ 2.*; 3.2; 7.%)

https://www.gazzettaufficiale.it/eli/qu/2018/02/20/42/s0/8/sqa/pdf

https://www.gazzettaufficiale.it/eli/id/2019/02/11/19A00855/sq



https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica
http://esse1.mi.ingv.it
https://www.gazzettaufficiale.it/eli/id/2008/02/04/08A00368/sg
https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf
https://www.gazzettaufficiale.it/eli/id/2019/02/11/19A00855/sg

Site response
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Site effects: Gubbio Valley (Italy)
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A simple model: site effects due to the seismic impedance contrast

free surface

soft layer

rock layer Tps Vp, L C=(1,V,/11,V,) is impedance contrast

REFRACTION and REFLECTION

When a body wave encounters an
ELASTIC boundary or discontinuity
(change on seismic velocity), part of
Jsr VPss VSg the energy will be transmitted through
1y, Vpy, Vs, the boundary and part reflect.

i SH SNELL'S LAW
reflected sin(i)/V = constant = p
Incident SH 1sin(iy) /Vy=sin(i,) / V,

Fors UNIVERSITA
Z#8KY DEGLI STUDI
5=/ DITRIESTE
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A simple model: site effects due to the seismic impedance contrast

free surface

soft layer

rock layer C=(p,V,/p,V,) is impedance contrast

REFRACTION and REFLECTION

When a body wave encounters an
ELASTIC boundary or discontinuity

Refracted SH

(change on seismic velocity), part of
1 Psr VPsr VSs the energy will be transmitted through
p) op, VP, VS, the boundary and part reflect.
14 14

i SH SNELL'S LAW
reflected sin(i)/V = constant = p
Incident SH 1sin(iy) /Vy=sin(i,) / V,




Yoon., 2005

- ka

k= wavenumber
a= size of the
heterogeneities

effective rayleigh resonance geometric
medium scattering scattering ray theory
i i i i i i
0.001 0.01 10 00 1000
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Qs= Vs=400 m/s
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S—-wave velocity [m/sec]
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Contribution of the intrinsic attenuation and transmission properties
of a media to the different portions of the seismic signal

| The travel time
- within each layer is
! S 1 - S . perturbed randomly,
501 1 2 1 = 1 = 0 = " starting  from  the
'* - average value
_ | oot ] § A | | (0.0025 S) A
100 | | | 1 | | Gaussian
L distribution of the

| QB30 5=p|10 5+0.20 50.30Qs=30 5=0.g5Perturbations with
~150 - —= - - - - a st.dev. o equal to

T T e e e e m e m ey 0.05,  0.10, 0.15,
1 i e i = - 0.2, 0.25, 0.30 of
| the average value is
' used. The sum of
L the travel times in
| each layer over the
- whole 100 m equals
| the original average
- one (0.25 s).
o ] QBF30 c=p110 cfP.20 o 3¢.3Qs=30 6= 0.2b

0 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
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(0 G C=(p,V./psV,)is the

t T Impedance contrast
\ sl | u [ pbVb—psVs _c-1
ps,Vs e pbVb.: psVs 1+c
d(t u(t)=-rd(t—z)+@Q+r) X(t-7)
o T X(t)2 d(t)=u(t—7) y(t)=2u(t)

Assuming that the free surface amplification is equal to 2
and eliminating u(t) and d(t) we obtain:

V(t)=—-ry(t—27)+(1+r)X(t—17)

!_’5@_5%.- % DEGLI STUDI
‘?1\&%;;;%{5’ DITRIESTE
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Some properties of the Fourier Transform 3

LinearityJ|a, f, (t) + &, T, (t)|= a,3f, (w) + a,3f, (v)
Derivatived| f (1) ]|= (i0)" 3f (o)

shift. JLf(t—a)|=e"*3f ()

'ConVOMtiOB[ £, (t)* 1, (t)] = Sj‘ f,(7) 1,(t—7)dz = 31, (0) 3, (w)

Applications: linear system (source*path*site*instrument), time-delay of propagation
(e.g. array analysis), solving differential equations, etc...

