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B A7 2FAM L7, HIROME, BifFoNY— Ry i@ Lznwiiftizcs\wTs AR
ERENEGT 2D ATPHS R o7z, T-OMBIEIC X 5K, 72oih S ol
BIZBWTHLEET RN H 0, MmELHZ L N RHISDFIET 5 2 EAVHIAL 72,

HHETIE, SNEROWERRZ AEIZTET 5720, SEERDEREE) S WEDRE % B
RIS 2 N TRIBE DR 22 m9e 2 FEHE L 72, M PIRIIERFZE 2B L, ERES X ORK
W=z HIHET 2ET N, KEMORKEOREZHIHEST 2ET N, KERORKEHEE
HEHETAET N EZNENERL, WTFNOBEIIBVWTE, BVRIEEL2BONEZ %
AUz, F72, KX THWEZRERL, BFEH LRSI EOMGE2ET 5§ THNIE,
K OIEBRESICBVWTHRBICFEENARETH Y, REFEIIZE > THKRBERE 2 0EL L5
AT 7.

6T, AMXOMIEZIT, 5612, SHROMIZEHREIZ DWW TR,
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2. RKEFVRV%ZFMT 57D DERER

2.1 MEICEBNT OEAMREER

72O DIADHEEEIIL, HEK K 0 MR D FIE L UT Newmark i 0 A I TH
0%, BARDORIR, HE, IRAEZEL G EAFOMES X OO e 2 THEL, HED
B ERLMZYLEHEET 2720I121%, ZIRTAERERIEC XD ERTH 5. At
KT, ZVOTHRIEARERIEIC K BT & s LG LI X o TR D@ i o JE
MR & B ATEE & U7z SUOTIRMB B IR A M 2 — N ™Y 2 RAT 5. SO oA R
FIZTHLU, kR (2.1) RSN s HERNE®L<.

d*u du
Mﬁ(t) + C(t)a(t) + K(t)u(t) = (2.1)
ZIT, uwidZhiEy, £ iR, q B3NNGS SHiRAZ ML, MIZER, CI3EE, KX
Wit~ NV 22, CIIRTH B, F7z, HEEROIERERIEE, BT R-O €5V ™ B KU Masing

HI ) 24RHT 5. BIRRZUTITRT.

N = GLO (1 +a ‘Tﬂ‘) ............................................................... (2.2)

G = P Vg2 oottt e e (2.3)
2\

a2 ) T (24)

B = M .................................................................. (2.5)

2 — 7 hmaz
ZIZT, yIZEABOT A, 1IZEAWOTA, pldHBORE, Vo ldEABTEEE, 15 3EA
WU R 280 % WA AW AREL Go TIRU 724D 0.5 L R 255 DRIEED TR, hpes 1 $ERKIIE
EHTHD. 12, HBEEOHEZ, YUVl ) —BEL2RAT ™., ffra— RiE, 2460
DRI MV ou i I1$ 5. KT, HBOINZEMOEESF R MVEAWT, RRKEA
WiOd AEHET L. 9D Z2RO20TAY NIV IR E 2 TFTRZERT .

ZZT, BlI6x3 D% H DMK IREZDIREROM A TH 5. UMK IREZ D
ZilddL, BiE, kA (2.7)ITRIN5.

N 0 _
Ny
0

I

0

0
Ny
................................................... 2.7

CN. 0 (2.7)
N.i Ny

i 0 Ny

8

I

NZO@ZOO

- i=1~10
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ZZTC, Ngiy Nyiy Nyild, WUEAR ZIREROIRBELE Z RS, RIS AR 238 O PR AR
TRITES. ZTZT, Ly, Ly, L3, Ly ZVUHARIREZOZHDOZITFEOEIE, V 2 WH{KE
FOWRME, V1, Vo, Vs, Vi ZWUEARIREZEOSHNIINT 288, ©5, v, 2(i =1~ 4) ZHHEA{EK

DETESHDFERE, ©, y, » ZLEAOBEEE T 52, WK (2.8), (2.9) DHEIFEL %5,
L, =WV
Ly =W/V
Ly =V3/V
s = Y (2.8)
Ly=V —Li—Ly— L3
V=Vi+VWV+V;+Vy
:%{1 Ti Y 4 L=1~4
Li:%{ai b, ¢ di}{l Ty E | (2.9)

Ti+1 Yi+l Zit+1
i = | Ti+2 Yi+2 Zi+2

Ti+3 Yi+3 Ri+3
(1 iy 2z
bi=—11 yir2 Zzit2
L 1 Yit3  zits
[z 1z
Gi=—| Tivz 1 zit2

Titz 1 zig3
Tiv1 Yit1 1
di =—| Tiy2 Yip2 1
Tivs Yies 11,5, O K[ B

S OIT, MUEARTIRERDIER ¢, WA TIRERDOHiN j £ 32L&, B]IE, RA (2.11) TR
ns.

G 0 0
OKJZ'O

0 0 &

[B] = e GO [dNij]i:1~47j:1~10 .......................................... (2.11)

0 & ki
& 0 G

ZZT, Gy Kir vilE, XYZEBEEROYBED R, dN; 1%, IREBE N oM THs. £,
PR IR RO LM DOIRBEGED S, dN; 1%, R (2.12) 12577,

AL —1 0 0 0 4Ly 0 4Ly 4Ly 0 0O
0 4L,—1 0 0 4L, 4Ly 0 0 4Ly O

[dN;] = : Lo 4 . (2.12)
0 0 4L;—1 0 0 4L, 4L, 0 0 4L,
0 0 0 4Li—1 0 0 0 4L; 4L, 4L

PAEEY, B2xedTERRTLE, RA(213) ICTRTZEHNTES.
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(1 & ¢ ¢& 0 0 0 0 0 0 0 O
0 0 O 0 K1 Ky K3 Kg O O O O
0 0 0 0 0 0 0 0 & & & &
K1 ke K3 k4 G G ¢ G 0 0 0 O
0 0 0 0 & & & & k1 ke K3 K

& & & & 00 0 0 G G (3 G
411 —1 0 0 0 4L, 0 4Ls 4Lg O 0
0 4L5 — 1 0 0 4L1 4Ls 0 0 4L, O (2.13)
0 0 4L3 —1 0 0 4L, 4L 0 0 4Ly '
0 0 0 4L, —1 0 0 0 4L, 4L, 45
Wz, FOTAEPLTIE, X (26) LOBFRIE KX (2.14), (2.15) TRIN 5.
€xz — P Yy Yz
’Yy:c gyy — P /sz B T (2]_4)
Vzx Yzy €22 — P
P3 — JUP? 4 JoP — J3 = () e e et et (2.15)

::"C\" Exxs Eyy’ Ezzr ,-me’ "sz1 ’ng; &i()‘f&@%‘ﬁr‘ﬂ&ﬁ, le JQ’ JS ziﬁ"bq’:ﬁiﬁéﬁ Dy ‘(7(
X (2.16), (2.17), (2.18) IZxR9.

Jl — 83):6 + gyy + Ezz .............................................................. (216)
— 2 2 2

J2 — 5xx5yy + gyygzz + gzzgxx — fyxy — ’sz — ’sz ................................ (217)

J3 — 5xx5yygzz + 2’7xy7yz7zx — 6:6:67yz2 — 5yyryzx2 — 8ZZ’me2 ........................ (2]_8)

X (2.16), (2.17), (2.18) 2 (2.14), (2.15) ~MUAL, EUVT Aey, e, 3 2R (2.19), (2.20),
(2.21) TR

51 — %‘]1 + g ( J 2 — 3J2) Cos(p ................................................ <219)
1.2 5 o
S - _ e 2.9
€9 3J1 + 3 ( J 3J2) cos (gp 3 > (2.20)
1 2 4
es=ghityg ( g2 3J2) cos (SO _ ;) ........................................ (2.21)
TIT, o BWA (2.22) IKTRT.
3 _
= %cos‘l 2J1" — 9512 + §7J3 ............................................... (2.22)
2(J,2 — 3J2)>
g1 > > e3 DEEREL D, BATABOT A ynee 2R (2.23) TRT.
1
Ymaz = 5 (51 — 53) ............................................................... (223)
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2.2 HKEENTOERIENR

IR DY — VX, BAERIREA — T2 Y — 23— K : OpenFOAM™) % i\ 5. AR
1% VOF (Volume of Fluid) ¥ 7 (2 50 < FLi ki & 2 REMFACTIEEM - SREMHKE ™ &
5. FEEMEMERIA DR (2.24), Navier-Stokes 3\ (2.25), HHZEHE OB HFEN (2.26) 2 Zh
EFNLATFITRT.

AV T T o TS PP (2.24)
‘Z_‘;+v R T v2 B v £ vt B P (2.25)
%_2‘ W (Q) 0+ vttt (2.26)

ZZT, widdERY ML, t IR, pIdBE p TRUZES, v IXSERMHERE, f I3 11E,
a X VOF EBOARBEA L (0<a <1, a=0: ZMOA, a=1:HEHOA) THS. H-2.11%,
VOF BB DB % o OGS Z/RLTE D, BRIZED D o DEIEH 0.5 PAEE 55513
HThd s 5.

E:> oo| /1% 402 | / 00

0.3

=R D
a=0.5hH%K

M-2.1 KFEDE o OREEX

X7z, OIS DOFEHKIZE, LA VTN 100 BEDEKE L 725728, OpenFOAM 12 5%
INTVWB LA VA ET IV (RANS)™ R U7z, £72, MNOERICE T2 RN HEE
SR DB CLE U MEAE 505 k-w SST (shear stress transport) & 7L 79):80) % Bt
T2, WRDONRTA—REKR2.1ITRT. ZIT, v (3REEE, TIEILNWEEL T2, LT

R-2.1 k-wSST EFILOHM/ T XA —&

HH HIE

RFRHEE U 2.00

FLAveREE I(%) 5.00

KITER D(m) 10.00

HLRT RV F— | k(m?/s?) | 1.50 x 1072
Hedog w(s™h) 0.17
FANF—EIF, R (2.27) TRIND.
3
k= 5 ([te] [T])% cvvverememer e (2.27)



7z, HEGRE 0, LEZRKREZ (L=0.07D), D ZEILFKEE U TDKIER (4x RAKE
25m) &35 E, RKX (2.28) TRIND. INH6D/NT A —R&(E, Navier-Stokes 2\ (2.25) IZH 1S
LZEUFELIHDODENpDLVA VA HE LTELNS.

20



2.3 FRBEZFBOERIER

AHEIZBVWTHRET S CNNIZEBAFEH 70—k 2 K-2.2 125, 72, &4OUMBEIZEL
TlE, REL 3IDIZHHEL, AEOLIIZET 285HNSIZUH 5.

Convolution B AR IA H
Batch Normalization | /X v F1F#H1t,
Rectified Linear Unit | ReLURE%&

Max Pooling B AEOHH

FhfE =

/ BottleNeckA \

l
BottleNeckB -

1fE D ALIE
(B&#1) B> A > B > B il
- B> A->B->B->B 3)§X16@=48}%

k—)B»B»A»B—)B/

A\ 4

Average Pooling SEYEMEIC K B EHE
Reshape RTTIEHE
Linear Function BADBMEH
Softmax Cross Entropy 1E#84Y,

H-2.2 ¥ 7o—02K

B-2.3 12”9 Convolution (BAAA) &, T —XTH5 RCGBEMHKIZ 71 VEXEFL, NA
TAEMAT LI TRT—ROBREEZ/NIL TS, BT —XOEREEIIB I 2HEETDOAH Y 3
WD 4 D8E (32, 3, 224, 224) 13, NEIZ, MEFILEE % FEfEd 2 G OKREE KT 53y 740 (K
FETIE 32 HUZEEE) , RGB A7 —D®EOfEE (3, HEOKET T (224 7))L x224 ¥
IN) BENTNE®RT S, MO T7 1V & 1%, THERIZELD S Z & TOaPROER2iMiHET
LY\ o iR A RGO (BEA) ONX—2Thb. MbD 71V XOBUE (64, 3,7, 7) 1%
JIEIZ, CNNIZBWT20RENHNSND D, 740X %6FLT 647 RGBII—Df
Al (CNN TIEF v U2V EHE) O3FEHE, 74V XDOREIZHEHMEL LT 7x7 OicH & %E
T5. BT —RETANREEZRLDE, 74V XOBEHNEHEIZEMENRFAINZEANTE S, &
PRART =R %y, LEFRT DL, TOZTNOBRKIE, KX (229) TRINS.



Convolution ‘ B A A

F— TA4NE  NRATR BIHIAIRT — X

+ —
(64,3,7,7) (64)
(32,64,112,112)
74 Z ERME : 64
(32, 3, 224, 224) s
o pe KEX 1 (22442%3-7)/2+1=112
RXF : REHE 5 ~ .

. . {(FaRT 4 v 57/2=3 (NEYHET)
KREX 1 224x224 TANEY AR IXT R Tl
Fril (RGBR) 13 Fyil:3 4 ;1;}7/?6441-7, ZF54 K2}
B - 32 7ANEE 64 (2% saiygx: 30

2.3 EAAAMM, RGBEGIZTZ 1V R E2FD, JHEEEDONA T AZNET ST & TEAAA
T— X EEKT S

ZZT, n®BHDOCHEBERZ x,, 7T14NVEEw, NATAZbLTEH. NATARLIE, 714 &E
F D 1 ROCES TR X N, Bk 74 VR EDEAIIH L T—HOMEEAIZ ERETEZ

WCEkoT, BEZBASIBORKO LD I 2% 2%E %D,

BAAADDE, T4V RY) V7 %475 NHOMEER-2.4 2R, 43 FEDO RGB i 7T —
ANRMEHBELTEHE, FULSEGEY A XS U2TEO RCBEHR 7 VR 32M@%2 L5 &
IZ& o T, BITED 64 [HDEM S Nzf A~ LT 5.

W, 74N RBHREMNIFRRT S, B-2.51F, VBRI E I 2 EAAAMUEIZ & 2 \i§o 5
ZRUTWS., FREIRT 4 NVE) VT2 L > THEET =R DEDRERMROAZFE Lo, il
UTRRIETWS. £z, H-2.6 TIHEAAANIEORKRERZHEMIIRLTWS, 22T
13, BAAAUHEI MY RE N, Yoz RmTEANPZEERINTVWS.

Iz, B-2.7 127733 Batch Normalization8) (Nw FIE#HL) DIBIZ DOWTHIT 5. EH4L
Lk, BARAAT —AFFIOKREIIEFIERT, BUEDO L HHULIC L > TT — X DIE D 2JH 5
T Z T, X (2.30), (2.31), (2.32), (2.33)ICTEHESINS.

k
1
- le S MMy et e e (2.30)
i=1
1 2 2
- Z (T; —Mp)® = V2 (2.31)
i=1
Ti — My o
s B et 2.32
VU2 + € ‘ (2.:32)
f}/xl _.I_ 6 — L I (2 33)

ZZT, RN(230)ITBWVWT, kE2¥EET—RXOH CRIFFRIZE W T 32 O T — &
MiBOFET—2DMELT 2L, m, &, FET— X, OFHEEKRT S, Z

22



| Filtering ‘ ZA4NRY T

224 +2%x3 -7
f-l_ 1=112
Y ANT 4 v 77/2=3 (T18)
A b+Z4F2

224(pixel)

|  224(pixel) | ﬁ

(321R) (641E)

24 747U, RGBHEBEIZZ 4 VX ERD S

ROEAET, n={z1,02,...,73%} (I=NVFLER) £T5. ki, X (231)XBNVT, ¥4
T—=Ra; D6 I=Ny FOVEHEm, 22 U5 &, TOZFMET— X8k THRT 2 L080,2 %
85, 517, X (232) ITBVWT, FEHT—XDMHEL I =Ny FOVLLEDED % 53D EDF
R (EEEfRZE) ThRg 2 Z 2T, B fTbNnd. 4, ERbINHEEE, FE» 0, 4
HUED 1 &7 5. £z, elZ0fHE Lo TEMAARRRLE DD Z L 2Bk d 720D T /NS 2fHER
T, ZLT, R (233) TlE, EFRULULZI =N F 3, IR UTHEDELUEE L, BEPEEIZL S
T LI E272DDEH/NTA—R =L LT, Sy FIHME D [T X2 RE, F9E 3 R
fB0) ICk2MAEE525. EFE, T—XEMBEMT DDA TILT — XD EEZT
Wiz, EFEH ORI EEEHE ORI EERT LI LN TES.

Iz, B-2.8 12”77 Rectified Linear Unit (BAF, ReLU) IZDWTEHIHT 5. ReLU (XBHEIZ
TEHIN, KA (2.34) ITTRT.

ZZTC, x XEHIT—2 &R, EHILT—XD~ A1 F 2 Ml% 0 IZEBT 2UETHS. Z DM
HUZ & D, AELEMHEZENLETE LN TES.

RIZ, B-2.9 /RS Max Pooling (2 & 2 i KIEDHHHELEIZ DWW THIIHT 5. ReLU IZ k> Tih
MALIN/ZT—ZDORESEZIITIHL/2ITEMT 572012, ReLU 7 —& (112x112) 1 D/NMH
W (2x2) OHEPFZEFEELUBRVLIIZATIARNL, ZORICEVWTRAKOEHEDOAZ T LT,
BOEME (112x112 55 56x56) W A4S, ZOMMIZ XD, IMERIZEETNS T E,RT —
RDFENDRDH > THRKMEAVELRINDE Z L LD, MUNLT —RZDENVDDH > THRHEER DA
HLZENTES.

E7z, HEEIZEIT 280 R UVLEIZOWTHIIT 5. B-2.10 8L UR-2.11 1, 270 —T
R UTHEEIZ BT 208 (BottleNeck A 3 & UF BottleNeck B & &%) Oifflich 2. B-2.10 D
BottleNeck A 1281} 2 ZWE B WNTIE, BTk D Convolution, Batch Normalization 3 & U ReLU
EHAGOETEMT 5. B-2.10 DLEMIIZ T Convolution B & Of Batch Normalization %, 7z,

23



M-2.5 BAAALHOYIHES B2 7 1 VX DA AL

M-2.6 BAAALILDRAAREIEIZBIT 57 1 VX DAL

24



Batch Normalization ‘ /Ny FIERRAY

FRBD/ST X —ZONEHNEYICAS LSS, BOEANEEHNICEYCT 52F%

]

HAHT—%  DE Iy FHFIB ERET—4%

(32, 64,112, 112) (64) (64) (32,64,112,112)

EK-2.7 Ny FESEOBERX

Rectified Linear Unit ReLUBS &
VAT REEERICT D (BELZSEESELEL)
f(x) = max(0,x)
(+)
ERT—4% RelUT — &

(32,64,112,112) 0 ©) (32, 64, 112, 112)
| 4

2.8 LeLU BAE DM &

25



Max Pooling = AE D H

MBS L TRADHDEFEIR (F— X DEHE)

\ Max Pooling7 — &
RelLU7T —%

Y

(32, 64, 112, 112) (32, 64, 56, 56)

KEX 1 112/2 =56 [px]

B-2.9 fHAMEZ i d 5 0B

HIZ T, Convolution & Batch Normalization D112 ReLU QAL 20 K 3. H-2.10 IZRT
EOZHED» S Ao TE 724 (32, 64, 56, 56) X, 1x1 & 3x3 @ Convolution EIZ X >T—
H, wxz/NZ< LU, %D Convolution (256, 64, 1, 1) TIHDIRICIZET. T 5 DS X
=HANE, TNZENDEAMAEITIE I, ReLU O %2 Efid 5.

®-2.11 ® BottleNeck B IZ8 W T, BottleNeck A & HEARTEAIAAIIE & EFRAL O L XA
fICEmINTVARY. 2O DO EZMAGDLE TR 7T —B L UR-2.11 O FETRU
g O (2 TORSZIEIZRT Z L IFEKT 5) 2 0IR LU 72#E, BottleNeck gD
Bislid (32,2048, 7, 7) IZENI N, BAAANIOFHEEEZ DR TEHILNTES. ZOFE
1%, AWFEIZBWTEM L TV 5 ResNet(Residual Network)®?)) TOREDO —~>TH 5.

X512, 2R70—0D5 bEHKEETOMEIZDOWTHIAT 5. B-2.12 1257 Average Pooling
I%, BottleNeck HHEIZ & > T/INEFID Tx7 NU I N2 T — R Z2 —DDOVEHMEIZER L, 1x1
DM/NEEANF L DBHZEZRLTWVS.

Iz, B-2.131Z/R"9 Reshape %, Average Pooling IZ X > T 1x1 O3 ZHIFRT 5728, 21K
TThCA A & 1 IRGTEIANIZ B S BB 217 5.

-2.14 12789 Linear Function I%, Reshape 7 — X ic%1 2048 ffl £ F L W E & £ DEAZ T L T
NATAZCTHET LI LI2& D, EAOKRM (Aa37 2) 2HEHT 3.

