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The Finite-Difference
Modelling of
Earthquake Motions

Waves and Ruptures

we have spent some time
to develop our
FD and FD-FE

numerical-modeling methodology

Peter Moczo
Jozef Kristek
Martin Galis




recently

we have got an opportunity

to become useful



depth of the sediment-basement interface
B A in the Mygdonian basin (Site 1)




depth of the sediment-basement interface in the Grenoble valley (Site 2)
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geometry of the sediment-basement interface
in the nominal-model profiles
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S-wave speed distribution in the nominal-model profiles
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sites and models — table of parameters

Site VSso VS W Zmax Sbedrock fOO Zinax W V%edr%so
[m/s] | [m/s] [m] m] | [m/s]| [¥s] [1] [1]
Site1 1E 180  |400 4700 |167 0.7 004  |145
(Mygdonian |1C 170 | 445 4900 |266 |2600 [0.5 005 |154
basin) W |175  |520 7450 393 05 005 |15
Site2 (£ TG o Tox
f/j{lzr;;)b'e 2p3 153 [s90 2210 570 |°2% [03 0.1 8.5
2P4 660 8750 | 844 0.2 0.1

Sited 400|700 920 |120  |2200 |2.2 0.2 5.5
Site5 410|920 3500 |581 |2363 |05 0.2 5.7

| 6h |540  |590 28
Site6 P e 2200 |161 [1500 |0.9 T
Site7 400|960 6200 |510 |2800 |05 008 |7




project SIGMA
Selsmic Ground Motion Assessment
EDF, CEA, Areva and ENEL



project SIGMA
Selsmic Ground Motion Assessment
EDF, CEA, Areva and ENEL

task for the
Comenius University Bratislava team
in collaboration with ISTerre and CEA

investigate a potential of the specified sites
to cause site effects
using 1D, 2D and 3D numerical simulations

identify key structural parameters
affecting earthquake ground motion



we performed
3D simulations for 3 3D local surface sedimentary structures,
2D simulations for 12 2D structures
(some of them being selected 2D profiles in the 3D structures),
and 1D simulations for local 1D models in the 2D models

assuming
a vertical plane-wave incidence for all specified local structures,
point DC sources for one 3D structure,
and linear behaviour



using
a set of selected reference accelerograms

we investigated

earthquake ground motion
in the set of the defined local sedimentary structures

and
effects of uncertainty
in the bedrock velocity,
velocity in sediments,
attenuation in sediments,
interface geometry (border slope),
simultaneous variations in velocity and thickness of sediments
on

10 characteristics of earthquake ground motion



two selected configurations

Model-wavefield configuration SHPW

SIT HAL
s ”
e [ (A R

Model-wavefield configuration SHPS

SIT HAL
A 4 \ 4

LSGS




table of numerical simulations

Modification of the nominal model

Locally fixed
fundamental .
Velocity frequency = =
Nominal model . . Attenuation in sediments Border slope (BS) Velocity in bedrock (modified velocity | £ 'Z
@ in sediments and E s
Site E thickness a5
= of sediments) “
w/oHVL NLQ Elastic | VS/20 | VS/40 |BS/2 a|BSx2 a| BS/2 b |[BSx2 b} 1200 | 2000 | 3000 | grad | -40% +40%
Dim 3 2 (1 & 2(13(2(1(2|1|2/1|2(1}2(1r|21,2|1(2 112|121 |2|1|2|1}2|1]|2 1] 3
Exc npc |P|P|P DC P P P|P|P P P P P P P|P P P P P |P | P P|P|P P PP P P|P]P|P|P | P
A|lB|C A|lB|cC
pE
S1 | pC
pwW
pl it i H LS L £ 5 e s = 5 5 L L 5
i 3 e £ #* B s e s * L]
s2 B2
p3 3 3 oo | ok s ] # s # #
p_1_ 3 3 #* & & & & #* & & &
S4
S5 o s s s s L L s s # H £ 3 =3 3 3
5611 & - #* # & & = # # = #* & # & # #* & # 3 5 # 3 # # & #* #*
Sﬁg & #* & # & & * #* #* * #* & £ & & # & & 3 3 t 3 #*
S7 * £ * * * * |k | & | &k | ok | x| ok | %
Legend:
Dim — dimension: 3=3D. 2=2D. 1=1D: Exc —excitation: DC = point double-couple source, P = plane wave
HVL = high-velocity layer: NLQ = Q derived from nonlinear simulation
_é' HAL 3)2( HAL s>3( HAL SX4,HAL § HAL Se)s( HAL |
SHAL — ,HAL , HAL 4,HAL ,HAL , HAL
dem — Sy
r r , HAL 2,H 3, HAL 4,HAL ,HAL , HAL
S A Sz S Sz
P« ~ R =|r r DC* ~ - . i
Xy yy zy S>1<,S.IT SXZ,SIT SX3’SIT SX4’SIT SXS,SIT SX6,SIT
r-XZ )74 rZZ L
- - SSIT — 1,SIT 2,SIT 3,SIT 4,SIT 5,SIT 6,SI1
e Sy Sy Sy Sy Sy Sy
S%,SIT SZZ,SIT SZ3,SIT SZ4,SIT SZS,SIT SZ6,SIT




