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Introduction - Hazard, Vulnerability and Risk

@ Hazard: the possibility that earthquakes will occur
In a given region

@ Vulnerability: the degree of loss resulting from the
occurrence of the earthquakes, considering
population and built environment

@ Risk: the combination of hazard and vulnerability
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Introduction - Hazard

@® We shall concentrate on the seismic hazard, and
we shall express it in terms of the ground shaking
level expected in case an earthquake occur

@ We shall use an approach based on the
computation of synthetic seismograms,
considering wave propagation from the
earthquake source to the sites of interest

@ We shall look at the phenomenon at different
scales

Thursday, 23 April 2009



Introduction - Regional Scale

@ Seismic zonation based on the computation of
synthetic seismograms on the nodes of a grid that
covers the study area

Average structural properties
Simple source model (scaled point source)

Cut-off frequency | Hz

Maps of peak displacement, velocity and Design
Ground Acceleration
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Introduction - Local Scale

@ Synthetic seismograms computed along selected
profiles

Laterally heterogeneous structural models
Detailed source model

Cut-off frequency up to 10 Hz

Maps of ground motion amplification
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Introduction - Methodology

@ Regional scale: modal summation technique

@ Local scale: hybrid technique
(modal summation + finite difference)
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Methodology - Modal Summation Technique

@ Expression of the displacement generated by a
double-couple point source in a flat layered
halfspace
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Methodology - Modal Summation Technique

@ Source definition and examples of radiation pattern

Love Rayleigh

—_——

vertical strike-slip

45° dipping strike-slip
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45° dipping oblique slip

45° dip-slip (thrust)

S

45° dip-slip (normal)

(xn (@) (xn(h.0)

vertical dip-slip

eCos s
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Methodology - Modal Summation Technique

@ Expression of the source radiation pattern

x; =1(d,; singp +d,, cos@) +d,, sin2¢ +d,; cos2g
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Methodology - Modal Summation Technique

@ Example of quantities associated with a structure

'\/Cm m m \/VmIm

Thursday, 23 April 2009



Methodology - Modal Summation Technique

@ Example of quantities associated with a structure
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Methodology - Modal Summation Technique
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@ Example of quantities associated with a structure
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Methodology - Modal Summation Technique

@ Phase velocity dispersion curve

111111111
000000000000

Thursday, 23 April 2009



svalp.spr
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@ Phase velocity dispersion curve

Thursday, 23 April 2009



@ Phase velocity dispersion curve
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@ Phase velocity dispersion curve
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Methodology - Modal Summation Technique

@ Eigenfunctions

Modes: 4- 4 Freq: 1.500- 1.500 End: 0 (svalp.spr)

Rayleigh Eigenfunctions
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Methodology - Modal Summation Technique
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Methodology - Modal Summation Technique
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Regional Scale - Modal Summation Technique

@ Earthquake scenarios for single events
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Regional Scale - Modal Summation Technique

@ Earthquake scenarios

s14f1tra.amx

46° '

V (cm/s)

22.3
15.0
8.0
4.0
2.0
1.0
0.5
0.0

(s14£1) dip=89.0 rak=140.0 sde= 10.000 rde= 0.000 mod= 0- O

int= 0 mag=6.7
sre=120.00
| | | | |
r
P
t ,,,,,,,,,
'—“—I‘- B T~—- szorss '—‘_I‘_’_' Ziioo- -_»_-_-_; e e |
20 40 60 80 100
sre=135.00
| | | | |
r
P
t ,,,,,,,,,

20 40 60 80 100
sre=150.00
| | | | |
r
R
t ,,,,,,,,,

20 40 60 80 100
sre=165.00
T T T T T
T
R
t ,,,,,,,,,
—r e 4; _ __‘_ Ty Tt T
20 40 60 80 100

Epicentral Distance (km)

Thursday, 23 April 2009




Regional Scale - Seismic zoning

® Neodeterministic seismic hazard assessment
@ Collection of available data about:

