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B JE M SR LT B A R LToh O ThD, 138l 201318 5 THEFEHEGE 5m/s B RO fEE TZ2)a
1T 1.5 75 2.0 DRNILRL TWD, — 75, B 201326 5 TIEEGE 6m/s 37 H 228K 2.8 2R TW\5
HLOO, FALLETIE 1.5 255 2.3 ORITERL Ta,

AR ODIEY, Z8)E SR F BRI B ORI B R, R B IR AT 35 E MM O R 2L B L2 O Th D,
ARIERLZ M R EGEHE IO IS RER R AZ LA o TR, BEERE O RE AL o,
DENRELARDHREW > TD, 15T, EMBITIEARMICKELIRDIENRIEIND, FC, B
201318 %5 Tl M B R HULHT TRAEN R EL /2o TNDDIEZDOT=HEZ X HIVA,

RS EO TR, A  HEL T, mEEL DT R ENE DR E DR EEEF T, £in, TD%E
FRILE DIDNCE BT 20 H LN T 5720, 2 BEoREAFH L, ZORMEEMITLIZD, BlXz
ZIRRIIZ N E TSI TET 1.5 55 2.0 IR T HIEN 30 o7, 10T, —RITIEEIEEE /)
PHRDONDAHD 2 {5 2 R ERE U CRf R 2 D F R M 72k R B 2 Db,

728, ZTCIRE RN A B L KRB A B B LR EIE OB ENLDB LI TR0, K(4) &
PR CHETHIENNETHY, 5% OHEET D,

5| F 3Rk

FIUAET, 1993 ¢ RMBREIZ & b o AR BB ORERORMZ L, KK, Vol. 40, No.2, 91-97.
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FACHBE S ERIADTTE #50% (2014) 7

FKHEN T X ILOENDEAIZE T 2 BWERE T v

RERE (BEER) NE RR

1. IL®HIC

(a) HUUIR, HIRESE S O ESRKEBMNC X0, FEF 30 FE L HIZ 1970 K% O H
B A7 K L OHERS Z2 0B L T & 7= (IR - AR, 2010), MK T #2400k 0 B I3 AEICH A
L7y, KARBEAEmRA U, ZOMmKH (EAk%ERY) o 1977-78 FEHLE, HREIX
ETFIZER U, 1995-98 4EEIZITIEIE E MR E THHA L2, LIES < T ORI HER Sz,
2006 FEIZ T AL IR LA R 5 4L, [\ LTEE AL B o /T A7 @ IR 2 & s iR L R L
7o BEZ NI ED LTEE D S IUEIZ T TOIRIER A~ LIER L2255 (FEED),
RS ZNEBAEMICELLTWD R, 22T 1977 ELEBIHI S TW B EHE(L AT
L5, RO TR L LCEDIIBEF ML, MR EF EILICENEIED L (K8),

(b) Wik EREONTNOEHIRETH, 1m FEHER TIPS CRE)RM T, KLtET A%
LT, Fic~ /< NEBICEA LRI A2V, BB ITES» S5 L < B Liz8uk
WCE DA DD, A% ERICITE KO KESCE ORHFICEN-FF Lo~ 7 ~0, AL
DBKEI LRI A ML= Z L2 LA b D LB 65 RE,2012), AHHEIXIREN TK
EIJEERULP, BUKEEIIHMRABSU IR TWL EEbND, 20X 5 kT
IR EBCE NEICH ST oM L CHIE OBRZRNE 2 b, RIFFETIE, Hill
LT T VLY, MABEENZ Ex8 L L TABEOHRIC OV THFTT 5,

2. BIEEET N DR

(a) BB, RMA % p OB R EREMER EFBE L, & ZITERE V O BEIRE DR
ERETHE D), ZOZLIFEREF A LIET D, AREARET L (Mogi,1958) 1L 1 D%
PIZEBH LELDTH 70, FIRATINITZNICEABIL BN L7, EADOKIE A=y D
BOARTLLTVNAEDR, HKEITEUICRIE L TWAHIDT, ZZTEHHEHOX XL T S

ERIRNECIES p PMERT 2 &, VIZAVETFIENR 5, AVICXVHIEIT A ZTKRET D, &
DEEDOE A Ag 1T, hiTK D7V =27 30K Agr LEEDMDOEALDRRE Age B 72 5 -

Ag =Agg+4go ;  Agr=-Fh, F=7 ) —x 7 {%#4=0.3086mGal/m (1)

A OEEBENIC L 5 TE, () TIER2D X 91T Age 1TAE LR, Ago 1TEKIKN O EH &I
Ko TAET 5,4V BERIENIBEE T2 X » TRAT Z2EWEDSE AT, RN OEEE kT <,
#& R Ago=0 T, Ag =4gs Toh 5, Z OB, BRI ORI T=0 GEHEREE) (TR TWH &5,

LRI I AR E po OME R H D, FhH EEREE»S) BIMEEHG S, po RED
RREETAVRAELD L Lz, ZOBROEKENOE BEIL pdV TH D, R :

Ago=GpoAVD/R3 ; G =51 1) EH=6.674x1011m3/ Kg s? )

HATHIUEEE L pe=0 T, 4go=0, ZIIEKIBANOEEELRN 2\ Z & T, BUEEL @d

*Thermal expansion model for gravity change at Akita-komagatake volcano by Choro Kitsunezaki



Do hIZOWTIHEYHEFIT (1977) OXEMHAT 52, REFEXIETFEET L
h=(1-v)AVD/nR3 ; v=RT Y Ukt 3)

(b) EBERRBE~DILE, K3 0T L SRR LB T ICoHI3 5 &, S0y
T, B2 OB LRI VS AV 720 R 9 A BORER & B g 2%, BUSRIZ &
HHFRRTO AR AgIE, FHEFEBIZLD X Agi ORI TH D, ZNEFREERICLD2EFIBZEN
T OEREERICLD2ENIOMTH DO LHEET 5, BH—RREE (35) I2815 5 4g/h
HIE— R OB DWW T H F D E FRLT D, L7 - T, —f%IZ Ag/h=4gs/h=-F .,

JETWR % 223 & 3~ AR KOEARE T /LTI, HEEENOBE—E T F OB & Biizm
BT, BEREVEOINEEZRDD Z LI TERY, FOEROFEENTTEE LD, iR
ML T %, 1 OMEZE#E IS > T, z=0 OE (0 1) T2V CHRFRCE D IRER & 3%
EL, EREHEME PO 2 REECE S L (K2), BERAREEALELTWD, TG
£ a IXTWEROMME 2D XV b+m/h3<, FHEEETELET5, LiL, BEROSAIX
RN GERANER—ETHY, T=0 L THITHEMARLEL L2720, ZOFEOHKILR N,
*[E] SO L FERENPOE TN CRLT 5, BRI\ b, FERFLDHOEHERIZBWNT, R/HBIEH

BDRELERE S RTIIER SRR, b—0 & LEDT0H, R—0 L7420, B2 REAKITHH S v,
() hAgo DEMFIE, X2 TE¥YWAHRELTSH, 0H EOEESS o, ZHRFTHIT,
TR ORREIZZE D 52V CORE D, T Z THEIZHIEIS S o) (=-0)Z M2, MEMIZ0H % 0,40,
=0 DHHERELT D, 206/ ICL>TOHEIXAZFREEL, ORMEICETDARES)., 0
i FOME L BRI, BENETEN Ap)T 5, KiE2 11X, RIE 1 omERE CEIRLEE T
ZOmE CREMICEHDTRETH S, IRIE1,2,3 1B 2EHEANEE Agr, Age, Ags & T 5 (X
4), EAHBEILT T AV=0(T=0)DREZEHEL T2 (7 YV — THRITERI) . REE 1 TIIER
WA OBETIT AW IS 00=0; (A4)Z], BRIE2 AV 2 0ER L, £2iCH o2

W (H E=pAV) N EREAMCHEH SN D 2 & TAg1 VEL D Ag1=-GpAVD/R3 (4a)
Ago=49g3=A4g1+(4g2-491)+(4g3-492)=A4g1+Ags2; 1272 L Ag2-Ag1=0, Ags2=4g3-49- (4b)
PRI E ST D BN ICHE T D &,
Agz2=-4g1, WE->T  Ago=0 (5)

Ld, FEORHEBRKIIZZToOFXEDL RN, BRIZTATEEOFEICLS Y
DE—HTDH, QXD hICHONTHRETH D, TD h &(4a)iD Ag1 & DI H T,

H=h/Ag1=-(1-v)/mGp (6)
) XDORMHETH H o722, BIFEOSAIIEREAE L CHERBENE &I 2L Ly -
pV= (p+4p) (V+4V), e~ T, —Ap/p=AV/V (K1), (7a)
WL IE=1E=E 209, BELRCEEEOFIZBNZE TH 5, MIEEREEZ a L35 &,
Ap/p=-AV/V=—aT(1+v) /(1-v) ==BT(1+v)/3(1-V) ; R RAR S =p=3a (7b)
(TO)RDE = F I3k AL ISR T, ()& (da)X & #fET 5
Ag1=-GpAVD/R3=GApVD/R3=-GpVBT{(1+v)/3(1-v)}D/R3 (8)

TAUHIXERERNCIE, BROBIRICOWTORBR TH 225, (b) TiR~7o & 5 ICBIRNk T HR
WKHZOFEFHATE D, LD > T EERRKOBIRER (RFEIX V) 122V T, Vap(=-pAV)
LB A 2RkDBE, FRIZOXRDHERLAZ ETHELIChHIZERTE S,
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DR,
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3. MR &R
(a) BH=N, RO HBE L, ShiE 722 AR B SOV TRETT 2 (X 5), Bl oiRE % T(—
E), WA OWEE 0GLERE) ET L0, ZTRETLRKTHD, TICLDEELL Ap 1T
W)X TESI, THNO Z D Ap 3 Agr =4 Te, TOHBAMED T LR O TOES R EAg1)
I, 5 TORRAFEMY, ROLDIZHBEIZRKED (Telford etal,1976,p.62) :
Ag1=2nGAp(Z+ro-r1) , h=2(1+v) aT(Z+r;-r1) O]
EREE 2 UL, (6),(TO)RDBfEE HWT A1 1 H AW STz h Th D (LU FFHER) .
M L& R m & 3256 (d=0)1%, r=a, rn=(a?+Z2)1/2 T,
Ag1=2nGAp{a+Z -(a2+Z2)1/2}, h=2(1+v) aaT [1+Z/a-{1+Z2/a%}1/2] (10)
I TCTHENTHICERE (Z=0) 72 b, Ag1= 2mGApa, h=2(1+v)aaT (11)
Z=o DA DK 5 D Q ARITHIT D Ag1lINy v v FAZIANX P()IC X DB & L&
&N % (Telford etal. 1976,p.64-65), d<a TlZ,

