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A study on nonlinear site response appeared on strong ground motions
during the 2003 Tokachi-oki earthquake

Goro MiwaDA * Nobuo TakaAr « Gaku SHMIZU * Tsutomu SASATANI
Graduate School of Engineering, Hokkaido University
Takahiro MAEDA
Faculty of Science, Hokkaido University
and
Akio YAMAMOTO
Oyo Corporation
(Received January 8, 2010)

Nonlinear site response was observed at TKCH 07 in Toyokoro and HKD 109 in Urakawa dur-
ing the mainshock (M;8.0) and the largest aftershock (M;7.1) of the 2003 Tokachi-oki Earthqua
ke. At TKCH 07, peak ground acceleration (PGA) was smaller than PGA at the other strong mo-
tion station in Toyokoro. At HKD 109, the accelerogram shows a characteristic spiky waveform. Due
to this spiky wave, large PGA was observed compared to the other stations in Urakawa, although
PGA at HKD 109 was smaller than PGA at JMA Urakawa station during the main shock and
smaller aftershocks.
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I.1x C & I

— R HAR DIERI BRI 1L, TPy IC AT ST HUEE) 2> & T & 4 2 #i 3R if o ik
EE0b, BlENDINEE LMD T 5. —F, il iTliciz o IERR P IS E R B S vz
BENONLEED, TR SN2 MERROMEE 2K E < ERESFHbHESNTWS. 2003 49
H 26 B 4:50 (T 2 RIR &35 2003 SF-HB5 R (M;8.0) 2334, [FH 6:08 ICHRAR
B (M;71) BEAELU. AHEL 1996 FLIREICE R EBREA2E TEFE ST, MHTo
M8 7 ZADKMETH Y, ALl Z O IRHIH I B 2 B A TRELLHESSE iz, 2003
FABIHHERIC OV T, #BOIERIREICET oMb IE S (BIAIE, 1L - f, 2004 ;
A, 2006), TREENC X D IFRIPISE Zkimd D 70 O BAF R MIRFCHE A % < Bl S 7o
BThHole, LTI TARHIIETIL, ALEENOIREBIHN TA U I O IERIPIRE DR O %,
2003 £+ R TOATRBEBI ISR T 2 HIRRE A A L, Fric@n L 788l R Tk
FRIEIE DTREE) ~ DB AT LTz,

Il. 2003 F+EsHthEIC L D FRBMEERERAR

R D IERRICINE I AE DR DO — DX TR R O OMBEAT TH S, Fig 1L ITRL T4
JETO 2003 FEAHEMHUBEAE - RRKRBEOBESMH I Y B E~-FB~JIE 512207 TEH
BEES BB 5 MEHMBRESNEBY, KB Z OHUIE THIAR DO IERIZIGE 34 L 72 Al et
IR T D 2 L kS,

HhEERREE & MR O IERIBIRE 2R D HEO—2IT, SHOME HMF DR M vibE &
D, BBICE DAY bV & O T HEBE R OIRE S~ OB B 25T 5 HiER S 5.
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Fig.1l. Maps of the intensity distribution during the 2003 Tokachi-oki earthquake
in Hokkaido (Left map: Mainshock, Right map: Largest aftershock).
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(LA (2006) 1 Z DFEZEHWTER 7 A — ViR ESIHIE 2 2 E A < BEHRESINE (KiK-net)
L0 E SNBSS, 2003 F-HBEVRFHIGEIC X 0 ALHEE N THUEE O JERR A 2N EL A T LA
REELDOTVD, [IAR (2006) 1ZART Vb ek JE R B O K ER B~ DBAT 23 4 6 v ic 8l
B & LT KiK-net #& ' (KSRH 10), #6§ (TKCHO07), X (TKCHO08) ¢ 3 Ll s &%) T
W5, 3ERSOMEZXR L7 Fig. 1 X0 25 0BILESARE TORBEICEL TNWDZ
ERD D, Fie TKCH 07 TOARBE R OREREO SR Mo 227 V&7 Fig. 2