@ Structural properties

@ Historical seismicity

@ Tectonic regime

@ Seismogenic zones
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Regional Scale - Flowchart

REGIONAL FOCAL SEISMOGENIC EARTHQUAKE
POLYGONS | | MECHANISMS ZONES CATALOGUE
STRUCTURAL
MODELS SEISMIC SOURCES
SITES ASSOCIATED
WITH EACH
SOURCE

TIME SERIES |

PARAMETERS
P-SV SH
SYNTHETIC SYNTHETIC
SEISMOGRAMS SEISMOGRAMS
‘ I
VERTICAL HORIZONTAL
COMPONENT COMPONENTS
r T
|
EXTRACTION OF
SIGNIFICANT
PARAMETERS
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Regional Scale - Definition of Structures
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Regional Scale - Definition of Structures
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Regional Scale - Definition of Sources

REGIONAL FOCAL SEISMOGENIC EARTHQUAKE
POLYGONS MECHANISMS ZONES CATALOGUE

STRUCTURAL
MODELS

SEISMIC SOURCES

SITES ASSOCIATED
WITH EACH
SOURCE

TIME SERIES
PARAMETERS

P-SV SH
SYNTHETIC SYNTHETIC
SEISMOGRAMS SEISMOGRAMS

HORIZONTAL
COMPONENTS

VERTICAL
COMPONENT

EXTRACTION OF
SIGNIFICANT
PARAMETERS
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Regional Scale - Definition of Sources

EARTH AKE
FOCAL SEISMOGENIC EARTHQUAKE FOCAL SEIS;(I)(I)\;ENIC CAT AL%%UE
MECHANISMS ZONES CATALOGUE MECHANISMS
EXPECTED EVENTS: OBSERVED EVENTS:
OBSERVED EVENTS: - location - location
-magnitude (from - magnitude
- location fault characteristics)
- orientation - mechanism type
SEISMIC SOURCES e
DISCRETIZED
AND SMOOTHED
SEISMICITY

CHOICE OF THE CHOICE OF
REPRESENTATIVE MAXIMUM
FOCAL MAGNITUDE

MECHANISM

FOR THE WHOLE FOR EACH CELL
SEISMOGENIC AFTER
AREA SMOOTHING

SEISMIC SOURCES
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Regional Scale - Definition of Sources

FOCAL SEISMOGENIC EARTHQUAKE
ZONES CATALOGUE
MECHANISMS
EXPECTED EVENTS: OBSERVED EVENTS:
OBSERVED EVENTS: - location - location
-magnitude (from - magnitude
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- magnitude
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Regional Scale - Definition of Sources
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Regional Scale - Definition

FOCAL
MECHANISMS
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- magnitude
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Regional Scale - Definition of Sources

FOCAL
MECHANISMS

SEISMOGENIC EARTHQUAKE
ZONES CATALOGUE

OBSERVED EVENTS:

- location
- orientation
- magnitude

EXPECTED EVENTS: OBSERVED EVENTS:
- location - location
-mag}r:itude (from - magnitude
fault characteristics)

- mechanism type
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Regional Scale - Definition of Sources

FOCAL
MECHANISMS

OBSERVED EVENTS:

- location
- orientation
- magnitude
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Regional Scale - Definition of Sources

FOCAL SEISMOGENIC EARTHQUAKE
CATALOGUE
MECHANISMS ZONES
EXPECTED EVENTS: OBSERVED EVENTS:
OBSERVED EVENTS: - location - location
-magnitude (from - magnitude

- location fault c aractenstlcs
- orientation - mechanism type
- magnitude

Discretization and smoothing of seismicity
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...for comparison
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Regional Scale - Definition

SEISMOGENIC

FOCAL
ZONES

EARTHQUAKE
CATALOGUE
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EXPECTED EVENTS:
OBSERVED EVENTS: - location
-magnitude (from
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AND SMOOTHED
SEISMICITY
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Regional Scale - Definition of Sources