Parseval identity H f (’[)H2 — HSf ((0)”2
(sum of the square values)



If X(f) Is the Fourier transform of x(t) and Y(f) is the Fourier
transform of y(t)

The Fourier transform of x(t-t) is X(f)e'>** and the Fourier
transform of y(t-2t) is Y(f)e 4r'

The time delay t correspond in the frequency domain to a
phase shift 2xnfr

Multiplying the spectrum for the phasor e'2* only modifies
the phase but not the amplitude of the spectrum in fact:

g er e =COS(27zf2')—iSin(27zf2')
\/(COS(Zﬂ'fT))Z +(Sin(27sz))2 =1

5(1)= tanl(—sin(Zﬂfr)j

cos(2z f7)

Foai®, UNIVERSITA
£8EE Y DEGLI STUDI
s/ DITRIESTE
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The Fourier trasform of Y(f) is then:
Y(f)==rY(f)e ™" +@A+r)X(f)e ¥

If we define the transfer function H(f) as Y (f)/X(f) we obtain:

(1_|_ r)e—i27zfr

—14rfr

H(1)= 1+re



The modulus of H(f) can be simply calculated by computing
the modulus of the numerator and of the denominator

The modulus of the numerator Is:

‘(1+ rye "' | = |(1+ r)(COS(Zﬂ' fr)—isin(2zf r))| —

(1+r)? ((COS(Z% f z'))z +(Sin (27z f T))Z) =1+r

The modulus of the denominator Is:

—4rfr

ﬂ+re

= ‘(1+ rcos(4x f r))— irsin (4 f 2')‘ =

\/(1+ r COS(47Z' f Z'))z +(rsin (472 f 2'))2 =

\/1+ r*cos®(4zfr)+2rcos(4zfr)+risin®(4nfr) =

\/1+ r*+2rcos(4xfr)



A simple model: site effects due to the seismic impedance contrast

X(t) y(®)

t I

Sail: T u(t) _
\ 18.Vs h=vs 1

l d(t)

Rock:

b,
vb T X(b)72

/

(1+ r)2

\1/2

H(H)|=

\1+ 2r COS(47Z' f T)-I— re

_ poVo—psVs  c-1
PoVb+ PsVs  1+C

= hIV,

f =400/(4*100)=1Hz

C = {2800"1200 )
~ \ 2600*400

o

-
. -

‘H ( f )‘ maximum for f=f,

such that cos(4nrfr)=

_1~ fo— 1 _ Vs

47 4h

21Z(f)|

1Hz 3Hz

Indeed we have a set of maximums at frequencies

V

(2n+1) withn=0,12,3,..

(n=0 fundamental mode
n>0 higher modes)

4

3 0 W 1
2 ALY
1 h1=100;v1=400;r01=2600;v2=1200;r02=2800
0 .

0.1 1

Frequency [HZz]

10
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X(t) y(®
| N | <I \H(f)\_/ ey
s | a \1+2rcos(47zft)+r2)
F?Er T x(ty/2
For f=f, |H ()| values

f,=400/(4*100)=1Hz ( (1 4T 2 M2 141
- (e ) 52 HO=| ore | =1 =¢
—2+7r — T
\ J

1Hz 3Hz

2)Z(f)]

S L N W A O O ~
/

h1=100;v1=400;ro1=2600;v2=1200;r02=2800 th e | m ped an Ce CO ntl’aSt
o1 J o determines the amplitude of
Frequency [Hz] the peaks (elastic layers)
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If damping is accounted for and complex soil velocities are considered
The reflection coefficients and the travel time become (for |r|<=1 and

Q>>1):

4Q

Zah UNIVERSITA
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Substituting these coefficients in the equation for H(f) we get:

The modulus of the transfer function is :

% — — \1/2
(1+r) + : e Q
(4Q)
H(f)|= — —
1+2{I’COS(47sz)—1Sin(47rfr)}ez’””Q+(r2+ : zJe“’"”Q
\ 4Q (4Q) ,

Zah UNIVERSITA
EaEY DEGLI STUDI
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For Q>0 assuming 1/4Q~0 does not cause significant errors and the
modulus of the transfer function become:

(1+r)e™"®

H(f)=

. 1/2
(1+ 2rcos (4 fr)e? Q4 re /0 )



§£EEY DEGLI STUDI

X(t)

y()

Rock:
(b,
Vb

Soil: T u(t) h=vs

s,Vs

l d()

T X(t)y2

e H
Fars UNIVERSITA
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(D)=

{(1+ r)2 +

w2

1+ Z{r cos(47rfr)—4%gsin (47rff)} e 2717/Q +[r2 +

2|1Z(M)|

0.1

\
d

Frequency [HZz]