i, EEERRBARER O 1 Hz (I AR BAA~BATL, SEERR S MRS 272 8,
JERRT I ERE DR BTV D,

—77, RTH—= VBRI ZT> TOWRWHIE O R ORBEIRE CIFRIGE 2R+ 5 Tk,
SHEHD D HV AT MLibZz &Y, 55EEIRFO H/V A7 hUIb & DHEST, A7 MLV
& JENR oy DARI 2 &7 b W DO IR E ZHEE T 5 HENH G TS (Wen et al., 2006).
AFFICBNTHER Y U —2 (K-NET) #BURIS TOMBFIEKIC H/V A2 MVIbiEZ
ML, FBRE TOIFIGEREOHEZTT L o, T TR O IFRIEZISE SRR D A
FC XV FAETD Z L Z2EAT, JLHEE O K-NET LA ON, 2003 £+ BiHHE - A8
BWTKFEE R 100 gal LA EOF KHIENINEE (PGA) ZFdk L 8L Zxis e Lz, &ffic
YT EDBMAIL 49 SFEEL . RED SIS O HIV A7 RV & BT 5 e DOFE
BICIE 2003 1 ~ 8 A &£ TICHBRIS CHRI SN IZHELZ AW, ZOWN, KREXIIRARE
R (B 3R 2R S R B~ 4T 9 D A 3 e b B IS L S v 7z 3 BRI, K-NET iR
(HKD 091), J&J& (HKD100), i (HKD109) o S #4530 HV A7 sV % Fig. 3 1T
7R, HKD 091, HKD 100 TIXAERICZNZNFHIERE 6.0, 58 kL, HEAEKHKO
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Fig. 2. Spectral ratios of ground surface motions to downhole motions
at TKCH 07 (Base: GL-100 m, Transverse) from the 2003 Tokachi-
oki earthquake sequence.
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HKDO091(URAHORO)
AVs20=76m/s
o Distance=119.2k

HKD100(HIROO)
AVs20=193m/s
o Distance=84.3km

HKD109(URAKAWA)
AVs20=213m/s
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H/V Spectral Ratio
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| Largest aftershock PGA:660.49gal

10

Fig. 3. S-wave H/V spectral ratios from the 2003 Tokachi-oki earthquake and weak motions at HKD 091,
HKD 100 and HKD 109.

EFREM OB B b AT TAE <720 TV5, HKD 109 TIRAAREIFICEE 5.9 &8
BRI 5.2), FAIUIEOREL AT L - RARETL Y FRICRN TS,

II. ERBEEREBRARTOMTHEEDHTE

K-NET, KiK-net BHISICIBWTHRAEL 72 &5 2 515 HAR O IEFRIEIRNE Z MG HEE AR 142 X
DRI 5%, BULEAHT CoOM TG OHEE 21T 2.

A D IR %R Lo R 7 B — VBIIS ON, TKCH 07 TIXBEICHEAK - fth (2005) 2LV S
HOREREE R HEE ST TS, HIROHEILE O 70> & ik O IERR I 2 W7 L 72 K-NET #1H1
SICOWT L HFHEE 24 E T X<, Z 2 Tk Fig. 3 ® 3BHELS 0N, FEHF & L THKD 109
TR T S Pl FEMEIE A 21T o 2. Fig 4 1C7R L 72 B AT SRR B A HKD 109 & -G (¥
B HUEGRERBL) OISV THEBIEREA K OREREREA 2 M L 72, MEMRE TIEA 8L RT
BETA~6% A4 X (CEFE2~33m) OF L—BLZFEML 7. KRR IS B FEHE T ~
2EERE L. GONMEIGEGEON, ©E LKA ROZEMA OB [SPAC I, MA
(1997)] X Y %\ T Rayleigh I OAAHEE O B HIFR 2 E L 72 (Fig. 5 HLH). &A1 XD

DN o4 v\‘ Vo
A% N
b Qo
- : <
#1500m
(c)GS], Japan 2003-2005

Fig. 4. Strong motion stations in Urakawa.
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e Dispesion curve from SPAC at HKD109
O Dispesion curve from SPAC at Urakawa-G
< Dispesion curve from sturucture at HKD109
N\ Dispesion curve from sturucture at Urakawa-G
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Fig.5. Observed and theoretical dispersion curves of Rayleigh waves at
HKD 109 and Urakawa-G.
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Fig. 6. Determined S-wave velocity structures at HKD 109 (blue line)
and Urakawa-G (black line).

