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Response spectra

Building Response Mass on a j .
Leaf Spring W/ ~5% Damping
The Free )
1 Oscillation

Figure 1. The response-spectrum value is the peak motion
(displacement, velocity, or acceleration) of a damped single-degree of
freedom harmonic oscillator (with a particular damping and resonant
period) subjected to a prescribed ground motion.
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Response spectra
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Surface topography effects (convexity)
sensitivity to:
a) type of wavefield
b) angle of incidence

c) shape and sharpness
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Surface topography effects (convexity)
sensitivity to:
a) type of wavefield
b) angle of incidence

c) shape and sharpness

SITE EFFECTS

Soft surface

layering

a) |-D:trapping of waves for impedance contrast

(vertical resonances)
fn=(2n+1)B/4H
A= (p2v2)/(pl vl)

b) 2-D 3-D: complex energy focusing

for diffraction effects
(basin edge waves)




Weak (and strong) motion

a) S/B spectral ratio
(Borcherdt, 1970)

b) generalized inversion scheme
(Andrews, 1986)

c) coda waves analysis
(Margheriti et al., 1994)

d) parametrized source and path inversion
(Boatwright et al., 1991)

e) H/V spectral ratio (receiver function)
(Lermo et al., 1993)

Empirical techniques
for
Site effect estimation
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Weak (and strong) motion
a) S/B spectral ratio
(Borcherdt, 1970)
b) generalized inversion scheme
(Andrews, 1986)
c) coda wa(\ﬁs ar;‘alysis L 1994)
argheriti et al,, . :
d) parametrized source and path inversion — Emplrlcal teChnlqueS

(Boatwright et al., 1991) for
e) H/V spectral ratio (receiver function) : . :
(Lermo et al., 1993) Site effect estimation

Microtremors
a) peak frequencies examination
b) S/B spectral ratio
c) H/V spectral ratio
(Nagoshi, 1971; Nakamura, 1989)
d) array anz;lxsw
(Malagnini et al., 1993)
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Road map

© Some remarks on SHA
© Source & site effects

@ Integrated methodology

@ A bird’s eye on Scenario Based SHA

@ Scenarios at regional scale

© Detailed scenarios, that take into account local soil
conditions

@ Tsunami physics



Source effects...
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Source effects...
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Near fault ground motion

STRIKE SLIP DIP SLIP
(Map View) (Cross Section)
Fault Fling Step
-, Peer report, 2001
/] L Directivity Pulse gl:crzfir;c;
/
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Fig. 4.3. Schematic diagram showing the orientations of fling step and directivity pulse for
strike-slip and dip-slip faulting.
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Regression example...
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Somerville (1998):
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Alavi and Krawinkler (2000):
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Amplification patterns...

....may vary greatly among the earthquake scenarios, considering different source locations (and

rupture ...) Peak Velocity Amplification from the 3D Simulations of Olsen (2000)
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Important issues in SRE

@ Near surface effects: impedance contrast, velocity

@ geological maps, v3o

@ Basin effects

anta Monica

Mountains ‘

@ Basin-edge induced waves

@ Subsurface focusing

In SHA the site effect should be defined as the average behavior,
relative to other sites, given all potentially damaging earthquakes.

This produces an intrinsic variability with respect to different
earthquake locations, that cannot exceed the difference between sites



PGA as a demand parameter...
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Figure 2 — Acceleration time history. Sylmar N360 record. 1994 Northridge earthquake (M,,—=6.7)
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Comparison with Type II Design
Spectra, JRA Design Specifications of
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SHA dualism
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Modern PSHA & DSHA dualism

Woaveform

e modelling

Accounts for all
potentially damaging
earthquakes in a
region

Focus on selected
controlling
earthquakes

Complete time

Single) parameter :
(Single) p series

Deeply rooted in
engineering practice
(e.g. building codes)

Dynamic analyses of
critical facilities

Deaggregation, » « Study of attenuation
recursive analysis relationships

e.g. see “Cybershake” project at SCEC web:
http://scec.usc.edu/research/cme/groups/broadband
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PBDE

SHA produces response spectral ordinates (or other intensity
measures) for each of the annual probabilities that are specified for
performance-based design.

In PBDE, the ground motions may need to be specified not only as

intensity measures such as response spectra, but also by suites of

strong motion time histories for input into time-domain nonlinear
analyses of structures.

It is necessary to use a suite of time histories having phasing and
spectral shapes that are appropriate for the characteristics of the
earthquake source, wave propagation path, and site conditions that
control the design spectrum.
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Time & Space scales... and actions

MYrs Decades Seconds
Geodynamics Geodesy Seismology
Strain rates Slip rates

Time Space Action

No National Seismic
Codes

Decades | Regional | IT alerts

Urban




Ground motion - USA & backprojection

March 11,2011, NEAR EAST COAST OF HONSHU, JAPAN, M=8.9
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Ground motion - USA & backprojection
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Ground motion animation: time scales...

2011/03/471
M3. @

Courtesy of Takashi Furumura



Tsunami animation: time scales...

http://outreach.eri.u-tokyo.ac.jp/eqvolc/201 103 _tohoku/eng/

http://supersites.earthobservations.org/honshu.php

http://egseis.geosc.psu.edu/~cammon/Japan20| [EQ/

“Earthquake Research Institute, University of Tokyo, Prof. Takashi
Furumura and Project Researcher Takuto Maeda”


http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
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Equivalent Forces

The observable seismic radiation is through energy release as the fault
surface moves: formation and propagation of a crack. This complex
dynamical problem can be studied by kinematical equivalent approaches.

Actua Fault Averags Ecuivalent
Displacement History Dislocetion Model Body Force System

| i

| ahdgf
e ﬁd{ il 0
D I % : 'I '0

The scope is to develop a representation of the displacement
generated in an elastic body in terms of the quantities that originated
it: body forces and applied tractions and displacements over the
surface of the body.

The actual slip process will be described by superposition of equivalent
body forces acting in space (over a fault) and time (rise time).