BA&INZIE, B-2.1512mR 388D, A7 ¢ % Softmax BAEIZ & - THAMEZ 1.00 & L 7-HER
345 y IZZEH L, Cross Entropy (22T hnat—, B-2.15 NOR) 12k > THEELL (0.0012
WD) BHIITE. 22T, INILVEIEE, EWRESLUOEDOMEEL T2 OEAEZRL, &
FN25EIF1, GENRVWEEIZ0ERT. bbb, BARINNSI S RBIFE, X237 2 DfE
MIEMRED LIPS EFEDOBUITIE NI L ZRLTWS.
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(32, 64, 56, 56)

Convolution (64, 64,1, 1)

Convolution (256, 64, 1, 1) (64, 64, 3, 3)

192,286, 56.59 PR S

(32, 256, 56, 56)

(32, 256, 56, 56)
BottleNeck A

X-2.10 Bottleneck A H[EEULFD 7 1o —

(32, 256, 56, 56)

Convolution (64, 256, 1, 1)

| Rectified Linear Unit
©4,64,3,9

2 (& e | € |

Convolution 7 (256, 64,1, 1)

(32, 256, 56, 56)

(32, 256, 56, 56)
l BottleNeck B

(Abbreviation)
B-A-B->B->B->A->B->B->B>B>B->A->B->1B
(32,2048,7,7)

-2.11 Bottleneck B #fEE LMD 7 10—
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Average Pooling EIEIC & B EHE

INPRERICH L TFI9EEEIR (77— 2 0 EHE)

hEENSLDT— & Average PoolingT — %
(32, 2048, 7, 7) (32,2048, 1, 1)

B-2.12 EHHEIZ & b F— X DOFEH % £l

2 Xked %z 1 Rkt T %

Average PoolingT — % ReshapeT — %
(32, 2048, 1, 1) (32, 2048)

B-2.13 Roc%JEMET 5 0B

Linear Function BADORMNEH

BIEIEIC L W EAORMN (Ra7x) #EH

Reshape7T—% EH INA T R X7 x
(32, 2048) (10, 2048)  (10) (32, 10)

M-2.14 EADAIT ZHEH
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Softmax Cross Entropy | IE$5t,

ex
Y= Sex  zavxkEfft @EHTy) EHD

Softmax

Cross Entropy 1=-"tlogy 5~uenoimsizin

2a7x 7 vt
(32)
| \
Cross
Softmax — — L (&
 REXy Entropy (T(Ef)i)

(32, 10) (32

B-2.15 Aa7ZIEHMLL, HEREFEN»oREZHT
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3. OMIBAEDERIES L U2K Y X7 O

3.1 &R

SUROCHIER RN EMAT %2 J61Z U 72 ZUOaiBE TS S e N — Ry T 2 ik 5 Z & T, Kl
ERICB I B7-OMDIRK) A0 %2ERT 5, KMEIZ L > TOMRELRKE JBET 255,
AR RUNPHE T 2 e E < 22 5. SR RINPIE T 2 &, FHKIZSREIK L 25720, L
ND A%, TR Z #2208 SKSER AN S 5 2 & 23D THREE DRI 7 5 Z & 23748
IND. OB HEHTEICALET 256, A2 DREL, BYOEGE K TKEEFEL W 7L
SREI, T SITEAKWENMMENE Z Li2hS. LERN>T, KHERKIZE T3 -dihoyEs
FHTHZLE, KHEV A2 2T ETEETHS. EEOHETIZE > T, NRBUICHEZ R
HEXELAREEDH B RER- O, HRAEEKTE Izl R 5 Z EBNHO MR -7, BITE
&, WATTBUZ K- C, "= RF<y 7OREMIPETINTVWEH, KHEIZ X2 72O ED
BSHB P RY ORLE 2 BB L 722K ) A7 133HE L Thzens.,

2011 FE D E AL G A LEPHIEE DB, EEEO7-OMD —DTH LEIEZ LDRE L 72, Z Dk
i, MEOEORET 2B U CRIREIA RRMGE L 72 Z L AR INTWD., ZTOHk
BR LT MBS T, RAREOMES) X, AT 442Gal T, 50Gal LA EDHIES)
AY100 RS L2 Z EAMEE I N %Y, 2D X512, M AR WHENRET L L, il
DIAAEG T 5 TTREVEAN S < 725 85), Mk O R WHIEED % < 1%, EEOMHEETL — M-
THERIINDZ KMETH 2 Z VL. BF, HROWEMICAET SEEROMHETL — b
THHFHEME T 7I28WT, KMEPKETIHENG VI EVPNBEFIZE>TaARI N, 2D
FERERIE, 30 ELANIZ 80%TH B, Z DEMMO KM X 5T, thEMs - PUEHLS B X O
&ﬂﬁ%mﬁ@ﬂ@%%k%mf RN ERLMkG T 2 RS H 5. 2D, s O

B} 5 7-DMDRIKIE, BERXLOPRBEHEFIEFEU LS5 BT 2 68ERH 5. X 52, [
ﬁKBwTﬁ,QEV%m%Kﬁm?étw,ﬂﬁ%ﬁ#%@ﬁm%%%tb%ﬁ%ﬁﬁﬁ?%.
ZoHTh, EEEBHBERINTE D, HOMPRET 2 L HENERELL 2 NP
Na7-Hiz TR EEER O] LEHRINTVWS., 2EOZOMORIE, 2018 4F 11 HIZ &
MKFEBIZE > TRARIH, NGRS zL2y, 2EOEER-OMOEENL, 166,638 fHiTiC
k3. 50z, B EEERZOMOEFE, 63,772 FH 0, il T THIEOKEERZIT 51
BNIZBWTIE, 39,104 EFFAET 5. 2D XD BEHOBLSE FEER-OMIZEWTIX, £t
k> THIBETEZ2 BB L T57-OMEFHET L. UL, TRTOEOMII U THiE T H%2%E
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TS 5. KT CHRONZLRLVOEAMOTARELNICHEET S L, BEAEEGT 56
PEDID 5. FEBIC, WEITELEDEEG U BRI, ArciRohnzd D L EREDOEAMO T AH
FELU., ROHITIE, BEOBIRIZ X BHKMENT 217\, KREIOMNFEREZ SE 12 L TRl O#
EREARET S, ZOXKMTIE, TAMOTANKEMR & 250 E K OCHEIX, BLhdffrc
X JiE 60m~90m, Y /i 30m~40m TH -7z, RIEDFNTIE, B OHEIEE oom & e L
TW5.
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3.3 HKEBRFTDOZYMDIREE

AR, RRIREEAKR OB AL S MREN A, R O ARkGE U TS Z 212 & > TRifkig e R
IS E 7220, I CIRIEEEAERRAKAL % 2 2 PKAY, 7z (U CIERMm AT EE 2 R & 95+
WO SEEDIFEAE LT\ B 104),105) iz g it 7o sy gt (LIS o0 £ AR DTS ICIFE T 5 Z & 0%
<, ZTOHIZIZZNLIZ & > TEUED B E 72 /=D& D7 < v, LHREWIZ L > TABIZIEKT
%Y, HAKOPHSEHI N TWARWEWEERZOMIZ, 2UB7RBEKIZH 2 S eV AaTEetEh
% 106)  Zp &S mEnwoix, iAZEOEARKICEY, EEMTHAOTIE AN, —
SUWTRBIZ R 2565 H 5. -OMD NRIEEHA D 5 & 5 iz TiE, EROZOMo
PHEIZ L > TREOWAZED LWV NAA, HEIIRKERE., 250822, KEE
ZEIT 2T — Ry TOEEAER 17 4 5 A DKBEOWIEIZ & 0 HELI N, FEHBERICE
D ENEWREDOLE LS X OEHG 2 COFMOMEN R I Nz, TOME, 2EO-HHD
5%, FRBICHEEPAILIEHEVFET 5 EERZOMIZEL T, 7ZOiling— K<y 7HE
flE N 100, X502, WRIZHHE K CBUKD S ERBRE S 2B WTiX, 7—2vay 7
T X O ME O A XSS~y THMERES N, BSIUSIER L TWS 198, UL Ladts,
INoDHEEMSE~ Y 7, WIOIEES & O 7- Otz X 22K P HIEPE A ETRINT
XWBEDD, KixZllc L BT 2RO E TIERI N TR, 72, AHES~YY 7D7
OMDIRBIZB L Tld, HHEREAHIEIZH > TWD LIRSS, WHELmONEEIRIZE T 5iRK
DA AT IEBIRARIA N D 2R U720, FAHEVEMTH-oTEHPERAKLBZ VWKL S0k
BRI NTWZT55680H5. 207D, ZellOWERELZRTHESS Y 75, G
2 & o TITEEL /N X v, HES~ Y 7227 2 BIGAP SSHEE A & OB S #C
ZDEBIMED S7\WGEL, $E) R Z0E DN NS AREM S H 5. BEFEOMEE
UC, I OBKIEEMNT S & O L O A IEEARNT 2 W THUR Z & 0 5E Y X7 % 54
BFEIPREINT VWS 19, £72, $ks 10 1%, KAl SR OBKIERR, BOKUEY I 2
L—yavaERL, FHEOREZRLEN, oA HIEIZ X v 2 MFEL THRES 2154813,
FEEAEHEINTE ST, TOAMAWEINGEHI LTV AR,

Z ZTAETIE, 72OMtO FHRBICH 2 iRk ) A 7 2 R 3 % 7212 BN 2 £
U, fRMrOBRAEFER L IZAMEDOEME KCHESE~ Y FI2B1F 5 [RBPIEL 725 E6I1ZEKD
BXhDd 5] L OMEROMEEITS. 7z, BB OMEEKNZEAEZRL, BARKIZD
WTHERT S, b, BT 2HEMBITONSRIE, EROZOMBAOHRETIZA L, RilRED
OO HARBAES L 02O FfRBoOHE T ) 7 ORAKRI L T 5.
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3.3.1 Ot K E = BIR L /=K

AR T, FEMIZEE2RKREO LATRENRZOMANRATEI LIZLD, 72OMDIKEE%HE
Z, MIKEEED S FH U 727K D3 R D3 MU A TR VA &R KH#IPH 2 KRS THEIET 5728, =K
YIialb—varvEitolk, NREhb-Hililg, $&w&ﬂﬁhM%%§m K DM - D
D—DTHHHE (FEON) 7zithe Uiz, 7-OMOBEI, & 11.5m, & 122.0m, K
:%%mmﬁ,ﬁﬁﬁ%zwmﬁ,%%@%ﬁ%njmf%é.%%tb@@%*%#o@mﬁg
EoT, REOEA® LHENNROEES X CHEMIRICHER L 72, fEORIE ETH Tl
9 578, RAMEROE LI X 2HEEREZR-3.28 12, RAKHEEZZIT -HOHZEE
B 28-3.29 1TRT. 2B, HAEBZRIITRT T —XEIATTE RN -7,

WEDOELFAE LTEZASNTWVWADIE, LROILIOMZOMAREL, KED W LHAD
PR OMANFEA L2720 TH DB AL D ME SN T WS 12118 JkAL & TESEAHER L,
RABRIZ LA o72300, EZIED SN LMNIKEDTRAKE & I8RO N ATV THI G
DYIKIEKEIZER U, ZOFER, HAKBIKE RBEI N, FHRIBOMITHR L 222 (LK
&, L ZILoM-ois K OREINHiE-OM%2 ERICE ORE 7)1l (K-3.30 21R)
DO RFIET, W72 S I B3R % Y 5 EiE 386 SANWICEEL AL TW5.

kaﬁvfi BER - BN RETZHKBIZES £ TOMCEMBESPKHEPEL OHGLTS

7&@%m&%fi TN —HIZKED LR AL, FLOEMIZE T 5 T OHERILHE
é2%mﬁﬁt&ot.ﬂﬂﬁkbbfi‘%ﬁMEhN%%%m“4 2 K BUIKHEEZ L T
Wiz7z8, MU Z & ZEEIAR H S~y TRERL, ThEEIGREEIBOEESE 2T TEx
2, HES<Y T3 22 A > TEBRS N I1ETH, FTRIZE T 2 RKEBIXEEDO S
BETH-72. b, $EDHE, K-3.311IxRTeE, HEFSEY Y TIXEHFI N, MBHFERE
FIFAEOREEZRRLTWVWA.

3.3.2 HKEEFTOHME

AT, LEOMIHKDOF T, FEMHFEDOELEERK & 75> 72 D 72 O I i S vz KD
WMHEIZEEHL, BOKNZ217 572, 3 ROGENT BRI O SE I (XY SEf) % B-3.32 12/;R7.

XY Emik, EEEEoBEESET L I 055 5m DAy Y a2 MHELE. Z HAEED
MRS 10m B L O7-DOMOEEEEZZELUTR2ERDOEST D % 20m & Uz, £72, @SS HAEDAY
YAz onWTiE, EEEZEZER LT, R NEICBWVWTIE 0.5m, R EEIZEWTIESmE L, =
JEE»SIZ EEIZEh > THRZIZKREL L, BEFT5H,519,280 D EFEZ HE L 72, HRMAE OFE
BREBUZDOWTIE, 72OMRRDMIIZEY) DA 78 < ATEER S L OIS E 106 L T0 b 720,
0.02m~1/3s & U7z. KOWHI & 72 5 72 K& I3 E T OB ERRE Iz & E\i ST EEINT WA,
Zh, HAKODR T2 ) — METHBINT W 7280, BIRIEL B3I IFITIE Sl EZ0d
@K%NTé.&of,é&ﬁﬁ%ﬁﬁ@%t@éhﬁwfi,Iiﬂ@h®ﬁL@@%TW%®
FEDRETAY Y azEl U7z, HKEDOIEZFHHIT 2L, #15m (H-3.322) TH5. iR
ek, ZoOHKE»SDERBIKEZBEELUZ. £/, BEREMIIOWTIE, HRER 2R
B, EZEOTEE 2 KREEER, AKEAROMIGUEZFRHER e Uz, EROOMmOIREIZ X 5K
Wik, —H, -0t clES oSN, OGS L H12, ZOMOKELRLIZENL, &
Ex AR TOMMG ORKHKEN SR Lz INT WS, DX D, BiEZOMIE, %4
B ACREETH 0, TNZIIET TS, KBIZOWVWTIE, & 10m DRy 7 DROAEE, 728
MmokES I OTEHRIZH O TEERIE UZ. 7b, HRRKEDO, HAKBOIES X 0720
D KEDE N & BIRKEFHDHEIZNI W8, KIFRTIRBEMRITIZT > T\, K-3.2
ICKAE (FBR) LR OK) DTS2 R T.
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B1-3.32 fiRttfr R

+x-3.2 K& ZEKDOMERE
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XM : 5m x 5m
=53 :1m

WIPE | EIRMERRE (m?/s)
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3.3.3 HKEBHTOER

i ARED7-OMDET IV AR L, 7=OMAROHIKIN2 S BRI S E72. B LD,
2.5 1%, 501, 125 BB LU 15 0L WO ERHEIZE T 2RKIREEZ, ThENEK-3.33,
$-3.34, ®-3.35, B-3.36 2R L7z, Y X =04, §HRO VOF ¥ (Volume of fluid) 12
L BWAABFEN R (o) ZRLTWS. AW, KEIROZEMZIREZ HEH T 202 HK T
2L, YOREDRKDED SN0 2N e s, MBIFHEBICB I 2 EREZICEHL, 20
BWEIZB TS anbRKELZRABE LI L. 22T, BEOEI, fidor sy 0.5m &
BELTWAS7280, an0.5 2 B2 5HMH (KIZBWTHWHIF) 1X, BAKSEIA0.2m 2HEX 5
HFETHD. ZOEIIE, RAOKRLIEETHY, BE ORI INEL 5.

2.5 01 (H-3.33) OfENTFERTIX, HAKOD S DFEHKIMEBHARGEL 72, HAKOD 54
HiFE Tk, B LOHEDS ZIZEEYRH D RVIREBTH 5720, ERIZBEVWTHFREKDR]E
ZIEEIZE DR D EEZ S,

597% (H-3.34) OffifERTlX, RE 77 BIOREZ KE BAZKRL, SOHEIZH -
THNEE, FRBKOZATICBE W THEEITKENRDOoNSD. DL &, FEMOILEEROE T
{722 TVWAHUSIZ B W TIHIRAKL TWRW. FRE DT, EiEd K OFE £ CIARHIF iR
L7-.

12.5 3% (K-3.35) 2B W\WTIE, FEHOIFITEBAIRKLTWS. T —HMoEE»E L o
TWAEGATTIHRAKL TWaRWE SITRZ 5. el o FEXC /K H 205 5 g (K-3.28)
DIFEL A ETIEZAMRIZIER > TRAK U, X512, MEHBOHIRIZ B WTIE, SEINTERS
NENY—=R<v 7 (H-3.30) IZRINTWARD - 72 HURARKL 72,

15 0% (B-3.36) I2BWTIE, MIGIZIED 5 72KIZD - < b LR EIZIH S K5Iz LTl
DIENAABEIL, FiRA~eHb L7z,

fRpTfE R & EOWETHE (K-3.29) 2T 5. @I WTKIEE G e HETE
2B DHERNE IZEL S EDIEN O BEZ D XS IZR R 50, B coRHKDEREI, #ik
MELE N8, EAHIZEEIZRAKUZBIZKZE D PR > TWEIREZRLTE D, BKERE
ELTH, FEELMRA—-HLTWS. —F, iR~y 7 (K-3.30) &% hiRd
%Y, RIS X RKEHEIPHE TR EBRMEPR SNz, SEINCER SN B ERS~Y Y 7
1, HWRGEROBE 2 TITEREINZEDTH 720, KERIERI NN —Ry 7D LS
2, HET— R & TICENTIMRGE 2 i L 72 E TR T 2 2 E DEEI ZRBLTWS.
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Time: 180 (sec)

B-3.34 =KWK (5 234%)
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(-3.36 =R (15 344)
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3.3.4 HKBFTOZYMEDRIIDZE &8

SERK 29 A 7 A JUNALERSERY SEFH D FHH & R & U TR IEEHA T O ILHBX 26 R e U TiRK
fiiehir % Ef U 7=, AT ORGSR, RAMEE %22 ) 72 & TR RIC X D IRAK L Z2H I3 B BT —
BUb00, kR BELS Yy 7T 5 &, TROFHISOHEMIZKE2ENR S50
7o, FEITIZHEWTIE, RENRRARIEHS 0205720, —fRDF 42 THERIKDA A —IUDE
70, HWHETEIZEENL TS I ENTE S, I 51T, HIPOEEEIZL D ADFI ST Wl
BMBW S L7570, BHERCERHIOSE L 2GR 2RSS N TED.

BAEIZE D, AW & B BOKIRIT X EPLDIRAKKR E i —E L, MR EEzLTtdsd
CHRRTIENTE 2, REITIE, 720z R e U KRN 2 FEEd 5.
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3.4 T DHIKERT

3.4.1 HKEEFTOHE

i A AT G SR B 2 T2 SRR D BRI B & OV EEAT A S & B 7z KT 2 T 5.
fRET RIS D 7D, HEHIEL, BKEIZ124 5 b TH D, H-3.37 IEHT R R OMEE R
T TR OACESA I, 72ois KT oREEA AT A HHEHERT 5 2L,
PG (X AM) 12 1,563m, mEdLAR (Y ) 122,734m & 975, &S HHEIZDOWTIE, 100m
35, BRI, HREH 2 JEREER, BEOTEE 2 KKEER, KGO M5 % i H
BT 5.

100 (m)

=
S
eSSttt
SeoeeTessoet ese
e etast ey
et

o 3 p .
A = 2N .
%5 Z s g
Y ooy SIS S
Ti’ e eSS S S sassad
\ SO S T S e o]
> ]
C IO ST
e
= = =T 1]
A e 5
S o) - L 0S

0,0.90,40199%%
A

AR IE D &
90 (m)

/W NEY

X-3.37 7-ithD KRN D E T IV

HRMOME 2RI L DY 57, TRV E B8 €7 )L : DSM (Digital Surface
Model) »SHUFL, MEHT —&X LHlAGOES. RIIETIE, EMNDH 256 L EM» R0
BO2HHDMEN A Y > a2 FlT 5. 7, HiKE (KA ORI, ELH#EHED 5m Ay > a
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DIEET— XN oG T 5. d, 7-OMOREE XX, B2 S 11.4m & 745, ELHBEEO
EETF—x1%, ~OMOERZEER\. Ld>T, ZOMERODRA v ¥ 2 13857 — & % HlH
UT, 7=OMREMEIZENTIE, RERETOFEHEE L NI IZEEL, REEER»S L
FED > TREP D RAFICHRE L 7. B-3.38(a) ICEMNH 254, B-3.39(b) (ZM A7\
B, TNTNIZIOWT, BITETIVEmOESEZS %2 RS, 22T, EEOR/MAEZ Om & %E
LTW53.