10

1/2



6 The amplified frequency band depends on the
S-wave velocity structure below the site.

1 - Resonance due to impedance contrasts, 2 - Focusing due to subsurface topography,
3 - Body waves converted to surface waves, 4 - Water content, 5 - Randomness of the
medium and 6 - Surface topography

@";\ UNIVERSITA .
,7 gf%llE%TTuEm Modified after Safak (2001)




Site effects and NTC18 - Soll classification

3.2.2 CATEGORIE DI SOTTOSUOLO E CONDIZIONI TOPOGRAFICHE
Categorie di sottosuolo

Ai fini della definizione dell’azione sismica di progetto, I'effetto della risposta sismica locale si valuta mediante specifiche analisi,
da eseguire con le modalita indicate nel § 7.11.3. In alternativa, qualora le condizioni stratigrafiche e le proprieta dei terreni siano
chiaramente riconducibili alle categorie definite nella Tab. 3.2.1, si puo fare riferimento a un approccio semplificato che si basa
sulla classificazione del sottosuolo in funzione dei valori della velocita di propagazione delle onde di taglio, Vg. I valori dei
parametri meccanici necessari per le analisi di risposta sismica locale o delle velocita Vg per I’approccio semplificato costituiscono
parte integrante della caratterizzazione geotecnica dei terreni compresi nel volume significativo, di cui al § 6.2.2.

Tab. 3.2.11 — Categorie di sottosuolo che permettono 1'utilizzo dell‘approccio semplificato.

Categoria Caratteristiche della superficie topografica
Ammassi rocciosi affioranti o terreni molto rigidi caratterizzati da valori di velocita delle onde
A di taglio superiori a 800 m/s, eventualmente comprendenti in superficie terreni di caratteri-

stiche meccaniche piu scadenti con spessore massimo pari a 3 m.

Rocce tenere e depositi di terreni a grana grossa molto addensati o terreni a grana fina molto consi-
B stenti, caratterizzati da un miglioramento delle proprieta meccaniche con la profondita e da
valori di velocita equivalente compresi tra 360 m/s e 800 m/s.

Depositi di terreni a grana grossa mediamente addensati o terreni a grana fina mediamente consi-
stenti con profondita del substrato superiori a 30 m, caratterizzati da un miglioramento del-
le proprieta meccaniche con la profondita e da valori di velocita equivalente compresi tra
180 m/s e 360 m/s.

Depositi di terreni a grana grossa scarsamente addensati o di terreni a grana fina scarsamente consi-
stenti, con profondita del substrato superiori a 30 m, caratterizzati da un miglioramento del-
le proprieta meccaniche con la profondita e da valori di velocita equivalente compresi tra
100 e 180 m/s.

Terreni con caratteristiche e valori di velocita equivalente riconducibili a quelle definite per le catego-
rie C o D, con profondita del substrato non superiore a 30 m.




Site effects and NTC18 - Vseq

Subsurface classification is made on the basis of stratigraphic conditions

and values of the equivalent shear wave propagation velocity, Vg,g, (in m/s),
defined by :

V. = i [m/s]
S,eq z h
i=l,N VS,i

With hij thickness of the I-th layer; Vs, velocity of shear waves in the i-th layer; N number
of layers; H depth of the substrate, defined as that formation consisting of very rigid rock
or soil, characterized by VS not less than 800 m/s

For deposits with substrate depth H greater than 30 m, the equivalent shear wave velocity
Vseq IS defined by the parameter Vs 30, obtained by placing H=30 m in the above
expression and considering the properties of the soll layers up to that depth.
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Multl Hazard and Multi Risk

FIGURE 2.19

From ‘single-hazard’ to ‘multirisk’ assessment and terminology adopted here.
Source: courtesy of author

Single-hazard Single-risk
Only one hazard considered Risk in a single-hazard framework
Multilayer single-hazard Single-risk
More than one hazard Risk in a multilayer single-hazard framework
No hazard interactions No interactions on the vulnerability level
Multihazard Multihazard risk
More than one hazard Risk in @ multihazard framework
Hazard interactions considered Mo interactions on the vulnerability level
Multirisk

Risk in a multihazard framework
Interactions on the vulnerability level considered

Ditficulties arise because different hazards differ in their nature, return period and intensity, as well as the

effects they may have on exposed elements
Zschau 2017
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Multl Hazard and Multi Risk

In order to assist decision-makers in the field of DRM in their prioritizing of mitigation actions,
one has to understand the relative importance of different hazards and risks for a given region.