T LI KD HERE S AVIC AR IR BE O S R 2 A R R XS SPAC FRERZ B RE L HERE L 72, #4720
Hz DAL CIERE R T & 0 HEE S N7 AL o 23 Bt 2 VW T . 3R 72 Rayleigh #
DA E D B> &, MO S POHERE ZHE T 2BICiE, BEMT LI XAITX
o BEBALRISE AT FiE (L - fh, 1995) Z@H L7, HEMEZSEALKY, TEO3EIE
FHEEE L RGE LTz, HEE L 7 S OEEEREIE % Fig. 6 12”7, Fig. 6 £V 2 BIIA Tid 10 m LA
DEFE DG & Vs~500 m/s DJF TOBEICER LS.
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Fig.7. Amplification ratios of HKD 109 to Urakawa-G, Q-model 1 and
Q-model 2.
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Fig.8. Spectral ratios of Surface to Base at TKCH 07, Q-model 1 and
Q-model 2.

JHIATHT - SERETIZE 1 5 R AC SR D MR ET

JETHE L 72 SIHHEEMIE LV 1 It EE RSB 12 H-3 < Propagator Matrix 1% W T
HKD 109, TKCH 07 TR HERAE OfET &, 55738 & O 2003 RIS TOMBLMKY 2 =
L—3 g v &fTo 7z, HKD 109 TIEf BRI AriE 3 2 i -G (x5 2 g sk 2, TKCH 07
TUEH P BRI ST 3 o HEilERr M E 2 e E NG R L 7. (Fig. 5, 7, 8 7% - i) . HKD 109 ic»
WTIESHHEEBELZSBLRELED, VI alb— a3 ORE, H3~5B~OHMBHA
XD - A7 broZEiT/hE<, 38 ($10m LK) £ TORBA 2 B R O iR
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Fig.9. Simulated accelerograms at TKCH 07 from the 2003 Tokachi-oki earth-
quake and the weak motion (2004/11/29 M;7.1).

HIROZEICKEREEBLZRIFLTNWD EEZ, FHEICIT3IEHEEZ AW, £/ HKD 109 »
AFHEICIIET-G OMBFE L VIR L ASE (L) 2Rz, mWERSE L Hic 10
Hz 2 E CiE, MO BEER T AT MVIEPTEERO 27 MV e i3IE—%§ 57,
10Hz YL EOEFEREH TR RREEZREL T\, AT ORERI Q E%, BELEE O A
EETHRELEATHS, bk - (1999) IZEGELBZ T 2, &EHE TR 72N RE
EEBICANT Q EREZREL TRY, AFEICBNTHRREHAW, FHEBE% Fig. 5, 7,
8IT/Rd Gk - F2H). MK E Y EEEE T, BFEREOARY ik Rn—%B3E5h T
ZEBRDD. Fig 9IR LT TKCHO7 TOMEEREOY I 2L —a VSR KD, 38R
CITIER ICHEE R S EROFEABER TND Z B0 05, EMEIRENREL L LHfEESND
AREREFTIIY R 2 L—y 3 VICHABRREFED AT MADREREHFETLVE T L Tna,
Fig. 10 ® HKD 109 TOMEEHEE DS I 2 L—3 3 UHERIZE W TS, 100 gal LT OFE TiX
FEERIE « AT MLVOBEBMNARETH 2 DICR L, MEENARE L ~LICET 5 & TKCH
07 LIFlkk, FEPEHL <75, ZOMEAITRARERICIVEEIC/R>TND,

HKD 109 O F KRB TOMEEFLHED NS k5 %/~ L7z Fig. 11 Ti, Fig. 10 TIXBABICHEN
PRI T IR 2 XA ZARDIRFE B E AT TWD . Z Ui Transverse k7 & FLEEAL & 72
% NS AT, ZOWFEORAERSH 5729 TH S, Bonilla et al. (2005) 1%, D Z/3A 70k
D P DN FE GRS BN T 5 A DRSO R 2B H O IFRIPINE RSk & B L T\ 5, Ll
RBEF LD Tablel OB XV, HKD 109 TR ARERICH A2 ) v 7Y T 40 &£,
WHE IR RDIFREIENE o T LRI ND.

