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Numerical Accuracy of a Discrete Wavenumber Method with Complex Frequency

Atsushi NOZU*

Synopsis

The discrete wavenumber method is one of the techniques to simulate carthquake ground motiens for
a layered half-space. In the discrete wavenumber methad, a seismic wave radiated from a source is expressed as
an wavenumber integration. As long as the medjum has no inelastic damping, however, the denominator of the
integrand becomes zero for a particular wavenumber and the numerical integration becomes impossible. To
sofve this problem, a method to incorporate complex frequency was proposed as early as the proposal of the
discrete wavenumber method itself. The numerical accuracy of a discrete wavenumber method with complex
frequency, however, has not been fully verified. On the other hand, in the near-source region of an earthquake,
the near-field term or the intermediate-field term often causes a displacement waveform with a residual
displacement. Such a displacement waveform can theoretically be computed using a discrete wavenumber
method with a complex wavenumber. The numerical accuracy of the residual displacement for such a case has
not been fully verified either. The results of the verifications are reported in this technical note. The results can
be summarized as follows.
1. The results of a discrete wavenumber method with complex frequency are compared with the results of a
discrete wavenumber method with real frequency for a case including remarkable surface waves. A very good
agreement was found both for the amplitude and the phase, indicating the numerical accuracy of the discrete
wavenumber method with complex frequency.
2. The residual displacements computed using the discrete wavenumber method with complex frequency are
compared with theoretical values for a half-space. The values agree very well, indicating the numerical accuracy
of the residual displacements computed using the discrete wavenumber method with complex frequency.

A FORTRAN program newly developed for this research is available on the attached CD.

Key Words: Discrete wavenumber methad, Layered half-space, Earthquake source,

Ground motion, Residual displacement

*Senior Researcher, Geotechnical and Structural Engineering Division, Port and Airport Research Institute
3-1-1 Nagase, Yokosuka 239-0826, Japan
Phone: +81-468-44-5058 Fax: +81-468-44-0839 e-mail: nozu@pari.gojp
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Vi B IBIZ 31T S motion-stress vector (k. (2 358H5)

Vi 8 B BT B motion-stress vector {k 125 RR)

Vinb.z,0) i B BEBTREMO T 22K (07 O7—) =Lk
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{1828 HJI—F OB

CALL BOB1B2B3 (NS, NSITE, NK, AL, R, BO, B1, B2, B3, EPS)

(i) TATOY =AY POREEHLT Sl ), LD
r
M ERFET S, F, sxd kB,
¥
(D3R A)
NS AN v—Rndk
NSITE  : Af : HA hD#k
NK AN k0%
AL CAD T Lilm)y (VRO FEEEED 4R
R c AT v (m)
BO cHA s Jolkr) vk S B
B1 A )
B2 S M r=0ICHF LTI li}%%—kr—)zg' |
> r
; ; Lo k. | 4 (1)
B3 D :—ﬁll &:OLTWLTMJm—ﬁ—l=_)
14 r=0 r 2
EPS A :Ek:{1—~k=o
2 — k=1
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{HenE) Bessel B Jo@), (@) #3FHE 5.
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CALL DISLOCATION (NS, XS, YS, ZS, ITYPE, THEO, TAU, AMP, TR)

(Hent) Wil - ORI OIE M E FEHIAAL T, %S4 5 point force /3T A &
HERETH.

g%
S
3

NS : /1 point force DX
(NLxNW* 15 I L 0 3R & h5)
XS A VRO x EE (m)
Y8 R L Y —AD y FEEE (m)
ZS il VY —RAD 2 R (m)
ITYPE A Y ADE AT (2 vertical point foree M S

3 : horizontal point force
4 : vertical point force
DIER AR (B4 A5
5 : horizontal point force
| ofEmsEECE 8
THEO : 7 point force DYEAT B Fm (527 )
vertical point force O & & FH& A3 0
horizontal point force M & & +x F[EMN 0

+y HEH /2
TAU D V=2 OFEHT B (5)
AMP P Y—ADKE X
HALE ITYPE=2,3 @ & & m?2
ITYPE=4,5 ® & & m? -
TR A A XEA L)
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CALL DVPF (OM, AK, AL, VP, VS, RHO, ANU, GAMMA, Pus, Pds, SVus, SVus)

(FHE)

(BEH D)

Vertical point force OEH MBGEE TR A My iowt U CEIE» 51 &+

D.