Ag1=2nGApakK, h=2(1+v)aaT K ; (12a)
K=1-(R/a)P1(§)+(1/2)(R/a)?P2($)-(1/8)(R/a)*P4(§)+(1/16)(R/a)Ps(&)
-(5/128) (R/a)8Ps(&) +(7/256) (R/a)10P1o(é)--+* 1r<a (12b)

K=(1/2)(a/R)-(1/8)(a/R)3P2(§) +(1/16)(a/R)5P4(£)-(5/128)(a/R)7Ps(§)+ -+ :r>a  (12c)
ZIZT, &d/R LT D, d=0(d XM LEOES) TIX, &=0,

(b) h DFEFE, KDA) B) 2 FlIZHONT, r/a DK E LTO Kl%E(12b)(120)XU & v £9°
HH L7, #LC, MKEOEZC)E L,

(A): d/a=0, (B):d/a=0.75, (C): (A)-(B).
ONF EmEAHFER T, FEROHES Z280.75¢ DMEZERT S, 2 b %K 6(a)llRd,

b EMFEETHHBECONT, EF R O ICBIT S K(=h/2(1+v)aaT) % FHDIES Z/a
DKL LTUORXTRD -, ZhER 6OIITRT, LEEE Z, FEIEE Z, DBED KT,
CTORTZ% 7,2, LI EDOl KIEDEL D,

i ED h SARGEREL K ) OB EILIK 6(2) TRiAE D, HEES NS &, KK
TF 250, TOEAWITENREL RDIFEAMTH D, ZHIFAXFCO)DOLENS HATH
%, r/a=0 ® KEIZIZMAETIEOREI NS 5, ZHERBEHISR LIEONRK 6(b)TH 5,

4. FEtEKEARZ LB EE OB IR

WEOMEILLAE T, MBIIKTHZII TS, TOEOHMEIZ SV T Biot #gm (N
IF5,2005) DA CELET D, ZAEREIZEERWE (i 7-) TR S 2 B8 & ORI AT 72
FTWAEN D250, T2 THREERITKT, MBRIZK TS TWS LT 5, BIBRKOFE
ST, B8 EMBRKEED T, BEERE LTHRZ 5,

FEEIIMBRA T EIREICS D Z v EBbhd, T CIXMBRIZIKEN TH D &)
ET D, TOHEEENBEALTS, MEETEET, BRIEEBEAK S TMICEMERLE LT
¥4 5, TOBEMBRE @ OB Ap NEHTE, BRAKOEESL —EICHRZNE2 D, HF
DHENARTESH 720 OMBRAKDOEBIZIRE T, TOFETENBCICEE L2V, B E K=
B ARBEMERE LT3 EToEMmEHVILEE L, 5/ 4go=0 & 725, Z OBEOMMERE, #E,
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IZRGRE LA S LTORTH D, BHEITERMICITEZEREOHE IS 325, FrlopnE
AT BEITONWT, BHIT b, BRI FITs DR TENMNT, YHIX Bp=fs EIET 5,
2)DHRBIE DG LI OZVERBICE SR TEET L, BE T OB TITERIZHIC

AR L U ClEET 5, T ORBEEER AV/VIZ(T)XNTERbEnD, ZnE@)RITAT S

h=(1-v)AV D/mR3 =(1+v) VBT D/3nR3 (13)
MBRAIZHAR SN TE LT, KOEIESR B2 0 F F TR L, ORI M i -
B3 2K 7), MIBRAKDBEEE p, TOEALS % Apr &5, BE T TIX, dpg/p=-BT TH D,
INHLHWD L, (VHAVINTORBRAKDERED AMATRO L HIZRED -
AM=(V+AV) (@+A@) ( pr+dpg)- (V+AV)ppr=Vopr (Ap/p+Aps/ p)= Vops (Ap/o-BT)  (14)

Z 2T, AV/VLl, |A(p/(p|<<1 Apr/pA<1 & LTEBI LTz, Br=Ps DAED T TIZEMZHR D 7

T A 1T T, TIZHES ES p (A5)%) BDAD A 2 H 7= 6T, BHEITZN %2 EH L Ap=0

L BIT, Ap<0 @;ﬁ%‘%mu%in WX, BT RMNT EETHEMNT D, 2O AMsDS Ago & Ede -

Ago=GAM; D /R3=-GVppfTD/R3 (15)
e Agr(=-Fh) L o tix, 13)XLHAWVWTKRD XL HicRES .
Ago/Ags=(3nGpy/F) B/ (1+v) B; 3mGps/F=0.2038 (p=1.000g/cm?) (16)
BERSAE & LT, B=3x105/°C, B=5x104/°C,v=0.3, ¢=0.15 {RET 5 &,
©Br/(1+v) f=1.923,  Ago/Agr=0.392 ,  Ag/Agr=(Ago+Ags) /Agr=1.392 17

fEJR, BEIC LD 7Y —= 7 EIEITINZ T, 40%HERE O MBUKEED RS MFRFIN D,

5. kA EOESHE
(a) BKHEY 7 & - oG O E S & BS54 % X 8(a),(b)CR T, BEITFRREEMICHE SN
a7 ) — bR ETHIE SN, FHXIEAOEERIL AL GEEK 1307m) T, AT 7N
(/@ 1513m) OAEILH 2.0km O ILEIZ & 5, BLRIHIE(1977 FHME b DEE B HEMHEE L
TW5, ffHESFHE LaCoste-Romberg L8 C, 1998 4F F 1% G308, 2008 FFELL#IX G579 T
BbH, BHFEIC L DA — VRZESOBILE R T 5720, 1992 LBIZ OV T, H 54l
EMERAZ L TWD 23, UHOENRTH D 1998 £ F TOEIELITIE, FEEEEBLRN,
[T ZAED 2 E(L%’% CAl & TIE CAHDEHENEL, ZLHIBOEENSZE LW,
(b) 1 THWALZE DI, 1998 £ TOENMIML, BVEEOIKR FIZ L D b D Th - 72 (N,
2012), BIEETH D E ) @{Wi HHEERLICEZ O TH DA, EHBEIES &R 500
BN TR Y, EAZRIZA R, ZD, 1977-1998 M & Z 25 H &35, 1998 4F % fL it
IR, 1977 =TI ESIT 1970 KD ITFED A12 T 0.23mGal Jid LT\ 5, EAHEMIZTZ O
fETho b REL, BENDIZONTHRBEMIT/NIL 2D, ZOEOEBIRITAERZE OIE
DEN-FRAE~ 7~ LI ’%&%Mz%ﬁc LR ERONDOT, PEEALETAVERAT S,
TE(ZRE(E RSO EFITFEM L EEE2R/EL, 3, 4 ICESWTRET S -
MEME] (113 : a=200m, T=100C, @=1.0x10-5/C, v=0.3, RIBRIEAEDE : 17)A,
[FiHfE] h=0.52m, Ags=-0.16mGal, Ag/Ags=1.392, Ag=Ago.+Ags=-0.22mGal
BRREOHROXILTH DA, FHEIXEIE & BT 5, o T T8 M TR E > & Sl
FICHEE L2 E T, aT=—EDORNCTHEORMNE H 5, 1977 FOEPUIEREIC L 2H#E T
X, ZE ILTER OH F AL 13 17Tm B CTH 7= d<a TH D=8, il E d'=0 & A7 Lz,
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6. Le g}

BEPE RPN OB SR TIk, MR OE Agr 72 WENZEA Ag ([T 555, T OREOIEARKE
PEZBIR O EEIC X O PS5, FltE S LB B CIXMBK O IEIEZY R Ago 28 I ZHEE Y
b b, moOBE B, BRE LToxdhofic, MEKOBIEEDRELRY ANRDZ
ETIRIETHATE D, ZOHRAMBAKOED b MEREICD 2 FE LY D0, 2 TIHEHRL
toﬁ&ﬁfi%rwwﬁﬁ%yé@@%a%iﬁbto%@%%«)**@&% TR - el
DEMNH S, UEITRIT DD, EFAVOKRIEDOTEOIZITh T —FOHFHBDHLEE LV,

BEIR

ARIFEEL (1977): 0 G O R R 2 BT 2 RE TV L 2t 5 HZL SR SEHR,52 4,301-309.

A 5= H2(2005): Biot O BRMEAR I & A 20t 71 OWEE B A58 %5,631-642.

AR B2 3 - 5 i) 952 (20110): K FH 158 & 5 0D 1l BR4 B B BLIY & S 0D S LR 0 8K R DR 2 T 5 S 3 A s 3t Sl 5
KT o F — Wit 4 45,19-28.

A = H(2012) K BB 4 45 L O BRI & LRI, AL EAT 72 & 0 AlB & KRS ,26 5,1 5,21-30.

Mogi, K.(1958): Relations between the eruptions of various volcanoes and the deformations of the ground surfaces
around them, Bull. Earthq. Res. Inst., V01.36.99-134.

Roark, R. J., and Young, W. C.(1975): Formulas for stress and strain, McGraw-Hill Kogakusha,Ltd,506.

