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m From source to structures through site:

Surface
) motion?

site e =7 -

path /

Earthquakes=damages on structures
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m References:

m Waves and Vibrations in Soils: S A e

Earthquakes, Traffic, Shocks, NA—

Earthquakes, Traffic, Shocks,
Construction works

Construction Works,
Semblat J-F, Pecker A.,

IUSS Press, 2009.

m MOOC ”"From seismology
to earthquake engineering”:
Teaser: youtu.be/V6mnVBszkOE
Enroll: www.coursera.org
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Seismicity

Seismicity
Origin of earthquakes: Canterbury fault

m Map and fault (GNS)

Ten years of
shallow
earthquakes in
New Zealand

(Depths < 40 km)
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Seismicity

Seismicity
Origin of earthquakes: Tohoku quake

m Displacements at the fault & at the surface
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(A)Horizontal displacements

147%

(B)Vertical displacements
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Seismicity

Seismicity
World seismicity

m Earthquakes in the world from 1973 to 2012

LEGENDE
Magnitude * 5 6

o7 @8 .9@1+ Source: NEIS
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Seismicity

Seismicity

Seismicity of Europe

Earthquakes in Europe for the period 1000-2007 with
moment magnitudes M,, >3.5 (SHARE).

é —— f My <4.5
i - [ "

%. : 455 My <55

552 My <65

My > 6.5

'?‘v

Engineering seismology and soil dynamics.




Seismicity

onwwessll  ODbservation in Japan
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m Kik-net: observations in Japan

Seismicity
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Seismic wave amplification
Elastodyn. m Elastodynamics
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m Uncoupled elastic wave equations:

)
82(/5 A 2p
A = ——— with Vp =4/ ——
Elastodyn. 1 82¢ ,U
AY) = with Vg = /=
| T V2o o
m Typical velocity values:
Material Vs(m/s) | Vp(m/s)
Sand 200-400 | 400-800 Ve J2-2
Clay 100-200 | 1500 Vs 1—2v
Rock >800 >2000
Engineering seismology and soil dynamics. m_
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m Disregarding the boundary conditions, the wave
equations define body waves as follows (Poisson, 1828):

m primary or pressure waves (P-waves)
m secondary or shear waves (S-waves)

Elastodyn.

P wave

Propagation
-‘-_'_'_‘—‘-_.

SV wave

o _—
?
POIBSDS 4/;54/7(“

Particle Motion
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Wave types
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m In 1897, Richard D. Oldham identifies the different
wave types in a seismic recording

m Ex.: earthquake recording in the city of Nice (CEREMA)

Elastodyn. 0.04 F i
~ 0.02F P waves ]
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-0.04 | S waves .
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time (s)
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Seismic wave amplification

Amplification

m Amplification of seismic waves

Engineering seismology and soil dynamics. m_




Ecole des Ponts
ParisTech

Amplification

Amplification

Evidences: Mexico (85)

m Mexico-Michoacan earthquake(MS.0, sept., 19, 1985)

170 cm/s’

170
] —QVMWWWM«A- AP AR
170

i '| 35 cm/s’
o

170
170 ] | 150 cm/s’ 170 ] 18 cm/s’
170 -170

epicenter

~ 400 km
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Amplification

Analysis: single layer case

m Elastic layer on an elastic half-space,

A
harmonic SH-wave: spectral ratio A/B: *
uA 2441 B'
T(w)= 44 - 241
up | Az + A}
independent of uo!
m 7'(w) infinite for: *
st
o= 2n —1)m Vg :
2 hcos0: [
g 9
2
w1 = 27Tf1 = 5
% 4t
Vs, 1 §
fr = 5
4h cos 01 ok
00 é 4.1 é é 1I0 1I2 14

(h=20m, Vs, =200m/s, p=2000kg/m?) frequency (Hz)
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Amplification
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m Alternative spectral ratio: motions at A and B’

m B’: hypothetical location at interface without layer!

T f— f—
(w) -~ A, = A.
1 L 4 B‘
™Ww) = —— B

cos (kz, h) + ixsin (k. h)

the o — 1P1 cos 61
with: X = 4/ % ﬁ
m T (w) # T'(w) since:
m [t depends on the properties of both media ()
m The peaks have a finite amplitude = 1/y: energy

partially absorbed by the reflected wave Af (radiative
damping). It is not the case when Y is large.
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Analysis: single layer case
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m Amplification for various velocity contrasts

10 . . . . .
T ()]

| T(w)|
st N V,,=1000m/s V,=600m/s V,=400m/s
p,=2500kg/m’ p,=2300kg/m’ p,=2000kg/m"

transfer functions

0 2 4 6 8 10 12 14
frequency (Hz)
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Seismic wave amplification

