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Table 1 The parameters used in the numerical simulations.

Prameters | Model A Model B
Vp (m/s) | 4522 2611
Vit | 1846 1846
o (kgm?) | 2200 2200
— 0

a

@
® source
O receiver

Fig.1. (a) Schematic figure of the geometry of the numerical
model for the accuracy test. (b) Particle arrangement of
method A. The particles above the free-surface is
simply removed. (c) Particle arrangement of method B.
(d) Grid cell arrangement of FDM-RSG. White cells

upper the model represent vacuum region.
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Fig.2. The seismograms for model A (a) and model B (b). Solid,
dotted and broken lines depict analytical, HPM and
FDM-RSG solutions, respectively.
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Table 2 Misfits of HPM and FDM-RSG calculated by Eq. (6).

Model A Model B
HPM 0.0217 0.0099
FDM-RSG 0.0025 0.0035
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Fig.3. The seismograms calculated by analytical approaches
with different conditions. “vertical” and “horizontal”
mean the vertical and horizontal displacement,
respectively. Areas squared at the peak of amplitudes
in the figures are exaggerated in larger squares to
demonstrate the amplitude difference between the

analytical waveforms.

Table 3 Misfits of “vertical” and “horizontal” cases calculated

by Eq. (6).
Model A Model B
vertical 0.0003 0.0010
horizontal 0.0137 0.0133
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Fig.4. The seismograms and misfits calculated by HPM and
FDM-RSG with a dipping planar free-surface for
model A. Solid and dotted lines represent analytical
and numerical seismograms, respectively. Solid circles
in the right figures depict the misfits in HPM with the
method A (a), in HPM with method B (b) and in
FDM-RSG (c).
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Fig.5. The seismograms and misfits calculated by HPM and
FDM-RSG with a dipping planar free-surface for

model B. Details are given in Fig.4.
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The seismograms and misfits calculated by
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FDM-RSG with finer grid spacing (40 grids per
minimum wavelength) for model A (a) and model B

(b). Details are given in Fig.4.
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The seismograms and misfits calculated by
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FDM-RSG with finer grid spacing (50 grids per
minimum wavelength) for model A (a) and model B

(b). Details are given in Fig.4.
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Fig.8. The seismograms and misfits calculated by HPM with
method A for a dip of 15°. Solid and dotted lines are
analytical and numerical seismograms, respectively.
Filled circles are misfits. Source frequency is (a) 3 Hz,

(b) 4 Hz and (c¢) 5 Hz.
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Fig.9. The seismograms and misfits calculated by HPM
with method A. Dipping angle is 30°. Details are
given in Fig.6.
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Fig.10. The seismograms and misfits calculated by HPM
with method B. Dipping angle is 15°. Details are

given in Fig.6.
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Fig.11. The seismograms and misfits calculated by HPM
with method B. Dipping angle is 30°. Details are

given in Fig.6.
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Table 4 The result of misfit < 10 %. Symbols “O” and “Xx”

mean satisfaction and unsatisfaction of misfit < 10 %, respectively.

Frequency Offset distance (km)
Method

(Hz) 0.3 1.0 1.7 2.4 3.1 3.8 4.5 5.2

3 O O O O O X X X

A 4 O O O X X X X X

5 O X X X X X X X

3 O O O O O O O O

B 4 O O O O O O X X

5 O O O O O X X X

TOZREITINT Misfit 1E 10 BLAN & 7o 72, IRR
JEW KA 5 Hz @ & &, 3800 m DEZIEL (/MNEEOK
33 FS) F T Misfit 28 10 %LAN & 72 o 7=,
PLEo#ER % Table 4 (I2F LD 2, X, EFEEN
B RiuEe 513 L, IR - SRR EEE S EE L
EEEN 213 L, FHRRENEL LW B3R S
7o Misfit < 10 %% BT 2 DICLEREFITFIE A, B
TREEARY, FiEACREEESE 3 Hzor—2 &
FiE B CHEIFARE 5 Hz O — AT, SHEEHEIS
U7 i OBAITIZIZRARE & 72 o 7o, Fik B Tl
WENIZ 19 Hoki+R3dHiux, RbiEvaziEs (b
WROK 27 1K) Tb Misfit 1% 0.2 %fRE L 2> T
£ Y, Bohlen and Saenger (2006)iZ XV #&E S hiz
FDM-RSG 2 L Y FE L 72 DA 3 L 0 b 2 kL 73K
T, BERSKREEEHELZHE T LBbhoT,

5. F&H

AFFECIE, HPM ICX 2 EREEEE Y I 21— =
VBT DKEE A, Lamb o REE % A CREAT RS
FDM-RSG (Z & 2 Bufiifig & bbfie+2 = & CTREHNCHRET L
720