Final source representation

aan

u.(xt)= ff[u KingV; * e dX
g

0G

np
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> q
And if the source can be considered a point-source (for distances greater than

fault dimensions), the contributions from different surface elements can be

considered in phase.
Thus for an effective point source, one can define the moment tensor:




GF for double couple

An important case to consider in detail is the radiation pattern expected when
the source is a double-couple.The result for a moment time function Mo(t) is:
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A, = sin20cosor
AT = c0s20c0598 — cosOsingd
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GF for double couple

An important case to consider in detail is the radiation pattern expected when
the source is a double-couple.The result for a moment time function Mo(t) is:
ANF x|/p

= ™™, (T -t)dt+
4siplx|” f/ O

u

[ANF = 9sin20cosor — 6(c0526cos¢é — cosesin¢$D Near field term

(CAIF  pa 2 0 el
AP =4s m26cos<|>r' — Z(COSZGCOS(I)O - COSGSm(l)(I)) Intermediate field

(AY = -3sin20cosor + 3(c0526cos¢é — cosesinq)(f))j term

4 . A )
AT = sin20cos¢r

- X o Far field term
| As =c0s20cosB - cosBsing¢




NF DC (static) Radiation pattern

The static final displacement for a shear dislocation of strength My is:

- IF IF
=yl ZANF( 7 12)+A,,2 +2s -
45p|x| 26 2a o §
MO<OO) 3 1 . A 1 N . N
= - sin20cosor + —-(cos20cos90 — cosOs
4J'Ep‘X‘2 (2[32 20(2) InN£0co (|)r'+oc2 (Cos COS$O — cos qup)]

Xy

25 -2 -15 -1 -05 0 0.5 1 1.5 2 25

Figure 7: Near-field Static Displacement Field From a Point Double Couple
Source (¢ = 0 plane); o = 3Y/2, 3 =1, r = 0.1, 0.15, 0.20, 0.25, p = 1/4m,
M, = 1; self-scaled displacements



Coseismic deformation

L'Aquila (Italy) earthquake, Mw 6.3.
Horizontal and Vertical surface displacement from INSAR Data
(assuming horizontal displacement 5 perpendicular to the fault strike ~N48W).
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Coseismic deformation

L'Aquila (Italy) earthquake, Mw 6.3.
Horizontal and Vertical surface displacement from INSAR Data
(assuming horizontal displacement is perpendicular to the fault strike ~N48W).
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Co- & Post- seismic: Tohoku-oki
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a, Coseismic displacements for 10—I| March 2011, relative to the Fukue site.The black arrows indicate the
horizontal coseismic movements of the GPS sites. The colour shading indicates vertical displacement. The star marks
the location of the earthquake epicentre.The dotted lines indicate the isodepth contours of the plate boundary at

20-km intervals28.The solid contours show the coseismic slip distribution in metres.
b, Postseismic displacements for 12-25 March 201 |, relative to the Fukue site.The red contours show the afterslip

distribution in metres. All other markings represent the same as in a.

From: Ozawa et al., 201 |,, Nature, 475, 373-376.


http://www.nature.com/nature/journal/v475/n7356/full/nature10227.html#ref28
http://www.nature.com/nature/journal/v475/n7356/full/nature10227.html#ref28

Far field for a point DC point source

: have: = g
From the representation theorem we have un(X,t) Mpq GHP,(]

that, in the far field and in a spherical coordinate system becomes:

1 M(t-r/a)

u(x,t) = ~(sin20cos ¢f) +
4mpo I
(cos 20c0os pO — cosOsin q><|>)

47pp° I
and both P and S radiation fields are proportional to the time A . ‘ T
derivative of the moment function (moment rate). If the moment """ - ,
function is a ramp of duration T (rise time), the propagating A
disturbance in the far-field will be a boxcar, with the same M(1) =R(1) / '
duration, and whose amplitude is varying depending on the .1 W) 7 T

radiation pattern.

FIGURE 8.21 Far-field P- and S-wave
displacements are proportional to M(t), the
time derivative of the moment function M(!)
pA(t)D(t). Simple step and ramp moment
functions generate far-field impulses or boxcar
ground motions



FF DC Radiation pattern

FIGURE 4.5

Diagrams for the radiation
pattern of the radial com-
ponent of displacement due
to a double couple, i.c.,

sin 20 cos ¢ T. (a) The lobes
are a locus of points having a
distance from the origin that
is proportional to sin 26. The
diagram is for a plane of con-
stant azimuth, and the pair of
arrows at the center denotes
the shear dislocation. Note
the alternating quadrants of
inward and outward direc-
tions. In terms of far-field
P-wave displacement, plus
signs denote outward dis-
placement (if Mo(t — rja)
1s positive), and minus signs
denote inward displacement.
(b) View of the radiation pat-
tern over a sphere centered
on the origin. Plus and minus
signs of various sizes denote
variation (with 9, ¢) of out-
ward and inward motions.
The fault plane and the aux-
iliary plane are nodal liues
(on which sin 26 cos ¢ = 0).
An equal-area projection has
been used (see Fig. 4.17).
Point P marks the pressure
axis, and T the tension axis.

8=90°

8 =90°

0 =90°

8 =90°

8= 180°

(a)

Fault normal Auxiliary plane

g = 180° Fault plane

= (50°,0°)
Fault normal Auxiliary plane

Fault plane

(b)

FIGURE 4.6

Diagrams for the rad1at1on pattern of the transverse component of displacement fue to a double
couple, i.c., cos 26 cos ¢ 6 — cos 8 sin &b ¢ {a) The four-lobed pattern in plane i1 =0,¢ =nr}.
The central pair of arrows shows the sense of shear dislocation, and arrows xmposcd on each lobe
show the direction of particle displacement associated with the lobe. If applicd to the far-ficld -
wave displacewnent, it is assumed that Mo(z — r/B) is positive. (b) Off the two planes # =7 /2 and
{¢=0,¢=m)}, the ¢ component is nonzero, henee” (@) is of limited use. This diagram is a view of
the radiation pattern over a whole sphere centered on thie: origin, and-arrows (with varying size and
direction) in the spherical surface denote the variation (with 8, ¢) of the transverse motions. There
are no nodal lines (where there is zero motion), but nodal points do occur. Note that the nodal point
for transverse motion at (8, ¢) = (45°, 0) is a maximum in the radiation pattern for longitudinal
motion (Fig. 4.5b). But the maximum (ransverse motion (e.g., at @ = 0) occurs on a nodal line for
the longitudinal motion. The stereographic projection has been nsed (see Fig. 4.16). It is a conformal
projection, meaning that it preserves the angles at which curves intersect and the shapes of small
regions, but it does not preserve relative arcas.

