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Axial Ground Strain Evaluated from Phase Velocity of Surface Waves
and Its Comparison with Axial Strain Directly Obtaibed from Array Data

Atsushi NOZU*
Takahiro SUGANO**

Synopsis

To evaluate seismic performance of long buried structures such as buried pipelines and submerged
tunnels, it is important to evaluate relative displacement between two adjacent points on the ground during
earthquake. In other words, it is important to evaluate horizontal ground strain. The authors propose a new
schieme to evaluate axial ground strain due to wave passage effect, which is a major cause for special variation
of carthquake ground motion for a ground with relatively weak horizontal heterogeneity. Provided that the
carthquake ground motion is composed of multiple frequency compenents, axial ground strain ¢ (@) can be
expressed as ¢ (w)=v(w)/c(w), where v(w) is the ground velocity and c(w) is the phase velocity of
seismic wave in the direction of structural axis. In the proposed method, the smaller of the phase velocitics of
the fundamental-mode Love wave and the fundamental-mede Rayleigh wave is adopted as the phase velocity ¢
(o). This choice was made to achieve comservative evaluation of the axial ground strain. Because phase
velocities of surface waves are dependent on subsurface structures, it is preferable to evaluate ¢(w ) based on
array observations of earthquake ground motions or microtremors. Because the proposed method was developed
with a layered half-space model in mind, it is essential to validate its applicability to actual ground, which is
more or fess horizontally heterogencous. Therefore, the method was tested against the array data from Runway A
at Haneda Airport. The array at Runway A is composed both of a large array with accelerometers several
hundreds of meters apart from e¢ach other and of a small array with accelerometers several tens of meters apart
from each other. The "observed axial strains" werc obtained from the difference of displacement time histories
between two adjacent accelerometers. On the other hand, the "computed axial strains” were obtained by using
the proposed method from the velocity time histories and the phase velocity of surface waves for the particular
site (Nozu et al, 2002). As a result, it was confirmed that the proposed method leads to a conservative
evaluation of the axial ground strain as it was originally intended. Because the proposed method uses phase
velocities that are consistent with physical parameters such as elastic wave speeds, the method is suitable to be
used in conjunction with ground velocities evaluated for a scenario earthquake based on physical constraints
such as source, path and site effects. Another advantage of the method is that it is applicable to realistic ground
motions that include multiple frequency components. The method can be easily implemented provided that the

FFT algorithm is available in the environment.

Keywords: earthquake ground motion, long buried structure, axial strain,

surface wave, phase velocity, array observation
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F-T RS 6 RS L7 s L ONKE]

WEFE | T REOEAS | B LR E
10 7, 7l TH-71, 71-7]

90 No.7 & F 2T No.7 D4~
123 No.5 ¢¢ 3¢ No.5 OF=2T
136 5F, 5G, 57 5F-5G,5G-51,51-51
151 5F, 5G, 5] 5F-5G,5G-5H,51-51

MOBDERETRLTCHAETHRLIE, FLr—iiio
JoB A0 03Hz BLETl e — L MRERZTL,
0.1-03Hz THEWIT ¥ ALEWERLTWDHI &
TRBD, ZARELN VT YA THS. T,
o B TR E 00Hz & LTEE SN 5 HE OO
HITEOETERZLO LB ENRS, 220, PR
FHEYDIEO y FATABRRIZ M LAk 2
L. 735, 7F, 1G, TH OFRITBIT 2 HERE 6 O
RO T— V=AY L EBEREETS ER-1TRE
BB, 0.1-03Hz OHW TR I EO ALY Ak



30
20
10 eI apRhdas ke

BOFH (0

-10 TR EER VI
-0 ¥
-30

30
20
10

HOTH (2

=14
-28
-3¢

T i
80 100 12¢ 0

B5R (s

100 ——
10
3 :
g
S
N 1t
Ea
¢
34
H
T 0.1 |
™
1o
tg’[si .
=
0.014
0.001 e — —
0.01 G 1 1 10
FES (Hz)
B-17 19394 3 H 6 BOHEIZ kD 7F, 7G, TH O%