-3.38 (a) EWIZEE LB A v ok E-3.39 (b) EWEZE LRV A Y > a
T DR 25 43 JES T OD A% 55 75 43

3.4.2 HKEBBFTOERZMHE

7MDK EE, HWERIZBWTEROKE THD Z L 2MEL, KELSM A5 5.0m & T 5.
HEORIX, ATHicB T 2 MEINEMNT 22552, Z2Ml%ZFR- LU T, 90m &3 5. MIRHOHEL,
PN 2 — F : OpenFOAM @DV )LX— & L THEES N T WS EEE (nutkRoughWallFunction)
BT 5. -OMOFHKITEIR L 25 Z e PRI NS 72, MEREER CTIXEEREMERED
WEBEZIIHILIZRD. 22T, S (BR) BIOWME OK) 123 d 2 imERE MRS L U
EER-3IIIRTEETS. 517, ERBEFICPITIEEEERT L0, k1% 2852,
AETEE IR Z ME U T Ks=0.2m L ®RET 5.

fiftr A v > 2 OEZESENE, NN 2 — K :OpenFOAM O HEEE 4 EB&EE (snappyHexMesh)
ERHATS. ZOBKREIZ X - T, HMERmBEFIZEITAMMEESICHIMMEL, 512, B AR
WCHEIDPDIEEERENZ HHDOEI 2 KEL 5720, FHHEIXMPKIEICHIRTE 5. HEHE]
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+-3.3 KL ZELXKOM BRI
Ytk | WEDREMEAREL (m?/s) | B (kg/m?)
7K 1.00 x 1076 1000
225 1.48 x 1075 1

DTN, AKEHMIK, B —0oREXIThb L9512, 72, BiTAMIE, TAXRXZ ME6DT
FRE2MET DHERERLLDROSMRAIIEREY A ANPKREL LD L7, NAKREZLZERTSL
DeT D, EYRA Y Y IEET AEDERSENL, BT 5 ANHAREREFAREORE I 2R
L0 6, EERONEARERIZHENICHMEI NG, 5L LT, EEMMACBIT2EH#EZ
JEHS 3@ DOAME L, IEAKUTERRLUZEDEHE-3.40 ([Z/R"T. HEERENIZL D, KH
BB EEDOY A XX, M2.5m, #3.0m %5, IPHOEEDOEIIX, KR SIEIZ 0.6m,
0.9m, 1.4m &725%. (KFIX, E@ED SMEIZ 4.7m3, 7.1m3, 10.7m? £ 72 5. BEIIZ, 2D Xy
vaiE, 4,992,579 . B, IFAT Y TIZOWTI, RHAKN TR E CRET S ET
D+43 22 AT R 2 AR S 5.

M-3.40 A S 3 B DT B3 % i U 728X

61



3.4.3 HKBTOIER : REDT

K DFHE L RAKED E— 2 13— T 3 122 720, KHIcBE T 2REE X CRKED R
KiEEMET 22T, BEKOREEIEESTZZ A TE 5. FEOMHBIZBEL TE, EH» S
2EE DT ERE» ST 5. 2 BHOEZEPLOESIE, HE2S5H 1.1m (B-3.40 IZHWT,
0.6 m+ 0.45m) 75 1.3m D7z, ZHEF—MWARERED 1 BEOHRAMAEIZHYTE. 2SI
BIFBITRTOMFDERIIN U TIATGEZ T 5 Z & T, SR L IiR#E N & 8T 5
ZEWTED. #YDORAY Y2z EUHITEREZR-3.41(a) 12, B ZEE X2 VFER % B-3.42(b)
WZRT. FARNIC &S, RIKOREAED S EROIRIZHE T, 4.0m/s 25 5.0m/s ZR7. X
7z, BRI S 500m BEN - HUIKIZ B \WT, 2.0m/s 225 3.0m/s LA L D EERREL RHo> TV S,
CHIMERR QMM DOFETH D, —HIIZ, WJITOILE CTIEAE L 725210k 2 S #E T W 2 57T
BWTIHFEDNRET 25, AWEDO & 512, 7O KHIEIZ & > TRUET 2551280 T
3, REPSHEHENHIETHSTH, 1.0m/s 25 3.0m/s EWVWIEZR- 72 F, T ETEYE
FTITHRHAKDRBNET 5. 512, ZOHIBRIZEWTEYA D2 W WS HUINER S H > T,
DR LR WHIPH (K, EBERN) DR S, —F, B uwitlisg (Kb, SEHRHN) s »
T, WMENBELTH Y, BEREYTHNE, MEKOBNEZERIEL2ELH L & 2R
T. XoT, BUenGh, @EYNs 556 L LT, J#E 1.0m/s 25 2.0m/s OFIFHAYA <
5. F7z, T=OMBREDSECHIRIZE W TEREBRIZ, FHE 1.0m/s 225 2.0m/s DHEIFADA < 72
5. ZD7D, ERICBVWTHEYIOAERIC & - TRKHIPFHLI RS Z LA PHINS.

3.4.4 HKEBITOHER : Z2/KEDH

I, mKRRKEZRT. WEIMGE L FRIC, EYhd 256 %K-3.43(a), BV LWEGE
B1-3.44(b) 127, FKIZEWT, RKIRKED 2.0m 25 2.5m Z/R_THATE, BIAEPSEFED
AR5, BWAICEEMET S, ZOMEE, HMRROM™MEZKMT ST, KO LD RIZKIHE
5. ZIZITHIREDGE L FEKIZ, A S 500m AT L 1,000m MUEiZBWT, RKERKE
K RBIGIRMBMIFAET . 72, dLEIEFEIZB W TRKRAKEDN 2.5m 55 3.0m 2R3 Eihd 5
D, THUIRERE BT BV E (T YR —NR) TP EobDTH5S. £, BY)
EETHROVEERTI, BKE 1LOm KEOMEED, EMEECEE LR L T, EWHHETHEET
5. Ik, HiEHOREYINRKIENEE L KIZL TV,

3.4.5 RITONY—RKTy TEDLE

BATONY = R~y 7138 v pipfb i e 2 iR d 5. ®-3.45 1%, TBUTAAL TWwW5 7-oHith
DNYF =Ry T THbD. FIZENWT, RKEN 2m L EOH M Sk~ — 2 #8309 5. H-3.46
X, ATEIOMAERORKSHIZE VT, NF—=Rxvy FLRUL, 2m A EDORKT Y 71T ARk
T2 ZBHLEBDOTHS. MMELET S, FHEHNZERDIE, BBOh—HT5. Ll
NS, TOMBANIEE T B EATIZH S TR, WENRD KRS R 2E6HEFZEELT
WA, RifFEL 1385, AifiOMnr X, JEEHERE T VIC X B THEZ e h oM
A CEREICH 2T TEL 22X TERVD, AP0 TANETT LEFFOHZ 2 RBT S
72, 7-OMBEOMENEIETE 5. £/, T TIE, 500m X721 1,000m (& EEEN - EATIZ S
WTC, BfFONT =Ry TIZBVWTHRINT WA, BAKED 2m B E & 7425850 (AT h
N VBT S, 2O T, HMEOMMOAL ST, EYOMETER, HiFd 55
12, BFENZIRKEDRIKREL BRBEFRTHEEEZONS. ZD LD, BIFONY—R~<vy 7T
X, EYEERLURVWEAORARIISGEL, BYEEZR UGG ERARA RS20, &b
LRI U T, BWEER U7 3RGTEKITE RS KT RETHA S.
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K-3.41 (a) 1% ZE LRI A v o2z B-83.42 (b) W EZRE LRV A v 22
BIIAFREESX 1.1 mIzBIT5HK WIZBIAREEHI 1.1 mIZE )55
DYEHE (m/s) RO (m/s)
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M-3.43 (a) EWEEBE U A v > 212 H-3.44 (b) B2 EE LRV A Y > a
B1F 5 mKIRKE (m) IZB1T B EAKIRAKE (m)
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3.4.6 REDEBEREDEWVICEL DRKBENDE

MBI K 2 BGOBBEDENDRAKFEENZED KD ITHET L0, ITDOWTEET S, Hi/NGEi
TIFEGIE % 2212 90m & 3%E U720, EEICIXBEGEIVNS L5 aeMd H 5. HERED
INS WG, RIKEIFHRTEHIKDENZ ED K S ITHET 50 2 BUEMT I L > THIET 5 Z & 1
FHEEZEZSD. AWZETIE, MEBIREHNIZ X T, BRRTEIOIRNE A K % 3 HiFH O N RAEAY
SmBETH-7Zeh 6, BEEOR/IMEZ 30m IZHET S, £/, LRMELIOMBEETH-
e, TRIEEOFEELUT60mIZKET S, 4b, fTSRMAEGIE 90m D54 & Ak
ThH5.

B1-3.47 #HEEE 30m () XV 60m () DRKIIAE

DR 30m B L U 60m DEKSA 2 B-3.47 1257, KIZRT & 5 IEmK BRI G DIED
DIZDOWTI, BEREOE WX KERETZR SN 572, BT X 2 IRKEF & HIBRIZ X
DABINTWBZHMNY — N~y TORKHF (KO AR &2 HIKS 2 &, SIKOEENEIX
BRZE5D0, BAKEEIZEL TR —H L7z, 202 ens, FERKREARIIZ O WTIHE
BRI 0D B 280 Z IR TCIRNT 2> IR GCIRT D DEWIE KR E BB L R \WZ 2 RS Tz,

RIZ, FHEKBEET 5 £ TORERE L ZKE S L OBFRER-3.48 12T, 22Tk, 4
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BAEZ &Y, RMERIZE T 2720 REFR2REMNIHMN U 7z, FERE T & fREEE 2 i
BRIGEMRITIZ L > TFHL, ZOMREZMTET VI KM OKET 2 £ L. 2L T, %
DRt ol L IRAKEZ I L, Th o 2REOMWEFHREIZH WS Z L THRE Y A2 % G
TE5Z¢%mUT.
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4.5 REWEFIEICLD VA IVFEMDOT LD

AL TIE, 7=OMDIRAEN KMIERIZ X > TEUIFIET 255 DRHBICB I 2 KEOHE%
HET 2 FEERELZ. KEOWHHEFEOZ Y AWML T 5720, LR 58 EH F4 O HHf#
MraELD B, Sk & 0185 N2 0E L IRKGEE AW RKE O ENEOFRERILFEBROME L
Bo—8% A7z, ZhE b, RBEFIEOZYMELHEMEINZEE R, RIT, ZOFEEZOHOD
EERMEAEA L, KEOWHEHEAFEML 2. KEOWFHE I, RH/KDOFRES &K RS
ZHETERHEND 528, HMEOMMPEYOIRE EBIZH DRI A Y > a2 EEL, I
FAffERT 3 — RIZ K PR 2 2 U 7. fRATis iR & 0 KR & i KiIRKEZ Al U, 72t
ROPIEIZ & > TIHRH U7ZIBEEKIC XA REBHEFEICET ) A2 23 L 72, METOFER, SEO
FRMTAEEIZ B VT, IRHIKOEE LM IZ & 2IRKEDENDEL, FERLEORETHN
X, KEOWHEIIDR W ARSI N,

PALE, 720MS8EIZXARBWELIMMLEZ. ZOFEICLST, MIZIE NYF—FRvw FIIR
RO EMIE 2 G TIE, 2 BEAOEEGEZHFL TOAHERICHUTEED Y X7 % PR
BABIENTES. TR, 72OMERKEEDEWVERTIZDOWT, AFRIZBWTRET S F
BIZEoT IRBYWENY -~ v 7)) 2ERL, =OMUESICERL T, @Y)28thEe, 5
FIZRWE L O DEOBEICEHRT 5 Z L B HFTE 5.
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5. XEWESHEEDOFM

5.1 R

AR, 2RTIHIENFICIZEMRES LOOMKEED) A7 NEmE L, sk - WA
53, SEFREBOMEIN - EEOH Y MAZHRHIIED 5 Z 2RO 5 NT WS 129, I - HElo
HOHE KT ILD 7211, SEERNZ VWS RIHREL, 12 ORBNREROBHEAREL 25, $HE
%@ﬂ%%ﬁ@&%ﬁ&mﬁbf%éﬁ,ﬁ%aﬂ%%—&%m%f%é%tbf firze L — ¥ —
FHHAERH X N T WS, Hiths 129 1%, fiizeL ~%M®%ﬁ%ﬁmbf%?&bxioﬂﬁﬁ
@@%%%ﬁimwmﬁ?éﬁ&%kibt.it,%%m5 , PR 28 AEREARHMIEE THLIT R D
DFAE U 7RI B 1 B HiZE L — 5 —EHiliz iéﬂﬁﬁa#%%%mm SOBIHIZ AR RS
UTIRHE L2, Zh o DffliaBIESRE2IGHTAZ 212X >T, EOMMAWEIN - fEIEHE S
EHREL o TWB. LA LADS, Ml -V —llEmOEMS X7 — KU I M 72 K15
MRER FIZEHHIBSER B RAD 72D, YD LI BFEERNTH > THFRITEHRIENTE S L1
R S 70,

SRERME DT 720D - TiEL LT, ATHIBBIZ X320 TFENERILLTWS. filx
1x, WIS 12003, @YTF—ERX—2&2MHA LT 1 — 75— 2N X B EMREO I & &
WEOTHFELZEI UL, £/, HEHS )%, SHATBOMEER 2 MM U - 3n e 5
535 SAR HEfk L fifiZE L —F—HE T —RIC& BT —% (DEM F—%) Z2H\W, ATHIBED
FHETHIEAA=2—F )32y N7 —2 (Convolutional Neural Network : CNN127) (Z k% +
WREOMETEZEF UL, ZNSDOTEEFINR L AR, @ERFHEIC X > THE L 2307k
T—RAR=2Z%FIZUTEY, SHEETIEHED, BEEBROSN T — X DS £ TIZIXRE 2 &
T30, BARHIZEIAMETHS. FHIFSIZBWT, EBOSERIG CIEETS 2 a8 H%E e
LTI, ZHRELARTHEAN) I TZ =P Ra—2Thb. EHES 1291, Tk 26 4 (2014 4F)
8 HIRBZMIZBWT, TS EHIG ORI CRBI 21T > =HBRE~OB S D fHE T, 5$E
EREHIET 2 ECRIZES THhH o =8O —DIZ Fu— Iz X 3BT o nTs D, ko

AN AT R LB ER R L RRICE LTI N T W2 MELTWS., 20 L5z, HGICE
WCEBRBADYABEZR N 1 — 2 & BB S EXE)EIC L B IERINED TR, YEOIEE L
mHEFEZ LN, HiZEL —Y—H{EP SAR HEE I X S FEMAAEIIBHERTS L TH, K
HEZORHZEBIEZHWNE UZAEAELE LT, ARFEREEX 5.

T ZTARWMETIE, EERICERE I NS ¢%E%%m,“%ﬁ%%@%@%?éAI%%@ﬁ
Fx HE UM 2175, ANTRIREZFHIE27-0D0FEL LT, CNN 2FHT 5.
CNN % S EmEBIEHAT 5 &, kimﬁﬁkamfﬁwtaéﬁﬁ%@ﬁfmﬁﬁé%rw#%
FTINb., —F, ONNIZEBFHEEFREOY VI IVEBIBLEL 570, S$EZRDOERER.
B U= WIRBLIZ B WT, WEOHTIZEHHATE 2 OIIR SN, TR ICRE 2 5%
TEWVWS R 129 NH 5. EESDOHE B I2BWTEH, ~OMOIBEAFEA U - 5580 58 % % E
U, CNNIZXBAKBEDHEHEEZEMMLIZE DD, F—RBMRDRNID, HEDM EAHET
Hotz. TITAMETIE, HEBHY Y IVERL W EREES X070 EDEhEEIZEH
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U, 2o DRELZHBRAT 5720 QM2 EZL 7z, SEEROERFEIZ L > THEH
Wiz fEd 5 Z LT niE, BEHEDOABIZ K 25l & 0 &8I, 2D HIZH SR %
R 2 Z LT E 5.
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5.2 REZFBETIICLZ2EMAFROBE -OME LUIHKEDORA

5.2.1 ZBF—YDEH

AR TIE, ZBhEENS BFHEOAREZHET 2 TES 26 L, HRSEEIC X > TR
T U7 E K 0720 EIC L > THEROHERR L 72Ot 2 s 5. £9, #lilid v+
BE2EMT 27-O0FEAOHK T — R 2/ERT 5. BHEEDT— X%, S$EHOEREEEZ N
BIL T2 EEHBERE 18D 225 AFT 5. ATFWEDGRAMT—X 22T — 2 UTRHTE
LA EERTH L. RIZ, AT UMM OEGY S SERFRAHOFE T — X & {F
Y5, FEHHOT —21%, $RTHEUY A ZWEGICHE—T 5. HKH» 58]0 & < Eif 1 XhK
LB L, BHEIAMEFEKFIZKRELS LS. Rt TIE, FHEBOAMEINZ 5720, EE%
1¥ZE)H7z0 35cm & L, 1200x1200 ¥ 27 &)L (420mx420m) DK E X DZEHEE %] ) Bl -
7. ZUT, ZNOoDIPNEL 2l E R 2L, Yo TIVEiGgs 188, Vv vz s L
(290 FEFHA U 7z Hi % 18 B, [FIBRIZ 180 EFIHA L 7z HifRk % 18 8, Adt A MDY v TV EUIZE
WTHERMNLE L2720, R TIE4 LTS, ZhoDEREETFT—RIZH LT, SEEH
(Positive & E#) % TWEES L O7-OMEEDOHREEZ 1 - ATReE S m W E i & ED T, B
IZ& o T, KEEFHOFRIIZ I YLD 5] ZEMT S (Annotation & E#). LT,
L& Positive A DHEEY) (Negative & ) & UTHM, LAk, B, EEZFIZBEWTH R
REBMTS. 20X, HKOZEREEDHEED 54 M, Positive DALE I LD A% BHNT 2 [H
D3 54 B, [FIRRIZ Negative DALIEIZ s D A% BHIT 2 EEDS 54 15, &FF 162 WOME % HET
5. BHREBEOA Y VFIVEBRIZ, Positive DmZEHRTRRT SED & Negative D il % [FIBRIZ A
DY FIIVEHBRIZERTERT 62 K-5.1 1R 7. 2P, ROKRZIF1Ix1 7L/ <A
BBHEL Wz, ZIZTIEMEEARLTRRALTWS. AROHIIZET 2 E L, CAM(Class
Activation Mapping) 132 12 & b, CNN O¥EEFILHBEEEFRZIEL L TV 202 HEL
TAERTH B, LEOHSIZEWT, SEMEICLUTCAM 254 5 &, H-5.11IZR3NbE
B, KEOHBIZENWT, HEEZZITTVLEAEFEELZIT TWRWER TEMEPRRE Z L
ZRLUTWA., £72, AIMAmRIZEWNT, mRIZXAHEED Annotation §857 & SEEEFr DALIE & Y
Mh—HLTHY, EYIZEHEGELRDEINTWAZ L2 RLTWS., ZDLDIZ, HMEEMLEH
fiE{RE FH T — XL UTHHTEZ212&o T, BOVBETH > THEREDOR WP AIHEL
R5.

=

A W\

BI-5.1 B %21 T2 AT & % 5210 TR W ETIZ B T e & 58
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RIZ, FERT—R2EKT 5. BREEP S 572 12001200 ¥ 27 )LD ZEHE % ResNet
WERAINTWVWS 224x224 ¥ 27 &)L (78.4mx 78.4m) O/NEIKIZ 2 EIS 5. ARIFFETIE, 1200x1200
DZEHEEMN S 224%224 ¥ 7 )V O/NEIRE AT E W28, HHETELR 2 MHEE% 5 D3F —
RHEEDOBIFEHRL TWD.

5.2.2 2BF—HICL DI

AW TIE, B S5 GR ORI Z 50 i DB U 72 FZEFE AT — X D ResNets0 2 FI Y
5. FHRIZOWTIE, Momentum SGD % 133 2R 5. 22T, SGD (MR AR Tk
Stochastic Gradient Descent) &, Hi@7Zm/ /87 XA —% 0 X BB J(0) 2 H/Mbd 5 Z &1
Lo T, HHEBOAR AR Vo (0) LIXFHFNINT A —REFHTLFETHS. 512, E
FLD SGD HEIZEMIE (Momentum) % 1A 5 Z & TRIE DI 2 M < 725 L [FSCHRIZ B W TEL
EINTWS., BHIFMOEHRRT NLE v, BEDRALATY TOEHFRT MVvE v 2L, v %
HHFOEISG, FEHELEzpe 5L, X (5.1) ORAKERS.

Vt — fyvt_l + nvaj(e) ............................................................. (51)

FER I, CERBY 22FIL, FHORENBEZTRY 7 (Epoch) T 5%, 30 TRy ZET%
0.01, 45 TH v 7 £T% 0.001, 60 THv 2 £T# 0.0001 £ L, HHFRZ ML OEE % 0.9 L3
EID.