(b)



Methodology - Modal Summation Technique

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

(x,2.0) i e " ™ X(xm(hs,a))) (F, (z.w))
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Methodology - Modal Summation Technique

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

(x,2.0) i e " ™ X(xm(hs,a))) (F, (z.w))
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Methodology - Modal Summation Technique

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

L _ < 03T/ ik (Xm(hs,a))) (Fy (Z’w))
u,(x,z,0) = E 87w f Veuvaln AVl

0 (B4 ik (Xm(hs,a))) (FX (Zaa)))

uf(x,z,a))=2\/— T \/Cm L m

o4 gk (Xm(hs,a))) (FZ (Zaw))

u, (X,z,m) = E\/— N R A

source structure receiver



Methodology - Modal Summation Technique

@ Source definition and examples of radiation pattern

Love Rayleigh

vertical strike-slip

——

45° dipping strike-slip

45° dipping oblique slip

45° dip-slip (thrust)

S

45° dip-slip (normal)

vertical dip-slip

wCos s



Methodology - Modal Summation Technique

@ Expression of the source radiation pattern

x; =1(d,; singp +d,, cos@) +d,, sin2¢ +d,, cos2g
Xr =d, +1(d; sin@+d,; cosep) +d,, sin2¢ +d,, cos2¢

(xm(h,w)  (xhh,.0)



Methodology - Modal Summation Technique

@ Expression of the source radiation pattern

x; =1(d,; singp +d,, cos@) +d,, sin2¢ +d,, cos2g
Xr =d, +1(d; sin@+d,; cosep) +d,, sin2¢ +d,, cos2¢

where

B(h,) sinA sin26

0 —

N | —

d, = G(h,) cosAsind d
d,, =-G(h,) sinA cos20 dp =-C(h,) sinA cos26
1 d,; =—C(h,) cosA cosd
d
d

A(h,) cosA sind

d, = EV(hS) sin A sin20

3

=

d,. = V(h,) cosAsino —%A(hs) sin A, sin2d

4R

(X; (hs,a))) ()(,lf1 (hs,a)))



Methodology - Modal Summation Technique

@ Expression of the source radiation pattern

x; =1(d,; singp +d,, cos@) +d,, sin2¢ +d,, cos2g
Xg =d, +1(d;g sSin@ +d,; cos@) +d,; sin2¢ + d,; cos2g

where
1 : : F *(h
d, = G(h,) cosh sind dy= >B(h,) sin2sin23 Alh) === Z(E))S)
d2L = —G(hs) sinA cos20 ;111{ i_(é(t;ls) Sinitcosé(s B(h.) = _(3 i ﬁz(hs)) F *(h,) ) 0 2 G_zz *(h,)
_ 1 . . o = —C(hy) cosA cos a’(h)) F0)  ph) a*h) E(©0)/c
d;, V(h,) sinA sin20 ,
9) dsx = A(h,) cosA sind e - | o,(0)
d,. = V(h,) cosAsino d,, = —lA(hs) sin A sin24 T ) E©0)/c
? I 0,*h)
G(hy) =- —

uh) F (0)/c

F,(h) F,(h)

(an;q (hs 90))) (Xll:l (hg aa))) Y o RO




Methodology - Modal Summation Technique

@ Example of quantities associated with a structure

\/CmeIm \/VmIm
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Methodology - Modal Summation Technique

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

@ Example of quantities associated with a structure

\/CmeIm \/VmIm

Structure: svalp
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Methodology - Modal Summation Technique

@ Phase velocity dispersion curve
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Methodology - Modal Summation Technique

Modes: 4- 4 Freq: 2.000- 2.000 End: 0 (svalp.spr)

Rayleigh Eigenfunctions

@ Eigenfunctions T L

0 0
ST 415
Modes: 4- 4 Freq: 1.500- 1.500 End: 0 (svalp.spr)
Rayleigh Eigenfunctions
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Haskell dislocation model

Haskell N. A. (1964). Total energy spectral density of elastic wave radiation from propagating faults,
Bull. Seism. Soc. Am. 54, 1811-1841

Rupture >

Sumatra earthquake, Dec 28, 2004

360
i

Ishii et al., Nature 2005 doi:10.1038/nature03675
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Haskell source model: far field

For a single segment (point source)

u(x,t) = %(Sin 26 cos o) M(t-r/a) +

4mtpo r
M(t-r/f)

r

1
4npﬁ3

(cos 20cos ¢é — cos0sin (I)(f))

R rupture front

<«—z:—>
»-

P waves

FIGURE 9.5 Geometry of a one-dimensional
fault of width w and length L. The individual
segments of the fault are of length dx, and the
moment of a8 segment is mdx. The fault
ruptures with velocity v..



Haskell source model: far field

For a single segment (point source)

u(x,t)=

+(sin20cos ¢t ) M(t-r/a) +

4mtpo r

A A M - /
I ; (cos 20cos $0 — cosOsin qxp) (t ! ﬁ)
4mpf r

rupture front

- dx-»/\’

T*j

P waves

%

FIGURE 9.5 Geometry of a one-dimensional
fault of width w and length L. The individual
segments of the fault are of length dx, and the
moment of a8 segment is mdx. The fault
ruptures with velocity v,

u (rt)= §ui(ri t—r1/0—At;) =

Riu
W t — At
4rcpoc l_Elr( )

RP

~ it WED(t)* (- ldx ~

4npoc r i V,
R; “3WD(t) f6 t— 2 |dx =
4mpa V,
P
_ R1M3WVID(t)*B(t;Tr)
4dmpa” T



Haskell source model: far field

u (r,0) < D(O)* v, H(z),_, =v,DO)*BtT)

—-X/V,

resulting in the convolution of two boxcars: the first with
duration equal to the rise time and the second with duration

equal to the rupture time (L/v,)

(ecms™ ')

)
Y
m)

FIGURE 9.6 The convolution of two boxcars, one of length 7. and the other of length 7
I. - 1 "--: .
width r

e result 1s a trapezod with a rise time of 7., a top of length 7. -r., and a fall of

FIGURE 9.7 A recording of the ground motion near the epicenter of an earthquake at
Parkfield. California. The station is located on a node for P waves and a maximum for SH. The
| ent pulse is the SH wave. Note the trapezoidal shape. (From Ak, J. Geophys. Hes

73, 5359-5375, 1968 copyright by the American Geophysical Union.)



Haskell source model: directivity

The body waves generated from a breaking segment will arrive at a receiver before

than those that are radiated by a segment that ruptures later.
If the path to the station is not perpendicular, the waves generated by different

segments will have different path lengths, and then unequal travel times.

—~"  To station L r— L COS e r
. o i = | — —_— =
v C
. ,OSQ - —
S f
G"" e e
0\ L cos 6 \
i \_ — == |1-—cos6
— — -
v, V C
- [ — S r'
|
Source fault
FIGURE 9.8 Geometry of a rupturing fault and the path to a remote recording station

(From Kasahara, 18981.)