FOCAL SEISZNIOC;I(]?;];NIC
MECHANISMS
EXPECTED EVENTS:
OBSERVED EVENTS: - location
-magnitude (from
- location fault %hara_cteristics)
- orientation - mechanism type
- magnitude

EARTHQUAKE
CATALOGUE
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- location
- magnitude

10° 12 14° 16° 18° 20°

DISCRETIZED

AND SMOOTHED
SEISMICITY

CHOICE OF THE
REPRESENTATIVE
FOCAL
MECHANISM

FOR THE WHOLE
SEISMOGENIC
AREA

CHOICE OF
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SMOOTHING

SEISMIC SOURCES
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Regional Scale - Spectral scaling law

30
@ The moment-magnitude 29
relation by Kanamori (1977) ; \
is used BTN
27‘:'*'ﬁ
@ At first synthetic : *\
seismograms are computed = %7 N\ \
for a unitary scalar seismic %25 3 N\ k
moment % : \\ \
- ad
LT TN
@ Then they are scaled for - ‘
magnitude in the frequency f \&\
domain according to the 2 N ‘\“
spectral law by by \\&\
Gusev (1983) as reported in : \ ‘\
Aki (1987) "

LU DU LU DU LU L
3252151050 051 152
log (Frequency)

Thursday, 23 April 2009



Regional Scale - Seismograms

REGIONAL FOCAL SEISMOGENIC
POLYGONS MECHANISMS ZONES

EARTHQUAKE
CATALOGUE

STRUCTURAL

MODELS SEISMIC SOURCES

SITES ASSOCIATED
WITH EACH
SOURCE
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Regional Scale - Seismograms

REGIONAL
POLYGONS

STRUCTURAL

MODELS

FOCAL SEISMOGENIC
MECHANISMS ZONES

EARTHQUAKE
CATALOGUE

SEISMIC SOURCES

SITES ASSOCIATED
WITH EACH
SOURCE

1

TIME SERIES
PARAMETERS

SYNTHETIC
SEISMOGRAMS

SH
SYNTHETIC
SEISMOGRAMS

VERTICAL
COMPONENT

HORIZONTAL
COMPONENTS

EXTRACTION OF

SIGNIFICANT
PARAMETERS

cm/s cm/s cm/s cm/s cm/s cm/s

cm/s

cm/s

cm/:

cm/s

cm/s

zs9005f1snsf1.ext.008592.plt

2s9005f1sewf1.ext.008592.plt

cm/s

I I I 1

zs9005f1snsf1.ext.008593.plt

T

I I I I

I I 1

2s9005f1sewf1.ext.008593.plt

cm/s

I I I 1

259005f1snsf1.ext.008594.plt

T

I I I I I I 1

2s9005f1sewf1.ext.008594.plt

cm/:

I I I 1

zs9005f1snsf1.ext.008595.plt 4

T

I I I I I I 1

2s9005f1sewf1.ext.008595.plt

cm/s

I I I 1

zs9005f1snsf1.ext.008596.plt

I I I I I I 1

2s9005f1sewf1.ext.008596.plt

cm/s

’?

I I I 1

2s9005f1snsf1.ext.008597.plt

I I I I I I 1

2s9005f1sewf1.ext.008597.plt

gty

I I I 1

zs9005f1snsf1.ext.008598.plt

I I I I I I 1

2s9005f1sewf1.ext.008598.plt

_WJW\(\,\_,\,____

I I I 1

zs9005f1snsf1.ext.008599.plt

I I I I I I 1

2s9005f1sewf1.ext.008599.plt

Time (s)

20 30 40 50 60 70 80

Time (s)

Thursday, 23 April 2009



Regional Scale - Seismograms
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Displacement

Amplitude of Peaks from Time Series
(1Hz)
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Velocity

Amplitude of Peaks from Time Series

(1Hz)
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Acceleration

Amplitude of Peaks from Time Series
(1Hz) T of Peaks from Fourier Spectra
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Regional Scale - Check (| Hz cutoff)