OM
AK
AL
VP
VS
RHO
ANU
GAMMA
Pus
Pas
SVus
SVas

: AA
: Ah
: ANh
: AT
: AJi
: AH
A
: AR
s/
syl
A
iy

cw (1)

: & {(Um)

: LiGm) V7 ROEARER O
8% P ikEHEE (m/s)

D HHE STIEE (m/s)

D EE (t/md)

v (U/m)

cy (U/m)

. BEJRIE (upcoming P wave)

. FEIFIE (downgoing P wave) | BRI

. FZIRIE (upcoming SV wave)

: BRI (downgoing SV wave)

CALL EXPLOSION (OM, AK, AL, VP, ANU, Pys, Puas)

(thee)

(ZEHOFRH)

Explosion DiFa O RFIE A FHH 4 5.

oM
AK
AL
VP
ANU
Pus
Pas

: AF
AN

AR
N
s A
T

: o (Us)

: & (U/m)

: L(m) Vo RO FHRRIRO 68
D EZE P EEE (m/s)

c v (/m)

: BRIRTE (upcoming P wave) (1/m2)

: iR (downgoing P wave) (1/m3)
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CALL FFT (N, X, IND)

(frE)

(L DTHI)

FET #1755,
N C A
X N
HA A7
IND AT

m=}

FRTORE X
:FET O/ B F — 4
. IND:_l 0)& %\

§ o (2= nc)

IND=1m& x

m=l

i X(me’ (27:(!{ —1)m - 1)J

N

MEEHTRO L % -1
DO EE 1

CALL HPF (OM, AK, AL, VP, VS, RHO, ANU, GAMMA, Pus, Pas, SVus SVus, SHus

SHus )

(HhHE

(EH TR

Horizontal point force DE-ADEIRE4EET 5.

OM
AK
AL

s

RHO
ANU
GAMMA
Pus

Pas

SVus
SVas
SHus
SHas

c AT
c AN
C AT
s AT
: AT
c AA
!
: A7
icyy
Ryl
A
DA
: HE
D

s (1/s)

: x (U/m)

P Li(m) U r SR ORAEEIR O 4%
D P EEEE (m/s)

1B S HEHEE (m/s)

D EE (t/m3)

s v (1/m)

c oy (Hm)

. BIFIE (upcoming P wave) -

: BIFE (downgoing P wave)

: BRI (upcoming SV wave)
. BEIRE (downgoing SV wave)
: BRIRIE (upcoming SH wave)

A

> (m52 t"')

: BB (downgoing SH wave)
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P

CALL DHPF (OM, AK, AL, VP, VS, RHO, ANU, GAMMA, Pus, Pasy SVus SVas, SHus

SHds )

(FnE)

(EFDB)

Horizontal point force OERABREIZET B85 0% LT BIEIE 45+

BY5.

OM
AK
AL
vp
VS
RHO
ANU
GAMMA
Pus
Pas
SVus
SVys
SHous
SHas

CALL IMAT (A, C, N)

(Hne

(2535 D)

WiTH &t E T 5.

A Ny
C A
N T A

AN
s AT
C AT
t AN
: AH
t AN
AR
: AT
DA
ey
:
c
DA
DA

w (I/s)

: x (1/m)

tLim) U SR ORBERO £
D HE P BEHE (m/s)

: HEF S BEE (m/s)

 EE (t/m3)

c v (1/m)

sy (Um)

D BRI (upcomming P wave) ~

. BRIE (downgoing P wave)

=R

: RIF™E (upcomming SV wave) (s )
st

R (downgoing SV wave)
: BRI (upcomming SH wave)
: BRI (downgoing SH wave) Y

TR ERE S RETH A
C Al
TRl KEE
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CALL LAYER (H, VP, VS, RHO, NL)

(HrE) HhFE 1 A e,

(2 DFHE)
H BE  (m) h
VP HBFE PIHE (m/s)
Vs HE SHEE (m/s) >
REHO L EE (t/m3)
NL c BE (HALF SPACE i33g .z 72vY) J

CALL MSVECTOR (OM, AK, ZSITE, ANU, GAMMA, AMU, H, VP, VS, P,, P, SV, \W

SVa, SHu, SHq, V1, V2, H1)