5.2.3 FEERODMRL

ONN TIHIEff L 72 24 : JIHf (Training & €%) T—XE2HVWTFEEFEML T D (Hilid
DFER) . Fiz, FEHFEADETINOTHKEE 2 MRS 5720, BEE (Validation & E%) T—X %
AWa. FEHOEH 27720, FEHMiRE2H-5.2 B X OR-5.312R9. 22T, Hifilil, F#EHD
KEEE (ZXy ) 2R3, H-5.2 OfdlL, HFEFEIC X2 TREE E§T — X OREE L 9
—H T BHEE  EfEK (Accuracy LEE) Z2/RULTED, HELUZEPEDHEISEWIEE 1.0 158
DK, F¥7, 20T I T7OREHB DRV &%, FHICHWEZT—XIEARRLTVWRWI & %2R L
TWa. FARIZBWT, Jl#T — X OIEMREMGET — X DIEfEZFARIZRRALTWS., 8
KRB ONT, JFET — X OIEMEEIINMGH I HEFRE LT\ b Z 2iZxf L, Validation 7 —
RIE30 TRy 2H=0 55 085 fHEICKLTED, 50 TRy Z DI E 60 TRy 7 DR &
TEHHEVEPEL TR, EERE UTIESEZBEA57-0OMWZYTHILEZS. B-5.3
DML, WEYE I XD PHME L iR T — X OREE L OFEE DR 5 720 DL D S
FA—X (JHEF :Loss & EHE) ICHEHT S, — Rz, BEIVNI K RBIEEEENMPCEL TV
5Z2%mRU, Loss BWHMARICEET 2 L@FPETHHILERLTVWS. B-5.3I128\T, 20
IRy ZAETRREHNIEHEE DD, 40 TRy 7 ABFIXNEIZDEELTE Y, FH e U Tidfia
ZUBFERERLUTWAS., A TIE, Accuracy BHRINKT % 50 TRy ZHEDFEEET L%
BRHT3Z 22T 5.

Rz, AT — 212 B 1) B KERAEE D AR % B-5.4 1TR9. 2 2 TO#Efl (Patch count)
1E7 — 28, il (Damage number) (X £ REFEF L UTEHML e nd. AMICEWT, L
SREEDRHED 0 OEFRH 1 L HART2HE. T, 224x224 ¥ 27 &)L O/NEigF Iz Ha0 5
FHEOWENE RV T — XA AR TH DD, BELRT—XTH5. EEOLW
SRETIE, KERMPHIZIZAE S HET B0, KERNODEERL L5, AT, K
HRFF DA Z T — IR T 5 L BEO R WEFORIEEIME T T2 /LD 570, %
ERFELTVWARVWT— X2 A0HIBERELTVWE. 2D LS, xRz a0ilT — &
EFAWTEETEZ BN 1) ThH, RFRICBWTEHEMTIZ 2 L.
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BI-5.4 FI#fT — X TR S W7z KEBO 344

524 ZEHEBEICLZIWKES LU7DHBLEDORA

FRLEE 2 i U C W W EEZHWT, FEETIICL S EWEES KOs EORA
EEMT S, b, EhEEXE R CEK29 £ 7 HAUMALBEWICET 2 HH)) »o AF
U7z, HIEICHHT 2R EED K E X%, gl SgEIROm H73E Z N2 e LTt
X M 1248x 1248 ¥ 7 L & T 5. FEEET IV, 224x224 ¥ 7 VDK E X TEMEES LU
OMEEDOEMAHET 2720, B-5.5 1ZRT & D IZ/NEIEICE U - 8IS EEZRAIT 5.
7E, HET) TOEERET S 720, AHEIES ¥ )L OB FEENIC B W TIRHEN S 5 R<.
HEHBRIZ B WTIE, RN SENORECILEREIREL, REDOHAZ & H72 5 LW ER
AR A, TNODEEBOREMA-OMOAELZFER L2 LIZ X D ERBEENFEL /.
R TOVIIRIH B A O L B L O7-OMDE Y 2 AT 5. F/MEKICBEWTRINS I
fEl%, BRAIINEEETHY, KFETIIHEDPREVIZEHEELERTH2 LT 5. HED
FEE, IIME R Z R TRRIR O 2 MEIU 72, KR s B W TBIED 3 2RI E B W T,
INBEIERZ 5 6D B I IE IR D B & D ENZ W2, FEETIUPEIRIS Lz DL EZ 5. F7z,
WA TH > THILEAEL TOWRWESRE D DRW2HIZEWTIE, WAL KRA» 57z,

RIZ, BEIIDRND, 7-OMIZEET 2MANEE 2 MRS 2720, T THE-> &S R o
7T NRAE T 2 HIBIC B W TSR ERA 2 HEIET 5. MAKERZ2E-5.6 (2RT. ROHRAHID
Eo 272z E\WT, SBERMEIEN2 5. /2, ToMO/NMEBIZEWTIX, /INEEZE
BAEMRMILTWS., —AT, WHDORWHils X OZ0Mo L nw %z UL TWhwaHEMIZE W
TlE, BREILZ2h > 7=,

5T, FHETIVORAKEE ZILET 2720, B-5.7 IZRTREGTH 2R AT 5. Ml
224x224 OHFFIZBE W TR S N7z LW SEEFORIMBZ R U, MlIEROM (EffT—X)
ERT. BEFPEWVIZERMAE EICBIENET S, AR TOREERIL, AR 125 4 O
BV TIEB R AR EIZBUEPE X > TE D, ZOHHICEWTIIRWHEELNHFTE 5. —4,
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FAEED 6 [FNZ B W THEME RN 208, /NEEIC ST 2 SEFERE AT 6 2R3 g T, /Nl
@ﬁﬂ@ﬁtAEﬁM@%@Bi@tb%ﬁ@afVé%%fi&m.%%thf,I%ﬂmﬁﬂ
MR Z RS, REEEA 6 72> TWAETIZEWT, I < /NRBEZRLEARENEMIZOM LTS
D, TNHEERTORRNEEZXS. Lo T, SRIOT—ZIZEN, 155 4 ORARET
DEHETHNIE, HEBENMME-NDEEDEEZS. nb, IWEREL O ER 2 (12%
BI5E, RAEIEOFREN 2FEE L 255, 20 &5 2RAKEE DK TIXEj LT & 2 hReMIEH
5. oKk UT, EfREREDOHEBGZ WS & X DREEOE WA TE 505, ATl
BRI B W TAEGIZAFTEL N —VEIL LA MPED BT EETHLHETE S Z &%E%a
ULTWa. fERINICIE, RREEOEPEENEGIZAFTES LDIT3E, TNoZ2HWTE
HETNEMET 2L FTE 5. EMRE O 2 GBI IE L HPEETLASN D & 5 1200dpi
FIMIZCTAFARETH B, AL TR LU ZEREEOMGED 72dpi THDZ & LiKdT 5 L,
166 fEDELDH Y, HEDIANDEEPSEEVDHLNTH .

AWFEI, EREFEIZE > TEWREL L OO EDOHEHIEZ RS 5 72O O ILEER 7 it
2 FEREL 72, SSEMIH - EEIZIE, EHORENZRRES EMI N TWED, BN S CEMAEEZR 5
FEREO RS 0 2 0HITT D 2 A TE B AMADSKEEF M RNERELH DL EZX L. X
T, AWFETHW SR EELE THMEBEORART — X Th 5720, BAEINED IR N % KIFEIZE
BTE57-0, EFAENPEVWEEZS. BEHETIEADFIZLBTFRIDH 508, ATHIEEIZ X

% SEMITIE, KSR HPHZ2EICHET 22 AT, FEMEEMIRTE S, £7/2, $HE
HIDZEREE L SEFRDERGEE L 2 AP RERZDIEFMZ2ET 205, KWK & S 28 EMHR
HERZHEH TN, RO IWEES X O7-OMEEOHE 2 A 2203 TE5. LrLA
NS, RFRETIZEMEEL X U7 ED S ERANIRE I, EEOSEETIIRKEDRKR
RO RRDEE I NS, KAEHETIVOHEHKREZMEIH - R EIZZFOEFEAT
I HTzo UFHEEIIHRIITARETH D, FHI, A K2 H&HE 2T 57200y - &L
THOLNERNETHD. SHBROFEL LT, EEOKEFITRAINS L5 BHRABEI KD SND.
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5.3 FEFEETIICLBDREREDHRA

5.3.1 REHEDKRA

AR, NTHIBEIZ K BHF9EERII L CTH 0, MK OMEGZFEMIZ o T 28N ED STV
% 1), AW T, ATHRED —DTHLIE/FHEZNAT S LT, B LARSRERE
2SR EEN ST 2 AIEICOVWTHRETT 5. BARMIZIE, EhEE & POKITERCh 5T —
Ny e 2BEREOYE, TORKMIBOFIZHZEVIOHE DY N 5. KX TlE, &%
ATV RNTEZLEDAIZEDTWDEY, ZOFEZEML, BOKBIIERE2FZEHIE S & TR
EERMEL L L EEYIRENME BT EENSKRIT 2 X5 BETVICSHT S L WS RER 25
ZTWD, ZOEDIZ, "W—FR3y 7o LT, #HELZZITIHORETHLEFER
N5, BIEIZES XS RkES 2 2@ 2 AR TR T E L, B EESREEZS. £
7z, W28 2 AR REME DR REIZ L > T, EERH W 2T 5 72O THE OMEEH
UWRIDS Tl E N 508, SHBEBFSITHRPEFBIIBTEARTNREZZ L. HEfiOMAI I NN T
ETHIERZIINS b a—~7 T T —%2 ALHIBETHIEL, @AM ATE S LS IRz EA
HRDZ LI RNRERELDH .

5.3.2 BEYRHOLODEET—F

BB S HEEOABEHET 2 FIES) ZIGHL, 7-OMRKOFEIZ 2 &R WHE22Z
I EMIBEEHE S S, £T, BV FEEEMT -0 FHHAOMN T — X 2 EKT 5.
M7 — &%, E BP0 &R E R (2007 Fii) KB ARI N TE D, £EY T
EAFHHETHS. AWETIE, AFVPEGRT X ThHhoTEFHHT XL LTHHTHD Z
EHREMHIIRT I & Lz, T, AF UMK OEG D S EYIMAHDOFE T — X 2 FlT 5.
FEHHAOT =21, TXTHUY A XEGIH—T 5. M2 ST 0K EHEY 1 XAKRELRD
&, AHEIANBARHZAELS RS, AETI, AEEOAREIIZ 570, EE2 1%
VH7zH 22 cm & L, 512x512 27 &)L (112.64 mx112.64 m) DK E S DEBEHEEZ Y] D B> 7=,
E7z, 720D H H ML, EHE L 0 IFHAEH RIS 2 Z LB v, FEHHAT — X D%
HEEOIESG L, MARTS K O7ZOMORAIZRELZ. £LT, 206 DREL ZHEGED
MU, FEERPRLET 520 ME2HELEZ. INS6DETEET -2z LT, AiERZ
£ DY) (Positive & EF) % HKRHZARFE O E 22 5 TRt & WE L AE DT, HHIZ
£-oT, TR ZEIT S (Annotation £ EF). £ LT, LEL Positive M DREEY) (Negative & E
#F) L UCHM, #H, A, @B XOKBECBWTHAMKICEZEMNTS. Z0L51Z, LD
2B B E DR 20 B, Positive DALIEIZ D A% BN U 72 EiERH 20 H, [FIFEIZ Negative DAL
IZRDAZEINL 72 HRA 20 B, &iEF 60 OHG % HE L 72, Positive HIRHIZH 5 KOEDE
G173 81 &, Negative BIRHIZH % OBMBEEFHT 71 T & e o7z, EHEEDF Y ¥ F)VHE
41z, Positive D2 EHRTHKR LD D& Negative D i FFFIZA Y ¥ F IVEGIZERTERL
726 %E-5.9, -5.10(ZR7. TDOXKDIT, mzBMLAEEH L EGEHAREL, FEEGE L
THHTAZLIZE>T, BVBRBENDEIZA N TH> THEREDOR WAL 2 5.

51T, BAAAZI—F )2y b7 —2 (CNN)BO) (2 & 2 B RHHO¥%E T — R 2 KT 5.
BARAARENL, H—F I NS NERD 7 1 )V R &2 AWT IO T — & 2 & Rz il 3 2 #4E
DZ T, i EINT — ZIFHLRIERR U 72N S W (R~ v 7)) ~NBAAEN S, BRI
I, ZHEEPSYIDE -7z 512x512 E 27 IV DEHTEE%E 96x96 ¥ 27 )L O/NESIZEAAD
e 725, 96%x96 DARE XX, BHEEIZEWTEYPIHR 1 BINE 21 ATh 5. EhEH
X, EEOEOERD RGBEEO-D, R~y FL3@ein5.
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533 BHRAHA=21—FIRy hT—UICLBFE

CNN (2 & %%#121%, ResNet(Residual Network)3?) Z#Ifid %. ResNet 1%, 72D EMH EH
D EDITHREBABEFEET LI THIONT WS, HEDE/R%Z H(x) £35&, AJTHE
2 EOREF W F(e) = Hz) —« 2755, RO 2 —o 2/80~BHL, OG54 H(z)
WRLULEDLESLE/R H(z) = F(x) +z DEFIN5.

HRFRIZOWTIE, BIEICE W T R SEESIC X B HA157E & AR Momentum SGD #1339 %
FIFHU7Z. 8K, ZHOKENEEZ TRy 27 (Epoch) &3 5&, 30 Ry 7 £T%0.01, 45
IRy 27 ET%0.001, 60Ky ZE£T%0.0001 LHELZ. £7z, EHARIZ MLVOEEEZ 09 &
U7z, ZEOFIEOBE % DL FIT/RT.

CEfROT— X E FHMEDREZ AT S
. BROBEEZTHRLUTPURTE S
. BOKGEET — X L ik d 5

4. 1.~3. 2T KRy 7 EBI#ED RS
5.3.4 FERBROKREE

CNN TIEiEfi# & 72 23187 — & (Training £ %) 2 HWTEEEZFEMT 5, BHid O FEH &R
M35, 72, FHERADET VO FHKEE ZMRT 2720, BGE (Validation & E#H) 7 — X & H
W5, ARFFE T, 512x512 B2 R IVOZEEMFDAEFEEEZ 96x96 ¥ 27 2L THEIL, ThE 20
MERG L 7=, FIBIZBWT, REOEHSHIMT — %, AEOHSVBHGEET —X &5, T —
2k, FEPEG T ICHFIND T — X, MEET — X%, X7 — X5 0HFI TN T —X&
b, AR TRHAELZ 20 MOEREREZ2THEIT S L, J#T — XA 1260 [, MEFET — X
295 fEl & 72 o 7=,

RIZ, FHOER ZRT 720, FEEHR (Model accuracy & Model loss) DR % H-5.11 & &
UB-5.12 12739, 22T, B-5.11 OfftlliE, FEFEIC L2 TR BT — X OREE L 2
— T BEE  EfEER (Accuracy EEFH) ZR_RLUTED, #E LU MENEDOMEITEWZE 1.012E8D
. &7, 0TI TORIpIPDIRNT LIE, FERICHVET —ZPFRLTWANWI L 2RLT
W5, FHARNZBEWT, Jlf7T— X OEMHK (Training accuracy) & MEET — X O Ef#3R (Validation
accuracy) ZRRHZIRAR L TWS. ZEHOREFBHIED I ONT, T — X DIEMEAHINEH 2
B LTWEZ LIZH L, Validation T— X340 TR Y 7 H72 025 0.5 EIZRLTE D, 50
IRy 7 ORRTIHEFEHOARENNH S LHfEINS.

RIZ, HEFEICL 2 FPHIME S BT — 2 OREE L OAEZ PRS2 70 DEIEHD N
A—R (B Loss LER) ICEHT S, B-5.1212BWT, BEIWNILKRBIFEFEBPERL
TWBZEZ2RULTWAD, Loss BEMAMICIET 2 L HEHTHEI L 2R LTS, ZITH
B-5.11 & [FAfRIZ, Training 7 — & & Validation 7— & 2 &/R LU T\ 5. Training 7 — X I$MEFHIZ
IRT 2%, Validation 77— X 1% 30 THR Y 7 £ TIHREIN K E L, 40 TRy 27 5 S PEROMH A
fED, 50 TRy 7 Z2i#hE H & Validation DARLASEL L THANZEL S 2 IHAAA SN, D
728, 50 TRy 7 LA EH O REMEN D 2 L HEE L, ARBIZETIL 50 TR Y 7 sl D EF A
ToRERHTEILICUE.

12, CAM(Class Activation Mapping)'®?) 12 & b, CNN O¥HEFANEY % EL < @Bk L
TWahrallEiRd 5. EEOHMIZEWT, BTN LT CAM 2% 5 &, B-5.13, K-5.14
ZREINZ LB, EYOEKIZEITHEHENPZ(L TS, 72, ARGHIZEWT, RIZLS
WD T ) T7— a3 viln L EYOAE & PR —E L TE D, BUICHG IS EINTWE I L
ZRLTWVWA.
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CAMD &S ¥ R
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5.3.5 RIKEEHEHERDEF

RAKEFIZ B WA ERRE T v N T 5720, EMHBEKIC X BHEEZ T D HEIPH & HE
T5. OMAF— Ry ZEROFE & 0 T, dkEHZEIT 3 REEYOREES L OBz
B3 B AR, WREKOTE L IRAKES DBFRARINTE D, FIAIE, RAKED 1.5m 2D
FHEAY 1.5 m/s DRI T TIX, REVPBIEE ZIZEHOWELZZIIZeanTWS. £/, [RE
M7= OB K OMREIZBET 2 EE] I28WTH, =OMOBE L 2Hilih & OFEEIIC & > T
¢ EEER - OMOHENTHET, KB 7ZOMMDEE, B 500m M EORKKIENIZEKE,
AHFEHREDRH D, PORKED 5,000m A EABGFEEMZOME LTWS., 72, £5S5DOH
22 BN IZBWT, ZRTBUEMT ORER ENY — Ry T & 2 B U 725558, SEHE 2K #iH o
JIEDDIZOWTIMR—HT 250D, "= R<v 7L, Wrehlze 2T 5iRKES L OHH
FCTIERHATELVWILEHERLTVWS., 2o DFEREZ S &IT, RHEIZEWTIE, SEHNREK
FEIGIZDOWTIE, BRSTHBEIZE DRI NT WA DN Y— Rvy 7138 22145, %
7z, "NF— Ry T TRINBDRKFEIED 55, RKELTEEPEY) OHEFEFITHET 2 & FEX
NBHEEE UT, RKED 2m BA LD 72 i & ORFEEARER 600m D &iFH % f§ 5 Iz e U 7z,
M-5.15 I28\W\WT, AFUSNZRETREGEEE UTRT. &b, WEPREEIZOWTIE, HkE
FriZ& o THEONIRKELTRENSRTILETEDN, EEFEHOT— X0t Gk HE
R 5720, SBROMEREE Lz, ZhEEE, PEAT— X &R E IR 0 Zeh
BH (2007 ) MU 2. EMREE 21 B IRKFHIEFES N EZRES L, it x
B 4060x2927 ¥ 7 v VDR EE 2 AR UK. 28, ZhEEIZN U CE/EGLEIXERL T\
V. ARBFZETIE, KERCR U O NI % Y DS EIEE O EE2Z 1 2 L IKE L, 96x96 &
TN DRESZHENL - ESE BRI VN RET 5.