Telford, W.M., Geldart, L.P., Sheriff, R.E., and Keys, D.A.(1976): Applied Geophysics, Cambridge Univ. Press.

it g%
Al. BRREUE OB ZE)

(a) BRIEDOBIE, WERREZBET 5, ! iﬁﬂaiﬁ#ﬁ*ﬁ BTN D, B HEYE
WS TET ERT2Z 12k T, R8T am»b atdal ﬁﬁa IVS VAV LT D -

Aaja=aT, AV/V=BT ; IR RAR 2R =p=3a ; a=fRIFELRIK (A1)
:@fﬁﬁx@%ﬁ —kRRREN pEMA D E, TORREITHEICE{LL, KELEETD (K1),
AR AV/V=3A4a/a= BT -p/k 5 k={RFE LR SR, (A2)

T=0 f@% HiZ AV/V- -p/k T, BE OWEMERO —EREM & 72D, EBIZHOWT, IRSTORE L EL
IZIRDOZRITHAMTMA SN D BERICHS), ZORENTIZENZ—HKT, p TdHD,
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* Estimation of S-wave velocity structures in Rikuzen-Takata City by microtremor observations by
H.Yamamoto, W.Asada, and T.Saito
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An evaluation of the dynamic properties of traditional wooden shrines
located in Yurihonjo, Akita

Carlos Cuadra *

1. Introduction

Old traditional wooden constructions in Japan are declared as buildings of cultural interest and therefore
efforts are done to preserve this kind of buildings. In this study old traditional wooden temples located in
Yurihonjo city, Japan are investigated to determine their seismic characteristics and to evaluate their
dynamic performance. The region is a zone of great seismic activity that can affect the integrity of the
buildings. In this sense, the research is an attempt to evaluate the dynamic characteristics of these buildings
by means of in-situ measurements of micro vibration. Structures correspond in general to framed wooden
constructions with traditional connections between columns and beams. In general, nails are not used in
these joints, and instead of them, the beam is narrowed at extreme to be inserted into a hole cut in the
column. These buildings are supported by columns that rest directly on stone bases forming pinned joints.
First, general evaluation to make a diagnosis of the structural condition was performed and building that
presents some level of damages were chosen for this study. As an initial step to evaluate the seismic
vulnerability of these historical buildings, dynamic characterization has been undertaken that is the
predominant periods of vibration as well as the damping characteristics were estimated. For that purpose,
measurements of the micro vibration of the building was planned and undertaken. Comparative study of
the predominant periods of the structures is done by plotting these predominant periods versus building
heights. Preliminary results show that wooden temples in this region have long periods in comparison to
temples of other regions of Japan. In this way the present study has permitted to evaluate the structural
integrity of these traditional temples which is fundamental step in the evaluation of their seismic

vulnerability.

2. Target Shrines

In Yurihonjo city area there are 11 temples that are declared as local cultural heritage. For this study 9
temples were investigated to determine their dynamic characteristics. Micro vibration measurements and
the correspondent analysis were performed in these selected buildings. Photographs of some of these
selected structures are shown in Figure 1. The dimensions of these buildings range from approximately 5 m
by 5 m for the smallest to 10 m by 10 m for the largest dimensions in plan. Structures correspond to framed
wooden constructions with traditional connections between columns and beams. In general, nails are not
used in these joints, and instead of them, the beam is narrowed at extreme to be inserted into a hole cut in
the column. These buildings are supported by columns that rest directly on stone bases forming pinned

joints.

* Associate Professor of Akita Prefectural University
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Tokusawa Hachiman Konpira

Fig. 1. Selected temples for the present study

With exception of Tokusawa temple that is located near a vegetable field, all temples are located in the
upper part of hills. The structure of all temples corresponds to a traditional wooden frame. The Tokusawa,
Kumano and Inari temples have tile roof, the Hachiman and Omonoimi have thatched roof, and the
Konpira, Kiritoshi, Shinmei and Suwa have thin steel plates as roof.

The main damage observed in some temples was the gap between the base stone and the bottom part of
the columns as can be observed in Figure 2. Apparently, this failure is due to the deformation of the girders
of the bottom part of the structure. In some cases the failure is a combination of the settlement for the
central part of the building with the bending of the girder. Also some elements are seriously deteriorated by
the weather action. In all of the cases was observed that the maintenance of the temples are poor and
administration and management offices are always closed if they exist and in other cases there are no
administration offices. In general these temples are open during the corresponding local festival and during

New Year Celebration, the rest of the year are closed.
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Fig. 2. Details of the damages at the bottom of columns

3. Measurements Results

Micro vibrations of the selected temples were measured according to the scheme that is shown in
Figure 3. One sensor was located on ground site (chl) and four sensors were located at each corner or
near the 4 corners of the building and on the upper beam of the first floor (ch3, ch4, ch5 and cho6).
Measurements were performed separately for the two principal directions of the temples. To obtain the
elastic viscous damping factor at the beginning of each measurement an impact force of a person was
used to produce a free dumped vibration. In addition to the set of measurement for the building, the 3
components of the ground vibration were measured for each site to estimate the ground vibration

characteristics by using the H/V spectrum method. In all cases the sampling frequency was 100 Hz.

Fig. 3. General scheme for points of measurements



In Table 1 the results for selected temples are summarized. Results of predominant modes of

vibration are expressed in terms of the period of vibration. In this table the calculated damping factor of

the temples are also included.

Table 1. Periods of vibrations and damping factors

Height Main Ridge Damping Damping

Temple (m) Direction Direction Main Dir. Ridge Dir.

Period (s) Period (s) (%) (%)
Tokusawa 5.00 0.30 0.37 4.55 4.20
Hachiman 6.30 0.34 0.31 5.55 7.42
Konpira 6.25 0.27 0.27 5.03 4.60
Shinmei 7.13 0.32 0.45 2.89 242
Kiritoshi 7.20 0.36 0.43 2.97 1.71
Omonoimi 4.85 0.30 0.35 2.44 2.46
Suwa 5.00 0.32 0.24 7.30 3.65
Kumano 7.08 0.50 0.64 3.70 3.06
Inari 437 0.32 0.43 3.92 2.49

It can be noted that the general tendency is that periods for the ridge direction are longer than those

obtained for main direction. These results are compared with the general tendency curve for traditional

Japanese temples reported by Uchida et al (2001). Figure 4 shows this comparison where the periods for

each direction are plotted versus the height of the temple. Results for Hachiman and Konpira temples are

on the curve of general tendency or a little above the curve. These both temples were recently repaired at

the foundation level and therefore this effect could be reflected in the measurements results. The results

for other temples lay below the curve for both directions and it indicates the weakness of the temples

with long period for the corresponding height. In general these temples show unbalanced results since

for main direction the results are closer to the general curve and for the ridge direction the results differ

more from the curve. In this case if some reparation work is planned it is necessary to consider the

reinforcement of temples in the ridge direction.

15 15
General tendency General tendency /
—
Japanese temples Japanese temples
E‘ 10 E 10
= 74 = / L [ ]
. %D Y * . % [ ]
jan 5 2 ¢ T 5 '%L’/ ]
MAIN DIRECTION RIDGE DIRECTION
0 0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Period [s] Period [s]

Fig. 4. Periods of vibration versus temple heights
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The damping factor ranges from approximately 2% to 7%. However in previous studies of other
traditional temples smaller values of the order of 2 % are reported. This fact could indicate that temples
with high values of the damping factor present higher potential for energy dissipation. However, it is
believed that the energy dissipation occurs due to the lack of appropriate stiffness of joints and supports
and therefore could be an indicator of the vulnerability of the structure. When the damping factor is
related to the period of the structure or to the height of the structure unclear relationships are obtained.
Therefore, in this research the ratio of the number of spans versus the length is taken to establish a
relation with the damping factor. That is the number of spans by unit length is plotted versus the value of

the damping factor as is shown in Figure 5.
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Fig. 5. Number of span by unit length versus damping factor

It can be noted that with the exception of one temple, the general tendency is to have a larger value
of the damping factor when the number of span by unit length is increased. It is supposed that when the
number of span by meter increases the structure presents more joints that could increase the dissipation
of energy. However, the condition of the joints is an important factor as well as the distribution of joints
along the height of the building which consider the presence of horizontal structural element like

secondary beam.
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4. Conclusions

Microtremor measurements have been successfully employed to determine the dynamic
characteristics of traditional Japanese wooden temples of Yurihonjo city. The general tendency of the
selected temples is that periods for the ridge direction are longer than those obtained for main direction.
These results compared with the general tendency curve for traditional Japanese temples show that some
temples have longer period for the corresponding height. In addition, most of the temples show
unbalanced results since for main direction the results are closer to the curve than results for ridge
direction. In this case if some reparation work is planned it is necessary to consider the reinforcement of
the temples in the ridge direction.

The damping factor were correlated with the number of spans of the structure and general tendency
of increasing damping with increasing number of spans was found. However more analysis is required
since it is believed that damping is strongly dependent of the number of joints and of the conditions of

these joints.
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* An Example of Damage to Railway Embankment in the Akita-Iwate Heavy Rain on 9 August, 2013 and its Lessons
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*Characteristic of short period heavy rain that appear over the Tohoku Region.
by Yuya Suzuki and Akira Watanabe (Fukushima University)
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*Toward identification of structure and parameter of rainfall-runoff model by using hydrograph separation
by Kentaro Haga , Syuhei Kobayashi and Yoshiyuki Yokoo
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FHAOMZHEIT S RCERVOAIERKR BE - BREKHE
&EKFRK A D KR

KERT REHER
KEART IGE N
RHRY: RAGITHE

1. [ZL®HIC

a7 ) —bF (RC) EERMMNBFICKBIEZ 20 E ) 02l T 5 EE R AT A X
ELTEYORFTRIRAKIE h & RAKEWHE Ac (cBAZRHZY OdYERE) ndHY, RC
R OBE) - EEIRME S L THMAEICE SO TR ER R LE Y.

A./h=68  (h>54m) (1)

Y~ OB AR TENTBRB OB AOR 0, ICbikIFT 208 Y, TOEARETEL L H-
TELT, ERMICHIZTLEACHmFTS T2,

AT AT B R G2 WO 20 T 22O RimiR KREO @S HEEE L £ DK
Tz Ml RC E@RYOBE) « BEI S22 3RR L, BEUKE OB 0 R~ D KAFME %2 R
BICH R T 2. FRRAKBEIEEY DO FRBOMEIZ OV THELET .