1993 FHIEE M E (M;7.5) IRV THEEHIBRESN BIK-G) T, Fg llitmLk
HKD 109 O & RIEED A A ZARERSBRIS iz (Fig 12). MR T SEHO AR5
FHRAEID D (20 sec BARE) 12 AL ZREIEABN TR Y, Y127V v 7EL Y T4ICED
IR ERE I OR A L <AL TWD, 8% OIFRINERFDO 227 hrik (TYPEL, Fig 2) &
A7V 7EE) T 1 &0 IERIRINERFDO AT hVE (TYPE 2, Fig 13) ZH#T 2 &,
RABRFD 1 Hz A1 O S AR B BRI R A REMA~BAT L, B E RS MR T2 72 &,
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HKDI109 Simulation:PGA=328.69gal Observation:PGA=199.70gal 2003/09 26/04:50
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Fig.10. Simulated Accelerograms at HKD 109 from the 2003 Tokachi-oki earthquake
(Mainshock and Largest aftershock) and the weak motion (2004/11/27 M;5.6).
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Fig. 11. Accelerograms (NS) at HKD 109 and Urakawa-G from the
Largest aftershock of the 2003 Tokachi-oki earthquake.

Table1l. Two types of nonlinear site response. (after Bonilla et al., 2005)

Type I Shear modulus reduction Type II Cyclic mobility

Indirect Direct

Observation in - a shift of the fundamental fre-| * spiky waveform

accelerogram quency of the transfer function| - gpiky waveform
to longer period - a pronounced change in frequency
content that occurs during or im-
mediately after strong shaking

PGA Reduction Increase

Amplification Reduction Increase
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Fig.12. Accelerograms (NS) of Surface and Base station at Kushiro-G
from the 1993 Kushiro-oki earthquake.
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Fig. 13. Spectral ratios of ground surface motions to downhole motions at Kushiro-G
(Base: GL-77 m, Transverse) from the 1993 Kushiro-oki earthquake sequence.

JERIC ISR DR 278308, Fig 2 T Z O EBAN I TO 27 M VMR 2 Dk L
T, Fig 13 CIIMEEL THR Y, HMFH COMWEICHMERZRERZTNLTWS, A7 R—1VEHl%
T2 TV HKD 109 122\ Tk, &I DIl-G ZHWTAX7 MV AR FHEREL
7o (Fig. 14). JH{l-G X T EME £ TOHE I B HKD 109 1T~ <, SH#HE DL KE WD
T (Fig. 6), #LIMICTRAERL Be¥ b L& X7z, Fig 14 XY, 2003 FE+EmHE - KK
RETIE, 1993 FHIEIFHIE - KB LR U <, HBEHEETO RS MV AMEE A
B, BIELTWDZEBS5.
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Fig. 14. Spectral ratios of HKD 109 to Urakawa-G from the 2003 Tokachi-oki earthquake sequence and
moderate earthquake.

WD HN AR MvikZzE D, HBEOIFRIREMER Z R L BRE 2l Lz, dhii L7z
BRI ON, K-NET i & KiK-net #EHTO S HEHEZH T L, 9958 & O 2003 F+
MHEAE - RARBTOBREBILZBOL I 2L —3 3 U &FTo 7. 28BS TOMBEDOIERTFZE
BFFICIE, v Ial—va UERLES, BAKKETORY MV OIRTHEOREIEEL TR
LT, HRARER O HKD 109 1I28 Wik, TKCH 07 % & D ith O IEFIIS AR AN S THA
RV, KIGREZ LD AL ZIROBRRIEFEPENT, ZhEFA 27 ) vy 7EE ) T4 21E5
FERIICE IR A L Te % T, W OB OIERIEINE & TR IR IC M R b o 1o, B
FOIEREIREREOBENEESE 2, A1 2003 B HIE IS X 2 AR T O IR IS I
OEIFEEOHERP RETH D EEZD.

##E K-NET, KiK-net, #ZAHIREBEHN, K[ETOT—4 LK OE S HE B o #[X 264 H L
FL7, fBL TR L ET.
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