Friuli, 6 May 1976 (North-Eastern ltaly)

I e - TOLM

acceler afion (oA 0)

"0 2 4 6 8 10 12 14 16
time (s)

Comparison with two grid nodes
close to the Tolmezzo station

Irpinia, 23 October 1980 (Southern ltaly)

0 5 10 15 20 25 -
time (s)

VERY complicated source model

Point-source inadequate to reproduce
duration, but peak value is OK
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Regional Scale - Check (| Hz cutoff)

Friuli, 6 May 1976 (North-Eastern ltaly)
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acceler afion (oA 0)
acceler ation (gd0)

"0 2 4 6 8 10 12 14 16
time (s)

Comparison with two grid nodes
close to the Tolmezzo station

Irpinia, 23 October 1980 (Southern ltaly)

5 10 15 20 25 30
time (s)

With a sequence of point sources the

duration can be reproduced but this is

deliberately neglected since rupturing
process is not known a priori
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Design Ground Acceleration (DGA)

@ To obtain an estimate of PGA, overcoming the | Hz limitation
chosen in the modelling, the shape of Design Spectra can be used

Response Spectrum
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l Input
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Design Ground Acceleration (DGA)

@ To obtain an estimate of PGA, overcoming the | Hz limitation
chosen in the modelling, the shape of Design Spectra can be used
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Acceleration

DGA Extrapolated by Means of

Design Spectrum
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Design Ground Acceleration (DGA)

@ The procedure gives good results when applied to the case of the
Irpinia 1980 earthquake.The DGA predicted by the modelling is
similar the actual DGA obtained from recordings

1.4
1  Design Ground Acceleration: =0.4g —— synthetic
1.2+
1 — EC8 soil “A”
1.0—: B —— Sturno NS
Sturno Z
~ 0.8
=
i

Irpinia, 1980: M = 6.9
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Parametric Test on Source Mechanism

Automatic Average
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Parametric Test on Source Mechanism

Automatic Average

Expert’s Choice
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Parametric Test on Structural Properties
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Parametric Test on Earthquake Catalogue
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Parametric Test on Earthquake Catalogue
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Intensity Scenarios
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@ The deterministic procedure has been applied to several countries in
the world. Here the map of DGA is shown
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Regional Scale - Homogeneity!

@ If seismogenic zones are not defined according to homogeneous
criteria, hazard results will be hardly comparable (source: GSHAP)
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Fig. 2. Final distribution of earthquake source zones for the Ibero-Maghreb region, and epicenters of the generated
List of Significant Earthquakes with M = 4.5 from 1900 to 1989.
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Regional Scale - Seismogenic Potential

@ If the earthquake catalogue is not complete even in the high
magnitude range, computations can be eventually performed
analysing the seismogenic potential of the active faults
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Regional Scale - Seismogenic Potential

@ If the earthquake catalogue is not complete even in the high
magnitude range, computations can be eventually performed
analysing the seismogenic potential of the active faults

Max OBSERVED magnitude Max EXPECTED magnitude
(smoothed) (smoothed)
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Regional Scale - Seismogenic Potential

@ If the earthquake catalogue is not complete even in the high
magnitude range, computations can be eventually performed
analysing the seismogenic potential of the active faults

Max OBSERVED magnitude Max EXPECTED magnitude
(smoothed) (smoothed)
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Local Scale - Introduction

@ Synthetic seismograms computed along selected
profiles

Laterally heterogeneous structural models
Detailed source model

Cut-off frequency up to 10 Hz

Maps of ground motion amplification
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Local Scale - Definition of Model
Finite Difference

Modal Summation

* Source
Input for FD computations

- / I
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Local Scale - Definition of Model
Finite Difference

Modal Summation

* Source
Input for FD computations
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Local Scale - Definition of Model

Modal Summation

Source
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Local Scale - Input Definition

Parameters file for program pfdg9

test.spr
]