2. £ B

OIS — b AP AL CAREHE L 11.0

e 1t B 6.0 =5.
7o, FEBRKE OB, HEHSROR R S —_— — L=5.0
T OERFE-1IZRT. @I 050 |he v T X
DU . f Y

m, [llﬁﬁ‘ 0.30 m, E?7k§ LU Z]S 5.0 m, — f——20—>«——20—>+—20—
BEK TR (8K TE he=0.067 m), — KEAHD . VERTICAL CROSS SECTION
AR (AR S=1/26), Vi 7efE B (M oEle * &

AXE hg=0.01 m) 7% 2.0m, RN 11.0m iieoncs +:roRCETRANSIUCER PLAN VIEW Unit: m
DWE AT AR @B KETH 5. B-1 EBROKE, WEKSORE L LT OER
TR ORI 2 B-2 (2R, fE
RIX 17100 T, @Y ORITEBICHR T T2, BENOBAE Y X T T2 uy. RC &R
MEBEL TR, 2BETIEE Tom, 4 & TEE S 4em T, EEZR TE (B0
bV (BASE O, XM, M BT 20%, 40%), EMWL Bl (ERboThH, &
i) L oA OF SHEEAFER L. A biEiX 7.0 cm, BATIX54 cm ThH
5. mEET7— A YL EEEO RCERYOFEHGEN 13 tm/ERETHL Z L2 EE
LT, @& 7em®DEED 10,=20%) 73 100 gf (0.98N), [0,=40%] 7% 91 gf (0.89N), [#&
72 L (0,=0%) ] 723109 gf (1.07N), ["HHMDOA (0,=65%)) 73 66 gf (0.65N), @& 14 cm
DE&ED [0,/20%] 7% 184 gf (1.80N), [0,=40%) | 7% 168 gf (1.65N), T# 72 L] 2% 203

* Front Inundation Depth, Sliding-Overturning Condition and Decrease in Tsunami Horizontal Fluid Force of RC
Building with Aperture by Hideo MATSUTOMI, Tomomi SHIMAZU and Genki KETTOKU
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(b) T & 14 cm D 4 P THRIA
-2 FEBRoOEWEROFEM GiER 1/100)

®-1 EBREM

BFAKEE hy (cm) 15, 20, 22.5, 25, 27.5
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HEaE S 1/26
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K & hg(cm) 0.1, 0.5, 1, 2, 3.5
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7 em | 9% (109g0), 20% (100 ),
40% (91 gf), ‘B 65% (66 gf)
BAORE » 0% (203 gf), 20% (184 gb),
M| 409% (168 gf), F#H 65% (116 gf)

gf (1.99 N), TFH#OH (0,65%) ) 73 116 gf (1.14 N) TH 5. "B O I 1O
0.6 cm, JEX7230.6 cm T, SBEEYOBEE N IINNTZILEEEZEE Lz, EEOSEERE
YOG 8 0.8 thm*EFRE TH D L2 ERDH L, ABEIELDTHD.

BEEBIEBER OFH A S 25cm & Som, HHE A D 7.5 cm O 3 MLE IS 1T 58 A%
fzEt ((BR)KEYENCE f-#, UD-500) (2 X 208K 7, oy D5 ((BF) SSK #HY, EHE
5 1000 gf (9.8N)) IR DK Fe LERE T F,, BERL O Fijifi /6 5 7> B KPR AE W 7 10~ 3
em BENTEALBICH T D 7 e T REE (PARAEFTR, B3 mm) X D0 RE « T
B % AT & & ORI EE AL 3T D IR KR &I (— k) HElE L.
FERLE D O L BlE iz, KEDO EFERE N T A RE LITo 72,

TG A F LD TR-1VIRT. byl T — b EFIsk o BRI, hp 1% B0 K E K
OB E COEmS (KE) T, &7 — A3 EIEHREZIT- .

KIS Fyy, KESREWT T IANIC Bl 2 & DOF — A > b M, $VE 1 F., BKIEh OREEZEA
BAZB-31CRT. BHE 0,~0%&L 40%DHLDTH D .
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B-4 EWETERAKRE b OS5 HEE T T v

3. HIERKRODME S HEEE

KR EDOEFEMRILBIREZZD. ENEHKEELT L. BYORELZ T TN
AT EB OO KR LD 2 by, w, &3 5. EEWETEIC T D HEE 2% DR KK L
Wik FERE % h, ue b 35, BYORTHE, BLOEESMEICE R SO AN LT,
urlEFHE TRV, REF LV EE-4 IZ7RT.

HETEM EHOMOFEICI Y 2R X —2 K5 LEDBITMBSEDLN, Z0LED
AT - WEEO =2 X —REFHNEFXNQDOIICRATLIILNAETHS.

u? u, Y 2 NS u’
h—L=h+|L| Z=h +(l+¢)—=h+(1 i 2.1
+2g +(u,-j2g ’+(+g)2g ’+(+g)2g (2.1)
1
= |——2go(h—h 2 2.2
u \/Hg,{g( )i} (2.2)

ZIT, g EEANMEE, (o r X —BREK Y, CIIEE (FER) o x X8
KfpdoT, KFEER GHICLos TEBK) BT smxArF—HELEALATHS. K
Q2.1) OEKBEILH B (BkKk) oL ZFAREROLOLIY KE W (UhEW). BYni
HCEXIEODOND Z LK F BN (BkKk) oK (ko xL¥—) BN AHEED
DIV KRELS (NEL) RD1DT, ko b2 (naLiesd. u=s0 0Lz, X(2.1)
BRE - SEoR YN s 2y, RQD»ERXEES.

2 2 2
LIS YA (o ) LV UR B SO 7 I 95 3)
h, 2 u, gh, 2 u,

, Fald ANHBED 7 L— RETH D,

(Y
(Y
A
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(udu)®> & { ODERE T, Whi VX —A OERPLEIPNDL DLV KEL 2o b,
INEL o720 T D wfu, X CEREBOH AR, BROEW~DOEBAHNAIKETS.
X 3) OFHEBIRLAMFEFERE & O 2 B-5 2R3 T, MM d ko, ¢ CR
E) OB TEBRMEROUHANP TR TH Y, AEEHEIAM LWL,

BEHR D RC ERMOBE) « W SN0 LXRCG) 7D, ASEERFEZMVZHEDEZ
H7T 5 RCEFDOBEHCEHBOFRMEL L TXUE2H5 (B-6).

1+1{1+g—[”fj }le (4)
2 u,

AL F ROEHEM BRI W T B CHEAE L7z RC EED OB 0 FILTRK-2 12777 &
HIZ10%LL T CE¥ 6%) THDH V. Lo 7T, BOEICL 2K EHOERIZ/ NS NEE
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4. KFEHAOBMORADIKEN
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vk, WAL, BRANCER RS, EB LN EWHT O ARTKEDNNREDLZ EZRL
TW3 Y. bbAA, BYORHMEBESCBENEDRORE KEACEKRLEL .
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5. MARHK
BYEHOHKEZEE LI EOEDITH BAFEN FIZRAERD.

F = %(I — B)pgh’ B + phu’ B — phu,wB — phuyB+ phau B —a ()

DI, B M E I < R KE LR O R T TR A O 2 A E 0
B (0~1 0ff), p Xk (BA) BE, BIXEVIE, o KB NEREE, o 3 HE
W BT 35 1 B BRI PR 5 BRI C o 5. u=0 D& 21X, w=0 (0 O & X 1TBkA) &
0, WAEBED.

F = %(l — B)pgh’ B+ phu’ B — phu.oB > %pCDu,zhiB (6)

X

TN— REB/NENEE, =1, 0<0 THD. RENLE, =0, 0=0 THD. LI
WoT, wp & AW ATIE, BORAERTHIT, (TIC LTS Cp>2 &5,

6. BhHYIC
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MOFLIIRE O b Uiz,
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SE X

DERER - o R - BRI - B - AU ) REPE P R R I B D gk = v
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pp.351-355, 2012.

2) H T mA E T HINBORR AT - G © L oG Lo B0, ERE
¥} No.673, 2012.

IR WK - RIBHERHL « 4 A AHR « R AR IR0 8 I 00 FE AR X & i AR B e 0 AHABLR, i
FEm S, & 51, pp.301-305, 2004.
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W KA EY OB ECEME TIE, HEOAKFEINIEND T
L, hiE (BEEN D) bEETHD. UL, £EE
I omFEHE D2 IEE D R,

BOEEAT 28227 U — b (RC) AWM < Hik
OEBIENT@ES, OHBES, ©OHH, (D EMONE
NHALTZEAKOERD 4 FEN L5 (B-1). FHiEd
YoOBECEEIC BV TERM, HBENTALEILN, f& B-1  HERIR T O
Bl & e A oo 7, 570 & IR A K O E BT 2 A ER
T5. Lieno7T, @FENTENEEOBENZBETIE, @YoBEHClflicks i
Rl zE 272 LD,

ST ORBBITEWE ORRKFE TR D, K FHRKONNS L, BAREDOR W DR
LI W EOEDOGEIXF I LB, BhERATE5. LR ->7T, B Kl
R 1C X2 EEIE T ORBEEL S — 0RO TR O B8 iz O REHI BV ¢
HETHD.

ARFFITEmOmS QFE), O @HE), Ka SHEE), AFNEESE G fEE %
RTABE L EREIT, HRIC LD 2T ORMGE(L S — ORIk E G 5.