A first step towards a full multirisk assessment, is to consider a multilayer single-hazard/ risk
assessment approach, ignoring the interactions but harmonising and standardising the
assessment procedures among the different perils.

FIGURE 2.19

Standardisation schemes use:

From ‘single-hazard’ to *multirisk” assessment and terminology adopted here.
Source: courtesy of author

* matrices — hazard matrix,

Single-hazard Single-risk
Vuln erablllty Only one hazard considered Risk in a single-hazard framework
matrlX and rlsk matrlX Multilayer single-hazard Single-risk

? More than one hazard Risk in a multilayer single-hazard framewaork
° indices hazard 1nd€X, Vulnerablhty No hazard interactions No interactions on the vulnerability level
1ﬂd€X and IISk lndCX; Multihazard Multihazard risk
e More than one hazard Risk in a multihazard framework

* curves — hazard Cui‘ves) Vulnerablhty Hazard interactions considered Mo interactions on the vulnerability level
curves and risk curves. Multirisk

Risk in a multihazard framewaork
Interactions on the vulnerability level considered

Zschau 2017
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Multl Hazard and Multi Risk

Multilayer single risk hazard

A hazard matrix applies a colour code to classify certain hazards by the intensity and
frequency (occurrence probabilities) determined qualitatively, for instance ‘low’, ‘moderate’

and ‘high

If applied to vulnerability it is the damage matrix
(e.g. link to the EMS-98 scale)

Swiss hazard matrix
Source: Kunz and Hurm {2008)

FIGURE 2.19
From ‘single-hazard’ to *multirisk’ assessment and terminology adopted here.
Source: courtesy of author
[
=)
L
Single-hazard Single-risk
Only one hazard considered Risk in a single-hazard framework
t i Multilayer single-hazard Single-risk
T "n‘_'i More than one hazard Risk in a multilayer single-hazard framewaork
= 'ﬁ No hazard interactions Mo interactions an the vulnerability level
ﬁ -
- L
il = Multihazard Multihazard risk
More than one hazard Risk in a multihazard framework
Hazard interactions considered Mo interactions an the vulnerability level
- Multirisk
1 Risk in a multihazard framewaork
- 1 u Interactions on the vulnerability level considered

high moderate low

PROBABILITY
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Multl Hazard and Multi Risk

Multilayer single risk hazard

For the aim of comparing and aggregating risks coming from multiple hazards, assessment
procedures are required that combine both hazard and vulnerability information.

The European Commission (2010) proposed a risk matrix that relates the two dimensions,
likelthood (probability) and impact (loss), for a graphical representation of multiple risks in

a comparative way

Swiss hazard matrix

Source: Kunz and Hurni (2008) FIGURE .18
From ‘single-hazard’ to *multirisk’ assessment and terminology adopted here.
Source: courtesy of author

=

=L Single-hazard Single-risk

- Only one hazard considered Risk in a single-hazard framework

Multilayer single-hazard Single-risk
— & More than one hazard Risk in a multilayer single-hazard framewaork
5 = No hazard interactions Mo interactions an the vulnerability level
Z @
L g=
E E Multihazard Multihazard risk
- More than one hazard Risk in a multihazard framework
Hazard interactions considered Mo interactions an the vulnerability level
Multirisk
g Risk in a multihazard framework
= Interactions on the vulnerability level considered
10
high moderate low
PROBABILITY
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Multl Hazard and Multi Risk

Multilayer single risk hazard

More quantitative methods for assessing natural threats in a multilayer single-hazard approach are
based on ‘curves’ (‘functions’).

Hazard curves present the exceedance probabilities for a certain hazard’s intensities in a given
period. Vulnerability curves graphically relate the loss or the conditional probability of loss
exceedance to the intensity measure of a hazard (for instance ground motion, wind speed or ash
load) in order to quantity the vulnerability of elements at risk. When the probability of exceeding
certain damage levels is considered, the curves are referred to as ‘tragility curves’

One may easily combine vulnerability curves with the corresponding hazard curves to arrive at a
measure of risk. This could be the average loss per considered period, the so-called average annual

loss or expected annual loss, if the period is 1 year.  Risk curves and their agaregations for the city of Cologne
Source: Fleming et al. (2016)
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Multli Hazard and Multi Risk

Multilayer single risk hazard

To compare high-probability and low-consequences events with low-probability and high-
consequences ones, probabilities and loss can simply be multiplied (PXL)

In the case of a single-risk scenario with a given annual probability, the loss-probability-product
directly represents the average annual loss (impact). This is not the case for the risk curve, which
includes the loss from all possible hazard intensities.