0
10.0
.50
.02

]
5.000
125.0
45.0
90.0
125.0
45.0
90.0
7.5

test
test.pof
2800

600

S

S
S

.000

.000

P PO

S e
(SIS SR RN N

00

Modes for 1D structure
First mode to use (1=fundamental, @=all)
Last mode to use (@=all)
Low pass filter cutoff frequency (xcutof)
Ratio between filter's max freq with unit response and xcutof
Low pass filter amplitude at cutoff
Interpolation for modal summation part
Source depth (km)
strike-receiver angle (SH modelling)

fault dip (SH modelling)
fault rake (SH modelling)
strike-receiver angle (P-SV modelling)
fault dip (P-SV modelling)
fault rake (P-SV modelling)

Source-2D model origin distance (km)

Generated FD model

Polygons with 2D part definition
Max number of grid points along x
Max number of grind points along z

Force an air layer of 5 grid points without topography (@=no, l=yes)
Min velocity (km/s) for grid definition (@=auto -> look for min Vs)

FD model length from 1lst column of seismograms (km) (@=auto)
FD model depth (km) (@=auto)

Grid spacing (km) (@=auto)

dz multiplier (@=auto)

Depth where step along z changes (@=auto)

Number of absorbing points along x (@=auto)

Number of absorbing zones (@=auto)

Lowest Q for absorbing zones (@=auto)

Highest Q for absorbing zones (@=auto)

Geom. spreading (@=no, l=yes) for SH (suggested: @ far/short,l near/long)

Geom. spreading (@=no, l=yes) for P-SV (suggested: 1)
Time window length (s) for 1D SH (@=auto)

Time window length (s) for 1D P-SV (@=auto)

Time window length (s) for 2D SH (@=auto)

Time window length (s) for 2D P-SV (@=auto)

Shift in origin time (SH)

Shift in origin time (P-SV)

Modal Summation

Finite Difference
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Local Scale - Input Definition

Ad-hoc software dedicated to the digitization of the layer geometry and the definition of the layer
properties

® XDigiMac File Edit Filter Data View < a ¢ | > @ « W (=}008 Tuellds m= & O Q
80N .pof., : : (2} Color Picker
— g ”
il Y MM o] QOO0 ®
W : v E EDEAES
Pen Shage
& 5 [--=-—1x1
// I em-m
fraEm
o) franm
B s oy === - |'Ie Lens 11X
(]
e - >
x: 06 y. 112 X:4.3752 Y 0.0094 8 .
— — e
e (cc2.pof.pict) Legend
B items ] Descr rl.'-o ]"-'a Q r'\' rQ\
B A 0. 0000 Q000 0000 0000
F Top Soil 1. 0242 40000 0140 18200
- Durk Grey ¢ L. 0260 44000 0150 20000
8 [ SusnCex 1. 0323 60000 0187 27300
B YelowshGeys 1. 0415 60000 0240 27300
B W Mowedsc 1. 0450 60000 0266 27300
E River Dep 1. 0480 50000 0266 22700
Dense ss 1. 0616 64000 035 29000
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Local Scale - Choice of Scenario Earthquakes

@ Regional zonation

@ Morphostructural analysis

@ Active faults

@ Earthquake prone areas
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Local Scale - Choice of Profiles

Palazzo Porto
Carciotti

A1 6.25 km A2

Palazzo
Carciotti
B1 4.2 km B2
Litotipo Densita Vp Vs Qp Qs
(g/em?) (kmis) (kmis)
. Riporti 1.8 0.4 0.2 30 15
. Sed. Marini 1.9 0.8 0.4 40 20
. Alluvioni 1.95 1.0 05 40 20
. Flysch 2.0 1.8 1.0 100 50
. Marne 2.0 1.9 1.1 200 100
. Arenarie Ky 2.0 1.2 200 100
. Calcari 23 25 14 200 100
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Local Scale - Preliminary Parametric Test