Haskell source model: directivity

The body waves generated from a breaking segment will arrive at a receiver before
than those that are radiated by a segment that ruptures later.
If the path to the station is not perpendicular, the waves generated by different
segments will have different path lengths, and then unequal travel times.

r — —_
®
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B4 T = + ——=
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e = L Lcos® L \
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Source fault

FIGURE 9.8 Geometry of a rupturing fault and the path to a remote recording station

(From Kasahara, 1981.)
y )
Fault Z%és

8 =TT rupture direction
Area = Mo > Area = Mo

- .
NAAANAAANAN

FIGURE 9.9 Azimuthal variability of the source time function for a unilaterally rupturing
fault. The tion changes, but i|.= area u‘ the source time function is the seismic moment
and 1s l(lf!f’.;:H"‘[jé’ﬂL of a;uuuth



Directivity example

Unilateral

S-wave

FIGURE 9.10 The variability of P- and SH-wave amplitude for a propagating fault (from left
to right). For the column on the left v,./v, =0.5, while for the column on the right v,/ v, =0.9.
Note that the effects are amplified as rupture velocity approaches the propagation velocity.

(From Kasahara, 1981.)



Ground motion scenarios

The two views in this movie show the cumulative velocities for a San Andreas
earthquake TeraShake simulation, rupturing south to north and north to
south. The crosshairs pinpoint the peak velocity magnitude as the simulation

progresses.
Www.scec.org
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Ground motion scenarios

Surface Cumulative Peak velocity Magnitude ( 3 sec)
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The two views in this movie show the cumulative velocities for a San Andreas
earthquake TeraShake simulation, rupturing south to north and north to
south. The crosshairs pinpoint the peak velocity magnitude as the simulation

progresses.
WWW.scec.org
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Source spectrum

The displacement pulse, corrected for the geometrical spreading and the
radiation pattern can be written as:

u(t) = My (B(t;7) * B(t; Ty )

and in the frequency domain:

M, W < 2
(5l T
sin| — [|[(SINf —— r
U(w) = MyF(w) = My~ 22| \Ve2) _J2My 2 () 2
((m:) oL wlg T T
2 V.2 4M, o> 2
(oerR T




Source spectrum
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Figure 4.6-4: Approximation of the (sin x)/x function, and derivation of
corner frequencies.
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Source spectrum

Figure 4.6-4: Approximation of the (sin x)/x function, and derivation of
corner frequencies.
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Source spectrum

Figure 4.6-4: Approximation of the (sin x)/x function, and derivation of
corner frequencies.
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Source spectrum

Figure 4.6-4: Approximation of the (sin x)/x function, and derivation of
corner frequencies.
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Magnitude saturation

There is no a-priory scale limitation or classification of magnitudes as for
macroseismic intensities. In fact, nature limits the maximum size of tectonic
earthquakes which is controlled by the maximum size of a brittle fracture in the
lithosphere. A simple seismic shear source with linear rupture propagation has a
typical "source spectrum”.

Log M, (dyn-cm)

Surface waves Body waves
M. determined m,

< ﬂ* L=76 v T
- i\ o ;j . Ms is not linearly scalgd yvith Mo for

M, =6 o Ms > 6 due to the beginning of the so-
salll 45 s |E le cal!ed satur?tion effect for spectral.

| 4 5 =50 N _ amplitudes with frequencies f > fc.This
sl & o L43 5 |,, saturation occurs already much earlier

w: o |.33 for mb which are determined from
20 |- i |,, amplitude measurements around | Hz.
" —12 l (l) | +lZ —12 | 0 | +218

Log f (Hz) Log f (Hz)



Log FT[dM/dt] (Nm)

Empirical source spectra

0.001

frequency (Hz)

0.01

0.1

— -l

10

21

™

—

19

17

| | /////

7 4

15

13

1000

100

period (S)

10 1 0.1

Empirical source spectra

represent a set of average amplitude
curves respect to:

Tectonic setting
Source mechanism

Directivity effects



Source models

Method DWN (Paviov, 2002)

‘s

Point source
approximation

FPS and radiation pattern

Extendend source kinematic model Target problem

X, Receiver

15-v.| ‘

Laver |
10 Y

Source (depole M) Layers

-\\xf\-----

Sel

0 5 10 15 20 25 30 35 40 45
front time step 086 s, x, km

Half-space

2-dimensional final slip distribution over a source rectangle

Computing time: about | hour for a 10Hz signal 40 s long (using 200 sub-sources)



|0 Hz - Source definition

Far-field source time histories and their spectra.
' Source klnematlc model

15-[7( w ) T “Displacement” far-field functions (arbitrary
. \ < \\ scale) for the simulated case of mostly unilateral
rupture propagation

\
/
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front time step 0.86 s, X, km AW
o Az=0°
2-dimensional final slip distribution over a source \
rectangle, shown as a density plot (Mw=7.0). 1 / \ et
Rupture front evolution was simulated I
kinematically from random rupture velocity field. gg? o 5.
Ezs % ;E
iy >23 § 22
(Gusey, 2010) - : :
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|0 Hz - Example |

Displacement Velocity Acceleration
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|0 Hz - Example 2

Displacement Velocity Acceleration
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|0 Hz - Dispersion of results

E-W N-S

mean] O | mean| O mean| O
PGD

09 | 0.1 1.7 0.2 1.0 0.1
(cm)
PGV

5.7 | 1.6 20 6 3.2 0.8
(cm/s)
PGA

142 | 49 501 | 163 63 20
(cm/s?)

Average and standard deviation of the peak values for
200 different random realizations of the same source

model.

Acceleration Response Spectra (cm/s®)
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-
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Average and standard deviation of the acceleration
response spectra (damping 5%) for 200 different
random realizations of the same source model and
examples of response spectra for two different
realizations.
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average acceleration response spectra
realization 123
realization 155

0.1 {
T ()



Road map

® Some remarks on sound SHA
® Source & site effects

® Integrated methodology

@ A bird’s eye on Scenario Based SHA

@ Scenarios at regional scale

@ Application to critical facility (real bridges...)



Road map

® Some remarks on sound SHA
® Source & site effects

® Integrated methodology

@ A bird’s eye on Scenario Based SHA

@ Scenarios at regional scale
@ Application to critical facility (real bridges...)

@ Tsunami physics
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Scenario based tsunami hazard assessment

Assess the potential threat posed by earthquake
generated tsunamis on the coastlines.

Compilation a database of potentially tsunamigenic
earthquake faults, to be used as input in the definition
of scenarios.

Each Source Zone includes an active tectonic
structure with a Maximum Credible Earthquake and
a typical fault.