Thus, one may learn which curve, in terms of return periods, will contribute most to the average

annual loss

Risk curves and P x L - curves for the city of Cologne (Exceedance probability versus loss (left) and versus its
product with loss (right)
Source: courtesy of author
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Multi Hazard and Multl Risk

Hazard interactions: cascading events and co.

In a complex system like nature, processes are very often dependent on each other, and interact.
There are various kinds of interactions between hazards that often lead to significantly more
severe negative consequences for the society than when they act separately. A multilayer single-
risk perspective does not consider this, but a multithazard approach does.

BOX 2.1

Classification of hazard interactions
Source: Gill and Malamud (2014, 2016)

Triggering relationship

Increased probability relationship
Decreased probability relationship
Coincidence relationship

Catalysis/ impedance relationship

Zschau 2017
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Multl Hazard and Multi Risk

Hazard interactions: Semi-quantitative approach, hazard interaction matrices

Matrix approach for the identification of hazard interactions.
Source: Liu et al (2015)

Influence of
Hi on Hj

Influence of
Hj on Hi

0O—Nointeraction

1-Weak interaction

2 —Medium interaction
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: Cut off a flow
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interaction (H5)
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Multi Hazard and Multl Risk

Hazard interactions: Quantitative method, tree and fault tree strategies

Event tree scheme for eruption forecasting
Source: Selva et al. (2012)

A probabilistic approach is
used for quantifying each

branch of the tree Magmatic O /

unrest

s O]

Eruption Mo magmatic
forecasting unrest
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Example of a hazard surface, Hij, describing hazard interaction as a prob-
ability surface that depends on all possible intensities, Ai and Bj, of the
primary event ‘A’ and of the secondary event 'B’, respectively

Source: Garcia-Aristizabal and Marzocchi (2013)
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Multi Hazard and Multl Risk

Dynamic vulnerability: Time and state dependent

Time dependent: More or less gradual Two examples of state-dependent seismic vulnerability: pre-damage-de-

N . . pendent vulnerability (above) and load-dependent vulnerability (below)
Changes of Vulnerablhty with time. Source: Mignan (2013)

State dependent: depends on a certain

| f vulnerabili Ki of kes
state of a system that may change abruptly, Ropshes ol valnavatiity to.sBaking dss £ 00aumance ol SUOORSEIVG suflige
due to a natural hazard event
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Multl Hazard and Multi Risk

Integration into a probabilistic framework

Multi risk framework

Integration of interaction on
the vulnerability/fragility level:
fragility /vulnerability surfaces
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Ash load-dependent, two-dimensional seismic fragility surface
Source: Garcia-Aristizabal and Marzocchi (2013)

|

04 -

Frobability of damage

Zschau 2017

oo



Uncertainties in single risk analysis: seismic risk

Two different types of uncertainties are usually identified, depending on their nature — namely,
“aleatory” and “epistemic”.

The part of the total uncertainty related to the inherent variability in the behaviour of a system is
commonly known as aleatory uncertainty (sometimes referred to as “randomness”).

The other part, which is related to the state of knowledge about the system under consideration, is
known as epistemic uncertainty.

Epistemic uncertainty can be reduced by collecting additional relevant information and improving
the state of knowledge, while the aleatory uncertainty is not reducible and, in principle, cannot be
dealt with using deterministic approaches.

However, it should also be kept in mind that a given source of uncertainty cannot often be neatly
separated into these types, with many sources containing elements of both.

Tyagunov et al., 2014
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Uncertainties in single risk analysis: seismic risk

The example of Cologne (Germany)

Seismic Hazard: PSHA 1n terms of macroseismic intensities with respect to the European
Macroseismic Scale (EMS-98, Grunthal, 1998)

Seismic vulnerability modelling is based on the vulnerability classification of EMS-98
The damage probability matrices were constructed following the guidelines of the EMS-98

Only direct monetary losses due to structural damage to residential buildings are taken into
account.