ATONEEZ — ) T ALY b

HWZERDE-TEY, $LF0EE»D Y, 0.1-0.3Hz
DI 2R BORE R RO L > T s, *
AT HEAD BT 0.1-03Hz DHARIT I VT BEF AR 2
BEABLNLOOR, EIR<Lo0, Boes —
AMOBENZEE & B L X IEERENIBHE UL, &
REHCSINEMET 570 ThatELLNS.
EHITHARD K52, BEEC LS HBOBECTAD
BERITOMR, by b 7 AR E 01Hz & LTH 03Hz
ELTh, HESWIZEOFAOBAE - oRXiEIz

i T 1
] 168 120 140

B3R (o)

B-16 EOFRORMAE. 1989423 5 6 B OMEIC L 5 EM 776 3 L O 76-TH OBOTZ. H v 47 Bl s
O.1Hz & LIS Y & 5 “RMoOHEERE (L), 03Hz & LABandmms gy (F).

RiEMRp T, LOZEMS, 2 CHhitSgLd s
—FIWETAIRY, 0.1-03Hz & B EEESEE TR
DEREITITIZE A EEBE S 2T, #H> TECTARS
RODBECZOFREFIHLCLELE 2 RN B0 L&
IhNA,

2k, KECOHBROAFHLEEND T L TH A,
Pl TRD B 5G-5H, 5H-51, 31-5F % [ER]
BT HOTREBEEWC BV HE S F o b Eb s
T, K SF-5G BB OTAEIEIS T, S
RIgRKEEARR O, 2OREEL LT, Kb
5F-5G o Hifbs B o B I AMB O KR & Hefl LT X
WIERENREZ BIAA, TR BEEE T Ty
v, DITFoRFHCE TR, KR SE-56 Wi o
BOOTHERPNTH 2 LI3ES, mEoF—2& L
THROED. 28, Bl 5P5G loB a0 FROWE
W, OBEGEME &SRR L ORI BV T IRE AR T
TWRNOTC, ZRERTFE RN G ERAT S 1 25 ML,
AR O FERC R BE A

3.4 RERICIDIEUVITAOETE

I, MEBEEFHOEOTLOBERITH . O,
Az O — 3T ORI T 7 O MBS & AL HEE o (o) B
BETHDS. RO MmBIHERE T, Nos HAB LW
No.7 HLRIZIS 1T 2 M o IR 08 RIS & ik
PESY) EFREGESRCHIS L, BETRT A LI kY
Ric, Z2OREE, EREBERNON v 7R, EO
THOERAEE RO LA L FHE 03Hz & L7, Nos
e, No7 Hif & LHIFEOBEEME CRERT LT
WHDT, WEROREEEAND ALV D E TR

s



1000 preoremer

800 |- -

)

= sa0 k /

= LR T B S o Gy
| L GENARE .5

ﬁ% 400 f ERRO

L H

=

200 |

=3 N B R 2
16

A (s)
BOTROEEIC G B a0

(=-18

®HL. TITTE, MR LT ARBOMBIIET AR
BERNDZE L Lo, A, K[ 5F-5G 2Bit5
BEOTFLERRECLVRATELES 235188, sF o
fLikE 5G DREET MW MY oEfE BRI L b
L, Ho2&EUEE iy s oL L

R clwd & LT, S7MEE—FL g Y
—WAEAE — FOAEE NS0 E R D, B E e
HEET A MBI BT B & ik o {48 0 b 0
(2002) LY BEENTOS, BEdE (2002) i, 18
BOOT — TN SO TR BT O AR R,
CHREHRAL S D L) LM ST (B-8) R
TWD. ZOTFMTHIET ST TR LA Y —K
e — FOMMEEEER T &, B-18R73 L5
W, IEBETRCOBR BT I SR EARE— FoFR
AEV. FIT, SRBELLIECTAOBEEICE, H
18Rt T T AR — RO BE L AL D b e
TH. deds, SREAL (2002) WZEWTERED 1 SR o
HKEEEZMENRLE LTEL, B-18AS T lEE
B BT 0, F-8OH TR T AT B
THMESRT- LD THD.

ks, IMEESRIEERIS T AEBOEREMo D v b A
ROV T, 0Hz L AEE S 030z 45
BOEEIT-72. WO Oh v A7 ERICR LT
PERIC L SECTHOLE & I L, WFHEEo Rk
WEHErE>THETD E, B-9IZTT L S maic
RREORWI EDRbiol, Z0IZ b, 22 TH
WHBEETHT—-FIZETHIRY, 0.1-0.3Hz O
WAHIEOTROREIEEE L A P BEBE 52T
WHOLEZBRS.