(F&HE)

(FEHh o)
OM
AK
ZSITE
ANU
GAMMA
AMU

VP
VS

Py
SVu
SVa
SH.
SHa
Vi
V2
Hi

Bz bz A ~OBEE TOD motion-stress vector & 3HET 5,

: A
AN
: AN
: A
: Ah
t A
CAS
t AT
: AN
s AT
AT
s
A
: A
s AN
A
i upral
DS

Do (1)

: k. (U/m)

c YA P OBITOEE (m)
YA FDBBED v (1/m)
L HA MOBLED y (1/m)
A bPDHDFEO u (tfm?)
YA P DHDBEOBIE (m)
YA FDHLBOEE P EEE (n/s)

YA b DBDSEOESR S HHE (m/s)

YA FDHBED upecoming P wave DIEIE
Y F DB BEO downgoing P wave OHEIE
A FDHABEO upcoming SV wave DIEIE
A b DB DD downgoing SV wave DIEE
s A M D& DS O upcoming SH wave DIEIE
A D& BB O downgoing SH wave DRI
: motion-stress vector
: motion-stress vector

: motion-stress vector
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CALL PMAT (A, B, C, N)

(#5E) THOHOHEZITS
C=AB
(ZH D)
A AN S ATEL A
B A iFH OB
C sh 1TEL C
N A fTHlORES

CALL PMATZ (A, X, Y, N)

(BEaE) ROFEEIT
vy =Ax

(ZEH DFER)
A s
X AN
Y D H
N : A

REATH

: X7 bx

CXY Ry
REATHIDORE &
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CALL PROPAGATE (NL, 1S, ZS, ANU, GAMMA, H,
GTUV1i1, GTUV12, GTUV21, GTUV22,
GTDV11, GTPV1i2, GTDV21, GTDV22,
GRUV11, GRUV12, GRUV21, GRUV22,
GRDV11, GRDV12, GRDV21, GRDV22,
GTUH, GTDHM, GRUH, GRDH,
Pus, Pds; SVus, SVus, SHus, SHas,
Pu, Pa, SV, SV4, SH., SHq,

XP, YP, XSV,YSV, XSH, YSH )

(HERE)

(EHE OB
NL
IS
yAS
ANU
GAMMA
H
GTUV11~22
GTDV1i1~22
GRUV1i~22
GRDVil~22
GTUH
GTDH
GRUH
GRDH
Pus
Pas
SVus
SVas
SHus
SHas
Py
P

: A7
t AT
: AF
: AA)
c AN
: A
AN
s AN
: AN
: A

t AT
c AB
t AN
T Ah
t AT
t AN
c AD
c AD
c AS;
L Hi T
P

L RIRY
;R
;B
 RIRE
: {upcoming P wave DHRIE)

=

D RIRDIFET AEOES
 RROERBNCOEE (m)
cEREEO v (1/m)

: BIFEB Oy (1/m)
 BIRBOBE (m)

T ~

: Ta

. Ru

. R J

AN Te S

;T

' R

: Ra /

: EEIRIE )
FETRIE

A\

‘

: {downgoing P wave DIEIR)./
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RIVAZ AN LTHEBO P I, SV, SHOEEZ KD 5.

r P-SV BT, mEROTA.

r SH IS, SR

X7

ITYPE =2 0 & % (s%™')
=3mE & (mszt")
=40 L E (m“’szt")
=50 L% (s

s



1) 1 £ 1IS £ NS off

SV 1 i3 (upcoming SV wave DIEIE)
SVa W (downgoing SV wave DRIE)
SH. D7) : (upcoming SH wave OIRIE) | Bfri:
SHa t i (downgoing SH wave DIRIE) [ITYPE=2 m & & (S?-f‘)
XP P PRICET AR X > =30k & (ms’™)
YP S PREICHT AR Y =40k E (mis’r)
XSV T SVIERT AEO X =508 (s2)
YSV S SVEHET AR Y
XSH CHA SHEICHT RO X
YSH 5 SHgCH+T2RDY )
2) IS=NS+1 OF
S —iPgZ g S —iPgZ g
A
X Y Zal Y
Xe“p.\'H.\' Ye“”,SHS
v
Sde"”’.\‘zsz
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CALL RT (OM, AK, NL, H, VP, VS, ANU, GAMMA, AMU,
GTUV1i1, GTUV12, GTUV21, GTUV22,
GTDV4i1, GTDV12, GTDV21, GTDV22,
GRUV11, GRUV42, GRUV21, GRUV22,
GRDV11, GRDV12, GRDV21, GRDV22,
GTUH, GTDH, GRUH, GRDH )

(H1E) R/T coefficients * &84 5.