2. £ B 11.0

MR & — b A B T LT e — =
KK B O, HEHEROBE &8RS [ (] B X
DEFREE-2IORT. FEA050m, WA T e
0.30m, BKE Ly7s 5.0 m, —REKIEED (% _ VERTICAL CROSS SECTION
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R R ORI 2 B-3 17T iR 17100 T, EMORFEREICHRT TR, BN
OREAET Y 33T T 2wy, RCEEMZEEEL TR Y, 2 BETITES H=7 om, 4 BT

S 14em T, EEL TR FEAE) 91 BHOR O, TN, FERAE HIZ20%, 40%), i

* Change Pattern of Vertical Tsunami Fluid Force Acting on RC Building with Aperture
by Hideo MATSUTOMI, Shunsuke NAGANUMA and Genki KETTOKU
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* Strength of Coastal Black Pine Tree against Tsunami Viewed from Working Height of Horizontal Force, Life-Death
and Growing Place by Hideo MATSUTOMI, Kenji HARADA, Hiroshi KAMOZAWA, Genki KETTOKU and
Tomomi SHIMAZU
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VALIDATION OF A NUMERICAL MODEL FOR TSUNAMI WAVES
OVERTOPPING A COASTAL EMBANKMENT

Nguyen Xuan Dao', Mohammad Bagus Adityawanz, Hitoshi Tanaka®

ABSTRACT

A numerical model based on Reynolds Averaged Navier Stokes (RANS) equations, NumErical Water
FLUME called NEWFLUME has been successfully simulated and validated for various types of flows and
their interaction with different structures, porous or impermeable, moving or stationary with a short period
waves. For a short period waves, the boundary layer is very thin that even the theory of inviscid flow can be
applied in predicting and explaining the overall flow pattern. However, in most of sophisticated flow control
strategies in engineering applications, we are concerned with the action of viscosity and turbulence. In
addition, the flow formed by the more steady current is turbulent over the entire water depth and does not
have the same boundary layer characteristics as the thin boundary layer formed by waves. Furthermore, the
currently NEWFLUME model has not validated for a long period waves or a steady flow yet. Therefore, this
study aims to validate the NEWFLUME model for tsunami waves overtopping a coastal embankment, the
simulated results including water level, flow velocity and piezometric head were used to compare with those
from hydraulic experiments carried out by Kato et al. (2013). In overall, NEWFLUME model has been
found to be a useful tool for evaluating the influences of tsunami overtopping on coastal structures.

1. INTRODUCTION

The recent Great East Japan earthquake with M9 on March 11", 2011 provided many lessons regarding the
huge consequences and potential impact of megaearthquake and megatsunamis. Due to underestimated
potential earthquake magnitude M9 generated tsunami off the East coast of Honshu Japan lead to many sea
dikes and breakwaters along the country destroyed. Therefore, there is a need for scientist to understand
tsunamis and to construct a highly resilient structure which can mitigate the impacts of tsunamis. In the
coastal structures design, it is important to understand the wave interaction onshore and offshore structures.
Also, wave force induced by tsunami is one of the factors leading to the failure of coastal embankment.
Coastal and port-related structures have been designed based on design formula as well as hydraulic model
experiments. Although hydraulic model experiments can precisely reproduce actual physical phenomenon,
however, it often requires time and cost to create seabed configurations and model structures, and to measure
various kinds of data such as wave height, wave pressure, overtopped water and the movement of targeted
structures Hanzawa et al. (2012). In order to investigate more information about the causes of damages from
the view point of fluid hydraulics, numerical model is currently a valuable tool to access coastal damages.
Numerical studies for solitary wave interaction with porous breakwaters have been performed by Liu and
Wen (1997) while Lin and Karunarathna (2007) studied solitary wave interaction with fully emerged
rectangular porous breakwaters with different length and particle size. There are several numerical models,
for example, a numerical wave flume called CADMAS-SURF (Super Roller Flume for Computer Aided
Design of Maritime Structure), Isobe et al. (1999). CADMAS-SURF has been applied mainly to ordinary
wave conditions such as wind waves, e.g. wave force on breakwaters and wave overtopping of seawalls
Isobe et al. (2002). However, both of NEWFLUME model and CADMAS-SURF model have not validated
for a long period wave or steady flow which has fully developed of boundary layer yet. In most of
sophisticated flow control strategies in engineering applications, we are concerned with the action of
viscosity and turbulence. Therefore, this study aims to validate NEWFLUME model for tsunami waves
overtopping a coastal embankment by comparison simulated results to those from hydraulic experiments
carried out by Kato et al. (2013).

2. NUMERICAL MODEL

! Doctoral student, Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan
2 Ph.D., Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan
3 Professor, Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan
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2.1 Governing equations

For a turbulent flow, both the velocity field u; and the pressure field p can be split into mean component and
turbulent fluctuations as follows:

w=w)+y; p=@+p €))

in which i = 1,2 for a two-dimensional flow direction, (u;) and (p) are the mean velocity and the mean
pressure, u; and p are the turbulent velocity fluctuation and turbulent pressure fluctuation.

If the fluid is assumed to be incompressible, the mean flow field is governed by the Reynolds equations as
follows:

a(ui)_
0(w;) ;) 10(p) 10(t;;)  Ouu))
T L P P LA PR )

where p is the fluid density, g; is the gravitational acceleration in the i-th direction, (;;) is the viscous stress
tensor, and (u;u;) the Reynolds stress.

An alternative to the Reynolds stress closure model is the so-called k — € model in which the Reynolds
stress tensor is assumed to be related to the strain rate of the mean flow through the algebraic nonlinear
Reynolds stress model.

2
(u{u}) = —2vt(0i]-) + gk(s,_] (4—)

The governing equations for kK — & model are as follows:
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in which k is the turbulent kinetic energy (k = 1/2(uju;)), € is the dissipation rate of turbulent kinetic
energy (e = v <(au;/ax]-)2)), v is the kinematic viscosity, v, is the eddy viscosity (v, = C, k?/¢), oy, 05,

Ci. and C,. are empirical coefficients. The recommended values for these coefficients are as follows (Rodi,
1980):

C; =0.09; C;c =1.44,; C,r = 1.92; 6, =1.0; 0, =13 @)
2.2 Boundary conditions

Appropriate boundary needs to be specified for the model. For rigid boundary conditions, the values of k£ and
¢ are specified in the turbulent instead of right on the wall. They are expressed as functions of distance from
the boundary and the mean tangential velocity outside of the viscous sublayer. The velocity on the bottom
are equal zero (no-slip condition). The initial for the mean flow is treated as still water with no current
motion. For the free surface boundary condition, the zero gradient is imposed for both k£ and ¢. The free
surface motion is tracked by the volume of fluid (VOF) technique, Hirt and Nichols (1981).

3. VALIDATION METHOD
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Hydraulic experiments in the case of tsunami overflow were carried out by Kato et al. (2013) and used in
this study. A coastal embankment model was placed in a water channel with a length of 40 m, a width of 1 m,
and a height of 1.5 m to reproduce tsunami overflow by supplying water from channel end using a pump,
then flow velocity and pressure near coastal embankment were measured. The reduction scale of the
experiment was 1/25". Water level and the piezometric head were measured at 60 points using a point
gauges and manometer, respectively Kato et al. (2013).

A computational domain was set as similar as a cross-sectional of physical experiment in real scale which
was conducted by Kato et al. (2013) as seen in Figure 1. A coastal embankment was placed in a water
channel with a height of 6 m, crown width 3 m and gradient 1:2. An initial steady flow runs from the left
side of the numerical domain.

Crown width: 3m
Incoming steady flow Embankment

) \L / height: 6m

Figure 1. Domain sketch for numerical model

d<Az<2d

Az=d

d<Ax<4d Ax=d d<Ax<4d

Figure 2. Typical mesh arrangement for the numerical model setup

In which, d is the minimum grid spacing in both x and z direction as can be seen in Table 1. The domain has
the length of 200 m and the height of 20 m. There are three mesh system in x direction and two mesh system
in z direction. A uniform mesh system Axpi, = Azmin = d is employed around the coastal embankment. In
order to reduce simulation time, a non-uniform meshes system which is gradually increasing and employed
far from the coastal embankment in both x and z direction as can be seen in Figure 1 and Figure 2. The time
step At was dynamically adjusted according to the stability criteria.

There are three cases with different overflow water depth 2 m, 6 m and 10 m as similar as hydraulic
experiment were carried out by Kato et al. (2013) as shown in Table 1. Simulated results of water level, flow
velocity and piezometric head were then used to compare with those hydraulic experiments by Kato et al.
(2013) as can be seen in Figure 3.
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Table 1 Three cases used for validation of the numerical model

1 6 2

0.04
2 6 6 0.05
3 6 10 0.05

Compare model to

Water level

Physical experiment

Compare model to Phy5|ca|

Flow velocity  G— Experiment

Physical experiment (Kato et a|_'
2013)

Compare model to

Piezometric head

Figure 3 Three simulated results compare to those from physical experiments

Physical experiment

4. RESULTS AND DISCUSSION

Figure 4 to Figure 6 show the cross-sectional distribution of water level, flow velocity and piezometric head
for the case of 2 m and 6 m and 10 m incoming waves, respectively. It can be seen that for all of the
simulated cases, the calculated results for water level coincide well with the experimental results. The
velocity in the experiment was obtained based on the flow discharge per water level at the given output
points. In this study, depth-average flow velocity was calculated along the vertical axis. The calculated flow
velocity was then compared to the experimental data. The magnitude of the computed velocity shows good
agreement to that of the experimental data for all cases. The flow velocity increases from the embankment
crest (x =95 m) to landward areas (x = 117 m).
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Figure 4 Comparison of distribution of cross-sectional average flow velocity, water depth and
piezometric head in the case overflow depth 2 m (smallest grid spacing 0.04 m x 0.04 m)
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Figure 5 Comparison of distribution of cross-sectional average flow velocity, water depth and
piezometric head in the case overflow depth 6 m (smallest grid spacing 0.05 m x 0.05 m)
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Figure 6 Comparison of distribution of cross-sectional average flow velocity, water depth and
piezometric head in the case overflow depth 10 m (smallest grid spacing 0.05 m x 0.05 m)