The level of losses is estimated in terms of mean damage ratio (MDR), determined as the cost of
repair over the total cost of the damaged buildings, as well as in monetary terms, taking into
consideration the estimated construction costs of residential buildings in Germany

Building types Cologne (2011)
single-family houses + mum-famiy houses, detached

mult-farmily houses, buildings in biock
row-nouses, detachod

4 I ndustnal, commercal

mixod bul-up area

Percertags of the residantial building stock

A B C D E F
ERAE vulrerability classes

Figure 4. Volnerability composition model of the residential build-
ing stock of Cologne as a percentage of the different valnershility

. of EMS-08 (based on the INFAS 2010). Figure 5. Building type stratification of the study area of Cologne:

(a) superimposed on mput Landsat image and (b) a magnification
superimposed on Google Earth imagery. Tyagunov et al., 2014



Uncertainties in single risk analysis: seismic risk

The example of Cologne (Germany)

Hazard Vulnerability Loss
k | |

| IPE (3] Mo 7] Mimas (3] b3 1 I |
EEaone 3 - Sa010 WML and V2 LAA1 and Liia

AW010 50 HL,5 Hil
CLIDDE 0.5 0.1

Mmax=56

Figure 2. Seismic source zones (SSZs) around Cologne (according

Figure 1. Logic tree scheme and number of input parameters for the 3 :
to Griinthal et al., 2010). The stars show the epicentres of past earth-

different modules: Hazard: mtensity Pr?dmtmﬂ equations (IPESJ ~ quakes in the area (from the CENEC earthquake catalogue, Griin-
3, Mmin — 2, Mmax — 3, Gutenberg—Elchter b - 3_’ Vulnerabihity: thal et al., 2009). The grey lines show the administrative boundaries.
2 models, Loss: 2 models. Equal weights are assigned to all the  Tpe pyilt-up area in Cologne is shown in yellow.

branches of the logic tree (more details in the text).

Tyagunov et al., 2014
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Uncertainties in single risk analysis: seismic risk

The example of Cologne (Germany)

o
"HEr'.'n'.t- ..
g, Mean hazard curve from Grlnthal
R N and Wahlstrom 20086.
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Figure 3. Caloulated mean and quanfile hazard curves, considering
the whole range of the input parameters of the hazard part of the

logic e (Fig. 1).
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Figure 6. Vulnerability composition models (as a percentage of the
vulnerability classes of EMS-98) for the classified urban typology
strata of Cologne as outlined 1in Fig. 5: (a) mixed built-up area; (b)
row houses, detached; (c) multi-family houses, buildings in blocks;
(d) single-family houses and multi-family houses, detached.
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Uncertainties in single risk analysis: seismic risk

The example of Cologne (Germany)
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Figure 7. Structural damage distnbution diagrams for the two wvul-
nerability models for different levels of EMS intensity (VM1 — dark

grey, VM2 — light grey).
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Figure 8. Structural damage probability estimation (mn terms of
mean damage grade) for the residential bmlding stock of Cologne.
The solid line corresponds to the mean estimate for VM1, the
dashed line for VM2. The uncertainty bounds (5 and 95%) cor-
respond to the total uncertamnty.
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Multl Hazard and Multi Risk

The example of Cologne (Germany)

Table 1. The loss models emploved 1n this study.
0.1

Loss mode] 1 Loss model 2
Damage (Tyagunov et al., 2006a) (Hwang et al.. 1994)
grade Loss Central Loss Central
ratio (%o) value (%a) ratio (%)  value (%a)
0 0 0 0 0
1 -1 0.5 0.05-1.25 03 Z  oof
2 1-20 10 1.25-7.50 35 =
3 2060 40 7.50-20 10 i
4 60—100 80 2090 65 8
5 100 100 90-100 95 g
L
:
S 0001
0.0001

0000 0,001 0.0 0.1 i 10 100
Mean Damage Ralio (%)

Figure 9. Calculated mean and quanfile risk curves (i terms of
MDR) for the whole range of the logic tree branches (Fig. 1).
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Multl Hazard and Multi Risk

The example of Cologne (Germany)  Sensitivity analysis ™ i
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Multl Hazard and Multi Risk

The example of Cologne (Germany)

Sensitivity analysis 0.1

.01

10% in 50 yoars

Hriiaal AxcaRlance ;'l'l':-l'.lﬂhiil:,'

&8 n 50 years

0,000

10 1000 10000 1 D00
Lossns omilkon Euno)