Provide information of the expected tsunami impact
(e.g. height and arrival times) onto the target
coastline; it can be progressively updated as
knowledge of earthquake source advances.



Tsunami animation - NOAA
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Tsunami travel times - NOAA

Tsunami Travel Times
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Ocean bottom data EEHBEYT —TNRBEH AT ATRUSHEBEED ot )

LS LR

The observation record of the
ocean bottom pressure gauge.At -
around 14:46, the ground | g ¥ I

motion of the earthquake (M9)

reaches the pressure gauge and e
at TM| (coast-side), the sea level * I | * I
is gradually rising from that
point. T .

E1 #FEAR7—TILBEAKEHDGHE

The sea level rose 2 m, and after
| minutes, the level went
drastically up to 3m, which
makes 5 m of elevation in total.
At TM2: located 30km toward
the land, a same elevation of sea
level was recorded with 4
minutes delay from TMI. 1449 " a0 0

B2 BEKEHOWRMICE, 14654653, XBML.O)DEMAKEHIZEDY .,
MIGEB®RY)TIEZ., TOBIRRISEENLBRLTLS, #H2mERBL. #1115
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Tsunami animation: time scales...

http://outreach.eri.u-tokyo.ac.jp/eqvolc/201 103 _tohoku/eng/

http://supersites.earthobservations.org/honshu.php

http://egseis.geosc.psu.edu/~cammon/Japan20| [EQ/

“Earthquake Research Institute, University of Tokyo, Prof. Takashi
Furumura and Project Researcher Takuto Maeda”


http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://supersites.earthobservations.org/honshu.php
http://supersites.earthobservations.org/honshu.php
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Tsunami data and simulations: source
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by Yushiro Fujii (IISEE, BRI) and Kenji Satake (ERI, Univ. of Tokyo)

http://iisee.kenken.go.jp/staff/fujii/ Off TohokuPacific20 | | /tsunami_inv.html
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Tsunami data and simulations: source
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Calculated seafloor deformation due to the fault model

by Yushiro Fujii (IISEE, BRI) and Kenji Satake (ERI, Univ. of Tokyo)
http://iisee.kenken.go.jp/staff/fujii/ Off TohokuPacific20 | | /tsunami_inv.html
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Distribution of BRI
tsunami heights

Figure from the
Headquarters for
Earthquake Research
Promotion
(at March 13)
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Distribution of SRR
tsunami heights
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Sea gate in Hachinohe

http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx



http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx
http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx

Sea gate (9.3 m high)
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Elevated platform used for tsunami
evacuation that also serves as a high-

elevation scenic vista point for tourist.
Okushiri Island, Japan. Photo courtesy of ITIC

Sea walls
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Sea wall with stairway evacuation route
used to protect a coastal town against

tsunami inundation in Japan.

Photo courtesy of River Bureau, Ministry of Land,
Infrastructure and Transport, Japan.

Deepest breakwater in Kamaishi (Iwate)



Tsunami walls...

The 2.4 km long tsunami wall in Miyako, Iwate Prefecture, was destroyed. The 6 m, 2 km long, wall
in Kamaishi, lwate Prefecture, was overwhelmed but delayed the tsunami inundation by 5 minutes.

The 15.5 m tsunami wall in Fundai, Iwate Prefecture, provided the best protection, but it is good to
know that the original design was only |0 m. The village mayor fought to make it higher from
information in the village historical records.

The biggest problem is that tsunami walls may give a false sense of security and other
preparedness measures may NOT be undertaken.

Woody Epstein, 201 |



Sea wall at Fudai

49 foot sea wall:
completed in 1967; floodgates were added in 1984.

Following the 1896 Meiji tsunami, village mayor Kotoku

Wamura pressed for a seawall at least |5 meters high,

often repeating the tales handed down to him growing
up: that the devastating tsunami was |5 meters.




Miyako and Fudai...

. Fudai = :
_jMiyako The 10m-high seawall was destroyed in
! Taro district, Miyako city, lwate Pref. in Otabe district, Fudai village, lwate Pref.

Fig. III-1-16 Difference of seawall heights resulting in different consequence.
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A photo from the village’s point of view (i.e. A photo from a viewpoint of facing the
village taken at the spot slightly below the

facing the coast)
stone monument

Tsunami stones
(Tsunami-seki)




E t t‘ Evaluation of Major Subduction-zone Earthquakes ﬂlt EEEI = ﬁﬁ 3-5.1' ?E ﬁ &
Xpectations...
As of October, 2008
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Expectations...

“Estimated magnitude and
long-term possibilities
within 30 years of
earthquakes on regions of

offshore based on Jan. I,
2011”7

“Estimated magnitude and
long-term possibilities within
30 years of earthquakes on
regions of offshore based on
Jan. 1,2008”

Evaluation of Major Subduction-zone Earthquakes flb%?ﬁ = HT ﬁjﬁ ﬁZIS%B '
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Reality...

Planning assumed maximum magnitude 8 Seawalls 5-10 m high

——

—
.’

60 km

f : Magnitude 8
m .
190 km 10 m tsunami Magnitude 9.
20 m tsunami
t 10m

200 km

500 km

Tsunami runup approximately
twice fault slip

M9 generates much larger
tsunami

Stein, S. and E. Okal, The size of the 201 | Tohoku earthquake
needn't have been a surprise, EOS, 92,227-228, 201 .




Tsunami Assessment method
for NPP in JSCE, Japan

The TSUNAMI EVALUATION SUBCOMMITTEE,
Nuclear Civil Engineering Committee, JSCE

Masafumi Matsuyama (CRIEPI)

Niigata meeting, November 2010
http://www.jnes.go.jp/seismic-symposium | O/presentationdata/3_sessionB.html
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Tsunami Assessment method
for NPP in JSCE, Japan

The TSUNAMI EVALUATION SUBCOMMITTEE,
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Summary of Evaluation

"1C.

*e

Maximum water level =4.4m + O.P.+1.3m = O.P.+5.7m
Minimum water level = -3.6m — O.P.==0.0m = O.P.-3.6m

R/B

O.P+10~13m__|S/B| T/B

Mean tide level
O.P.+0.8m
e

0O.P.-3.6m
Minimum water level

Maximum water level
O.P+5.7m IP -
va

Fukushima Daiichi NPS

We assessed and confirmed the safety of the
nuclear plants based on the JSCE method
which was published in 2002.
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Very basic tsunami physics...

-—
" s Bottom uplift
T oh &
el Waterberg
formation

4/ ® \» ;

Potential
energy goes to
tsunami energy

Center of mass falls...