As mentioned above, in the experiment, the piezometric head were measured at 60 points using a manometer.
In this study, the pressure was computed and extracted from the grid at the bed. In general, the computed
pressure correlates well and shows the same trend with the measured value. The pressure in the upstream and
the downstream of the embankment shows similar value to the water level. This suggests that the pressure
distribution relation to depth, as expected. On the top of the embankment, it was observed that there is a
tendency of both simulated and experiment pressure on the surface of coastal embankment are reduced
locally due to centrifugal action. This means that pressure on the coastal embankment surface is reduced in
the landward slope top. In addition, negative pressure is generated at overflow depths of 6 m and 10 m in
both simulated and measured. In contrast, the piezometric head increases locally in the landward toe with
increased pressure. However, the simulated peak of the piezometric head at the embankment toe is lower
than the experiment. This might be affected by the effect of grid spacing because at this location, the flow
streamline separates from the bed. Thus a higher grid resolution will provide a higher accuracy here. It also
can be seen from Figure 4 that the flow velocity pattern at the landward embankment slope is oscillated in
comparison to the other two cases. This might be caused by the grid spacing in Case-1 at the embankment
toe is relatively large compared to the overflowing water depth.
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5. CONCLUSIONS

This study has shown that the present NEWFLUME model is able to simulate well tsunami overtopping a
coastal embankment. The tendency simulated results of piezometric head, water level and flow velocity
show a good agreement with those from hydraulic experiment, especially flow velocity and water level. The
results can still be improved with finer grid spacing around the embankment. In overall, the model has been
validated for tsunami overtopping a coastal embankment. Finally, NEWFLUME model will be a valuable
tool to assess tsunami risks, for example, reconstruction and implementation plans for post-tsunami
reconstruction of coastal infrastructures such as coastal embankment etc.
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Numerical analysis of tsunami wave intrusion into a river
Min Roh', Mohammad Bagus Adityawan’, Hitoshi Tanaka®

ABSTRACT

Tsunami intrusion into a river is crucial in natural disaster research. An estimated tsunami intrusion distance is
useful to improve the evacuation plan for the second disaster in river upstream. However, it is difficult and
complicated to understand the real phenomena of tsunami propagation into a river, especially the 2011 Tohoku
tsunami. The analysis of field survey was not sufficient to assess the tsunami characteristics in rivers. Thus, a
numerical analysis was carried out according to the river topographical feature. This study pointed out the
problem of the empirical function based on the field survey. It was discussed that the characteristics of tsunami
propagation into a river in this paper using a numerical analysis.

1. INTRODUCTION

On March 11, 2011, the off the Pacific Coast of Tohoku Earthquake of magnitude 9.0 generated a massive
tsunami. It caused severe damages due to the tsunami waves in Tohoku District. Buildings and infrastructures
were destroyed as well as almost hydraulic measurement stations near the coastal area. Moreover, river
upstream area was influenced by the tsunami propagation into rivers. The tsunami wave caused the second
disasters in the upstream area of river such as the tsunami overtopping over the river embankment and tsunami
intrusion (Nandasena et al., 2012). Recently, this phenomenon is considered as the potential disaster due to the
tsunami propagation into rivers. It is needed more study in understanding the tsunami phenomena.

According to the tsunami intrusion into rivers, many researchers have found that a relationship between river
topographical characteristics and various flow patterns (Abe, 1986; Saleh et al., 2013). It was found that the
river bed slope is the one of important parameters when the tsunami wave propagates into the rivers by
analyzing field survey data and numerical simulation (Yasuda, 2010; Adityawan et al., 2012). Kayane et
al.(2013) suggested the empirical functions of the tsunami intrusion distance and tsunami height dissipation
according due to river bed slopes using the field survey of three prefectures in Tohoku District after the 2011
Tohoku Tsunami. However, the previous study has many difficulties that available field data was not sufficient
because the measurement stations in rivers and coasts were washed away by the powerful tsunami. The
empirical functions have been proposed without the effect of the initial tsunami height. It is difficult to
generalize about each tsunami event. Thus, a numerical simulation is required to assess the tsunami propagation
characteristics. It is crucial to show the relationship between the important parameters and real phenomena.

In this study, the effect of river bed slope has been studied by a numerical simulation. To achieve the tsunami
propagation characteristics in rivers, several river slopes and different initial wave conditions have been applied
to hypothetical numerical domain. Furthermore, the problem of the empirical function will be pointed out in this
paper. It would be suggested the improvement of the empirical function. This study can be used to identify the
tsunami propagation characteristics into the river.

2. NUMERICAL METHOD

2.1 Governing equations

The 1-D shallow water equations model is employed to assess the tsunami intrusion characteristics in rivers.
The Manning roughness is used to solve the energy dissipation term in the momentum equation. Eq.(1) and
Eq.(2) is the continuity equation and the momentum equation, respectively.
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where, 7 is time, x is space, A is total water depth, u is depth average velocity, S, and Sy is bed slope and friction
slope, respectively, and g is gravity acceleration.

2.2 Numerical schemes
The numerical schemes are that FORCE-MUSCL scheme and 3-Order Total Variation Dimensionless (TVD)
schemes are used to calculate the governing equations. Monotone Upstream-centered schemes for Conservation
Laws (MUSCL) is widely used in many numerical analyses, especially it provides a high accuracy, and good
performance for various flows such as a complex flow condition, further MUSCL scheme was combined with
the First Order Centered scheme (FORCE) which was used to improve the numerical result (Liska and
Wendroff, 1999). A shock capturing method using the Total Variation Diminishing Runge-Kutta scheme has
been employed in this numerical model for reducing the numerical oscillations and wave shocks during the
simulation. There schemes is commonly used in the numerical simulation. It was developed to improve the
wave shock and numerical divergence.
The governing equations which is continuity equation and momentum equation can be rewritten in vector
form as Eq.(3) in order to apply the Finite Volume Method (FVM) solution,
ELE s 3)
ot Ox
where, it is shown that flux vector form can be expressed as

h
= 4
E [hMJ “4)

hu
P2 e+ L gne ©
u +Eg
0
S= (6)
(gh(so—sf)]

Eq.(3) is integrated over the element, and using Green’s Theorem is applied to the equation of vector form.
Thus, Eq.(7) is written as

%‘;:—F'(x)m (N
F '(x,) — E+1/2A_XF:>1/2 ®)

The space derivation function of F can be simulate by using finite volume center scheme as Eq.(8). This
formulation depends on how the flux variables are evaluated. The FORCE-MUSCL schemes have been used to
solve the flux variables.

In the MUSCL scheme, the flux variables (&, hu) at the left and right side of the cell i is redefined that the
variable value (hu) at the right (+) and left (-) of the cell i+1/2 are approximated as below

(h” ),-:1/2 = (h” )/+1/2 _%é‘iﬂ (hu) ©)
()., = ), 3.8 () (10)

where,

@(hu):@(n)[W] (11)

r = (h”)f _(hu)i—l (12)

(hu )m - (hu)z



147

here, ¢; : function of flux limiter, and r; : ratio of gradients on the cell interface.

The flux limiter is commonly used in high resolution numerical schemes. It is very useful function in
controlling the numerical simulation. The Superbee flux limiter is employed in this numerical model. The flux
limiter value is determined by the ratio of gradients (Roe, 1986).

2.3 Hypothetical cases and boundary conditions

The numerical simulation is carried out to obtain the tsunami intrusion distance from the river mouth by using
several hypothetical domains. The range of river slope is 0.00021 ~ 0.00193, 14 cases totally as seen in Table 1.
As an example, Fig.1 shows the hypothetical calculation domain of river slope 0.00053.

The computation conditions are that the grid size is 100 m and time interval is 1 sec. Total calculation time is
7200 sec. At the river mouth boundary condition, 3 m and 5 m solitary wave is used in the numerical simulation
as shown in Fig.2. The boundary condition of river upstream area is the open boundary condition. The river
flow discharge was not considered as the significant parameter on the left-hand side in this numerical simulation.
Manning coefficient was used to calculate the bottom friction term as 0.025.

Table 1. Hypothetical cases for river bed slope

Case No. Slope Case No. Slope
Case | 0.00021 Case 8 0.00046
Case 2 0.00025 Case 9 0.00049
Case 3 0.00028 Case 10 0.00053
Case 4 0.00032 Case 11 0.00088
Case 5 0.00035 Case 12 0.00123
Case 6 0.00039 Case 13 0.00158
Case 7 0.00042 Case 14 0.00193
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Fig.1 Numerical calculation domain (S = 0.00053)
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Fig.2 Wave inlet boundary condition at the river mouth (0.0 km)

3. ANALYSIS RESULTS

3.1 Empirical function of tsunami intrusion distance

Iwate Prefecture is eight rivers, Miyagi Prefecture is 9 rivers, and Fukushima Prefecture is 21 rivers, total 38
rivers data were used to estimate the tsunami intrusion distances. The empirical function was suggested by the
relationship between tsunami intrusion distance and river slope using the field survey data (Kayane ez al., 2013).
The empirical function of the tsunami intrusion distance end was suggested as below

x,= 48.457°7" (13)

where, x, is end of tsunami intrusion distance from river mouth, §'is river bed slope.

The empirical function was obtained from the single tsunami event. Therefore, it is needed that the effects of
the tsunami height due to the different locations and tsunami events have to consider in determining the tsunami

intrusion distance.

3.2 Numerical simulation result
Fig.3 shows the calculated wave heights at the river mouth, 2.0 km and 4.0 km from the river mouth during

the numerical simulation. It is found that the wave height is related with increased propagation distance from the
river mouth. The water level fluctuation was occurred due to the sloping river bed during the initial time step. In
the numerical analysis, the end of the tsunami intrusion distance is defined that the water level variation is less
than 10 cm at the longitudinal distance from the river mouth.

3.3 Comparison on numerical simulation result and empirical function

The computed tsunami intrusion distance can be indicated on the empirical function of tsunami intrusion
distance. The comparison with the empirical function and the simulation result is depicted in Fig.4. Overall, the
numerical simulation has produced similar reducing pattern of tsunami intrusion distance although the empirical
function is based on the 2011 Tohoku Tsunami event. The overestimate of tsunami intrusion distance is shown
in the range of mild river slope compared to the empirical function. As the result, it is found that the tsunami
intrusion distance is deeply related to the river bed slope from the comparison result. It also depends on the
initial tsunami height near the river mouth in the numerical simulation result.
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Fig.4 Comparison between empirical function of intrusion distance and numerical analysis results due to wave
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4. CONCLUSIONS

- The 1-D numerical analysis has been carried out successfully to show the effects of river bed slope and
initial tsunami height. It was found that the end of the tsunami intrusion distance was deeply related to
the river bed slope as one of the significant parameters.