5.3.6 EYMMREODIER

FREZEIZ X > THEEYOMEZ Y > b UiER2M-5.16 1257, IhAFRROEIZEH
T5e, EYHBIZE ST, BT ETWS, £, BKEODH Y Y MEOEE & EBED
B EERIZE DA UERORKER-5.112RT. &b, BHHOAKIZOWTIE, MAZIZX
DIESOERFREINDTZDBABPOTH YV P UTEEL L THIRL TWA., HIRDOKER, %
JEFE X2 BB DO GG L BRI L 2B O GG O—BUbRIL 99% & 72 - 7=,

Fx-5.1 FKEHOHE
FEETFIV | HE (AR | EfgR

107 108 99 %

W, BEFEHIZELEZAD Y NOHEIZOWT, LRI > THERT 5. EhEEOEYIFIR
EAT Y MERFRFRRUZHDER-5.1TIZRT. TIZ T, 96x96 7LD KE XIZ5E
U7-HIESES 2 E# L TR L TWS. ZOHEFEEDOERNIZEWT 2 DOEB it E
HELUTWAEEIZI, XINAD Y vNeld, —FH, BYO T —OABRDBGE5IIBENT
&, A bhEINBWn., ZZT, DEENVOREIIZEEZNT Y VRO ERERT 5720, 7E|
YL % 128x128 ¥ 7 v IVAHER U7z, #ER%2E-5.18 12T, HEHEEPKE L Ro72Z & T,
BMEOH T NEDBEEML, 96x96 €272 NLDE 5B XTINAY Y b DOFEIIRIRS Nz, —1,
F Y N ARRE 725 TV AR EFESIZ BN T DA, EBROBE L O 105K & 725 7-.
ZhiE, EREBRVEHIZEELU TV ARNPEZEHAT —RXIZHEDEETN TR -7ZZ N
JRIK & s h, EYOHEMBOHEZEMRT 25 A TIEHAREELSR 5.
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54 REFBHETIVICLZ2EBRLAEREOHRA

5.4.1 MWAEERDOREDRH

EED FREZMA S ERBEADORKEL LT, BRICRT 2EROBHBI KA EELR->TET
W5 139 SEEFTOBE A LT AT 1 TR HBIRIC & B MBEFEEENERLINTELILITE-
T, HAKEOEBRMEIHETHISAERE S WERMAEFEZH > TN - Ry I7Pr X —3xv b
R BHHREINEL, SELZFRWICENET 2782 5N X5k TER, 20k, $
EFONRPEETHSHZ L IFMHOTIZRBELDDOH S D, KEZOEIIRIZOWTIE, KA,
2 DFEDH B, HIZIX, BEEEEIZHZ5 - RINBAREREIX, RKGEREZBEL TVAR
WIEHEMMIFEAETH D720, BKEFIZL->THEELTLES , XEERSUTHETEZRWES
Pd % 10 IS A TEIZ TS B 720IT1F, 1TBSE 7 & DS SR & HGH D> D BT 5%
ERMEEIET LI eV EEL LS. RERNEZEET 2720, XEROEFEEL2RK T L
PENLTFIED 1 OTHEH, EORBIZBWTEDREDEETHEL L TWE1E2IET 5 DIE
ANDFIZLBIEHL 25720, AEPOEBINICEEZZFTLUTH, MHYOKRMZET 5. SER
MO IFERHIRICIE, HEERPETA3HEERICE > TR L5, S$ERORILOTR T, Hhl
M ERELETRVEDY X, ERERE2EUICHET 2 ETICE, 255 EHYORKMZ2ET 5.
ZD &S EEAAIE, Rl EREECREOME A2 R 2 7-00HFEL UTEET, &b
VF, EHICHERGEERE L, FTIIBT ET, KEOHERIOEREIIR L Z 2B TERW (F]
ZAESCHA D) L 4R, AN THIBEIC X BWIEAEFIL L Th Y, Mm% Mo e 55
DEDSNTWDS WA, ). 25 LR 2R00icb B, EEeE2EH
U, Fizssdmt (FxIE, SCTR5Y) REITRBMENED ShTW5., KIFRIZBWTE, &
[B¥E AN EEOEGGIIN UTENTSZ T, BEROWERNZ BT 5720 DRMEHN LT
HBIZOWTHET 5. ZhEEY, YA TP N — VR TRBIZATTE, SEEBO R
THEZFEMT 55 A TERAEIEGW. — AT, EEFHIEIRKEOY Y TIVEBREBETH DD, 5
EROZHER 2 U HHN DR, REFHEOHIEICRHATE2HDIEEO NG, 2079,
RS RS I AR 2 R R (W ZE, STk 129) 2iB B bz, HASEIC BT B S E PR DK
B, ¥ LIEEARN. FEESOWE B IZBWT, WJINLENIKE LGS E28EEL, EiE
FEERHATAZ L TREOWEHEZEMUZ. ULErLERHNS, EBROWSIoZhEE% o
THSSHEZERL TR\, JBTHE NI ORMCFIE L -2RBIZF LU THETEZ 51T
EOERMIT RN o7, T TARIMIETI, HRBOEFEEL2FHT —XIZHDAA, BET S
REDRNEZHETEDEIBRATY IT Y T 2707, RERDOEREETEY ORI % HET
LrZenTcEn, HHEHED T o ZaiiHii L 0 £ B8, ORISRz EEd 5 Z
EWMfFTE B,

5.4.2 2ZT—YDHE(F

£9, Bhlid v FEEFEMT 57200 FEHMAOMM T — X 2T 5. HhEEDT — X, $FH
BOETEEE AL TWDE LR 12D » 5 AFT 5. AFBAGRAMT -2 2 FHHT —
REUTHHTES Z LIFMHEMICEEHTH S, I, AF UMK OHEGH S EYIREIH O %
BT — X &2Fks 5. FEHOT—XIE, $RXTHUY A ZEFICHE—F 5. M2 550 Hh< HE
B A ZARKREL LB L, GHRIXMHARHIKRE RS, AfFETIE, FHEEOEMEINZ 57
b, MRBEEEZ1EI72VHZD 22cm & U, 1028x1028 7 &)L (226.16mx226.16m) DK E X D
R EEEYID 7. ZUT, TS DOIE L ZEEOMEZRZ IO L, FEHRF1I8HOY
VINVBIZTRERDLE U272, AR TIRI8WME TS, ThoDZEPFFEET —XIIH LT, K
EREERONDERE S DAY (Positive L EF) % BUKRHIZHEIEE OWE %221 2 /el &
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WE E AED, HRIZE - T, #MIOFRIRIRIZ Ix1 27wV D [15] 238075 (Annotation
LEF). £LUT, LEd Positive IS DOREEY] (Negative & EF%) & UTHM, =#H, BIA, #EKP
FOKBEIZBWTEEBICEZENT S, 20 X512, tORHEEDOE D 18 ¥, Positive
DALE I D A ZIBNNT D EGAY 18 W, [FIHkIZ Negative DALIEIZ D & % BT 2 Eifk A 18 #4,
BEt b4 MO Z AR T 5. BhEEOF Y U FIVERIZ, Positive DiiZERTERRT HHD
& Negative D & [FRRIZA Y U FIVEGIZERTERRT 5612 K-5.19 IZRT. BB, fOKEX
X Ix1 EZ N NS HGEDHL W), ZZTIRAEHBALTERLTWS. ANKOHYRIZ
B BiifflE, CAM(Class Activation Mapping) %2 (2 & b, CNN O2EHE FILHEMY) %2 E L <
HBLUTVE 2R LR THS. AEOHAIZEWT, &ML T CAM 2FE T 5 &,
HM-5.19 ZRENB2 B0, EYOEBIZE TS EHI L LTS, £/, FAMAHIIB VT,
RUIZEBHEBDT ) T— a Vs L @Y OAE L PR —B L TE Y, #EYNICHEEN I NT
WBZEZERLTWD., ZDKLDIZ, MEEMTH2HAHIH D Eg2HEL, FHEHEGE UTHHT
5Z2I2&oT. BWMEELDEIZA N THo THHEDRB WO BHEEL 72 5.

RIZ, PET—REERT 2. EHREEP S E -7z 1028%x1028 ¥ 2 2L DZEHFEH % ResNet
IZERHINT WS 224x224 ¥ 7 £)1 (49.28mx49.28m) O/NESIZ 3ET 5. AR THIHT 5 18
MDZEREEZFIT — X EMGET — X231 1 DEEGTHET 5.

CAMD &8 ] FREE R

50

100
@
150

. Negative
100

200

100 200 O 200
B-5.19 (%) #ET—K & UTOEPEE, (k) CAMIZ X 2GR 7IHHE, (4) Annotation

2 & B RZ I U TRR

5.4.3 ZBTFT—YICLDIE

AR TIE, BHF I N EHOEMEZE 50 @i 0K U 72 FE AT — X D ResNet50 % | H 9
%, FERIZOWTIE, Momentum SGD 7% 133 #FIH T 5. FERIE, ik 13 258#12, %3
DR EREF%E TRy 27 (Epoch) &35 &, 30 LKy 7 £T%0.01, 45 TR 27 £T#% 0.001, 60 T
Ry 7 ET%0.0001 &L, HHRT MLVOEIEG~ % 0.9 LRET 5.

CNN TIXEf# & 72 2 i : P (Training £ €%) 7 —X2HWTFHEE2ERL W5 (b
D¥E) . 72, PHFADETIVOTHNKEE 2R 5720, MEE (Validation & EF) T—X %
AWs., ZHOEW2RT7-0, 2 E-5.20 8 LOH-5.21125R7. 22T, B-5.20 Ot
filild, WEFEICL D THME L BT — X OREE L BT 284 - B3R (Accuracy & EFH)
ZRUTHED, HELUZMEPEDOMEIZEWVIEE 1.01280LK. 72, 20T T 7 DRV DHR N
i, FEICHWET—XRBARLTWEREWZ 2 RLTWS, FARIZBEWT, T — & O IEf#
REWGEET — X DEMEZFARIZERRLTWS., ZHORERBIES I ONT, JifT — X DIE
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RS DIEFNZHERS LT\ B Z 22 L, Validation T— X 1% 40 TRy 7 H 720 55 0.5 (PR
LTHED, 50Ky 7 DRI TIRRFEOMEEME S 2 L TIN5, I, HFEFEIZX2TH
fili & i T — X DFFER & DA 2RI B 5720 DEERBD/ ST XA —& (JBEK : Loss & &%
WEHT S, B-5.21 1280V TC, BEINVNILKBRPIFEFEBPNRLTWE I L EZRLTWVWSED,
Loss BEINARICHE T 2 L FETHLH I L 2R L TWVWDS. T2 THR-5.20 L [HEFRIZ, Training
7 — & & Validation T—X #&/R LU TW5. Training 7 — X (ZNEFIZINR T 5 5%, Validation T —
21330 TR Y 7 FTIHIRENAKREL, 40 TRy 270 SIPKROMHEADEE D, 50 TRy 72 iEE S
& Validation DA FL A KR U CHEMNZHE T 2MEA A A SNz, TD7=8, 50 TRy 7 MABEILEF
BOFEEMEMNH B L HEEL, AETIES0 TRy JHMO¥HEAT — R ERHATHZ 2127 5.
WRIZ, AT — 2282 REBO MR Z2H-5.22 1IZRT. 2 Z TOH Patch count 15 —
2B, HEEf House number I3FREB L U TR L= ERT. {2 DFEHERBIZBEVWT, KB LT
R T BEIEX, 35 EDHNLENWI L ERLTWS, ZOZ s, JiT—2&LTiE, &
DRI ERCHBESNTE Y, JiT— X3RO RenwZ 2L TWS, £7-, B-5.23
ZHBWT, BIRAOERED KBRS 2 7-0DRATHZRRT 5. Filllx 224x224 OH
FIZBWTHRA S N2 @BYEE R L, MEEEROE (EffT—2) 2R3, BENEWIZEXA
R ECEUEDE E 5. AR TOFERIE, EVRL R ETHREMETTELSIZRZSM,
35 5 HOEMIZ, T —XELBBH I ENHEL T, BWEENRZNTWS,

5.4.4 ZEhEE|CLZEYPOBRE

ZRFEADT — R % AW CHEGUEIIEmR L TWRWEHEEIZSWTEYORE Y v T 5.
e EEE, E B CEK30 EOPIHAZRWNE) o AFT 5. HEOKRS IE, HEEL2Z
VI 7= B DA K DR DME < B 1028%1028 ¥ 7 LD EhEE (M A) 2 HET 5. %Y
BAT —RIZE>T, WREGE 224x224 ¥ 7 IV DKE X IZHE L TEYHBOIY > v 5.
SR EERRT D EHGELEH L W20, HEE600x600 FREDKE X TOILARFREZRT. HEE
AV N U7AER 2 H-5.24 12RT. SRICRKEEZZITITE Y, RHod o s\ T EE
DWENFBEL TS, ZITIHERE UTHEARAREKEIIBWT, &Mz A7 LTV,
RIZ, HEDODZRWHIOHIE B I8 5 @Y OMEFER % B-5.25 12777, KB T, #E D
LG L WG E DIRIEL TWAREHEETH 5. Hilk A L IERTHEN WG, KEZ D
TR LTWRWZ Wb, £, M EOEEMELEMIBIZE VT, REOEEELS VD
KETETHY, £/, MPRAEOHISIZBEWTIX, BKDIER EDNEKZ 5 X Wk, —
REMIEL TVWBE ESIZRZ S, AIEOFEETIVIZEWT, ZOXIRBELELZRITIZE
WTHEYIOEE TV N LTWE Z Db 5.
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5.5 KEWEREOFMOE LD

AgEE, EEFEIZL > TERRES KOO EDOH TR ZE RS 5 720 O EERER 224
FEFEMU . KEEE - BRI, BRATEETERSEERBO ZME D 203# 2175 2 e
T E D ARMRD KEFMIZAH2NERL DD L EZX 5. MAT, AR THW 2R EEITE T
HEEDORART — X THE70, HEEGENEDIA b2 KIBIZERTE 5720, FAMNEGWEEZXD.
KEFHETIEZADFIZ LD FHADD LD, ANLABEIC & 25 SEEMATIE, KRB 2 Hi
HETHILHAHET, HBMBLMRTE D, £z, KFEWORETEAEL KERDZETERLE 2 A
A RAR 2 DX FMEEET 20, AWED & 5 2 SSERIEEEZ AT, FH 5 180143 ¢
MERRICBWTERTED, REFE, LWRESLOOMEEOHLOREEEZ IS5 L
MTES. L2LENRS, KRR TEEMKES K O7OMKEDSEEMANTIRE S 1, FEERD K
HTIRREDRKPCHH 72 & DRk 2 IR RRE I N 5. REEETIVOHERHRZHER - HHE
BIZZDEXBEATBIZHz > TIERIZRAITANESTH Y, FHI, AN & 2 & b & /B3
B7DDY =N UTHONERETHL. SHROFBEL UT, EEROKFIZRHAINDS X 54K
MREARD NS,
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6 T
. I ‘ll;\

ARSI, BFHEPRMBIZ LB KEY A0 EE 5 RER-OMIZHL, B - WsEh» S5HEIEH -
LT 28 5 KR A0 752 A & SEHE L 7=

H1ETIE, 720 27 2 5eEh, SREOAE DT 2R 5 & I, A5
DEZBLHWZR L.

HoETIE, KEY AT &2FET 5 72O W ST, BT B X OVERE R o H
HERIZOWTEHR U 7=,

B3 ETIE, HIBIRNEMNTIZ & 2 SRR DR AT PR & K X &7 Pk %2 T 5
ZrT, -OMOHMESEIZBITBIRAKY AT EFHEL 2. HIEIGERTIZOWTIE, 7ZoOMiA
A E SO E TV EREL, BEilEN S 72 E L TRNEBIIB I 2 ANHERIZ X -
T, AMRBEFIHED < ZRoeHEBISE MM % FHEL 72, M OFER, IRRTEEIZ 31 2 IS
B, EEBETERIZHAY L, RKTANOT AL, RARDPHET S L IUETEZ LIS
Meiwotz, £z, BITONY = R~vy TTREBH I N T WD - 72RO BIEE & & OHEER
BiARTZEMNTEL, PWKBFIZERA LA — T2y — 23— R =HOBKIZFIHE X -
RPN DTN, R TIEDOZ YOGS S FEM L 7. KHIEIZ & % 72z £ 5 ok
DELERIID TR L, WRICERREIT — X EFEL RN, FERSKEEIZE W T ok
DIEE U 725 B 29 4 7 H AUMAGERSE R S8 0 5 & A & U CHER A T o 1L X & R g e
UTCIRAKIENT &2 3 Zla oz, MR ORER, RAMEE %22 \) 72 I & i SR & 0 IRAK U 7 HipH I
BB, REFFIEOZUMEZ R U, MR & SEERAENCER I T W2 H RS
Ty TEHEET S, FTROBHIROHPIZKE RENR SN, I & o TR 22 EEACRT
DIHFEIZ 72 57280, RKFEEDA A —IUDNEG LD, BEGEIZE LTI 2N TES. X
512, MO EIRZEIZ L D KBF] S IZ < WHBKE - S 022 7 B 728D, BEEEREK 3@ T D SE &
RALERERMHT DI ENARETH L B R U, RIZ, 72T U T KT &2 SEhE L 7=,
FRMT R S ST R I RN 12 K B SRR D IREEE Fr b & OHRIEEHUR 2 = IRoT Bk AT O filt by 232
KM X7, X612, @YV ERIZEENAGELEENR VGG L 2T 5720, FEE
O % R ERICHEBR U 2. BT OREER, BAEBICEL T, EMoEECI»»2b 5T, B
TONYF =K<y Fe—E U7z, 612, KM Clk, MRmT—XIC@EMEZRLZHBELH
UBRWEGAED 280 HE L 7205, KN OFMRLBUTONT — R~y T DI LD, NF—
R~ T3 %2 ERURWGAOMITFER LU TE Y, AT, @EWEERELEZGEIE, &
VI DIFAEDRAKETR S VIR E L2 5 X B Z L. 2%, BFONYF—R< v 72
BWTH, HiETF— X ICEYORE S ZME U 72 H7RAK TP OMEEN L5 REM N H 5 2 & %R
U7z, SHOMEE LT, BUKBIOHRES & RKED DD & FKEOWE T DA % FEK
U, TONENF — K<y FITRKMEEE 2 812k 5T, @Y GiEPEFEICRNEH DL
DEOBEIZHBNT 522 THEHI 2R LT,

HATETIE, 7-OMOIRENIAKHERIZ X > TEUFET 2550 RBIRICB I 2 RKEOWE%
A U 72, REOMFEHE FIEDOZ UM ARG T 5720, FEEEO S EFH O FEMEN 280 £,
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BOKFENT & 01536 N 2 IHE & IRKEZE W72 5K E O EHIE OFE RITEBREOWE & BiF o —H %
Az, Tk, BEFEZOZYMELHMEINZEEZ, RIZ, ZOTFEEZOMOIEEREAN
BHLU, REOWEHEZFEML 2. KEOWEHEIZIE, RHKDOTRES L ORKELEGT 5
WEDH DT80, HEDM Y PEY DR Z FEIIZ DT A v ¥ a2 ER L, FUHGRR I —

RIZ K DL 2 520 U 72, AT SR K 0 BRIl & e KIR/KEEZ il U, 72 OHIRIR DR ERIZ
Lo THE ULBEKIZEDZHRBHEICET S ) A7 25 Mi L7z, MEtOFER, 5 ORI
BWTIE, FHHEKOEERHIZIZ & ZRBKEDENNI L >T, HitEREORKETHNIE, KED
WEZDRNZ EATRENZ, ZOFHEIZE ST, HlxE, N — R <y FTITRKEOHE I % iz
TS, 2WADOEEBEZHGEL CVWAERICHUTREDY 27 2HHBI[EA D I N TE
%, fERIIZ, oM RKEEDEWEFIIZOWT, AFRICBWTIRET A FEIIL->T (KB
WENF— Ry 7] ZIERL, 7ZOMBESIZEL T, MU0 A5, $EITmnEb oL
DEDOBEKICEHBNT A Z e/ TELZ 2R L.

BHETIE, SREBROWENERZ NHIZFAML, EH - HEARTTH200ERE2EMETLH
(KT, RERDZEREED S HEDOFLE 2 BRI IR 5 A THIEEIC B3 2 BRI 2 p e 2 FEfE L
2. VIEFIRIXEEZEZ2BEAL, WERES JORE-ZOME HEHE T2 ET L, SBEMOR
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Abstract

Reservoir, which has contributed to the development of Japanese agriculture for a long time,
has become difficult to maintain properly due to the change of generations of managers and the
weakening of management organizations. In recent years, the possibility of natural disasters and
major earthquakes exceeding expectations has increased. It is necessary to comprehensively eval-
uate from disaster prevention to restoration for reservoirs that are not well managed. Currently,
there are about 160,000 reservoirs in Japan, most of them are unevenly distributed in western
Japan. In Kagawa prefecture, the density of reservoirs throughout the prefecture is the highest in
Japan, the dependence on agricultural water is far above the national average, and there is a high
possibility of a major earthquake caused by the Nankai Trough. Therefore, resilience of reservoirs
to disasters is an urgent issue. It is an effective means to achieve resilience by strict measures
such as reinforcement construction on the embankment of the reservoir. However, reservoirs are
not easy because of the private owners. On the other hand, as the reservoir collapses during
a large earthquake, hazard maps have been developed to show the arrival time of runoff, flood
depth, evacuation shelters, etc. Hazard maps are software measures that can be expected to be
effective in a short period of time. However, the arrival time of the runoff expressed in the hazard
map is not always properly evaluated because the location and scale of the embankment breach
are unclear. Besides, due to the momentum of the runoff due to the collapse of the reservoir,
there is a risk of being caught in the runoff before reaching the evacuation center. Therefore, it is
extremely difficult to move in the horizontal direction. As a countermeasure, vertical evacuation
to the second floor of the house is unavoidable, however, the risk of collapse of the house is not
shown in the reservoir hazard map.