Energy
E,~4.8+15M
E. = %ngx(ah)2

L ~10°m A ~10*m &h ~5m
E. ~10%87 = 10%E,

Wavelength

* .40, Ha3ig0°

H a
A>>H>>a

Tsunami is a shallow-water
gravity wave with great
wavelength and tiny
amplitude
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4 )

p_‘r +p(v-grad)v = —grad(P) - pgrad(¢) +

+NAV + (N + n’)grad(div(v))

\ Y,
250 |— | ! | —1 900
h=6 km -
) Ocean Depth
“‘g 200 = —1 720
= h=4 km
=
S 150 F— —{ 540
L h=2 km Phase km/h
g Velocity
o 100 360
> h=1km
©
=y 180
25 |— R 90
10 |— . | . Bt T 36
& 1000 —
X
~ 100 —
e
oy 10 —
-
QL 1 —
Q. Tsunami L
g | Window | |
0.01
10000 1000 100 10

Wave Period (seconds)



Navier-Stokes equations

Newton’s law Conservation of matter +  Viscosity

4 )

p_‘r +p(v-grad)v = —grad(P) - pgrad(¢) +
+NAV + (N + n’)grad(d iv(v))

\_ _J
250 |— | — 900
h=6 km 8
‘o O Depth O .
2 poob P 20 Tsunami Eigenfunction Shape
h=4 k .
< " Period= 1500 150 50 sec
= 150 }— — 540 .
8 motion direcion> 90
o h=2 km Phase km/h 0 L |
g Velocity :
100 360 — | - g -
g h=1km [ | |
© el ——— | = (1) ¢
; 50 — 180 v | d) I
L N o0 | =— | ——= C :
10 |— . I | * 36 (el —=m | —— o i
£ 1000 = S ' B S
= ) T | |
= 100 — | | |
5 o - 0 : =alli=iE
C | I |
% 1 - : — | SR i
> 0.1 sunami — 4 |_Seafloor : : :
= ;
= 001 | IWsndow | |
10000 1000 100 10 1

Wave Period (seconds)



DISPERSION

1_
0
n
"l_'l_ __________________________________________________________
t(min)
I
—2r 0 4 8
—3'- | 1 | | 1 | | |




DISPERSION

1.0F
SF
s/ -
m —5F
10} t(min) |
~15k 10 20 30
-2.0k ! ! ! .
200 300 400 500

DISPERSION, AMPLIFICATION

=0

] 1 1 Ll




DISPERSION

AMPLIFICATION

1.0F
SF
s/ -
m —5F
10} t(min) |
~15k 10 20 30
-2.0k ! ! ! .
200 300 :c/k3100 500

DISPERSION, AMPLIFICATION

] 1 1 Ll

=0




DISPERSION

AMPLIFICATION

DISPERSION, AMPLIFICATION

1.0F
i1
.O\\/\
1 _ gl
m 1 s -0
t(min) -1
i [ S— 2
_15L 10 20 30 ¥
-20k 1 1 1 | 1 1 J
200 300 400 500
x/km
BORE FORMATION

r 30

m

932 536 540 544
/k



Modal approach - sketch

Equations of elastic motion

with gravity + boundary
conditions

FULL coupling between the
fluid and solid layers




Modal approach - sketch

Equations of elastic motion

with gravity + boundary
conditions

Eigenvalues
&
Eigenfunctions

FULL coupling between the
fluid and solid layers




Modal approach - sketch

Equations of elastic motion

with gravity + boundar FULL coupling between the
g ! fluid and solid layers

conditions
250 |— ' ' — 900
h=6 km
. D Ocean Depth
Eigenvalues 200 720
= h=4 km
& g 150 540
. . e km/h
Eigenfunctions ©
o 100 360
>
©
= 5 180
o5 90
10 36
£ 1000
'
~ 100
<
oy 10
c
LN
GJ .
S oq ngnam| ]
© | Window | |
< 0.01
10000 1000 100 10 1

Wave Period (seconds)



Modal approach - sketch

Equations of elastic motion

with gravity + boundary
conditions

Eigenvalues
&
Eigenfunctions

FULL coupling between the
fluid and solid layers




Modal approach - sketch

Equations of elastic motion
with gravity + boundary FULL coupling between the

conditions fluid and solid layers
Eigenvalues Tsunami Eigenfunction Shape
& Period= 1500 150 50 sec
Eigenfunctions O—<— prr—— O
— I I )
| —/— | I o
ey —— ; —
£ i -l
Q [ [ |
a | i
! -
4 |_Seafloor : J' :




Modal approach - sketch

Equations of elastic motion

with gravity + boundary
conditions

Eigenvalues
&
Eigenfunctions

FULL coupling between the
fluid and solid layers




Modal approach - sketch

Equations of elastic motion

with gravity + boundar FULL coupling between the
g ! fluid and solid layers

conditions

Eigenvalues
&
Eigenfunctions

Seismic source
excitation




Modal approach - sketch

Equations of elastic motion
with gravity + boundary
conditions

Eigenvalues
&
Eigenfunctions

Seismic source
excitation

FULL coupling between the
fluid and solid layers




Modal approach - sketch

Equations of elastic motion

with gravity + boundar FULL coupling between the
g ! fluid and solid layers

conditions

Eigenvalues
&
Eigenfunctions

Seismic source
excitation




-

XN

-
D L L
-

L

L L T
L L T
L L T
L L T

B
W

-

T

e
LRI R R e e,

Ry

S bR B e
0 M AC L A0, AC L DE e I M D e S e A
e
R
S bR B e
0 M AC L A0, AC L DE e I M D e S e A
e
R
ShE R e
e
S
SR
A
e
S
SR
A
R
bbb BB

.—.+++.-..—..—.+.-.+++++++++++.—.+++.—.+++.—.+++.—.
e

S5
L
TS
i
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£

i

i

o

-,

XN-1

X3

fluid and solid layers
X2

FULL coupling between the

X1

=0

X0

T T T e e e
e
e
R
S bR B e
R R
Sh R B R R,

SR
A
SR
Eetebebit

A
e
S
e A e e A o
ot
SR

5

#
&

e
&
=
o
&
o
&
o
&
o
&
o
&
o
&
o
&

R
S
R L T P
S M e
e
e e

e
e
S
A

o

HEpEpE e
S,
S

5

£

o

£

o

£

o

£

o

£

o

£

o

£

o

£

Ions

conditions
Eigenvalues
&
Eigenfunct

Equations of elastic motion
with gravity + boundary

excitation

ISMIC source

Se

Modal approach - sketch

vV, L

\/mc v, L

4] ool =] ol oz

-im
81t

exp(

Tsunami mode propagation
in LHF’I Pag
( I(PI ZI U)I T) :