frequency ranges for calculation of characteristics

_ _ dimension
site profile
3D 2D 1D
pE
0.5-5Hz
S1 pC 0.5-5Hz 0 — 20 Hz
pwW
pl
p2 0.5-5Hz
S2 03 0.5-5Hz 0 — 20 Hz
p4
S4 0 —-20 Hz
S5 0 —-20 Hz
S6h 05-7Hz 05-7Hz
0-20Hz
S6g 05-7Hz 05-7Hz
0-20Hz
S7 0-20Hz




key aspects
of a sufficiently
accurate and (at the same time) computationally efficient
algorithm based on a FD scheme

sufficiently
« realistic rheological model ~ GMB EK/GZB

« (optionally) low grid dispersion
in @ homogeneous medium for VP/VS up to = 10 ~ (2,4) VS SG FDS

e accurate representation of the free-surface condition ~ AFDA

e accurate representation of the boundary condition
at a material interface ~ volume orthorhombic averaging

« efficient grid ~ arbitrary spatial discontinuous grid

e accurate and efficient non-reflecting grid boundaries ~ PML



arbitrary-discontinuous

staggered grid
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we numerically tested

ratios up to 25




discontinuous grid: numerical example of efficiency

3D Grenoble valley modelling [ 0.5, 5 ] Hz

uniform grid:

discontinuous grid:

8x10°

0.6x10°

grid points

grid points
that is
7.5% of the uniform grid
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computational aspects

time and memory

3D simulations: 60

2D a 1D simulations: 305

total wall time: 220 days (of errorless simulations)
total CPU time: 37 years assuming one CPU

disk space for the synthetic seismograms and calculated EGM

characteristics: 3 TB (TO)



calculated EGM characteristics for each receiver position and each component

Absolute EGM
characteristic y

Relative EGM
characteristics

Average
relative EGM
characteristics

Averages

2D/1D, 3D/2D,
3D/1D
aggravation
factors

S

pga
pgv
CAV
| A
Arms
S

95
DTB

75
DTB

Calculated
for all receiver
positions
for each pair

[Ssi (1), & ()]
1=1,...n

0{x V3

short-period
long-period
fo-centred

foo-centred

Amplification | Average ()
factor am?llfltcatmn
actor
AFs i (X) fac
3 AFE(X)
Prolongation Average (_)
factor prolongation
PF: . (x) factor
- PFe ()

S - relative displacement response spectrpgya - peak ground acceleration
pgv - peak ground velocityCAV - cumulative absolute velocity,, - Arias intensity

s - Foot-mean-square acceleratidl, - spectrum intensity

Di3 and D{5 - durations of strong ground motion




(00}

cumulative absolute velocity CAV (Sf,i (7()) = j ‘ S | ()?,t) ‘ dt
0

o _ CAV(sg; (%))

amplification factor AFf,i {CAV} = CAV( (q))

average CAV amplification factor A_Ff{CAV} = r{/ I_l in:1 AFf,i {CAV}

? £ 3p

CAV aggravation factor AGF 5,32(¢) y
£.2D



peak ground acceleration
poas; (X) = mtax{ ‘sﬂ (X t)‘}

rms acceleration

mcsa(sg,i ()?)) = Ts?i (%,t) dt
csa(t;sg,i ()?)) = J:;sgi (%,7)dr

~1/2



10 4 |Vertica| component[

set of
12 selected accelerograms
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Amp CAV, PGA, ARMS

profile 1 3D Amp CAV PGA ARMS 0.5-5Hz

m—— CAV = PGA w— ARMS

Anti-plane In-plane Vertical
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Amp CAV, PGA, ARMS