@® Source Depth

@ Epicentral Distance

@ Radiation Pattern

0.014

0.012

0.01

0.008

0.006

0.004

0.002

(dinarb) dip: 82 rak:189 sde: 7 edi: 65 rde: 0 mod: 0 int: 2 mag:6.5

dinarbl.syr
dinarb.syz
dinarb.syl

0 50

100

150 200
Strike-Receiver Angle (degrees)

350
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Local Scale - Synthetic Seismograms |D Test

: l Transverse Velocity Transverse Velocity Radial Velocity Radial Velocity
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Local Scale - Synthetic Seismograms 2D

Distance along the profile (km)

Radial Acceleration
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Local Scale - Response Spectra

Response Spectrum

Y
A &.\&
c
9
©
Q@
Q / N
o s s (Y " Response
< - spectrum (SA)
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/ / y, ;. T vibration
/ / s [l o /
/ / R 4 4 4
/ RN / / 7
s AT / / / /
/ z z /
T T 7 T T T 7 T 7 77777777
-k

Input
acceleration

Modelling of spectral amplification

Response spectra can be computed using synthetic seismograms as input motion.

To estimate the spectral amplification due to a change in the model, computations of the
synthetic seismogram can be repeated changing any parameter of the model.

Example: two synthetic seismograms are generated modifying the properties of the structural
model. The ratio between their response spectra will show the relative amplifications due
to the change of the structure.

Usually, one synthetic seismogram is generated for a bedrock model, and kept as a reference.
The second synthetic seismogram is computed considering a structural model representative
of the site conditions, possibly taking into account lateral heterogeneities.
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Local Scale - Response Spectra

Distance from the source (km)
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Local Scale - Response Spectra

@® 2D/IDRSR
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Local Scale - Seismograms and Response Spectra

@ Same site at the intersection of two profiles
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Local Scale - Response Spectra Ratio

@ Choice of reference site
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Local Scale - Response Spectra Ratio

@ Choice of reference site
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Local Scale - Source Model

@ Seismic Source of finite dimension and complicated rupturing process

400 —

L)
cm/s?2

T

gusold.tac.000094.plt

15

Time (s)

I I I
20 25 30

gusnew000.tac.000094.plt

200
F R,
£
° 0
-200
[ [ [ [ [ |
0 5 10 15 20 25 30
Time (s
200 — MeS) 5 usnew090.tac.000094.pit
N 2 o0 - @
£ £
(] [$]
200 —
[ [ [ [ [ |
0 5 10 15 20 25 30
-
me ($)  gusnew180.tac.000094 plt
100 —
R, R,
E 0 — £
(3] (&}
100 —
[ [ [ [ [ |
0 5 10 15 20 25 30
Time (s)

20

R

gusold.rac.000094.plt

Time (s)

I I I
20 25 30

gusnew000.rac.000094.plt

y.

gusold.zac.000094.plt

I I I I I I
5 10 15 20 25 30

gusnew000.zac.000094.plt

20 —
©
2 0 —w
o
.20 —
[ [ [ [ | [ [ [ [ [ |
0 5 10 15 20 25 30 5 10 15 20 25 30
Ti Ti
me (S) Jusnew090.rac.000094.plt Me (S) Jusnew090.zac.000094.plt
©
- E 0
(&)
_20 —
[ [ [ [ [ | [ [ [ [ [ |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Ti Ti
N me ($) | Jusnew180.rac.000094.plt me(S)  Jusnew180.zac.000094.plt
10 —
- ®
g 0 —
(&)
] 10 —
[ [ [ [ [ | [ [ [ [ [ |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

Thursday, 23 April 2009



Local Scale - Differential Motion

@ Significant for elongated structures (bridges, lifelines etc)
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Local Scale - Engineering Analysis

@ The data set of synthetic seismograms can Palazzo Carciotti
be used and analysed by civil engineers for (masonry)
design and reinforcement actions, and
therefore supply a particularly powerful
and economical tool for the prevention
aspects of Civil Defence.

@ Evaluate the response of relevant man-
made structures, in terms of displacements
and stresses, with respect to a set of
possible scenario earthquakes
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