(TS mFaR)
OM AN e (U
AK AN sk (Um)
NL A B
H NS BE (m)
A% AN HBEPHEE (mfs)
VS AT tEFE S EHEIEE (m/s)
ANU AN v (Um) : P DD T sy
GAMMA Ay (U/m) C SIEDERD Z sy
AMU c A (BALETTH L)
GTUV11~22  :AhH : Ta S
GrDvIEz AT v e, ok
GRUV11~22 :H# : Ru '
GRDV11~22 CHAH R -
GTUH CHA cTe N
g;?:z :2 ;d - SH i30S, SpOER
GRDH cHA Ra A
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CALL RTHETA (NS, NSITE, XS, YS, XSITE, YSITE, R, THE)

(Fre V= ALY A FOREEHRTOMBENS r& 0 2FHET S,
(ZHDFLEH)

NS AN v—AD

NSITE AN YA ok

XS NS DV AD x FEE (m)

YS AN V=R y EE (m)

XSITE AT A RO x EEE ()
YSITE A WA Oy EEEE (m)
R WA r(m)

THE A 0 (YT

CALL SITE (NSITE, XSITE, YSITE, ZSITE)

(#%8E) B ONEERAAT.

(ZE D7)
NSITE N in S Y
XSITE WA A O x FEE ()
YSITE A YA Dy EE ()
ZSITE HH YA bz EEE (m)
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CALL SITELOCATION (NL, H, NSITE, ZSITE, ISITE, NS, ZS)

(BERE)

(T8 D)

A NOREEZMED S OEENHEBN TOEREICERT S,
7, VA4 FOEETAIBOES S ISITE i & iAte,
SHiZ, YA bEV—ROBENETEALE X T, V—REIFAODL

T 5.
NL : A
H : AR
NSITE AT
ZSITE T AN
DA
ISITE R sx )
NS AN
Z3 AR
A

¥ =E

:BE (m)

A F ok

A P OMED L OEWE ()

A FOEBRNTOEE (m)

YA VOB TABOES

DY — AN

D Y ADEBARNTORE ()

D V= ADERBNTOEW S I EE (m)

CALL SLOCATION (NL, H, NS, Z8, 1S)

(#5e)

(ZEH D7)

Vo ADVEE B IR DS OVEED BB BN TORE ST 7.
Fir, VADFEETAIBOEE S ISItE 2 AT,

NL AT B

H AT R ()

NS t AN R0

7S AN = ROHENGOEE ()
i Y —ROEBRNTOEE (m)

IS A Y RORTABOES

(IS=NS+1 76, Y—AXHALF SPACE NIch A L%

BT 5)

-38.
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CALL STFIA (DT, F, TO, DURATION)

(H&rE) RIRRRBEER (1R 07—V 2 EHmE 525

(253 D BA)

DT A
F A
TO AT
DURATION : A

BN BE A7 Y  SRRR
RIS 7 — Y 5 ()
T ARXEA Db (s)
: BFf window (s)

(ToD/PEWVDIZ, DT BKRENEMRAENE S FE WV OTHER)

(38 1 388 B2 5 ) B S0 3 e 2 BB 4

v
o+

_39.