HiZm 23 K22 A GRAIICEE S Icih -
TW5HEA), HPM & FDM-RSG g3t fighrfig & B
W—Ek AR LI, L, R 2S00 7e 1
JFIERE - CREBEIRICERBLT 54554, FDM-RSG I X 2%
TERRITMRITRE & K& 7p#fE%2/E U1, —7F, HPM IZ &
D FRIMEA U 7- R 6 L C ORI B REE GEE
HETZZ N TERE, £72, AU HPM T, R4
FEELIRICELE LT e &, RmIZIK > Ko Chir27
b LTERE LEZSEATIE, MT290 LBan ik
ERL EEEEEOHENTELZ L Nbhrolz, W
oKzt L, HPM i3 FDM-RSG KL 9 kiR < R\
WEEAHBTETRY, ZoZ enb, EEOMEKMR
R EHT BT VBT 2R ERERHEY S 2 L —
g Tk 5 HPM OB R S Lz,

e, IRIFE R & R - IR R A A s
THEEDO VI 2 b—va a8 IR0, fMNEENORL

THAARTRIERED HPM ORI E D L 5 ICHES KT
TNEMRET LTz, BEEBRRICRI T2 RE LTI- AT s, &
INEREN ORI 19 O —ATH 16 HEY, 12
D — 2 TH 8 I £ T LAMisfit < 10 %% ERK T
Ehhol, —J, MREITHE D XHIChF2T 5 LT
BfE L7236 T, BvNERNORIFE 12 @0 —
ZTH 20 WELL EOEIERRECMisfit < 10 %% EZik
THIENTEL, ZORRLY, EEBECEREERIC
Db BT, BEERRICK T2 FE L CHIRR 2 KRBT 5
Fikk v, wEEDRRICEDE TR IEEZ TS LT
BT EHEOHN, LoORVK TR TORBERS KM@
Wk EETE D Edbhot,

AT FOBEIIHETH D & LTARYEIT
Wb oy, FEE LITIBEOWIRIZIV THERE 2 H
A U 7o MR A ORGSR BE i 2 5 oD T HUER I (R o
2 l—3a &8I ->TW5 (Takekawa et al.
2011b), & DS, KHEEE T O A RITHI RRE % -
F A7z, BT aElc XL aBESRETFENHVWLNT
W5, EHETRIINICREE % LT 7oWga, Rk
T2 O THGUHE O BT 2 < 85 70 Lo ik
NEZ 5% (Aoi and Fujiwara, 1999), AREHEET
HIARRIZ, RGBT/ & R BEHR A B E VSRR %
EFszmTcEs, LnL, REgE T2 HW ==Y
B TR E O e HETRICHE DI LS, AIREFETE
TEAYyva2ZETHENELD, —F5 T, HPM
TITBEALIC LT & 72 D OITRL 1 BFE SR -3 8 DK
2T 2 DT, RGE & BF W E ok % 0 El 5
P CRGIHEZN ES¥5Z LR TE D,

Bl 7 Ml 2 £ 7 VA9 B BRI T HER AT O 5]
BERYESC, MREOMNIEBET LLERD D,
Takekawa et al. (2011b)S°CARFFIEICEIT DG LV,
HPM | X 0 #BERASC 1A - B S5 8 c o BT FHA
ERENOBERLAITAD Z ENRENT,

E =

AWFZEIL A AR LIRS OB MEXT/JSPS (3
F(B) FEE S 1 24760361) O EZ T T Zbh
b0 TY, 2, EAOEGE 24D TELIIATE
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Accuracy of a particle method for modeling of Rayleigh waves

Junichi TAKEKAWA*, Hitoshi MIKADA* and Tada-nori GOTO*

ABSTRACT

Numerical simulation of seismic waves in a model realistically accommodating arbitrary shaped
topography is important in exploration geophysics, earthquake disaster mitigation, environmental/civil
engineering applications, etc. Finite difference method (FDM) can be applied to fairly complex model with
simple manner using rotated staggered grid (RSG) technique. However, RSG scheme requires many grid
points per a minimum wavelength to assure the accuracy sufficient for the simulation of surface waves
propagating on an arbitrary-shaped ground surface. On the other hand, a Hamiltonian particle method (HPM)
has been applied to simulate surface wave propagation taking advantage of the simplicity in the
accommodation of free-surfaces. Although the particle method successfully simulated surface wave
propagation, the accuracy of the method for modeling Rayleigh waves has not been verified quantitatively.

In the present study, we investigate the accuracy of a Hamiltonian particle method, which is one of the
particle methods, for the simulation of Rayleigh wave propagation. We calculate seismograms of the Lamb’s
problem using HPM and FDM with RSG (FDM-RSG), and compare them with those from the analytical
approach. FDM-RSG solutions have the highest accuracy for a model with a simple planar free surface aligned
with the grid structure, however, suffer from the effect of inclined slope that may not be aligned with grids
while those of HPM keep the accuracy enough to be applied in case of the inclined slope. We also investigate
the accuracy of HPM for a range of the source frequencies and the offset distances. The results show that HPM
can simulate surface wave propagation with smaller number of particles than FDM-RSG. Our numerical
results indicate that HPM has some advantages over FDM-RSG in terms of the accuracy for modeling surface

waves on arbitrary topography.

Keywords: Particle method, Surface wave, Numerical simulation, Free surface
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