- The tsunami intrusion distance into a river was influenced by the tsunami height at the river mouth
although the decreasing patterns were similar in the different initial wave heights.

- The previous empirical function of the tsunami intrusion distance was suggested without the effect of
the tsunami height at the river mouth. It is required to improve the influence of the tsunami physical
characteristics. The numerical analysis is also needed to reflect various natural parameters such as river
width, curvature, etc. Furthermore, it would be able to discuss the relation of tsunami height dissipation
along the river. Lastly, it is hoped that this study would be useful to understand the real tsunami
phenomena into a river.
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Changes in morphology on Sendai Coast and its problems after the 2011
tsunami

Hoang Cong Vo', Yuta Mitobe’ and Hitoshi Tanaka®

ABSTRACT

The tsunami in March 2011 caused the significant changes on Sendai Coast. The erosion of sandy
beach and the flushing of sand spit at the river mouth can be observed. After the tsunami, the shoreline
on the right side of Nanakita River mouth started getting erosion. The erosion was propagating to the
south and causing the completed closure of Nanakita River mouth. The changes of morphology and its
problems has been identified base on the analyzing of aerial photography. The diffusion coefficient,
which is an important parameter in numerical simulation of shoreline change, has been carried out from
analytical solution of one-line model and measured data of erosion propagating of shoreline.

1. INTRODUCTION

A massive earthquake occurred in
northeastern of Japan on March 11%, 2011. It
triggered the powerful tsunami waves which Water outlt Araharma breakwater
battered Japan Coast and propagated around the
Pacific Ocean. The coastal and riverine NM
morphology in the northeast of Japan has been
suffered the severe damages. Morphology |0 1km
changes of the coast in Miyagi Prefecture has
been pointed out by Tanaka et al. (2012). In
which, on Sendai Coast, the sandy beach erosion and breaching and the flushing of sand spit at river mouth
can be observed. Soon after the tsunami, morphology of many places were getting on the restoration
process, although that can be fast or slow depending on the different hydrologic regimes and available
sediment supply (Tanaka et al., 2012). However, the shoreline on the right side of Nanakita River mouth,
where the sand spit was flushed by the tsunami, still being eroding. The eroded area was expanding from
the river mouth toward over the drainage of Minami Gamo wastewater treatment plant. The changes and
its problems of morphology around a river mouth subsequently after the tsunami is important on the
morphology recovery process of the entire area. In this study, the changes and evolution of shoreline
around a river mouth after the tsunami will be investigated base on the analysis of aerial photography and
applying of analytical solution of one-line model.

2. STUDY AREA AND DATA COLLECTION

Sendai Coast, (Fig. 1), which is located between Sendai Port at North and Yuriage Port at South, is a
sandy beach with approximately 12 km in length. This study mainly focuses on the beach of about 1000m
on the right side of Nanakita River mouth which located about 2.5km south of Sendai Port. The length of
Nanakita River is 45km, the basin area is 229.1 km® and the average river discharge is about 10m’s.
There is a jetty on the left side of river mouth, while on the right side, about 700m south from the river
mouth there is a drainage which belongs to the Minami Gamo wastewater treatment plant of Sendai City.
The longshore sediment transport in this area, which is from the south to the north, is completely blocked
by the breakwaters located at Sendai Port and Yuriage Port.

Aerial photographs of this area have been taken frequently and immediately after the tsunami. There
was a photo taking activity on March 6™, 2011, about one week before the tsunami. While, the first batch of
photo taking after the tsunami was on June 8", 2011. In order to get more detail on the subsequent response
of morphology, aerial photographs, which taken on March 12" and May 26™ 2011 by Geospatial
Information Authority of Japan (GSI) and aerial photographs taken on March 14", 24" 27" April 6; May
3™ by Google Earth, have been collected. The raw aerial photographs were rectified to World Geodetic
System 1984 (WGS84). Shoreline position y,(x,f) were extracted by every Sm from Nanakita River mouth
to the south on the baseline (x-axis in Fig. 2) oriented 212° clockwise from North. All the photographs

Study area

Yuriage
Port

Pacific
Ocean

Teizan Canal

Nanakita River

Fig. 1. Study area
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collecting from third parties haven’t been corrected to the tidal level due to the lack information of exact
time of taking.

3. RESULTS AND DISCUSSION
(1) Changes and recovery of the beach on the right side of Nanakita River mouth

Change of shoreline around Nanakita River mouth before the tsunami was pointed out by Pradjoko et al.
(2010). A set of aerial photographs was utilized to show the trends of shoreline change. In long-term period,
the shoreline change reflects the condition of longshore sediment transport which influenced by the river
mouth. In short-term period, the shoreline subjects to seasonal change, moving advance or retreat in
response to wave action. The shoreline on the right side of river mouth changes less dramatically than the
left side. Overall, before the tsunami, the shoreline around Nanakita River mouth is reached the dynamic
equilibrium stage. Fig. 2 is a series of aerial photographs showing the beach morphology before and after
the tsunami as well as the propagation of erosion of on the right side of Nanakita River mouth until
September 7", 2011. Due to the low river discharge and the long-shore sediment transport dominant from
right side to left side, before the tsunami, a sand spit intermittently developed on the right side of the river
mouth (Fig. 2(a)). This sand spit was flushed by the tsunami wave which was reported about 14m height in
this area by Mori et al. (2011). The tsunami also caused serious erosion of the sandy beach on the right side
of the river mouth (Fig. 2(b)). After the tsunami, in response to the new condition, the beach started getting
erosion. At the beginning, the erosion was only occurring on the beach adjacent to river mouth (Fig. 2(c)
and 2(d)). However, about 3 months from the tsunami, the erosion had been propagating along the beach
and reaching the drainage of Minami Gamo wastewater treatment plant. At the same time with the erosion
of shoreline, a sand spit was also formation and intrusion into the river mouth (Fig. 2(d) and 2(¢)). Fig. 2(f)
shows the shoreline on July 6™, 2011, the erosion gets more serious and a complex sand spit has been
formed. The phenomenon of sand spit intrusion into river mouth and its mechanism have been reported by
Tanaka et al. (2013). The sediment source from the erosion of the beach on the right side of Nanakita River
mouth has caused the completed closure of river mouth which can be seen on Fig. 2(g).

Figure 3 shows the temporal variation of shoreline on the right side of Nanakita River mouth.
Shoreline position is extracted at cross sections within every 50m or 100m along the beach, coordinate
system of these cross sections can be seen in Fig. 2(b). The shoreline in vicinity to river mouth (x=50m,
x=100m) has larger amplitude of erosion than the shoreline far away from the river mouth. While the
shoreline in vicinity to river mouth was moving retreat immediately after the tsunami and started moving
advance after 117 days (July 6™) then the shoreline far away from river mouth was just getting serious
retreat after 53 days (May 3™) and still on the retreat after the tsunami 180 days (September 7™).

The studying of erosion of shoreline on the right side of Nanakita River mouth and its propagating to
the south has shown this is an interesting phenomenon which indicates the subsequent response of
shoreline in order to get the new equilibrium state after the significant changes induced by the tsunami.
However, this is just a small area of Sendai Coast. Though, there is a need of further study on the
subsequent response of shoreline for entire the Coast where there is the present of detached breakwater,
lagoons, etc., which could have significant influence on the response of shoreline.

(2) The interruption of wastewater drainage on the propagation of erosion

The drainage of Minami Gamo wastewater treatment plant is almost perpendicular to the shoreline.
The last section of this drainage is an open rectangular concrete channel with about 80m in length. The
elevation of the top of drainage is a bit higher than the elevation of beach ground. Fig. 4(a), 4(b) and 4(c)
show that, before or in the short time after the tsunami, the drainage has almost no or unclear
interruption on the variation of the adjacent shoreline. However, about 3 months after the tsunami, when
the erosion reaching the drainage, the interruption getting clearer (Fig. 4(d)). After the serious retreat of
shoreline, it is believed that the drainage not only has the interruption on the propagation of erosion, but
also on the transport of longshore sediment because it is now semi-submerged in the sea. The most
significant interruption of the drainage on the propagation of erosion can be seen in Fig. 4(e) which was
taken on July 6", 2011. There is a big gap between shoreline position on the left side and on the right
side. After that about two months, the erosion point has been getting over the drainage and moving to the
south (Fig. 4(f)).
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i

() September 7", 2011

Fig. 2. Morphological changes on the right side of Nanakita River mouth before and after the 2011
tsunami (the black line is shoreline position on March 6, 2011)
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Fig. 3. Temporal variation of shoreline
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Fig.4. Interruption of wastewater drainage on the propagation of erosion
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(3) Evaluation of diffusion coefficient, ¢

The one-line model, which was introduced in 1956 by Pelnard-Considere, and further developed by
many other researchers, has been proven as a useful engineering technique for the simulation of
long-term shoreline change. Eq. (1) is the governing equation of shoreline change of one-line model
which is derived base on the principle of mass conservation together with the assumption that the
amplitude of the longshore sand transport rate and the incident breaking wave angle are constant
(independent of x and ?).

a 0%
Ys =¢ Vs (1)

at dx?
In which, y; is the shoreline position; x is the space coordinate along the axis parallel to the shoreline; # is

the time; and ¢ is the diffusion coefficient expressing the time scale of shoreline change following wave
action and commonly evaluated by following equation.
2
_ 2K (H2e,), o
D