CALL STF2A (DT, F, T0, DURATION)

(HsHE) TIREEREE Q%) o7V zTfEr 525
(FH D)
DT AT SR A ) IR
F W EEEEER O 7 — U = (s)
TO AN FAXEA L (8)
DURATION c AF IER window (s)
ft)
¥
) [
\ 2 U
P f
S
To

(18 v R R B — 0 = A7)
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LR IR ML

()

(BEH D)

Ry

AN




CALL VPF (OM, AK, AL, VP, VS, RHO, ANU, GAMMA, P.s, Pas, SVus SVus)

{#rE) Vertical point force MIHE ORIFIEZ FHEH T 5.
(FEH o)
oM A e (Us)
AK cANH k (m)
AL : AS1 i LGm) U2 ROFEAEERD £EF
VP c NS HEFEPIGEE (m/s)
Vs : AH EHESEEE (m/s)
RHO AT EBE Gmd)
ANU NS v (Mm)
GAMMA A vy (U/m)
Pus c b EJRIE (upcoming P wave)
Pas CHAH . BIEUE (downgoing P wave) | SR
SVus : A RIFIE (upcoming SV wave) (S *1 _l}
SVus cHiA  EIFIE (downgoing SV wave)

CALL WaveNumber (OM, AK, NL, VP, VS, RHO, ANU, GAMMA, AMU)

(HghE) KIBICBETE v=ik -k, y= k' =k u EkDBD.
(F g ooin i)
OM A @ (Us)
AK : AJ ke (Um)
NL s AN B
VP AN HEFEPEEE (m/s)
VS c ANTT 1BE SHEE (m/s)
RHO c AH ¢ p (tm?)
ANU s v (Um)
GAMMA D sy (Um)
AMU CHA o (tfm?)
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(R
WSHATEGR A BEZEHERIFRT (BT, Sl LBV ET) i ACD i h-Filldbisinssn 3 »07
A— Iy —RTaS S A GUF, REGEENESE Y —AT 0 IF 4] LEvET,) BEATARR AR
IEICH L OEREL, B S Y — R a 7 AR AR I, [z EBVET,) bASECT
FEBEE< b E LET,
SUES LiliESs Y — A7 1 7 Z AGE{ BB TSNS JLOMSRZEMERERISTR G No.1037 OEEMIF L
T, LoT, 2Pl LAF RS SIDBRT AR LT, b, BB, (o RekosisstsT
2—P— LA L, B LRS- R T 0 7T MOERRERET S LOCT,
@ATNTIUT BEANET, DAY R L e E0RELET, PSSOl v 4R
IDER L E &, FEEE - OERERRT &S5 s bsTaxd,
SRR T. PRGNS — A7 0 7T b ERT DL, FEARRIRE L P I L TORIREL
$9, Lo, BEIEEERS  — R ST A BIAR L VR - AR - B L b0 ST ThIZERA N Y
OE=E O, RE. W BE RETEL. BERRL IO L LET,
@ — - AFHIEIC b L OEFFIRES O SIS AR G Y — R 0 T AV O, =i
- BB ST A ENTELLOE LET,
SR LEEES Y — R0 7T AOPE - RS - HERE - TOMBSE AE I A =0 b ERR
T, HREEHEREOEEE A EE A,
QIR IEES Y — AT 2 ¥ 7 AO2ME U3 HOERI & AR ARSI IS L 1 s
BEAIIE, AELEEITASTETEE No. 1037 25| A4 285 A5 b LET,
@ LS - A 7T T WO LSRRI L SR 00T, B MHEETS D
DI, B, TO—HIOREEAVFEA, LoT, HEFRORNMii—F B0 Y 2 7B EFHIB
CIFH bl LET, Fio FEESSHEYGEGESE /27 0 75 Mo TR RRTE A 8 A,
B LRy v — A 70 5 AR L EORIRIC o T, B ORERNC e AR . T OE
HELEETH, FEESLMOMECAV S A, =, BEESL. SERN-~OEAIEOEIEH D (HEEE
OHFIOWMBEORIT & Vv STEIRORIES. TR BREMiby, —LEdA, LoT, FEES IR
RS Y — A0 7T M A DR HIEREBIT O FE A, ShIT, BEEREE Y — AT 0SS e EELE
BEOREIMLTH—IORERabNLOE LET,
@FZHD\ T OREE TR O—ESERIZ L S Ao IR ST IR v SRS EAEEN L AEAY THIBR S
NDHLOE LETH, TOMOEMIERL LTHINTERTIOOL LET,
ST T AL L, Frm B BEESES Y — A7 e 7 LEIASMITREE L, F13D
NBIZAEE L TS OIEFHSEE L, LSV TR LR &1L, AAEOREH T S E oy BEEk
HEFETD I Lio, ML — BB LT, DL OEIRES & o —F— L OB IO T b ER
LET,
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