Anti-plane

profile4 3D Amp CAV PGA ARMS 0.5-5Hz

— CAV ——PGA  w— ARMS

In-plane

Vertical
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profile 1 AGF32 CAV PGA ARMS 0.5-5Hz

— CAV ——PGA  w— ARMS

Anti-plane In-plane Vertical
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profile 4 AGF32 CAV PGA ARMS 0.5-5Hz

m—— CAV = PGA w— ARMS

Anti-plane In-plane Vertical

10

Agf CAV, PGA, ARMS

-1

10




44 Anti-plane horizontal component
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Range of amplification factor (2D)

10

Anti-plane horizontal component

I
L
L
L
L
X

Hx o

=

Site 2

Site 4

Site 5

Site 6

Site 7

Max

Mean

Min

Range within 1.51QR
Median Line
10%~90%

P W T

P

oy

CAV

10

In-plane horizontal component

|
Range of amplification factor (2D)

Il Site 2
B site 4
Il Site 5
Il Site 6
I Site 7
X Max
o Mean
X Min
T Range within 1.5IQR
— Median Line

10%~90%

T

CAV

S1c

T T
S1e

AF 2D

for CAV

Range of amplification factor (2D)

S1w S2p1 S2p2 S2p3 S2p4 S4

S5

I |
S6g  S6h

T
S7

T T T T
S1c  S1le

S1w S2p1 S2p2

10

Vertical component

1

et
—

CAV

I site 2
Il Site 4
Il Site 5
Il Site 6
I Site 7

x  Max i
Mean

Min
Range within 1.51QR
Median Line

[ 110%~90%

||—|><D

T

11ty

S1c

S1e

S1w S2p1 S2p2 S2p3 S2p4

S5 S6g S6h S7

T T T
S2p3 S2p4 S4

S5

S6g  S6h

S7




Range of amplification factor (3D)
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Range of aggravation factor (2D/1D)
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Range of aggravation factor (3D/2D)
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S1c S1e S1w S2p1 S2p2 S2p3 S2p4 S4 S5 Ség Seéh S7 S1c S1e S1w S2p1 S2p2 S2p3 S2p4 S4 S5 S6ég S6h S7

Vertical component CAV

1.25

AGF 3D/2D
for CAV

Range within 1.51QR
Median Line

1 [ 110%~90%

Range of aggravation factor (3D/2D)

S1c Sle S1w S2p1 S2p2 S2p3 S2p4 S4 S5 S6g S6h  S7



we identified the following key structural parameters:

overall geometry of the sediment-bedrock interface;
detailed geometry close to margins of the basin or valley

affects mainly motions close to the margins
impedance contrast at the sediment-bedrock interface

attenuation in sediments



conclusions

for all sites
there is at least one EGM characteristic
with significant 2D/1D aggravation factor

all characteristics exhibit significant 2D/1D aggravation factor
on the vertical component

the anti-plane and in-plane horizontal components
exhibit different behaviours

the CAV 2D/1D aggravation factor is significant
at all components and all sites;
1D simulations are not sufficient
for any of the investigated sites

3D effects are pronounced in the Grenoble valley (Site 2);
they are most visible on the CAV 3D/2D aggravation factors
(all components)



conclusions

the amplification factors and aggravation factors
(mainly for the vertical component)
increase with the impedance contrast;
this is mainly evident
at frequencies close to the fundamental resonant frequency

these conclusions are valid for all models



conclusions

the effect of attenuation
is more evident at higher frequencies

the amplification factor decreases with increasing attenuation;
this effect is more pronounced
with increasing local thickness of sediments

values of EGM characteristics are unrealistically large
if attenuation is neglected

the 2D/1D aggravation factor
is rather insensitive to variations in the attenuation;
the results suggest that
the effect of attenuation on the amplification
can be sufficiently estimated from 1D simulations



conclusions

the effect of the border slope variation
is not significant away from the border
(in terms of the evaluated EGM characteristics)



conclusions

the 2D/1D aggravation factors
are less sensitive to the simultaneous modifications of Vg and h
(with fixed resonant frequency)
than the amplification factors are

the least sensitivity is
at receivers atop thin sediments

the increase of the amplification factors
is due to the increase of the impedance contrast



conclusions

vertically incident plane waves
provide robust estimates of amplification factors
compared with point sources with specific azimuths

the plane-wave excitations should not, however,
replace a point DC source
if such a source better represents
a possible excitation from a known source zone

source variability induces
an additional variability in site response (+ 10%)
which should be considered
when knowledge of location of potential seismic sources
is very poor
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