In Eq. (2), H is the wave height; ¢, is the wave group velocity; B denotes quantity at the breaking point;
K, constant parameter, is generally calibrated using measured raw data that include shoreline evolution
caused by longshore sediment transport and cross-shore sediment movement. It has been evaluated to be
0.05 by Tanaka et al. (1996) by applying one-line model to shoreline change adjacent to Nanakita River
mouth; D, depth of closure for a given or characteristic time interval is the most landward depth seaward
of which there is no significant change in bottom elevation and no significant net sediment transport
between the nearshore and the offshore (Kraus et al., 1998). The value of depth of closure in study area
is reported about 8m corresponding to high frequent wave in a year by Uda et al. (1997); Both K and D
are uncertainty, variation from area to area and there hasn’t been research to evaluate these parameters in
the study area after the tsunami yet. In addition, the wave data is not available after the tsunami due to
the destruction of wave gauge. Hence, to evaluate the diffusion coefficient from Eq. (2) now could not
be done, a feasible approach else need to be employed. This study proposes a new approach to carry out
the diffusion coefficient from the analytical solution of one-line model and measured data of erosion
distance on the right side of Nanakita River mouth.
Equation (3) is the analytical solution of one-line model for expressing the shoreline position variation in
the case of semi-infinite beach fill (Fig. 5), given by Walton and Chiu (1979).
ys(x,t) = %Yo [1 +erf (ZL\/E)] with  ys(x,0) = {OYO ;;(;) 3)
In which, Y is the cross-shore distance of the beach nourishment region from the initial shoreline; erfis an
error function.
From Eq. (3), the relationship between x,, the distance along the beach from the point x=0 to the point
when shoreline position is asymptotic 0.99Y; and 7, the corresponding time is derived as following.
X, = 3.30Vet )
Figure 6 shows the erosion distance x.(m) of shoreline on the right side of Nanakita River mouth
which measured from aerial photograph and its corresponding time #(days) since the tsunami. Erosion
distance is distance along the x axis from x=0 to the point when shoreline, which is on the wet/dry line,
to reach the initial shoreline. Initial shoreline (Fig. 6) representing the shoreline right after the tsunami,
in this study, the photograph on March 12" is taken for the determination of initial shoreline. Fig. 7
shows the relationship between x, and ¢ in a log-log scale graph. The trend line has the slope about of 0.5
which indicates that the erosion distance is a function of square root of time. The relationship between
erosion distance and its corresponding time deriving on the same format with Eq. (4) is as following.
x, = 58.8+/t 5)
From Eq.(5), the value of & is obtained, 317m*day (or 13.2m’h). This value is close to the value
carried out by Hirao et al. (2012), 13m®/h for Akaiko area which is located 7.5km south of Natori River
mouth. That value was computed based on the constant wave height and period from wave climate
statistics and other parameters from the previous studies (before the tsunami) on that area.

g
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Fig. 5. Semi-infinite beach fill (+=0)
On the comparing, these two areas have similar
condition and characteristics, hence, it can be said 1999
that the value of diffusion coefficient carried by this
study is reliable.

4. CONCLUTIONS

This study has investigated the changes and £
evolution of morphology around river mouth on =19 [
Sendai Coast subsequently after the tsunami. The ™ X, =588t
diffusion coefficient has been carried out from the
analytical solution of one-line model and measured 1t
erosion distance. And, this value could be used for
the numerical simulation of shoreline change in the

100

future. It also pointed out that, there is a need of 0.1 ' ' :
further study on the response after the tsunami of 0.1 1 10 100 1000
shoreline entire the Sendai Coast. t (day)

Fig. 7.M ion dist
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ESTIMATION OF LAND SUBSIDENCE INDUCED BY A MEGA
EARTHQUAKE USING WATER LEVEL DATA

Mohammad Bagus Adityawan1
Hitoshi Tanaka®

ABSTRACT

This paper investigates the land subsidence at the Kobama harbor caused by the 2011 off the Pacific Coast of
Tohoku Earthquake as detected by the water level measurement data. The continuous water level measurement
data were compared to the astronomical tide. It was found that before the earthquake, the recorded water level
coincide well with the astronomical tide. The land subsidence caused vertical dislocation of the measurement
device. Therefore, the measured water level deviates from the astronomical tide. This deviation corresponds to
the subsidence. It was found that the earthquake caused an approximately 39 cm of subsidence at Kobama port.
The result correlates well with the reported height change, issued by the Geospatial Authority of Japan (GSI).
The water level analysis can be used to monitor the land subsidence and therefore, will be beneficial in
reconstruction process concerning future disaster.

1. INTRODUCTION

The 2011 off the Pacific Coast of Tohoku Earthquake occurred at 14:46 on March 11, 2011. The earthquake
was recorded at 9.0 (Japan Meteorological Agency (JMA)) with the epicenter approximately 70 km east of the
Oshika Peninsula of Tohoku. The hypocenter was located at an underwater depth of approximately 30 km. The
earthquake violently rocked the Tohoku Region to the Kanto Region, and triggered a massive tsunami wave that
caused severe damages to the coastal area.

Imakiire and Koarai (2012) provided an overview of the crustal deformation caused by the earthquake. They
had shown that both the horizontal and the vertical deformation occur along the affected regions, including in
the Pacific coastal area. The subsidence of several tens of centimeters was recorded along the coast in Miyagi to
the Ibaraki Prefecture. The GPS Earth Observation Network (GEONET) detected that the earthquake caused a
great displacement. GSI (2011a) reported that a wide area was affected by this displacement with a maximum
subsidence of 1.20 m occurred at the Oshika site in Ishinomaki City, Miyagi Prefecture, based on the GPS data,
as shown in Fig. 1.

This deformation greatly changed the height of the benchmark points such as that on 14 March, the GSI
decided that the control points and benchmarks were no longer usable. Their locations and elevation had greatly
changed by the earthquake. Therefore, the GSI resurveyed and issued a corrected version on 31 October (2011b).
The height change based on the survey is shown in Fig. 2, which correlates well with those obtained from GPS
data in Fig. 1. The maximum height change was approximately -1.14 m at the same location.

The water level data in coastal area, when available, may provide an efficient way to estimate the magnitude
of land subsidence, following a mega earthquake. Yeh et al. (1995) had shown that a continuous water level
measurement data in coastal area could be applied to estimate the magnitude of subsidence. They analyzed the
water level data at Malokurilskaya Bay during the 1994 Shikotan Earthquakes and Tsunami and found that the
earthquake caused an approximately 53 cm of subsidence.

Unfortunately, the tsunami triggered by the 2011 off the Pacific Coast of Tohoku Earthquake caused damages
to most of the water level measurement devices along the coast. However, Kakehi (2011) measured the water
level data continuously at Kobama harbor during the earthquake. This data set can be used to estimate the
subsidence at the corresponding location. In this study, the continuous water level measurement data at Kobama
port were analyzed and compared to the astronomical tide provided by the Japan Meteorological Agency (JMA)
at Sendai Port.

! Research Associate, Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan
2 Professor, Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan
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Fig. 1 Vertical displacement caused by the 2011 off the Fig. 2 Height change along the leveling survey,
Pacific Coast of Tohoku Earthquake (GPS), GSI (2011a) GSI(2011b)

2. STUDY AREA AND DATA

The study area is the Kobama harbor, which is located in Sendai Bay, Miyage Prefecture as shown in Fig. 3.
This harbor is located at the north east of the Sendai Port. Kakehi (2011) measured the water level at this
location. Although this area was severely damaged by the tsunami, the measurement device in Kobama harbor
did not suffer from any significant damages and continued to record the water level data continuously with a 10
minutes interval. It was confirmed that the measurement device was still secured in its position after the tsunami
with no significant damages (Kakehi, 2011). On the other hand, the measurement device at the Sendai Port was
damaged by the tsunami and the tidal level was not measured continuously. Nevertheless, the astronomical tide
at Sendai Port is available. Further discussions in this study will be based on these two sets of water level data.
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In this study, the measurement data at Kobama harbor, starting from 14 January to 6 April was obtained and
used for analysis. The measurement device here was not tied to any control points or benchmarks. Therefore, the
data were converted based on the average water level from 15 January 2011 00:00 to 11 March 2011 00:00. The
mean sea level is estimated at +2.08 m. The astronomical tide was obtained at the nearest location, Sendai Port,
given at an hour interval (JMA, 2011). The mean sea level at Sendai port is +0.90 m. The measurement data at
Kobama harbor were obtained with an interval of 10 minutes. Thus, the astronomical tide at Sendai Port was
interpolated.

The converted data for water level at Kobama harbor and astronomical tide at Sendai Port are shown in Fig. 4.
The raw data clearly shows the tsunami wave that was caused by the 2011 off the Pacific Coast of Tohoku
Earthquake. It is also shown here that both data overlaps each other well prior to the earthquake. However, the
water level at Kobama port shows a consistent shift from the astronomical tide after the tsunami. Hence the
elevation of the measurement device was lower in the period after the earthquake than in the before. This
suggests that land subsidence occurred at this location, which will be discussed further in the next section.

3. RESULTS AND DISCUSSIONS
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Fig. 6 Daily average data, GMT +09:00

The data were analyzed in details to estimate the subsidence in the study area. The water level data were
separated from the astronomical tide and the result is shown in Fig. 5. According to this figure, the first tsunami
wave peak arrived at 16:00, or approximately 74 minutes after the earthquake. The water level at this time was
approximately 5.42 m. The water level drops prior to this peak was approximately 0.78 m at 15:40. Thus, the
incoming tsunami wave height is approximately 6.19 m, measured from the lowest water level before the peak.
This agrees well with the results obtained by Kakehi (2011).

Figures 4 and 5 both show that this shift appears after the initial wave. However, the initial subsidence
occurrence might be earlier than the tsunami wave. A closer look at Fig. 5 at the period (i) shows a vertical shift
occurred almost immediately after the initial shock from the earthquake. The water level recorded at 14:40, 6
minutes before the earthquake was approximately +2.89 cm. The water level suddenly increased to +9.22 cm at
14:50, 4 minutes after the earthquake. This suggests that the subsidence process may have started although it has
not reached the maximum value. It should be noted that the subsidence in coastal area might occur due to the
shock from the earthquake itself and the pore water pressure, in which the later is usually larger. Thus, the initial
subsidence immediately after the earthquake can be lower. Unfortunately, the sudden drop of water level due to
the incoming tsunami wave soon followed this shift. Thus, the gradual increased of the subsidence cannot be
further analyzed.

Daily averaged water level data were computed based 