BB L DIEOTHORECMA, R,
TR & mEN AEE O FIEID X B MEE S,
H (D CLAECTFAROFEEITo . MRS

F-8 I OAFDHE &R0 ML B o H R RS
EF A

fE I (m) Vr (mfs) Vs (m/s) I (ton/m”)
50.0 1600. 0 250.0 1.80
120.0 1800.0 410.0 1.90
1680.0 1900.0 800.0 1.90
1250.0 2400.0 1200.0 2.10
3100.0 5000. 0 2600.0 2.60
6000. 0 3400. 0 2.60
408 —
250 | a
N i
~ 200 o
Z 150 o"
I 5
il £
= 109 o
Py
1o
P j T T | I 1
0 56 100 150 200 250 300

HOFAEFRE (0.3H) (0

Bl-19 H v M 7REMEE 01Hz 558485 031z
ETARGOEOTH OO ik

DEM R A S, B TIRRBE L FIED L o O
BERSEEFHS LILO) 2Av, MEEoBERN L
HFFR E DT Mmoo & Uiz, NG LEEEY
AU O F R BT R T g o B A R MR
WT2b0THDH, ORI LTHRIEOMER
WhHZ&ELT

ATV KT, RN R O 1
E TR D 8 NS, FMIESAETFOHED
HEEERF g OEARE s FnERkES. =
T, B3R &AL Nos AR LR No7 Ao
FIFHMEE F NS &, RBUAE O MR
EHEZIVACHETER LB LEZME, EE#%



-9 No.5 MiAT0FEFHEF 1

J& I (m) Vs (m/s) BB (tfon/m”)  BEIEEK
32.0 130.0 1.80 0.005
12.8 280.0 1. 80 0.005

4.7 220.0 1. 80 0. 005
5.5 310.0 1.80 0. 005
410.0 1.80

£-10  No.7 HLE OG5

A (m) Vs (mys) W (ton/m”)  MEEEC
3.6 140.0 1.80 0. 005
28.4 120.0 1.80 0. 005
22.0 210.0 1.80 0. 005
10.0 280.0 1.80 0. 005
410.0 1. 80

CET N (R-VBLUFE-10) Mo WHEESEET S
ZEE L BB LUR-100EF MRS F L6 IE
B FEGRCHR SN 5 - M0 o Bk s s
&, 1989 423 H 6 BooMiBlr L A REEEEoE
M & oo bl & R-2034 L TRE-211275. FIRBsid X
542, BRAMEOERELBER S ATV S,

-0 LOR-10DEBHSEEF A0 HERBHKOT
B 8 T Nos B LT No7 HIAICF LZ I EFh
166m/s B8 L TF 158mfs LRFHiahD. FOFYE, BT
BB LA AMEE I Z 2 236m/s 38 11 228mfs &
KESL, Fh, BIBLIUR-10ORFMBEFTAND
F R Mg O EAA R Nos B L No7 Iz LER
ENI2BEBLC 14 B LSS, TOMHE, BIE
HAEEDF R L BAMEETFNFh M8ms B X
T 535m/s & sRED. A2 BEA BN ON & L5 E s
(HAET AW, 2000) ko, ZhoofEaE-18
R,
ks, B OB LI e B TS (R
-8) OFTBERL &, TR Mo B Bm L & SR
e T A (RIBIUVR-10) T2, %
BOFN S HEENPEWVERIZHE 2 Llhhs.
FIT, B-SOMTHEETADEBHS Y S s

100 e
|
ot
2
i
EAY
14
<
0.
S—; T
—
g.07 b B2

gy
BEEE H)

B-20 Nos HiAoORBAMT L (-9 L5 EK

Bzl (SF5A) OGS 198943 A 6 HOHE

W AENE (NS )

z 3 4686718 i

9.1 10

ANG +ILEE

1
B (H2)
No.7 Ml #E M= (F-10) ik 5
B (F7A) OMEREL 198943 A 6 RO M
BIo L2 HEAME (NS %)

E-21

OEDPAINEEIIBEEL THE-IBIUSR-1005E
KESH & 2 A, RERORADLEE ORRE L FEC
ERVEER L Ao, BT, 28iECIL, F-80MF
TS AT AEE R ThT, R-8nHi FlaseT