Basin effects

m Basin effects
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m Deep alpine valley (Grenoble, France)

Site effects in Grenoble

Basin effects

ogfb 0 soc

oqm U sac

ogfb 2 sac

ogfh | sac
bt

ogfh 2 soc 4

s

Earthquake May, 25, 2003, MI=3.5, SW Modane (73)

acceleration (mm/s
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Alpine valleys
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m Deep alpine valley (Grenoble, France): SEM simulations

Horizontal Velocity

Basin effects

m/s
1.4
1.2
1.0
0.8
0.6
04
0.2
0.0

Time = 8.3500 s
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Attenuation of seismic waves
m Viscoelastic approximation
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Anelasticity

Cyclic loadings on soils

m Cyclic triaxial test Hysteresis loops
! G, LG,
2 T et
3 N
i 1st loading
| curve
w
y2max y

m Damping:

m AFE: energy dissipated
in a cycle (area of the
hysteresis loop)

m W: elastic energy
stored during 1/4 cycle

Engineering seismology and soil dynamics. m_

Anelasticity

Vibration experiments

m Resonant column: direct estimation of damping:

amplitude
amplitude

frequency time
A
m In freq. domain: [ = /
2fo
m In time domain: 6 = 27 = log T+l

Ln
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Viscoelastic approximation

Dealing with energy dissipation

m Needs: damping for continuous models

m Framework: linear viscoelasticity

V)
~—

m Behaviour depends on loading history: o = f(c, 2

o = f(e,2) (longitudinal) or 7 = f(~,7) (torsion), etc.

m Phase shift between o A
stress and strain.
For é(w) = e exp(iwt),
the stress-strain curve is: /

A 4o

AE
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Viscoelastic approximation

Viscoelastic modulus m(t)

m The constitutive law may be written:
“+00
o= / m(t — 7)e(T)dr = m(t) * €(t)

m 1(7): response in stress to a Dirac strain (1) = 0(7)

A Mo'

. mit) =i (t)

M. instantaneous modulus, M. : relaxed modulus

Engineering seismology and soil dynamics.




Rheological models

Complex modulus M (w)
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m In the frequency domain, the constitutive law becomes:

o(t)=m((t)xe(t) — o(w)=Mw)é(w)

E Kelvin E, Zener
— VVV\— E
—

n | n

m Kelvin-Voigt: o =0,+ 0, = Ec+ e

In freq.: &6 = (E +iwn)é = M(w)é
E(E, +1 1412
m Zener: o — (Ey + w.m) £ = M]\4005
FE+ E, +wwn 1+ 1w,
: . My (w) B wn
m Attenuation: |Q *(w) = Mna) = 26(w)| Qx (w)= -
Engineering seismology and soil dynamics. M_
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Attenuation of seismic waves

m Wave propagation in viscoelastic media
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Wave propagation in viscoelastic media

owweswnll  \Vave equation for longitudinal waves
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m Equation of motion (freq.domain):

06 (z,w)  O%u(r,w) 2

ox T oP

06 (x,w)
Ox

0%z, w) _ 5

= M(w) 50

m Wave equation in the damped case:

u(z,w)  pw?
Ox? M(w)

Engineering seismology and soil dynamics.
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Solution, complex wavenumber
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m Solution: longitudinal damped wave

a(z,w) = Up(w) exp[—ik(w)z]

where k(w) is the complex wavenumber such as:

~ pw2
w

m Denoting /(w) = k(w) — ia(w), the solution reads:

A

(z,w) = Uy(w) exp [—ik(w)z] exp [—a(w)x]

propagation attenuation

Engineering seismology and soil dynamics.
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Examples
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m Centrifuge experiments:

JF Semblat

;Q.;_;"’L 3 *5 7 9 Ill-» *1 °3
AR | e iy
Z IEEE)
X
: . A r . 2
m Solution 1: 4(r,w) = — <—— — 2k7(w)) exp {—1/{;(@)7}
- .

m Solution 2: i(x,w) = Aexp {—71%(@)1‘}
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Maxwell

m Centrifuge experiments:

JF Semblat
3.0F S4
HEY Kelvin
1.0F H N
g T s
OO '.‘ 1 1o 1 1 1
350 360 370 380 390 400

time (us)

Maxwell's model

measured accelerations

Kelvin's model

1.0

2.0

2.0

1.0
time (ms)

20
time (ms)

10
time (ms)
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Perspectives

Marsquakes!

Identification from Mars structure

m Observations from the Insight mission

m Mars crustal structure in Elysium Planitia
(Lognonné et al. 2020, Knapmeyer-Endrun et al., 2021)

S35k

MOOC "From Seismology to Earthquake Engineering" (Coursera)
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Strong ground motions
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m Strong motion: the Tohoku event

Perspectives
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