-

XN

-
D L L
-

L

L L T
L L T
L L T
L L T

B
W

-

T

e
LRI R R e e,

Ry

S bR B e
0 M AC L A0, AC L DE e I M D e S e A
e
R
S bR B e
0 M AC L A0, AC L DE e I M D e S e A
e
R
ShE R e
e
S
SR
A
e
S
SR
A
R
bbb BB

.—.+++.-..—..—.+.-.+++++++++++.—.+++.—.+++.—.+++.—.
e

S5
L
TS
i
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£
¥
£

i

i

o

-,

XN-1

X3

fluid and solid layers
X2

FULL coupling between the

X1

=0

X0

T T T e e e
e
e
R
S bR B e
R R
Sh R B R R,

SR
A
SR
Eetebebit

A
e
S
e A e e A o
ot
SR

5

#
&

e
&
=
o
&
o
&
o
&
o
&
o
&
o
&
o
&

R
S
R L T P
S M e
e
e e

e
e
S
A

o

HEpEpE e
S,
S

5

£

o

£

o

£

o

£

o

£

o

£

o

£

o

£

Ions

conditions
Eigenvalues
&
Eigenfunct

Equations of elastic motion
with gravity + boundary

excitation

ISMIC source

Se

Modal approach - sketch

Recelver
factor
vV, L

factor

EXxcitation

\/mc v, L

Propagation
factor

4] ool =] ol oz

-im
81t

exp(

Tsunami mode propagation
in LHF’I Pag
( I(PI ZI U)I T) :




Modal approach: formulation

Direction of propagation ~ x

>
~

« EQUATIONS OF MOTION
Free surface
Zy
(-th liquid layer 9%u
Z-441 o a’V(V-u) - ge,V-u = 2
2+ : 52
i-th liquid layer ) ocean u
Zis1 ] q ) OLZV(V'II) - BZV X (V X u) = 6?
71
= 1-st liquid layer J -BOUNDARY CONDITIONS
1-st solid layer T ——
71 &
Zm =W - u;lz;:) =u z
m-th solid layer \ <olid L J(Z J) Jl(z 1) J( J) 11( J)
‘! p](ZJ+W1) P-j 1(Z)+W]1)
ZN-1
(N-1)-th solid layer w_1(z9) = wi(z)
N J
Z | halfspace p-1(zo) = 01(z0) 0 = ty(zo)

Tsunami physics



Modal approach: Eigenvalues
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Modal approach: Eigenvalues
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Modal approach: Eigenvalues 0-
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Modal approach: excitation spectra
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Modal approach: tsunami motion

U(X,cp,z,u), t) =

exp(-in/4) explio(t-X/c)| x(hs, 9)R(w) u(z, o)

\/% \/X \/(DC\/Vgll !/Vgll
e« SHOALING FACTOR
W(X,,0,0) w0, w), va11|1 VI JH
W(X1/ O/(D) W(O,w)11/Vg11|2 \/E H2
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Modal approach: tsunami motion

~exp(-in/4) explio(t-X/c)| x(hs, 9)R(0) u(z, o)
UXo0,2,0,t)=—"= X Joo Vol (Veh
exp(-in/4) explio(t-t)] x(hs,®)R(w) u(z )
U X/ 71L&y /t - - -
X201 V8 JJ Voc, /v T AN
* SHOALING FACTOR

N A
W(X1,0,0) w(0,m)|, /Vg11|2\/E H,
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Modal approach: tsunami motion

~exp(-in/4) explio(t-X/c)| x(hs, 9)R(0) u(z, o)
_exp(-in/4) explin(t-t)] x(hs,¢)R(w) u(z w)

« SHOALING F_"ACTOR _

W(X,,0,@)| W(Of‘”)z\/"gllh Vh_,[H

WXy, 0,0)] | w(O,w)[Vghi| [VT2 VHy

Tsunami physics



Modal approach: tsunami signals

Example: synthetic signals for the tsunami mode (vertical component) excited by a dip-slip mechanism
with My=2.2 102! Nm. h,= 14 km; h, = 34 km.

05
E o
N
X=500 km By
(- T E— E
N £ N
o= -0.5
- 05

-0iep 5

X=500 km

\/\/\/‘MAM.
e

X=2000 km

For each of the two source-receiver distances considered, the upper trace refers to the |-D model and the lower trace to a laterally varying model. In the
laterally varying model the liquid layer is getting thinner with increasing distance from the source, with a gradient of 0.00175 and the uppermost solid layer is

compensating this thinning.

Tsunami physics



Modal approach: tsunami signals

Example:Sketch of a laterally heterogeneous model for a realistic scenario. Synthetic mareograms

(vertical) calculated at various distances along the section.
The extension of zone C is 500 km.
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Modal approach: tsunami signals

Example:Sketch of a laterally heterogeneous model for a realistic scenario. Synthetic mareograms

(vertical) calculated at various distances along the section.
The extension of zone C is 500 km.
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Modal approach: tsunami signals

Example:Sketch of a laterally heterogeneous model for a realistic scenario. Synthetic mareograms

(vertical) calculated at various distances along the section.
The extension of zone C is 500 km.
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The Mediterranean Sea and Tsunamis

-\J
Ay
-

00

DO~ X
Sl= v
-\I
iy
-
|

o; 'I -
WN=®
dgldy

©h- -
v

i0® 200° @
i | >

Jb°

\Sc 1:19823312

Map of epicenters of tsunamigenic earthquakes occurred since
1380 B.C. to 1996 within the Mediterranean region.The size of circles is

proportional to the event magnitude, the color to the tsunami intensity

data from:‘Mediterranean Tsunami Catalog, from 1628B.C. to present of the Institute of Computational
Mathematics and Mathematical Geophysics (Computing Center) Siberian Division, Russian Academy of Sciences.
Tsunami Laboratory



Seismicity in the Adriatic basin
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Sardinia - Corsica
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Earthquakes with M>5.4 (1964-2004 )
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Historical tsunami in the Adriatic basin

Adriatic

Tsunami reported in
ICTP Technical Report 2005:

CATALOGUE OF REPORTED
TSUNAMI EVENTS INTHE
ADRIATIC SEA
(from 58 B.C.to 1979 A.D.)

North-Adriatic coasts
Central-Adriatic Italian coasts
South-Adriatic Italian coasts

Croatian, Serbian and Montenegro coast



Hazard scenarios for the Adriatic basin

47
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Adriatic

Bathymetric map of the Adriatic Sea.
The bathymetric contours are drawn
with a step of 20 m in the range

from 0 to —200 m and with a step of

200 m in the range from —200 m to
—1200 m.