P

ABLREDMMEEEZHND L ETH. LhoER
DFEERTHEIL TETWR0VE, HEEogito i
b—EH TR EELZTE, 2D, HER4FEDH
FA MO E NS DERE, RBEED | kT
R ABHREENC LT L Y SR ERICH LTEY
HWETHLAEMNRH D, FOHE, Mol g
TPCEmEOVMEEERET S &, FElEE
M DS HE b0 EEZBND.

3.9 HEIELEAE®D LR

DT =L SEOTAOEMNE S, BRECLAH
UFLOEEME,S, MAE Lo KT RS, hiks
Tofe., TOFEBEFE-22ICFT. FECATL 3,
FPE R 1 ORI THICEE - T 5. 55
(R L oo fe R Ail) o BUEW (R) o335 koo
& B-230 R T, IRl E (T o7 2 400 & — A0 5 1,
e 1 &L 503 5 —x (075%) OIRTHD.
72, oOMOBEXKER] 1.09 ThHoREEhY. o
D &b, SHBIEIESNTZ 20, EREEYas
& LA & d8 0 i o0 BLONT A0c B U T Ze 240 oo 34l
zEATVWHEFEAD. BEELTDL &L EARERFICUE
VHEE A SR B WL O TH Y, BB ~oBEHto
WEHIRE & o TS, JHEEEE A MiREy
OO FEEEThRE, REROEAIC IS
A s,

BEORY, RERCAMEELZRAN TSRO LD &
FENAREORTEDOLDICEER LB OEHHE
(REZIPE Lo ) OFUEM (R) oo+ 5 oo
HEER-245 L UR-25ICFPhaid. REREe
AR & TSI, o 06 Bl s &
W, BEN, SEMEIE L W 2 R 5T,
WFOREREOMARBEA 2 0 5 2 L BB T
ZEBRDND. WMEN ARE G FROAHGERE v
BEE, 2400 5—205 520 5 —R (3%) Tho
A% 1 2D, Fi, OMORKEE 19 THD A
BWEEEARG. #oC, BEFRUSDFEICLS
PR, HiFeo - SinkiT AIBET L L CERBENS S
D& G, o, HEROBEOSARICE L RN oS
FHEREIETHHESICRFRNETHILZ LS,

4.
MR SA T T A RV b R AT ERIR LR AR I

OMEME R T A, BERIZB - 2 M o
Fhi, FE, HEOOTHEFETSZLABRETSH

100 —
20~
~ EH|
SRt
%
$
L oo
]
20 | ) 0000 g
0L , T ' ! e
T o0 40 80 30 100
EOPFRBEE (20
B-22 WEOPA0ENE & FEE & ok
108 —
N e
80 —| §§% —Lovﬁﬁmﬁimﬁg_
80 — %%%
= %%%%w
N\
N\
1+ %%%%%%ﬁ
8 &\%§§§§§§\ X 7 !
v.0 s %%fé}gﬁim " -
BI-23 O A I & S E O DAL

R X D WOFHEE LSa)

L. AREHECR, ARCERBICT OIS S STIc B R,
FHO—RTOMEDSRSZ LTS L OBHRT, K
GIRDRICER T 2B OECTAZREES 200k
Baidt L, MBS EEROBEERSsr bEs T &
EUHRL T 5L, MBOEMFMOENTH  (0)il,
B0 B v(w) & HEENE B Rl i o i fa e
Eele) 2 THRKTHRB SRS,

¢ (w)=v{w)ie(n) {n
WEBETER (1) © c(o) LTI FHMEERE— R
Lo U= At — FOREE oA S 02 B 5,
INEHEROE DT AR L TEEMNOREME S5 25 2
EEBERLEZLOTHD. —RicRELOBLIBEE



140 —

120 —

W97

100 —

%)

S

i

80

|

SRR

7
./

60 4

40

.