Figure 13. Seismic risk curves m terms of monetary losses (millions
of Euros) due to structural damage to the residential bmlding stock
in Cologne (mean and 595 % percentiles). The dashed line shows
the mean rnisk curve from the study of Griinthal et al. (2006), which
also mncluded the damage to commercial and industrial buildings.
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Multl Hazard and Multi Risk

Harmonizing and comparing single-type natural hazard risk estimations

The “total risk” curve relates the exceedance probability of a given loss value, independent of the risk
source (or sources) causing it. If Pi(Lj) is the probability of exceedance of the jth loss per annum (1))
for the 1th risk source (e.g., earthquakes, floods, landslides, etc.), then the total annual exceedance
probability curve can be calculated as:

P(Lj)tot = 1 - IT (1 — Pi(Lj))

which is valid for 7 independent single-type risk sources (1.e., neglecting possible risk interactions)
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Multi Hazard and Multl Risk

Harmonizing and comparing single-type natural hazard risk estimations: visualization with a risk matrix

value Likelthood Annual Expected Impact Lower value
classification probability return period classification (% 10° euros)
5 Very likely =01 10 Diisastrous 10,000
4 Likely <0.01 100 Significant 1,000
3 Conditionally likely = 0.001 1,000 Moderate 100
2 Unlikely = 0.0001 10, (M) Minor 10
1 Very unlikely = 0.00001 10D, 000 Insignificant 1
Table
hood ;
Risk
5 Disastrous
4 Significant .
Intermediate
3
a3 Moderate
E
2  Minor

1 Insignificant

Very Unlikely  Conditionally Likely Very
unlikely likely likely
1 2 3 4 5
Likelihood

Figure 2. Risk matrix (exploiting the values presented in Figure 1) showing how combining the risk associated with individual perils (EQ -

earthquake, FL - flood, WS - windstorm)) can lead to a significantly higher probability of exceeding a given level of loss (EQ+FL+WS5). The

individual and combined risk estimates outlined by the ellipse correspond to the annual exceedance of losses of <100 million, hence why

they are all along the same Impact row. The ranges for the different classifications are presented in Table 1. The color scheme is derived from Fleming et al., 2016
that used by BBK [2011].



Multl Hazard and Multi Risk

Harmonizing and comparing single-type natural hazard risk estimations: Prioritization of risk under

uncertainties

Are losses arising from two independent typologies of hazards for a specific return period are significantly different?

Distribution free ranking
Mann-Whitney test

IS a nonparametric test of
the null hypothesis that,
for randomly selected
values X and Y from two
populations, the
probability of X being
greater than Y is equal to
the probability of Y being
greater than X.

Details on the test can
be found in Barlow, R.J.
(1989). Statistics A guide
to the use of statistical
methods in the physical
sciences, John Wiley

& Sons, 204 p. Available
in the library

Hormalkaed distriution

Hormalaed distribution

Homalised disiribution

i I II 2 ] 2 'l m i al al I 1“‘
{a) 20 yeaiE FL va. BER () 204k ppEra FL va. WE. il] 200 yaars WS s ECL
Wol B 100" Mol 2% Same E
=
B
8
n-| W = T — T W 'lh_ = - — ] | bl
(iR 1 10 100 1000 10000 100000 0.4 1 10 100 1000 10000 100000 9.1 1 10 100 1000 10000 100004
Loss=s (rrlicns Eunal Losses (miliore Euras) Loeges {milians Euras)
i 2 d 'l mI m 'l
|bh S0 years FL ws, EGL (=] B0 pears FL va. W5, (g GO0 years W3 vs EGL
Sane B8% 100 Hal B Mol :
g
=]
;
=
01 1 10 100 1000 10000 100CCO 0.4 1 10 100 1000 10000 400000 0.4 1 10 100 1000 10000 100000
Los=== (milicns Eurcs) Lessss imilions Euros) Lozses {milions Euros)
|c] 1000 years FL v EQ.
5% Sams
Figure 3. Comparing the distribution of results for each pair of risks. (a-
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Fleming et al., 2016
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Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction.
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Figure L Location of Sood prokection dikes along the Rhine and the spatial distribation of seismic hazard in the study area in terms of EMS
intensitics for 2n exceedance probability of 10% in 50 years (Grinthal et al | 1998).
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Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction.