The contours of the six tsunamigenic
zones are shown in red, the blue
triangles correspond to the 12
receiver sites, the stars correspond
to the epicenters of the considered
events (yellow: offshore, orange:
inland).

Paulatto M., Pinat T., Romanelli F., 2007.Tsunami hazard scenarios in the Adriatic Sea domain.
Natural Hazards And Earth System Sciences (on line), vol. 7, pp. 309-325.
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Zone boundaries (in red), the
representative epicenter (yellow star),
the four receivers (blue boxes) and their
source-receiver paths (in red) are
shown.



Tsunami scenarios in Adriatic Sea - Zone |

Adriatic



Tsunami scenarios in Adriatic Sea - Zone |

-200

-400
-600 — \
-800 —

-1000 \

N
DU
-1200 | | | | | |
0 50 100 150 200 250 300
epicentral distance (km)

sea depth (m)

E

= 0

g

© 2003E OB

& 0 50 100 150 0 50 100
epicentral distance (km) epicentral distance (km)

E

5

= S l

(]

O (e B

© 200

(2]

o

50 100 150 200 250 300 350 400 450
epicentral distance (km)

Fig. 9. Bathymetric profiles (in blue) along source-site paths and
their parameterizations (in black) used for calculations for the four
sites of Zone 3-a. From above: Durres (DU), Split (SP), Ortona
(OR) and Venice (VE).
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their parameterizations (in black) used for calculations for the four
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Fig. 9. Bathymetric profiles (in blue) along source-site paths and
their parameterizations (in black) used for calculations for the four
Sltes Of Zone 3_a. Erom above: Durrec (DID. SHlit (SPY Ortona
(OR) and Venice (M Table 10. Maximum amplitudes and travel times for the four sites of Zone 3, offshore source case. Scenarios are calculated for three values

of magnitude, M=6.0, 6.5, 7.0, and three values of focal depth, H=10, 15, 25 km. Amplitudes are reported in meters. Amplitudes exceeding
1 m are written in bold style.

M 6.0 6.5 7.0 Travel
H (km) 10 15 25 10 15 25 10 15 25 time (min)
Durazzo | <0.01 <0.01 <0.01 | 0.01 <0.01 <0.01 | 0.05 0.02 0.01 57
Ortona 0.01 <0.01 <0.01 | 0.07 0.02 0.01 041 0.13 0.04 26
Spalato 0.01 <0.01 <0.01 | 0.03 0.01 <0.01 | 0.16 0.06 0.02 68
Venezia <0.01 <0.01 <0.01 | 0.02 0.01 <0.01 | 0.10 0.03 0.01 215
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Source 2 scenario
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Inland source = Green-function approach

- ./
-~ The recent re-evaluation of the |51 |

earthquake by Fitzko, P. Suhadolc,A.
Aoudia and G. F. Panza (2005) is
consistent with a 6.9 magnitude

single event rupturing 50 km of the
|drija right-lateral strike-slip fault

with bilateral rupture propagation.

This part of the ldrija fault stands 40

km far from the coastline.

Another seismogenic structure that

Q
; needs to be considered is the the
2 Rasa-Cividale right lateral-strike slip
o (Aoudia, 1998), that stands at |6 km
\ ; from the coastline.
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Source 2 scenario

Inland source = Green-function approach

(Lol The recent re-evaluation of the 151 |
earthquake by Fitzko, P. Suhadolc,A.
Aoudia and G. F. Panza (2005) is
consistent with a 6.9 magnitude
single event rupturing 50 km of the
|drija right-lateral strike-slip fault
with bilateral rupture propagation.
This part of the ldrija fault stands 40
km far from the coastline.

Another seismogenic structure that
needs to be considered is the the
Rasa-Cividale right lateral-strike slip
(Aoudia, 1998), that stands at |6 km

from the coastline.

Sources (S1, S2, S3) used for the computations of the ground shaking scenarios in Trieste. Active faults mapped
according to Aoudia [1998].

Adriatic



Tsunami scenarios in Adriatic Sea - Zone 6

Adriatic



Tsunami scenarios in Adriatic Sea - Zone 6

Table 7. Main parameters identifying the three sites of Zone 6.

Site Latitude  Longitude Epicentral dist. R

Trieste (TS) 45.67°N  13.77°E 30km, 50 km
Venice (VE)  4545°N  12.35°E 130 km, 150 km
Ravenna (RA) 4442°N  12.20°E 210 km, 230 km
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Synthetic mareograms for Zone 6, magnitude,
M=7.0.Above: dip angle=45°; below: dip angle=30°.
Blue line, d=20 km; red line, d=40 km.
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M 6.5 7.0 Travel
d (km) 20 40 20 40 time (min)
Trieste, dip = 45° <0.01 <0.01 0.02 0.01 7
Trieste, dip = 30° <0.01 <0.01 0.05 0.01 8
Venice, dip = 45° <0.01 <0.01 0.02 0.01 132
Venice, dip = 30° <0.01 <0.01 0.03 0.01 133
Ravenna, dip=45° <001 <001 001 <001 189
Ravenna, dip = 30° <0.01 <0.01 0.01 <0.01 189

Maximum amplitudes and related arrival times for
different depths and magnitude

Adriatic

Table 7. Main parameters identifying the three sites of Zone 6.

Site Latitude  Longitude Epicentral dist. R
Trieste (TS) 45.67°N  13.77°E 30km, 50 km
Venice (VE) 45.45° N 12.35° E 130 km, 150 km

Ravenna (RA) 4442°N  12.20°E 210 km, 230 km
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Synthetic mareograms for Zone 6, magnitude,
M=7.0.Above: dip angle=45°; below: dip angle=30°.

Blue line, d=20 km; red line, d=40 km.
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Building a culture of preventlon is not easy.

While the costs of prevention have to be
paid in the present, its benefits lie in a distant
future.

Moreover, the benefits are not tangible; they
are the disasters that did NOT happen.

Kofi Annan, 999
(document A/54/1)
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The aforesaid remarks and proposals are part of those contained in the Italian
Parliament Resolution 8/00124, concerning recommended modifications of the

Ita

approved (|

Pu

vlic VWor

ian and European design rules for the isolated structures that has been

une 201 1) at the Commission for the Environment, Territory and
ks of the ltalian Chamber of Deputies; the resolution explicitly

mentions the need to resort to physically sound deterministic methods like
NDSHA
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