N

v

i

@
o |E
o
e
b=

\

?
7

£

e ] }
. 1.5 7.0
BEMN
O A T & VIR o b R e

(AR T B R O REFEEE & TV 38 4)

[-24

60 —

50 X ‘L ZEEDH®

.

-

7

40

/’

NN

7

.

.

.
i

B

N

i

.
..

4%%%%%%%%%?
..
.

7

4%

;’/”_

.

e

RN S

@
=
=
on
[

M E/ BEE
E-25 EHOTAOEME E HEEOLOBHE
(R H A EAE D FHEOMANEE &2 7355

DI THEERMLTELLRRLZOT, o) EhE
BeiEho 7 LB S n ST E i S T b
F L BRBREAERBICEVGHIS S AT B VLS
DThDHND, EMB~OEBEERNT S Z LIRS
Thad. TICT, FMETHREBEERT A BEEOT
L= R S IR ORIEEITI L & L.
BAMEBOT L —i, REMESE 100m OKRT L—
EBREMESE 10m OPT L—h BRI TS,
IO BT L—-DREERG, BRE-OER Sz
HENOENGHIEOBEOT S 2R, g 3 -
L. =07, YT 2 RE RO (97
fitt, 2002) &HiFR COBEMRIE,HEERKICLY BEO
EOFHEREL, EAELERLE. 2oiE, 2%
BEIMPBER LY S0 E 3 Ric 8 L Tilkhg
SR OFTME 5 25 2 LRI

5 HeHE

REETIRE L MR O E O RO 3E FikiE, frdnk
o WPER BRI S AR R o T, HUS O B
B « RIERREASEIE - Y AR R I LT
2% D95 BB FEET AV AT TR &
MAELE TRV ZEizE L Tys, REOHELI
GENSEEOBERRSEBE B LI B biRE
BOETTHDH. RERIAREED MRkt E
B 2O T—REER LI B, FFT # @M ©x
SEE I A TR BEOEN L R EREOBE
BAETEADT, 4HOEHAALHFIND.

BIRTE, #Eo7 L-—MBE%ss ke, EuEcnk
HRE O AR & BRI Bk D A Z LR TEB LD
Wohp o CE i, HERIC, HBuMBRE oOmERF O~
¥, RS CORME OMMHE #ME o7 - —F8c
LDROETEHRH D (B, 2000,

ARCIHEBOBEOTAE S L L7z, i R
AD L SICEORE CRRERAEY OB5SIZE, N
DHHFEN G SN b B BIR S A BEE
A, EEEaEokRoORTIC LGS D ERCE
LH, COREOCRILRSZOBETHS. Eio, R
RCRH LR BHELEEORENDT — ¥ el LT
VAN, FEEELON, 78S IR AT R
BEoMBOEETHTHS., ZOMTONEZIEDS
Fodbizid, BB OIEREEEI AR D X3 Ao kT &
T l—ORHAOPTIRZ D EREOE LB ETH
5.

(2004 522 H 10 AZA)

Bk

AT T A BAEBERBENET V—
B AT LOFREFEEER L OhETS, Zo@fle R
FATEEE AR A S B & h, WA E
CHEBERR R CE LA R SRR L D A
FhYARRERTELE O TY. BlcEszhen
WEOE T LEEEELET. RBH 2T AL
Dt OIE - I LA e 8 R
O MFT~OEFERE Lo T, (B BRI
WFFERT 00 42 BT BCR 8 -E T 1 i T E ik R 28 X h fo Y af
OFFIEOWTTEICEZ T2, s s b
TOBS-STEEL ONVEREE LA, 2D LTH
EexRLET



HE I

RILIEHL, AT, SHAELA (20010 : BHEI R o ERa®
FEWT TR SRR RS B T 5 MR B & W0 B H RS
HETHHYE, £ 26 BHE TEMEEeaiEmi
$f, pp.1205-1208.

AEHERAL - FINA - R (1997) - RERG Y
= EEEMGCORER TR RS R, R ANES
S PRAE, No2, B25.

BILITE - ABEFEE - fRE (1991) : HEO RS
— U YRR S W KR O BRI, B A
S HRE RN OHEIE, $5 430 8, pp.1-9.