In response to the above, in this paper, a series of disasters such as damage to the reservoir
embankment, floods, and collapse of houses caused by a large earthquake is comprehensively
evaluated by three-dimensional numerical analysis. The evaluation results show that disaster
information is provided to the current reservoir hazard map. Multifaceted evaluation is expected
to lead to more effective and practical disaster prevention and mitigation policies. Regarding the
damage to the embankment, a three-dimensional seismic response analysis based on the finite
element method was carried out for the actual reservoir in Takamatsu city. As a result of the
analysis, it was clarified that the acceleration response at the top of the embankment corresponds
to a little over 6 in terms of seismic intensity, and the maximum shear strain reaches the level
at which the embankment collapses. Also, the location and scale of damage to the embankment,
which was not represented in the current hazard map, are shown. Regarding floods, there are
very few records of floods caused by the collapse of the reservoir due to the earthquake, and there
is no useful measurement data for research. Therefore, the validity of the analysis was verified
using the records of the damage to the reservoir embankment in the heavy rain disaster. As a
result of the analysis, the results were almost the same as the actual damage situation, so the
flood analysis was carried out by this method, reflecting the location and scale of the damage
caused by the earthquake on the reservoir embankment. Furthermore, in order to compare the
case where the building is included in the analysis and the case where the building is not included,
the presence or absence of the building is reflected in the analysis. As a result of the analysis,
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it was shown that the flood area is almost the same as the current hazard map regardless of the
presence or absence of buildings. Regarding the flood depth and flow velocity, it was clarified that
there are differences depending on the presence or absence of buildings and that the layout of
buildings causes areas where the flood risk is higher than the current hazard map. Succeeding, as
a result of evaluating the collapse risk for wooden houses using the flood depth and flow velocity
obtained from the flood analysis results, there is a risk that the wooden houses will be damaged
even in urban areas not assumed in the current hazard map. In addition, it was found that
the runoff due to the collapse of the reservoir may reach even in the area far enough from the
reservoir, and there are areas where vertical evacuation is difficult.

In addition, the evaluation of disasters related to recovery and reconstruction was also exam-
ined. In this paper, deep learning, which is one of artificial intelligence, was used to construct a
basic model for detecting damage information quickly and at low cost from aerial photographs
after a disaster. As for the artificial intelligence model, a model for automatically determining
the hillside collapse and the suspended reservoir, a model for automatically determining the state
of the house before the disaster, and a model for automatically determining the collapse of the
house after the disaster were constructed. As a result of the examination, it was shown that all
of them have high detection accuracy and can significantly reduce the cost of image collection.
When evaluating a disaster by deep learning, it is expected that the judgment will be quick and
stable because it does not involve human work.

As mentioned above, an integrated evaluation using three-dimensional numerical analysis and
artificial intelligence was made for disaster prevention and mitigation, and recovery and recon-
struction. We conclude that these evaluation methods are able to be useful information and

implemented in society in the future.
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1. Introduction

1.1 Disaster Prevention for Reservoirs and Previous Research

1.1.1 Disaster Prevention for Reservoirs

The origin of the reservoirs have been started in the Kofun period and have supported Japanese
agriculture. 70% of the remaining reservoirs were built before the Edo period and the construction
method was mainly manual compaction method ,for example Tanil)(1990). Because a large
amount of water source is required at the same time as the development of agriculture, agricultural
reservoirs have been actively constructed in various places. Many of them still exist today, there
are about 160,000 locations according to a survey by the Ministry of Agriculture Forestry and
Fisheries, at the end of July 2020(Reiwa 2). In this way, the agricultural reservoirs have fulfilled
the purpose of water utilization, though every time a large earthquake occurs, the damage with
large-scale is concentrated at the embankment?. Recently, it is required to repair the existing
reservoir embankment to deal with the damage. When renovating the existing embankment
body, The ”front blade metal construction method” is mainly used that is covered the front
surface (water side) of the existing embankment with a cohesive clay blade and is covered on
the embankment as a protective body. In addition, the inner surface where the water surface
rises and falls is protected by stones and concrete blocks to prevent erosion, and water discharge
channels and water intake facilities are provided as appropriate to manage against flooding.
From the Meiji period to the present day, the reservoir embankment body in Japan has been
efficiently and firmly repaired mainly by the front blade metal construction method. Under a
large number of people were performed compaction and repair work without heavy machinery for
many decades during the Edo period, a method of simply repeating embankment and compaction
was adopted. Therefore, the construction age and construction method were difficult to clear and
there is no design document that describes in detail, and it is difficult to grasp the details of
the inside unless construct to repair the inside of the embankment is carried out. Takizawa et
al.3)(2007) mentioned that there are many existing embankment bodies that were built before
the Edo period in the deep part of the embankment body and have insufficient compaction and
unconsidered against the large earthquake. It is also shown that there are many unclear points as
to whether it has been repaired. Furthermore, there are many existing facilities for agriculture in
areas with low rainfall, reservoirs were extremely important facilities that could secure irrigation
water. For instance, Kagawa Prefecture has been short of water almost every year due to the
Setouchi climate, therefore the density of reservoir is still the highest in Japan.

Maintenance of reservoirs is extremely important for disaster prevention measures. which has
entered a period of high economic miracle after the war two in Japan, the agricultural population
has declined sharply, and at the same time, the depopulation of rural areas that manage reservoirs



has made it difficult to take over managers correctly. As a countermeasure, in 1955 (Showa 30),
the Ministry of Agriculture and Forestry established the ”Reservoir Register”. After that, the
reservoir record was redeveloped again in 1997 (Heisei 9), and a particular degree of accuracy was
obtained?®.

Nevertheless, no matter how much the reservoir ledger is prepared, the residents who are at risk
of receiving a reservoir disaster must be aware of the danger of the disaster and disaster prevention
consistently. In March 2011 at the Pacific coast of Tohoku Earthquake, the Fujinuma Dam which
is a relatively large reservoir broke down and causing damage to 8 people death, 19 completely
destroyed houses, and 55 flooded houses above-floor level and underfloor level. In response to
this, the Basic Act on Disaster Countermeasures was revised and the National Resilience Act was
established in 2013 (Heisei 25), making it mandatory to create hazard maps throughout Japan
in 2013 (Heisei 25). Furthermore in recent years, due to the frequent occurrence of heavy rain
disasters caused by irregular weather, the Law Concerning the Management and Conservation of
Agricultural Reservoir came into effect on July 1, 2019 (Reiwa 1). This law requires the manager
to submit the official notification for reservoirs of a particular amount. According to the Ministry
of Agriculture, Forestry and Fisheries, as of the end of July 2020 (Reiwa 2), the reservoirs that
are subject to notification by prefecture based on the Management and Conservation Law have
concentrated in the coastal area of Setouchi Sea that has low rainfall(Fig.1.1). Moreover, accord-
ing to the notification status by prefecture based on the Reservoir Management and Conservation
Law as of the end of July 2020 (Reiwa 2), the characteristic of the area where the notification
achievement rate is as low as 60 %(Fig.1.2). The reason is not only a large number of reservoirs
but also includes areas where it is difficult for managers to inherit reservoirs due to depopulation,
Noguchi® (2020).

Most of the reservoirs with low notification rates are concentrated in western Japan. Consider-
ing a high risk of Nankai Trough earthquakes in the area, Cabinet Office 7 (2013), a higher risk of
the embankment of the reservoir collapsing due to the major earthquake comparing another place.
Even in past cases, the damage caused by the collapse of the reservoir was concentrated when a
major earthquake occurred. Fig.1.3 shows the history of the major earthquakes that damaged
the reservoir. The record of a major earthquake remains from the 1361 Shohei earthquake. After
that, large earthquakes occurred periodically about every 100 years. According to the statistics
of the Ministry of Agriculture, Forestry and Fisheries, the possibility that the reservoir collapsed
due to a large earthquake is about 30%. In 1854 (Ansei 1), reservoirs broke in various places
during the Ansei Igaueno earthquake. At Manno reservoir in Kagawa Prefecture, there is a record
that the embankment cracked and broke a few days later. In the Nobi earthquake of 1891 (Meiji
24), the embankment of the reservoir in the city of Nagoya broke. Recently, the Pacific coast of
Tohoku Earthquake in 2011, the large-scale Fujinuma Dam collapsed, killing 8 people, completely
destroying 19 houses, and 55 houses flooded above the floor. When a reservoir such as the Fu-
jinuma Dam collapses due to a large earthquake, the runoff water is a strong stream that can be
described as an inland tsunami(Fig.1.4).

When the embankment of the reservoir is cracked by the earthquake, it is possible to evacu-
ate taking time until collapse. Although when suddenly collapses like the Fujinuma Dam, the
evacuation will be difficult. If the embankment collapses suddenly, there is a risk that the runoff
water will reach the city area before the disaster alert. Furthermore, because a major earthquake
causes multiple damages such as the collapse of buildings and fires, it is difficult for residents to
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be able to avoid flood areas and evacuate to disaster centers excepted the people who trained
for disaster prevention. Moving horizontally toward an evacuation center is called horizontal
evacuation (Fig.1.5), this evacuation way is not a realistic evacuation method in the case of a
reservoir disaster. Therefore, if the embankment suddenly collapses, it will be forced to evacuate
vertically to the second floor of the house, a robust building nearby, or a hill (Fig.1.6). However,
no data is showing whether the house itself, the destination for evacuation is in a state where it
can endure the runoff water.

Inland tsunami
(Torrent)

Fig.1.5 Evacuation method (horizontal evacuation)

Inland tsunami
(Torrent)

Fig.1.6 Evacuation method (vertical evacuation)

Although the risk of building collapse is not displayed on the reservoir hazard map, the risk
assessment of house collapse was displayed at the same time as the flood control law was revised in
2015 (Heisei 27) for the hazard map of river flooding. For example, the river flood hazard map!0)
based on the making manual® for possible flood zone was created by the Tokyo Metropolitan
Government shown in Fig.1.7. In addition, as for the standards for houses, Article 39 of the
Building Standards Law stipulates that local governments can specify restrictions such as the pro-
hibition of buildings after designating disaster risk areas. The Ministry of Land, Infrastructure,
Transport and Tourism’s Water Disaster Countermeasures Review Subcommittee?) (2020) indi-



cated a district plan in the area surrounding the lower reaches of the Yaguchi River in Hiroshima
City, Hiroshima Prefecture, as a proper application as Article 39. Concerning the district policy,
the restrictions on the floor height of first floor rooms in the area, the guidance of houses to areas
that are less susceptible to flood damage, and the restriction of constructing houses with floor
heights below 9.8 m above sea level were explained. On the other hand, unlike rivers, the law on
the development of reservoirs is promoting the creation of a database of agricultural reservoirs,
the designation of specific agricultural reservoirs, notification, and priority implementation of
the constructive development. For instance, in Kagawa Prefecture, after the reinforcement work
was examined by the Reservoir Seismic Resistance Improvement Review Committee in 2011, the
Reservoir for Specified Agricultural Reservoir was established by the Reservoir Management and
Conservation Law specified 181 places on August 31, 2020 (Reiwa 2). Reinforcement work will
be carried out preferentially from these designated reservoirs, nevertheless, it will take time to
complete all the work.

In parallel with the reinforcement measures, soft measures using hazard maps showing the range
of runoff water, flood depth, evacuation methods, etc. are being implemented as reservoir disaster
countermeasures. Currently, hazard maps have been prepared nationwide based on the guide for
creating reservoir hazard maps (Ministry of Agriculture, Forestry and Fisheries, 2013 (Heisei 25),
and published for anyone. However, there are very few cases in which the flood situation and
the arrival time of the runoff water predict the actual disaster with high accuracy. Furthermore,
there are no cases showing the risk of house collapse for the reservoir hazard map like in the river
flood hazard map. For example, in Higashikagawa Cityu), 2015 (Heisei 27), Fig.1.8 shows that
the efluent does not reach for 10 minutes even if the efluent reaches only a few hundred meters
away after the reservoir collapses. Furthermore, in Minamiawaji City'2, 2020 (Reiwa 2), the
arrival time of runoff water expresses a realistic value, nevertheless, it is assumed that the arrow
in the evacuation direction will escape to the road. Fig.1.9 shows how it is difficult to judge
whether or not the actual evacuation behavior such as escaping can be correctly guided that the
correct way is escaped to the hill or moreover hight level buildings. Furthermore, even though
the arrival time of the runoff water around the building near the embankment is only 1 minute, it
is expressed as if it is urging evacuation in the horizontal direction from the building. In Sakaide
City'?), 2013 (Heisei 25), the wide range of inundation according to the scale of the reservoir is
shown in Fig.1.10. However, even though most of the area is flooded in just 5 minutes, it guides
horizontal evacuation. If this guided horizontal evacuation can be followed, it appears that escape
is required within 5 minutes of flooding time. However, it seems difficult to apply the instructed
evacuation method as in this case to weak people such as elderly people and children. On the
other hand, there is a method of vertical evacuation, however, this is not indicated in the hazard
map, and there is a possibility that local residents may choose the wrong evacuation behavior. In
Takatsuki City'¥, 2013 (Heisei 25), as shown in Fig.1.11, the inundation range and the arrival
time of water are shown appropriately, and the collapsed part of the reservoir body is assumed
to be near the center of the embankment. It is assumed that this is a safety judgment. However,
considering the results of analyzing the danger of the corners where the stress of the embankment
is concentrated during an earthquake have not been shown, the location of the damage may be
speculative.

As mentioned above, there are many cases where even the latest reservoir hazard map cannot be
said to be properly evaluated. When creating a hazard map, it is desirable to predict the fragility
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of the embankment body to some extent before estimating the runoff water area. Regarding
the seismic resistance evaluation of the embankment body of the reservoir, the method by the
Newmark system that calculates the sliding surface by two-dimensional analysis of the cross-
section in the orthogonal direction of the reservoir is mainly adopted. The rising of pore water
pressure, decreasing of the strength, and the effects of liquefaction are simply analyzed. However,
as a seismic evaluation of the embankment body shown in the hazard map, it is more important
to grasp the ground condition around the embankment body, the shape of the embankment body,
the damaged part, and the scale rather than grasping the detail. Furthermore, in the deep part
of the reservoir embankment body, as shown in the conceptual diagram of the embankment in the
figure, there are many embankments whose strength is decreasing due to low compaction soil and
aging. For this reason, it is more useful to clarify the general vulnerability by three-dimensional
seismic response analysis by the finite element method, rather than verifying the behavior during
an earthquake by analyzing complicated ground characteristics in detail.
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1.1.2 Previous Research

Past research on reservoir disasters caused by earthquakes began to accumulate academically
after the establishment of the Agricultural and Civil Engineering Society in 1929 (Showa 4).
In the research at the time of its inauguration, it was reported that the shape of the reservoir
embankment body affects the damage. Wakui'®) (1932) stated that from a geological point of
view, consideration was given to the selection of reservoir construction site and that the elastic
waves of earthquakes affect the embankment, which is an artificial structure constructed on
hard rock. Inoue'®) (1937) showed the formula to find the top width of the embankment from
the relationship between the top width ratio of the embankment to the reservoir depth at full
water level and the inner and outer slope on the water. Akiba et al.'”) (1941) showed that the
most damage at the boundary between the flat land and the mountains in the 1939 M6.8 Oga
earthquake in Akita prefecture, was the influence of the cohesive force of the soil composition
and greater than the scale of height and top width relationship. Hatanaka!®) (1952) showed the
period of two-dimensional shear free vibration when the embankment top length is more than
four times compared height, with the relationship between the height and the shear wave velocity.

After that, there was damage to the reservoir due to repeated large earthquakes in the Tohoku
area, and the causes of the collapse of the reservoir were progressing researched, and the soil
characteristics of the embankment and the damage factors with statistical methods were studied.
Mizuno et al.'”) (1968) showed that the disaster in Aomori Prefecture caused by M7.8 Tokachi-
Oki in 1968 caused the collapse damage of the reservoir to infiltrate a part of the deteriorated
slope, decreasing seismic resistance. Takase20) (1969) used statistical methods to suggest the
causes of disasters and preventive measures based on historical facts related to earth dams and
presented the design and construction methods of embankment bodies. Hakuno et al.?!) (1979)
showed the vulnerability of the artificial embankment construction ground in the 1978 (Showa 53)
M7.4 Miyagiken-Oki earthquake damage survey report. Tani et al.22)23) (1985) in the damage
investigation report of the reservoir caused by the M7.7 Central Japan Sea Earthquake in 1983
(Showa 58) speculated that the cause of the damage was the liquefaction at soft layers of the
embankment deep layer where was accumulated with uncompressed sandy soil. Tani et al.2¥
(1987) analyzed the damage to the reservoir caused by the past five earthquakes, which has
been recorded, using literature, materials, and field surveys. The possibility of the cause was
confirmed combined using data such as soil tests. It was also pointed out that the wider the top
of the embankment width, the greater the damage.

As damage data from past earthquakes have been accumulated, methods have been started
to be adopted that analyze the data from multiple perspectives and utilize it for safety eval-
uation. Tani®® (1989) argued the need to evaluate the safety of seismic resistance studies of
many reservoirs by a simple method. Yamazaki et al.26) (1989) calculated the damage rate by
multivariate analysis based on the damage data of the reservoir in the 1983 Nihonkai-Chubu
Earthquake, and calculated damage rate. It was also judged the seismic damage of the reser-
voir using the embankment top width, height, length, slope, geological age, soil quality at the
foundation ground, subsidence, water storage rate. Tani??) (1996) developed a database on reser-
voirs, location, height, water content as structural information, topographic maps, photographs
drawings as image information, past disaster data information, geology, geographic altitude, pub-
lic facilities as geological information, active faults, and Amedas information were classified and
presented a method of utilization for disaster prevention with the goal of improving information
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input at 100,000 locations in the future. Yasunaka et al.?®) (1996) reported that the collapsed
reservoir correlated with the epicenter distance in the 1993 (Heisei 5) M7.8 Hokkaido Nansei-
Oki Earthquake Damage Survey Report. Fujii et al.2%) (1997) analyzed the factors of damaged
and non-damaged reservoirs in the Awajishima reservoir damaged by the M7.3 Hyogo-ken Nanbu
Earthquake in 1995 and the epicenter. The damage was quantitatively grasped by classification of
distance from the epicenter, fault distance, embankment length and height, fault angle, epicenter
angle, water storage capacity, and surface geology. Tani®?) (1998) utilized the reservoir database
in the earthquake damage survey report of agricultural facilities caused by the Miyagiken North-
ern Earthquake, which occurred three M5 level earthquakes in one day in 1996 (Heisei 8), and the
effectiveness of damage prediction was shown from the relationship between the distance from
the epicenter distance and the magnitude.

Research on maintenance of reservoir disaster prevention was also emphasized. Morita et al.3!)
(1999) showed a method by weighting each classification method of disaster prevention, park
maintenance, water quality conservation, and environmental conservation in order to consider the
priority level of maintenance of reservoirs. In addition, as a method for evaluating earthquake
damage in reservoirs at a practical level, Tani®? (1999) showed that the epicenter limit distance,
which shows the relationship between the magnitude and the limit distance at which damage
occurs, roughly matches the actual disaster. Tani®?) (2001) reported the crack damage which was
not collapsed occurred at the embankments body at the seismic intensity 5 lower when 2000 (Heisei
12) M7.3 Tottori-ken Seibu Earthquake and 2001 M6.4 Geiyo Earthquake. Kobayashi et al.3¥)
(2002) proposed a method to show the risk of a reservoir by multivariate analysis using a neural
network utilizing a reservoir damage survey and a reservoir disaster prevention database. Mohri
et al.3?) (2005) showed that the subsidence, cracks, and slip collapse of the slope were involved
with full water level and pore water pressure in the embankment at the damage status report
of the reservoir when the M6.8 Niigata Chuetsu Earthquake in 2004 (Heisei 16). Tani®®) (2005)
combines the reservoir disaster prevention database and real-time weather information in order to
predict the possibility of reservoir damage during torrential rains and earthquakes in a wide area
and in time based on a real-time weather information system and also have developed ”Reservoir
real-time disaster prevention database” that predicts wide-area disasters in the reservoir.