The liquetaction potential, estimated using the method of Seed and Idriss (1971). The liquefaction
potential can be assessed with a factor of safety (FS) against liquefaction, which 1s determined as the
ratio of the capacity of the soil to resist liquefaction (CRR, cyclic resistance ratio) and the seismic
demand placed on the soil layer (CSR, cyclic stress ratio).

The CSR value can be estimated using the following expression:

CSR =065 x == » ™ wry.

& o yo

(PGA), g 1s the gravitational acceleration, ¢, and &’ are the total and effective overburden stresses
(pressure imposed by above layers) of the soil, respectively, and rd 1s a stress reduction factor that

depends on the depth.

For the calculation of the vertical stresses as a function of depth, the variations in the water level in
the river, which influences the phreatic surface and degree of saturation in the dike core 1s

considered.
Table 1. Relaticnship hetween the angle of iniemal Fiction and SPT
alues (Peck, 1974).
As for the CRR value, probably the most common method ™™ |
based on standard penetration testing (SPT). Here, due to the SFT. Nvale  Density of sand (degmes)
: u Very loose o 19
lack of SPT data, an approach based on the correlation i . -
between penetration resistance and the angle of internal |30 Me i S
. . 30-30 Dense Je-41
friction for sandy soils was used 2 50 Very dense =41
F UNIVERSITA
s DEGLI STUDI I yagunov et al., ZULs

% DITRIESTE



Multl Hazard and Multi Risk

Multihazard analysis fragility analysis

Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction.

The performance of dikes under seismic ground motion loading is analysed using a simplified
one-dimensional model assuming that below the water level the soil 1s in a saturated state.

CSR (reflecting the level of seismic ground shaking) and CRR (depending on the dike material
properties and the water level) are calculated for all points of the dike cross-section from the
crest to the bottom (with a discretization interval of 5 cm). Once both the CSR and CRR values
have been determined at a certain point under certain load conditions, one can calculate the
factor of safety (FS) against liquefaction employing the following relationship (Seed and Idriss,
1971):

CEE

C5K

Computations of the liquefaction potential are done in a Monte Carlo simulation (MCS)
considering the variability (uncertainty) of the geotechnical parameters of the dikes

F5 =

Based on a frequency analysis of the MCS results, dike failure probabilities are computed for
different points of the discretized two-dimensional load space, considering possible
combinations of peak ground acceleration and floodwater level.

;;é?’é's'%%\ UNIVERSITA Tyagunov et al., 2018
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Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction.

The fragility results are presented in a three-dimensional form, with seismic and hydraulic load
described by peak ground acceleration and water level

i R " L L
i AU I"-".".I .I".I' ARALRLIALY i
2 L4 'II_:'II_".'- L M\lmlﬂmm
LE. %&%}}ﬁ{{%\mﬁm&\mmm
P34, g B et
Figmre 3 Mulli-harard fragility surface for liquefaction Failure of a dike. ]

Figmre 4. [¥ke fzilure probability in the P64 and waier keve | space.
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Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction.
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Figure 5. Fragility functions for earthen dikes for different water
levels ranging from the dike toe to the assumed crest height.

Tyagunov et al., 2018
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Example for fluvial earthen dikes in earthquake and flood-prone areas due to liquefaction

Integrating seismic and hydraulic load for the calculation of the multi-hazard failure probability

R
The actual dike failure probabilities can be quantified by considering

the probabilities of occurrence of the earthquake ground shaking level
and flood return periods at different dike locations combined with the
oo presented fragility curves

The simultaneous occurrence of a flood and an earthquake should be
assumed. The typical duration of a flood wave of 30 days is
considered for the Rhine. It is assumed that no dike repair actions are
undertaken in this period, which may affect the probability of failure.
Thus, the earthquake probability is computed for this period to be
combined in the following expression to determine the actual failure
probability

0.001

00001

Anrual exceadanca probability

1E-005

P(F;:ffﬂﬂgﬁﬂ. W) x P(S5?Y) x P(W;) dSdW,

where P (F |.‘:7|';'4‘E'1 W;) is the conditional failure probability

. o given the combination of the seismic ground shaking Sr-m

FGA tal within a time window of 30 days and the water level W;;

Figure 6. Seismic hazard (mean) curves for the locations of the P {5,'“] } 1s the probability of occurrence of the seismic input

dikes along the Rhine River. Each curve corresponds to one dike S (peak ground acceleration) of the level { within a time win-

scgment. dow of 30 days; P(W;) is the probability that the water level
W corresponds to the level .
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