TR - PHEREHE - BEEAL (1983) : JIIGHEGE o &
A CO N FEIRERL & i BT, PR eI i 4,
#2238, H3E, pp253-299.

M - HEE - ABZERI (1998) @ &ERIGH 1 b
BRI - AR & AT S KOV E T o a)
AR, RASEESHNERGBIIE, 514 %, pp.o7-104.

THEEE - FFE—G - EE - SHSE— - TRIHE(1981)
: RO & GFGEAC S A 7S A D

OARE, BB, 205, H$4%, pp.3-40.

i EEE - AR (1991)
[

bARFES (2000) @ EAHGEDOMHERINEIZETBE 3
AR S &R

AAH A (2000) @ BF 7 A SS MBS 2.

AATFARERS (1997) @ TAEH RO E FEiEe &
f&EH.

HAAiEHL (1997) @ RIEHFNIE B - .

AAERTS (1974) : BiE/ 75 1 o MR x5 2
- [T

AARERTE (1986) : FFEIMERFHEST

PpEtfe Zn, RN, WUREE (2002) R ME
HED GRS T B B0 (85 | ) ik o F5E,
WA ZE HE R FTE T EE R, No. 1022, 2002,

PFHEEL - (RIS T - FIFEEL (2003a) @ HeRERAD 2 MR
P RO RSB 235, SIS,
W42, B pp.l39-166.

BRI DT o Ol E T,

BFHRIEL - PEIREMG - RMRTGAE - R T - WIFEAL
(2003b) - M HUKEREEEMNAER (2002), WLz
B RFSERT A B, No.1054.

Aki, K. and Richards, P.G. (1980): Quantitative Seismology,
Theory and Methods, Vol.1, W.H. Frecman.

Dan, K., T. Watanabe and T. Tanaka (1989): A
semi-empirical method to synthesize ecarthquake ground
motions based on approximate far-field shear-wave
displacement, J Structural and Construction Engingering
(Transactions of ALJ), 396, pp.27-36.

Hartzell, S.H. (1978): Earthquake aftershock as Green's
functions, Geophys. Res. Lett., 5, pp.104.

Irikura, K. (1983): Semi-empirical estimation of strong
ground motions during large earthquakes, Bull. Disaster
Prevention Res. Inst., Kyoto Univ., 32, pp.63-104.

Irikura, K. (1986) : Prediction of strong acceleration metions
using empirical Green's functions, Proc. 7th Japan Earihg.
Eng. Symp., pp.151-156.

Kawase, H. (1996): The cause of the damage belt in Kobe:
"The basin-edge cffect,” constructive interference of the
direct S-wave with the basin-induced diffracted/Rayleigh
waves, Seism. Res. Left., 67, pp.25-34.

Takemura, M. and T. lkeura (1988): A semi-empirical
method using a hybrid stochastic and deterministic fault
models: Simulation of strong ground motions during large
carthquakes, J. Phys. Earth, 36, 89-106.



fTERA KR & R OB EE O

AL TRz & 5L, ACERS s A AE S I AT A8, ACE o FT M & R E I SR D A
Wb, MEMERARISACA, L, R—0EE Tl LEgs, MHSEEndnEomsis,. —oo b

RO LS ICREIND.

wBI Rk HEELENARBEBROKERSEFTT O LTS, CoLE, MBEHE ¢ 3R (A} THxbh

B,
c=wlk (A}
HoTODPRLIABE o IIHLTE c XA DHPPEETHED. 8T, BITMBTOSEEELTHRT LD L T5.

IOl E, WEOKTERS F (RFICHE) &SRB RTANREOBEES v & OBBITR (A2) THEILAS
=l B (A2)

IERERTEL NS Z ki:&:@ EJTIN - NS SN
ESfMEZaEKTELALND 20, B
koEERELS, E->TH LEH?H{'ESK“CH:'IX'}‘ &, K

= (A2) OADBATHLE, LB 5 IRIEOHE 54
5. (A2) OEANRETHRIE, ERCBT SERSHS
WD, T, ERELY LRAMBEOHF BEREOKERS
W& L REPEOFTAARRE LN XN L dbn b



R

S R e R SR

Loinhes

S

el el : 3 S

o

S

SN

et nniiie

T}\» ”.,,

Lt

Siovnies

r

AR 3 7 i -