Research has also progressed on the dynamic factors during an earthquake. Oya et al.?) (2004)
found that because there is a difference from the actual phenomenon in the method of expressing
liquefaction by reducing the rigidity of the embankment concerning the tensile stress is generated
when the embankment spreads laterally, focused on the behavior with analytically obtained the
level of shear strain which was 2% in the supporting ground and 5% in the liquefied ground. Morii
et al.3®) (2006) shown that the condition of soil compaction inside the embankment was possibly
related to the damage in the damage status report of the agricultural reservoir caused by the 2004
Mid Niigata Prefecture Earthquake. Wakai et al.??) (2008) compared the damage distribution
of Yamakoshi Village (at that time) during the 2004 Mid Niigata Prefecture Earthquake with
the results of a two-dimensional wide-area analysis based on the finite element method. As a
result, it was shown that large shear stress was generated from the locally sharp terrain and in-
tricate valleys to the lower part of the slope, which almost coincided with the actual slope failure
position during an earthquake. Suzuki et al.®) (2015) defined the damage rate of agricultural
reservoirs from 2011 off the Pacific coast of the Tohoku Earthquake of M9.0 and conducted risk
assessment of damage factors such as seismic intensity, topography, geology, and shape. Mizuma
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et al.*!) (2016) focused that the evaluation of reservoir breach risk was complicated instead of
the method of estimating the damage amount by collecting and organizing the asset data of the
flooded area after performing flood analysis, and found a method of the response curve that re-
places the analysis with a simple alternative model, and proposed a response curve that calculates
the amount of damage caused by the collapse of the reservoir. Kamiyama et al.*?) (2018) found
that the initial shear stress gives the non-drainage repeated shear strength of the embankment
soil by the non-drainage repeated triaxial test which is one of the strength evaluations of the
embankment during an earthquake. As a result of investigating the influence and the influence of
the restraint pressure, the repeated shear strength of the embankment soil becomes stronger as
the restraint pressure increased, and showed that it was possible to evaluate the repeated shear
strength considering the influence of periodic shear stress with the fine particle content. Takada
et al.43) (2020) investigated the effect on the amount of deformation and functionality using a
centrifugal model experiment regarding the presence or absence of countermeasures for the reser-
voir embankment on which the osmotic flow acts. It was shown that when the reservoir level of
the flooded part was high, the embankment body sank significantly due to the deformation to the
upstream side and the downstream side. The deformation of the embankment was suppressed
when the reservoir level of the flooded part was lowered. The high seismic resistance was exhib-
ited by a method of lowering the infiltration surface on the downstream side such as the drain
method, and the deformation of the embankment was suppressed by upstream presser embank-
ment. Mori et al.*%) (2020) studied the damage factor characteristics of the reservoir embankment
in Aomori Prefecture during the 1983 Nihonkai-Chubu Earthquake. As a result of re-verification
by the Geographic Information System (GIS) using the assumed seismic intensity distribution
map, topography, geology, embankment material, foundation ground material, reservoir ledger
data, etc., the damage factors of the reservoir embankment body were caused by the constituent
materials of the embankment and base ground. In particular, when sandy soil materials were
used, the damage rate was high, indicating that the effects of liquefaction on sandy soil materials
were large. Ueno et al.*?) (2020) studied efficiency seismic verification of reservoir embankments
against Level 2 ground motions. A large number of test data on the non-drainage shear strength
of saturated soil under repeated non-drainage loading were analyzed and examined as a method
for easily estimating the non-drainage repetitive strength characteristics and strength reduction
characteristics. As a result, it was shown that there is a high correlation between the degree of
compaction in the case of gravel soil and sandy soil, and the clay content in the case of cohesive
soil. Furthermore, A non-drainage repeated strength model and a strength reduction model were
proposed. Nakano et al.6) (2020) proposed to provide effective information on the correlation
between the estimated flood area due to flood damage and the actual damage, and the overlap-
ping relationship between the area of city planning and the densely populated area. The actual
damage caused by floods and the correspondence with the estimated flood area using the basic
flood damage statistics survey table were analyzed. Based on the results, the possibility and
issues of utilizing the flood area as flood risk information for the purpose of land use regulation
and guidance were examined.

Research on grasping flood risk by numerical analysis has been accumulated as the processing
capacity of computers has improved. Although the subject of analysis is different from that
of reservoirs, research related to river flooding has become widespread as related research by
numerical simulation based on fluid theory. Fukuoka et al.*”) (1998) experimentally showed
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that in a densely populated urban area, the fluid force that a river overflow flows on a house
could be regarded as almost hydrostatic pressure, and could be calculated using the water depth
difference in front of the house and back. A two-dimensional flood simulation that incorporated
a densely populated urban area into the model was conducted and similar results were obtained
in comparison with the flood model experiment. Kawaike et al.*8) (2002) focused on roads and
buildings existing in urban areas and proposed a flood analysis method incorporated into one-
dimensional analysis. Kojima et al.*9) (2016) used a high-resolution digital elevation model
(DEM) for a reservoir that collapsed due to the Pacific coast of the Tohoku Earthquake 2011,
and a method for predicting flood flow conditions was used when the reservoir collapsed and the
validity of applying the two-dimensional flood analysis was verified. Hori et al.??) (2018) explained
the outline of the "reservoir disaster prevention support system” that predicts and displays the
risk of reservoir collapse and downstream damage in real-time and provides information to prevent
damage. Lee et al.’!) (2020) showed the maximum flood depth, maximum flow velocity, and flood
arrival time as an example of creating a Nakuma dam hazard map for the Isumi city reservoir
and reflected disaster risk information suitable for them. Kanashige et al.>?) (2020) proposed a
method to use the detailed shape of the reservoir by three-dimensional measurement for modeling
the structure. Hatori et al.>3) (2020) pointed out the problems of the current hazard map assuming
the largest possible flood damage and proposed a regional hazard map subdivided by the district.
It was also pointed out that although the effect of increasing understanding of flood disaster
conditions could be confirmed on the hazard map, the direct effect of viewing the hazard map
could not be confirmed for evacuation decisions. Reservoir disasters have been evaluated by
various approaches, however, there is no case of simultaneously evaluating the risk of damage to
the reservoir embankment due to an earthquake and the risk of flood in the downstream area due
to the subsequent collapse. Therefore, in this study, an integrated evaluation that reflects the
damage scale and damage location of the embankment body in the flood analysis is carried out,
and evaluate the flood risk that has not been shown in the hazard maps.

In recent disaster evaluations, it is expected that deep learning, which is one of artificial in-
telligence, will be used to evaluate not only reservoir disasters but also various disasters. Deep
learning could be processed faster as the judgment accuracy when recognizing a specific image
is higher and the performance of the graphics processing unit (GPU) of the computer is higher.
When quickly image processing the situation of a natural disaster, it is possible to detect the
disaster with high accuracy according to the purpose, and deep learning is compatible in the field
of disaster prevention. Kawamura et al.>¥ (2018) proposed a method to improve the efficiency of
automatic detection of sediment movement range in the event of a disaster using deep learning.
Ueda et al.?®) (2018) showed a method for identifying and detecting sediment-related disaster ar-
eas by deep learning in consideration of the characteristics of satellite images and topographical
data before and after the disaster. Ishii et al.’®) (2018) proposed a method for determining the
degree of damage to a building using deep learning for aerial photographs and local photographs
taken after the Hyogo-ken Nanbu Earthquake. Hida et al.’") (2018) showed the damage from
the image data of the appearance of the building damaged by the earthquake and displayed the
damage judgment result to grasp the geographical distribution of those damages on a map. Fujita
et al.>®) (2019) has developed a roof damage house grasping system that grasped the rough scale
and overall picture of earthquake damage by deep learning using aerial photographs of earthquake
disasters and building polygon data. Ishii et al.5%) (2019) developed an automated setting system
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for sediment-related disaster warning areas using deep learning. Sublime et al.6?) (2019) evalu-
ated post-disaster flood, urban damage area, and damage level using deep learning for remote
sensing satellite images. Nex et al.f) (2019) optimized images by deep learning in post-disaster
satellite images, aerial photographs, and drone photographs, and evaluated the damage level of
structures in detail. Kikuchi et al.%?) used deep learning to determine the presence or absence
of collapse in aerial laser measurement data that measured slope failures. Furuki et al.%) (2020)
created teacher data for topographical interpretation based on the knowledge of experts and
showed that the prediction site of sediment disaster occurrence could be detected by deep learn-
ing. Hiroshige et al.t9 (2020) created a model for detecting house collapse, foundation collapse,
and wood debris using deep learning in images of earthquake disasters normally taken from the
ground. Takayama et al.%?) (2020) found that it was difficult to completely automatically extract
disaster terrain from a study example of a model that automatically extracts sediment-related
disaster terrain using deep learning, however, some candidate areas were possible to select the
approximate damaged area. As issues for operation at disaster sites, the necessity to ensure the
quality of input data and improve the versatility for extracting learning models created by re-
gions with different geology and topography were pointed out. Naito et al.6%) (2020) developed a
model that automatically determines the degree of damage to wooden buildings by deep learning
using aerial photographs. Many of these studies conclude that it can be expected to supplement
the knowledge of experts by using post-disaster satellite photographs and aerial photographs as
learning data, although when using such methods, It has also been pointed out that the image
collection cost increases because a large amount of training data is required. Miyamoto et al.”)
(2020) investigated research trends in machine learning models and showed the essential shortage
of data and the explanation and interpretability of task processing processes. In addition, when
using machine learning for disaster prevention decision-making, a methodology that corresponds
to a calculation model, a mathematical model that simultaneously addresses the above two is-
sues, a concept of an integrated method of a data utilization model, a concrete method, and an
application example were shown. Zen%® (2020) showed a sharing method through a platform
for integrating and accumulating learning data as a methodology that enhances the versatility
of learning data and enables flexible response and the way of reducing cost by automating the
collection link knowledge. REZA et al. % created a sensitivity map by using a machine learn-
ing model to identify the effects of floods, forest fires, and landslide disasters by multi-hazard
probability evaluation.

However, there are very few proposals that show concrete measures for the cost of collecting
images, and there is no research to identify the disaster scale by incorporating artificial intelligence
on reservoirs. Therefore, in this study, the evaluation of the post-disaster situation by reducing
the cost of image collection associated with deep learning is shown.
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1.2 Significance and Purpose of Study

Recently, taking hard measures such as reinforcement work for existing reservoirs is an effective
means for strengthening, although it is not always easy because the reservoirs are privately owned.
Therefore, as a soft measure, hazard maps assuming a large earthquake have been prepared in
various places, and the arrival time of runoff water, flood depth, evacuation shelters, etc. are
clarified. Hazard maps are created based on the results of flood simulation. In the boundary
conditions of the simulation, the location and scale of the collapse of the reservoir embankment
body are set on the safe side, however, the embankment body has not been analyzed. The reason
for this is that the flood simulation is created based on river flooding. It is extremely difficult to
predict the rupture position of an embankment in a river flood, and it is not realistic to assume an
infinite number of patterns. Therefore, the top of the embankment body is evaluated as the water
surface, and the difference between the contour line and the water surface is evaluated as the water
depth, therefore the priority order for identifying the breach location of the embankment is low.
On the other hand, regarding reservoirs, the range of embankment body collapse during a large
earthquake is limited, consequently, the vulnerability can be identified by numerical analysis.
Furthermore, by reflecting the fragile part of the embankment body in the flood simulation and
conducting an integrated study, highly reliable numerical analysis results can be obtained. Even
if a flood simulation is carried out based on a collapse prediction that is unclear whether it is on
the safe side without examining the seismic behavior of the embankment body, the assumption
on the safe side may not always be the correct answer. If the current reservoir hazard map can
predict the damaged part and scale of the embankment body with a certain degree of accuracy
and clarify the dangerous areas that could not be seen until presently, it is possible to show
the disaster prediction in a more realistic state. By presenting more detailed and highly reliable
analysis results to the residents, it would be of great social significance if the residents’ awareness
of disaster prevention could be raised and the damage caused by flood disasters could be reduced
as a result. However, in the current hazard map, the arrival time of runoff water is not always
evaluated correctly because the location and scale of the embankment body collapse due to a large
earthquake are unclear. In addition, in a disaster accompanied by the collapse of a reservoir, it
is difficult to move to the evacuation shelter because the flow velocity of the runoff water is high
even if the evacuation shelter is indicated. For this reason, vertical evacuation to the second floor
of the house is unavoidable, although the risk of collapse of the house has not yet been shown.
Since an actual large earthquake will cause multiple damages, it is important to update to a highly
reliable hazard map for future disaster prevention measures. In recent years, artificial intelligence
methods have attracted attention for evaluation of recovery, and deep learning is highly reliable as
a method for processing disaster situations as images. Deep learning is a basic model for quickly
evaluating damage information after a disaster, and computer-based judgment leads to quick and
consistent objective evaluation because no human intervention is required. Therefore, it can be
expected to perform an active role in the field of disaster prevention.

The purpose of this study was to consistently evaluate from the occurrence of a disaster to
recovery by using numerical analysis and deep learning for reservoir disasters. For numerical
analysis, a series of disasters such as damage to the reservoir embankment, floods, and collapse
of houses were simulated using three-dimensional elements. In the analysis results, the disaster
risk that was not expressed in the current hazard map was shown. For deep learning, aerial
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photographs after the occurrence of a disaster were used as learning data. The including the
collapse of the hillside, the suspended reservoir, and the collapse of the house were adopted for
the aerial photographs and created a model that automatically identifies only the disaster site.
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1.3 Framework

This paper consists of the following 6 chapters.

Chapter 1 details the research trends and the positioning of issues related to the risk evaluation
of reservoirs, and shows the significance and purpose of this research.

Chapter 2 details the basic theories of seismic response analysis, flood analysis and deep learning
used to evaluate disaster risk.

In Chapter 3, flood analysis was carried out by seismic response analysis to reflect the location of
damage to the embankment body and the scale of damage, and the risk of flood in the earthquake
disaster of the reservoir was evaluated. For seismic response analysis, a ground model including
the area around the reservoir body was constructed, and three-dimensional seismic response
analysis based on the finite element method was carried out using the input seismic waves on the
engineering foundation assuming the Nankai Trough. As a result of the analysis, it was clarified
that the acceleration response at the top of the embankment body corresponds to a little over
6 in terms of seismic intensity, and the maximum shear strain reaches the level at which the
embankment body collapses. The location and scale of damage to the embankment body, which
was not represented by the current hazard map, were shown. Regarding flood analysis, due to
few research cases in which the adopted open source code was applied to floods in reservoirs,
the validity of the analysis method was confirmed. In addition, because there were few records
of floods caused by the collapse of the reservoir due to a large earthquake and there were no
valid measurement data for this study, the record of damage to the reservoir embankment due
to the heavy rain disaster was adopted. As a result of the analysis, it was confirmed that
the flood areas of the actual damage were almost identical, demonstrating that this analysis
method was appropriate. Following the validation analysis, the flood numerical analysis was
performed on the reservoir. The analysis target reflected the damaged part and the scale of
damage of the embankment body by the seismic response analysis in the analysis elements of the
three-dimensional flood analysis. Furthermore, for the purpose of comparing the case where the
building was included in the analysis element and the case where it was not included, the actual
urban area was reproduced as the analysis element. As a result of the analysis, the flood area
was consistent with the current hazard map regardless of the presence or absence of buildings.
Regarding the flood depth and flow velocity, the difference between the presence and absence of
buildings was highlighted, and it became clear that there were areas where the flood risk was
higher than the current hazard map depending on the layout of the buildings.

In Chapter 4, the collapse risk of wooden houses was evaluated using the flood depth and
flow velocity obtained from the flood analysis results in the previous chapter. As a result of
the analysis, the risk of damage to the wooden house was clarified even in the urban area not
assumed in the current hazard map. The runoff water due to the collapse of the reservoir may
have reached even in areas far enough from the reservoir, and it was found that there were areas
where vertical evacuation was difficult.

In Chapter 5, in order to instantly evaluate damage information after a disaster, basic research
on artificial intelligence that instantly detects the degree of damage from aerial photographs after
a disaster was carried out. Deep learning was used as the judgment method, and a model for
automatically judging landslide and suspended reservoirs, a model for automatically judging the
state of houses before a disaster, and a model for automatically judging collapse of houses after
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a disaster was created. In each case, it was shown that high detection accuracy was obtained. In
addition, the aerial photographs used in this paper were able to significantly reduce the cost of
image collection by using the public data of the Geospatial Information Authority of Japan. In
addition, it was concluded that aerial photographs with a resolution equal to or higher than that
of the Geospatial Information Authority of Japan can be easily learned even in a wider area, and
are worthy of practical and useful information for disaster recovery.

Chapter 6 describes the conclusions of this paper and future research.

19



2 . Basic Theory for Assessing Disaster Risk

2.1 Basic Theory of Seismic Response Analysis

The Newmark method™ has been used as a seismic resistance evaluation method for the seismic
behavior of the embankment of the reservoir, although the shape and geology of the embankment
body, the surrounding terrain surrounding the embankment body, and the supporting ground
analysis. The three-dimensional finite element method is useful for grasping all the effects of
the earthquake and the place most strongly affected by the earthquake. In this research, the
3D nonlinear seismic response analysis code™ is used, which makes it possible to reproduce
the nonlinear behavior of a wide area and complicated ground by high-speed parallel processing
of analysis by the 3D nonlinear finite element method. For the finite elements of the three-
dimensional ground, solve the equation shown in the following equation (2.1).

d*u du

W(t) + C(t)a(t) FEKE)UE) =F —q oo (2.1)

where, u is the displacement increment, f is the physical force, q is the node vector corresponding

M

to the external force, and M is the mass, C is the decay, K is the stiffness matrix, and ¢ is the
time. For the non-linear characteristics of the ground, the modified R-O model™ and the Masing
law™) are adopted. The relational expression is shown below.

N = GLO (1 +a ‘Tﬁ’) ............................................................... (2.2)

G =P Vg2 vt ettt i i (2.3)
2 \!

w2 ) 24

8= M .................................................................. (2.5)
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where, v is the shear strain, 7is the shear strain, p is the ground density, Vs is the shear wave
velocity, and ~g 5 is the initial shear modulus. The reference strain, hy,q., when the value divided
by the elastic modulus Gy is 0.5, is the maximum damping constant. In addition, the attenua-

tion of the base layer adopts a simple Rayleigh attenuation ™%

. The analysis code outputs the
displacement increment vector du. In this study, the maximum shear strain is calculated using
the output displacement increment vector. The strain matrix E with 9 components is defined by

the following equation.
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where, B is the differential of the shape function of the tetrahedral quadratic element with 6 x
3 components. Assuming that the node of the tetrahedral quadratic element is ¢, B is shown in
the following equation (2.7).

.

%

LAYzt Nai | i=1~10

.

NZOQSZOO
ONZHZO@ZO
@Zogo

Where, Ny;, Ny;, and N; indicate the shape function of the tetrahedral quadratic element. The
shape function can be expressed by the volume coordinates of the tetrahedral element. Lp, Lo,
L3, L4 are the ratios of each face of the tetrahedral quadratic element, V is the volume of the
tetrahedral element, V7, Vo, V3, Vifor each face of the tetrahedral quadratic element, xz;, y; and
zi(i =1 ~ 4) are the coordinates of each vertex of the tetrahedron. z, y and z are the coordinates

of arbitrary points, the following equation (2.8) and (2.9) are indicated.

Ly =WV

Ly =V, /V

Ly =V3/V (2.8)
Li=V —Li— Ly — Ls ‘
V=Vi+VW+Vs+V,

:%{1 T Yi Z L=1~4

LiZﬁ[ai b ¢ di}{l Ty E |t (2.9)

Where, the constants  a;, b;, ¢; and d; are obtained by following equation (2.10) through a
cyclic permutation of subscripts 1, 2, 3, and 4.

Ti+1 Yit+l Zit+l
i = | Ti+2 Yi+2 Zi+2

Ti+3 Yi+3 Ri+3
(1 yir1 zig
bi=— |1 yiy2 Ziy2
L 1 yirs zit3
Tiv1 1z
ci=—| ®iy2 1 Zziyo

Tivs 1 zi43
Tit1 Yiy1 1
di=—| 242 Yip2 1

T3 Yir3 i=1~4 as cyclic permutation

Furthermore, assuming that the vertex ¢ of the tetrahedral quadratic element and the node j
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of the tetrahedral quadratic element, [B] is expressed by the following equation (2.11).

G 0 0
0 Kq 0
0 0 &
[B] = v G0 [dNij]i:1N47j:1~1o .......................................... (2.11)
0 & ki
L& 0 G|

where, (;, ki, v; are unknown physical quantities in the XYZ coordinate system, and dN;; is the
differential of the shape function IN. Furthermore, from the shape relationship of each node of
the tetrahedral quadratic element, dN;; is shown in the following equation (2.12).

4L —1 0 0 0 4L, 0 4L3 4Lsy O 0
[dNy;] = 0 4L9 —1 0 0 411 4L O 0 4L, O e (212)
0 0 4L3 —1 0 0 4L, 4L; O 0 414
0 0 0 4Ls—1 0 0 0 4L, 4L, 4Ls
From the above equations, B is shown by the following equation (2.13).
(G G G G 0 0 0 0 0 0 0 0]
0 0 0 0 K1 K2 K3 K4 0 0 0 0
B] = 0 0 0 0 0 0 0 0 & & & &
K1 K2 kK3 kK4 G G ¢ G 0 0 0 0
0 0 0 0 & & & & K1 Ky K3 Ka
L& & & & 0 0 0 0 G G G G
44, —1 0 0 0 4Ly 0 4L3 4L4 O 0
0 4L —1 0 0 4L, 4Ls 0 0 4Ly O | (2.13)
0 0 4Ls — 1 0 0 4L, 4Ly O 0 464
0 0 0 4Ly —1 0 0 0 4L, 4L, 4Lj

Here the principal strain is concerned. Assuming that the principal strain P, the relation with
the equation (2.6) is shown in following equations (2.14), (2.15).

Exx — P ny Yz
’me gyy — P ’sz B (2]_4)
Vzx ’sz €2z — P
g o o (2.15)

where €,4, €yys €22, Yoy, Vyzs Vzo are strain components, and Jq, Jo, J3 are invariants, which are
shown in following equations (2.16), (2.17), (2.18).

Jl — €JJ$ + Eyy + EZZ .............................................................. <216)
— 2 2 2

J2 — €xac€yy + gyygzz + 82283/‘50 — f}/xy — ’sz — f}/zw ................................ (217)
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22



Substituting equations (2.16), (2.17), (2.18) into equations (2.14), (2.15), the principal strains
€1, €9, €3 are expressed by the following equations (2.19), (2.20), (2.21).

1 2/ /
61 = gjl + § ( J12 f— 3J2) COS(p ................................................ (219)
5—1J+2(\/J2—3J>cos< _27r> (2.20)
2=3/17T3 1 2 ¥ 3 :

1 I e A
53 pr ng —|— § ']1 — 3J2 COS SO J— ? ........................................ (221)

where, ¢ is shown by the following equation (2.22).

R [2,]13 — 9J1J5 + 27J4
2(J,% — 3.J2)

3

3
2

From the relationship of €1 > €3 > 3, the maximum shear strain ,,q; is expressed by the
following equation (2.23).

1
Ymazr = 3 (E1 = E3) v vt (2.23)
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2.2 Basic Theory of Flood Analysis

As a tool of the flood analysis, the numerical fluid dynamics open source code: OpenFOAM™)
is used. The fluid theory is an uncompressed and isothermal mixed-phase flow in an uncompressed
fluid by capture method based on the VOF (Volume of Fluid) method”®. The continuous equation
of uncompressed fluid (2.24), the Navier-Stokes equation (2.25), and the free surface advection
equation (2.26) are shown below.

LV T T 1 TP (2.24)
ou

a—l—V-(UU):—Vp—FV-(VVu)—G—f ........................................... (2.25)
9% | ¥ (au) = 2.2
g + (au) o () e ( 6)

where u is velocity vector, t is time, p is pressure divided by density p, v is kinematic viscosity
coefficient, f is external force term, « is volume fraction of VOF function 0 < a <1, a=0: gas
phase only, & = 1 : liquid phase only). Fig.2.1 is shown as a conceptual diagram of the volume
fraction a of the VOF function. When the ratio of a to the elements is 0.5 or more, it is judged to

be a liquid phase. Since the runoff from the reservoir is a turbulent flow with Reynolds number

— —
00| G114 02 | 00 |- ‘::> oo /1% 402 | / 00

p— pe= Z //
03 03
Example of Evaluation example
o value distribution of flood depth

a=0.5 : water
Fig.2.1 A conceptual diagram of the volume fraction «

around 10% the Reynolds average model (RANS)78) implemented in OpenFOAM was used. In
addition, the k-w SST (shear stress transport) model™)80) | which provides a stable solution at
the boundary surface of the ground and the peeling phenomenon of the flow at the bottom surface
of the ruggedness, is used. The turbulent parameters are shown in Table 2.1. where v, is the
representative velocity, I is the turbulence intensity, the turbulent flow energy is shown by the
following equation (2.27).

k= %(!uc! ,]|)2 .................................................................. (2.27)

Since L is the representative length (L = 0.07D) and D is the hydraulic diameter (4 x flood
depth 2.5m) as a wide-open channel, the specific dissipation rate w is calculated by the following
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Table 2.1 Initial parameters of k-w SST model

Ttems Initial parameters
Representative velocity Ue 2.00
Turbulence intensity I(%) 5.00
Hydraulic diameter D(m) 10.00
Turbulent flow energy | k(m?/s?) 1.50 x 1072
Dissipative rate w(s™h) 0.17

equation (2.28). These parameters are used as the Reynolds stress of the pressure p of the first

term on the right side in the Navier-Stokes equation (2.25).
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2.3 Basic Theory of Deep Learning

The entire learning flow by CNN set in this study is shown in Fig.2.2. In addition, each process
is approximately classified into three categories, and the first half of the process is explained.

Convolution is shown in Fig.2.3 which reduces the capacity of the original data by applying a
filter to the RGB image that is the original data and adding a bias. The four numbers (32, 3, 224,
224) which is the image in the aerial photograph of the original data in parentheses below are the
number of batches (meaning the number of images to be processed in parallel, 32 in this study),
RGB color types (3 types), and image size (224 pixels x 224 pixels). The filters in the figure
are cases of various image features (weights) such as emphasizing color and shape boundaries by
multiplying the original image. The numerical values of the filters (64, 3, 7, 7) in the figure means
that 64 types of filters which is the 6 power of 2 in CNN, 3 types of RGB colors classification
(defined as a channel in CNN), and an array of 7 x 7 which designed value for the type and filter
size. Multiplying the original data and the filter gives a weight that emphasizes the numerical
value for each filter type. If the convolution data is defined as y,, the relation between them is
shown by the equation (2.29).

where, the nth original image is x,, the filter is w,, and the bias is b. Bias is composed of the
same number of one-dimensional arrays as the filter, and by adding a uniform value to the weight
of the image and the filter, it adjusts the ease of firing when the threshold is exceeded.

In the convolution, the concept of processing for filtering is shown in Fig.2.4. When there are
32 each of the three types of RGB image data, the depth changes to a compressed sequence of 64
by multiplying 32 any RGB image filters according to the image size.

The filter is displayed visually. Fig.2.5 shows the image classification by convolution processing
in the initial stage. Only the characteristic lines of the training data are highlighted by various
filtering. Furthermore, Fig.2.6 visually shows the final stage of the convolution process. Here,
the convolution process is repeated, and many places showing zero values are displayed in the
black color panel.

81) shown in Fig.2.7 is explained. Normalization is a

The processing of Batch Normalization
process that reduces data bias by averaging and decentralizing numerical values without changing
the size of the convolutional data array. Following equations (2.30), (2.31), (2.32), (2.33) are

defined.

1 k
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where, in the equation (2.30), k is the number of training data (32 image data in this study).
When z; is the number for each k data, m,, means the average of the training data x;. where n is
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Fig.2.2 Overall flow chart of convolution neural network
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Convolution

The red letters are
the design value

Data Filter Bias Convolution data
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Fig.2.3 Convolution: Filters the RGB image of the original data and adds a bias to reduce the

capacity of the original data.
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(32 Images) ( 64 Filters) (32 Filer images)

Fig.2.4 Processing to RGB image by filtering
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Fig.2.5 Visualization of the filter at the early stage of the convolution proces

resnet50

Fig.2.6 Visualization of the filter at the final stage of the convolution process
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Batch Normalization

A method of forcibly optimizing the output of a layer so that
the distribution of parameters in the middle layer is appropriate.

Convolution data Distributed Average  Normalized data

14 B

e s |

(32, 64,112, 112)  (64) (64) (32, 64,112, 112)

Fig.2.7 Batch normalization: Reduce data bias by averaging and distributing numbers without

resizing convolution data.

a aggregation of training data, and n = {x1,z9,...,zx} (defined as a mini-batch). The equation
(2.31) subtract the mean value m,, of the mini-batch from the training data z;, and divide the
sum of squares by the number of data k in order to obtained the variance v,%. Furthermore, in
the equation (2.32), normalization is performed by dividing the difference between the training
data value and the mini-batch mean value by the positive square root (standard deviation) of the
variance. The normalized set has a mean value of 0 and a variance value of 1. In addition, € shows
a quite small value to prevent it from becoming a 0 value and becoming incalculable. Then, in the
equation (2.33), as the update parameter for iteratively learning for the normalized mini-batch
Zgn and optimizing by the moving average, multiplication by the variance value v (initial value
: 1) and addition by the mean value 3 (initial value : 0) are given. Since normalization only
linearly transforms the data and does not change the output distribution of the original data, it
is possible to prevent overtraining and improve the efficiency of learning speed.

The Rectified Linear Unit (ReLU) shown in Fig.2.8 is defined by the following equation (2.34).

where = indicates the normalized data and is the process of converting the negative value of the
normalized data to 0. Using the above processing, unnecessary negative values are invalidated.

The extraction process of the maximum value by Max Pooling shown in Fig.2.9 is explained.
In order to compress the size of the data activated by ReLU function in half, slide the small area
(2 x 2) in the ReLU data (112 x 112) which does not overlap. Then, only the largest numerical
value is extracted, and the area is compressed (112 x 112 to 56 x 56). By this processing, the
maximum value is given priority even if there is a slight difference in the data contained in the
small area, and the features can be narrowed down even when there is a slight difference in the
data.

Iterative processing in the intermediate layer is explained. Fig.2.10 and Fig.2.11 are defined
as the processing in the middle layer, BottleNeck A and BottleNeck B, which are shown in
the overall flow. Each process in BottleNeck A of Fig.2.10 is performed by combining the
above-mentioned Convolution, Batch Normalization and ReLU. On the left side of Fig.2.10,
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Rectified Linear Unit

Set negative values to zero (prevent negative values from backpropagation)

f(x) = max(0,x)
(+)

Normalized data RelLU data

(32, 64, 112, 112) © . “) (32, 64, 112, 112)
| 4

Fig.2.8 ReLU function: An activation function that converts a negative value of normalized
data to zero.

Max Pooling

Select the largest for a small area (data compression)

RelLU data Max Pooling data

=

112/2 =56 [px]
(32, 64,112,112) (32, 64, 56, 56)

Fig.2.9 Max pooling: Extraction of maximum value.
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Convolution and Batch Normalization are repeated, and on the right side, ReLU processing is
repeated after Convolution and Batch Normalization. As shown in Fig.2.10, the array (32, 64,
56, 56) from the middle layer is reduced the dimension at once by the Convolution of 1 x 1 and
3 x 3, and then returned to the original dimension in the later Convolution (256, 64, 1, 1). Each
of these parallel-processed arrays is finally added and ReLU processing is performed.

In BottleNeck B of Fig.2.11, convolution processing and normalization processing are not
performed in parallel compared to BottleNeck A. As a result of combining these two processes and
repeating the overall flow and the intermediate layer process shown at the bottom of Fig.2.11 (all
sequences are not shown in order and omitted), the array that has passed through the BottleNeck
intermediate layer is aggregated into (32, 2048, 7, 7), which reduces the amount of calculation
for Convolution processing. This method is one of the features of ResNet (Residual Network)$?))
adopted in this study.

Furthermore, image processing at the final stage of the overall flow will be described. The
Average Pooling is shown in Fig.2.12 which is compressed the processed data into a small array
of 7 x 7 into one average value by the BottleNeck middle layer. Furthermore, it is summarized
to the smallest array of 1 x 1.

The Reshape shown in Fig.2.13 is converted from a two-dimensional array to a one-dimensional
array in order to delete the 1 x 1 part by Average Pooling.

The Linear Function is shown in Fig.2.14 is calculated the total weights (score z) by mul-
tiplying the weights with the same number as 2048 of Reshape data arrays and adjusting with
bias.

Finally, as shown in Fig.2.15, the score x is converted to the probability distribution y with
the maximum value set to 1.00 by the Softmax function, the loss rate L (approximating 0.00)
is output by the Cross Entropy Fig.2.15. Here, the label ¢ indicates a set of data including
sediment-related disasters and reservoirs, the purpose image data is 1 if it is included and 0 if it
is not included. In other words, the smaller the loss rate, the closer the value of the score x is to
the number of correct disasters.
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(32, 64, 56, 56)

Convolution (64, 64,1, 1)

(256,64,1, 1) (64,643,

Convolution

622565659 [ comotn | 56,641,

(32, 256, 56, 56)

(32, 256, 56, 56)
BottleNeck A

Fig.2.10 Bottleneck A: Intermediate layer processing by type A flowchart.

(32, 256, 56, 56)

Convolution (64, 256, 1, 1)

04,6099

(256.64.1, 1)

(32, 256, 56, 56)

(32, 256, 56, 56)
l BottleNeck B

(Abbreviation)
B-A-B-»B->B~>A>B->B->B>B->B->A->B->8B
(32,2048, 7,7)

Fig.2.11 Bottleneck B: Intermediate layer processing by type B flowchart.
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Average Pooling

Select the average value for a small area (data compression)

Data from the middle layer Average pooling data
(32,2048, 7,7) (32,2048,1, 1)

Fig.2.12 Average pooling: The process of converting a two-dimensional array into a one-

dimensional array.

Reshape

Turn a two-dimensional array into a one-dimensional array

Average pooling data Reshape data
(32,2048,1,1) (32, 2048)

Fig.2.13 Reshape: The process of converting a two-dimensional array to a one-dimensional
array.

Linear Function

Calculate the sum of weight (score x) by forward propagation

Reshape data Weight Bias Score x

* +

(32,2048) (10, 2048) (10) (32, 10)

34
Fig.2.14 Linear function: Calculates the sum of weights.



Softmax Cross Entropy

ex
Softmax y= T or

Normalize score x
(Output probability distribution y)

Cross Entropy L=- Z tlogy outputloss L from label t

score x Label t
(32)

| \ Cross
- Softmax ﬁb Eritropy —* (Loss)
Probability y

(32, 10) (32) (1)

Fig.2.15 Soft cross entropy: Outputs the loss rate due to cross entropy.
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3 . Evaluation of Collapse of the Reservoir
Embankment and Flood Risk

3.1 Overview

By comparing the 3D inundation analysis results based on the 3D earthquake response analysis
with the hazard map, the flood risk of the reservoir during a large earthquake can be considered.
When the embankment body of the reservoir is severely damaged by a large earthquake, there
is a high possibility that the embankment body will suddenly collapse. When the embankment
body suddenly collapses, the runoff becomes flash floods, and it is expected that it will be ex-
tremely difficult for people living in the flooded area to evacuate horizontally while avoiding the
runoff water. When the reservoir is located near the city, flood damage will be added to various
disasters such as people’s confusion, building damage, and fire. Therefore, predicting damage to
reservoirs during a major earthquake is important in assessing disaster risk. Recent surveys have
revealed that there are more than 60,000 agricultural reservoirs throughout Japan that can cause
damage in the lower reaches. Currently, the hazard map is being redeveloped by the local gov-
ernment, however, the flood risk is not evaluated considering the scale of damage to the reservoir
embankment due to the large earthquake and the layout of the buildings.

When Tohoku Pacific Ocean Earthquake in 2011 occurred, the Fujinuma Dam, one of the
reservoirs in Fukushima Prefecture, was collapsed. The cause of this collapse was that strong
vibrations continued for a long time against the embankment with insufficient compaction. In
the seismic response analysis of the Fujinuma Dam, the maximum seismic motion at the top
of the embankment was 442 Gal, and it was estimated that the seismic motion of 50 Gal or

more was continued for 100 seconds %Y.

Therefore, when an earthquake with a long duration
occurs, there is a high possibility that the embankment of the reservoir will be damaged 8%.
Long-duration earthquakes are likely to be large earthquakes caused by deep ocean plates. In
recent years, the Cabinet Office has announced that there is a high probability that a large
earthquake will occur in the Nankai Trough, which is a deep ocean plate located off the coast of
Shikoku, Japan. The probability of its occurrence is 80% within 30 years. It is pointed out that
this deep-seated earthquake could cause long-term seismic motion in the Chugoku, Shikoku, and
Kinki regions along the Seto Inland Sea coast. Therefore, the embankment of the reservoir in
these areas may behave in the same way as the collapse of the Fujisawa dam. In addition, there
are many old agricultural reservoirs from the Edo period in the area to cope with low rainfall.
Among them, a reservoir where a residential area is formed in the vicinity and the damage
is expected to be enormous when the reservoir collapses is defined as an ”Important reservoir
for disaster prevention”. The number of reservoirs nationwide was released by the Ministry of
Agriculture, Forestry and Fisheries in November 2018, and according to the public document
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86)  the total number of agricultural reservoirs nationwide is 166,638. Furthermore, the total
number of reservoirs that are important for disaster prevention is 63,772, and there are 39,104
in the area affected by the Nankai Trough earthquake. Many of these important reservoirs for
disaster prevention include reservoirs that require repair work due to deterioration. However,
reinforcement work for all reservoirs is not feasible. In recent years, hazard maps have been
attracting attention as one of the ways of water disaster countermeasures that take into account
climate change as well as reinforcement work 7). In order to make effective use of hazard maps, it
is important that disaster prevention information is thoroughly disseminated and that knowledge
for utilize hazard map is necessary. There are cases where hazard maps were not used in actual
disasters 8. In addition, there are fewer cases of reservoir collapse during a major earthquake
than in general water disasters. Furthermore, the awareness of the residents for the disaster is
even lower.

Hazard maps have been developed and updated throughout Japan as a countermeasure against
water disasters. The preparation method of the estimation map of the flooded area by river
flooding is shown by the Ministry of Land, Infrastructure, Transport and Tourism®®. Further-
more, the preparation method of the hazard map of the reservoir is shown by the Ministry of

Agriculture, Forestry and Fisheries??)

. The hazard maps are evaluated based on elevation and
ground surface shape. However, the scale of reservoir collapse due to large earthquakes has not
been evaluated. In other words, hazard maps which do not have been clarify the scale of damage
and the location of damage to the dam body provided. In such a case, the inundation prediction
associated with damage to the dam body may not be accurate. Therefore, the risk of reservoir
damage due to large earthquakes may be underestimated. The reliability of the hazard map will
be improved if both the risk of damage to the levee body and the associated inundation risk
during a large earthquake are evaluated numerically.

Though the conventional evaluation of the collapse risk of reservoir by a large earthquake is
mostly based on the two-dimensional analysis, the three-dimensional analysis has become easy
by the capacity improvement of recent computer. Based on this, three-dimensional nonlinear
earthquake response analysis is carried out by the finite element method for the ground as an
evaluation technique of the next generation. When a finite element analysis is carried out, there
is an advantage that there are few parameters to represent a complex ground structure. Ichimura
et al.9 developed a large-scale three-dimensional nonlinear seismic response analysis code, which
takes ground and urban building information into a wide-area analysis model, and realized a huge

amount of analysis capacity by supercomputers??)-93)94),95)

. In this study, the seismic response
analysis is carried out using the analysis code developed by Ichimura at el., and the damaged part
and the damage scale of the reservoir are estimated from the result of the earthquake response
analysis. As an evaluation of the risk of flooding, the flood analysis using a three-dimensional
analysis model is carried out using the numerical fluid dynamics open source code: OpenFOAM™).
By using the result of the seismic response analysis of the reservoir by the large earthquake for
the flood analysis, it is possible to improve the accuracy of disaster risk compared to conventional
analysis methods without identifying the point and the scale of its collapse of the embankment.

Therefore, this study proposes based on the recent improvement in computer computing power,
a disaster risk evaluation method based on large-scale numerical analysis. First, the risk of damage
to the reservoir embankment during a large earthquake is evaluated by three-dimensional seismic
response analysis using the finite element method. Second, the flood risk is evaluated by a three-
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dimensional flood analysis that reflects the collapse of the reservoir embankment obtained from
the seismic response analysis. Third, by comparing the analysis results with the current hazard
map, new flood risk points are recognized.
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3.2 Seismic Response Analysis

3.2.1 Overview of seismic response analysis

On the embankment of agricultural reservoir has, it is often a simple construction to pile up
existing the embankment. In the deep part of the embankment, the older the embankment is, the

6). The embankments of old

lower the degree of compaction and the more uneven the soil layers®
reservoir piled up in the plain area were built by soil. This is defined as a dish type pond. The
features of the dish type pond are that the height is as low as about 10 m, while the length is
long. In this study, “Heike” in Takamatsu City, Kagawa Prefecture was selected for the analysis
of the reservoir which has such features of the reservoir and in which the urban area is formed
in the outflow destination of the reservoir. “Heike ” is designated as an important reservoir for
prior disaster prevention, and its storage capacity is 1,240,000 m? and its embankment length is
700 m. The complete renovation work such as reinforcing the side of the embankment with blocks
and improving a roadway at the top of the embankment were carried out in 1969. The photos of

the surrounding situation taken on February 27, 2016 are shown in Photo 3.1 and Photo 3.2.

Photo 3.1 Surroundings of Heike (photographed from the eastern end to the west at the top of
the embankment)

There is a butte-shaped small mountain consisting of the biotite andesite on the east side of
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Photo 3.2 Surroundings of Heike (photographed revetment block inside the embankment)
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the reservoir, and the surface layer of the small mountain is covered with sandy soil of Alluvial
sediments and stepladder sediments based on tuff®”). The geological profile around the reservoir
is shown in Fig.3.1.

[North-south N-S cross section]

Around the reservoir

Biotite andesites

|
—
(=
o
o

m 0 1,000 [m]

1 1

Fig.3.1 Geological cross-section around the reservoir (processed from the reference®))

In this study, the analysis region including the small mountain in the east side of the reservoir
and the urban area in the outflow area is analyzed. The width of the region (in the X direction)
is 2,440 m, and the length (in the Y direction) is 1,925 m. The overview of the analysis model
is shown in Fig.3.2(a). As the ground surface data, the digital elevation data of 5 m interval
published by the Geospatial Institute of Japan is adopted, and the structure of the ground is
composed of layers for each type of ground. According to a simple geological survey®®), the N
value of boring data shows more than 15 at a depth of 4 m and more than 25 at a depth of 5m.
Since the samples of standard penetration test are not published in other surrounding areas, the
parameters for representing the ground structure are estimated. The base layer is assumed to be
located at 110 m depth from the ground surface.

The mechanical properties of each layer are shown in Table 3.1. The mechanical geophysical
properties of the embankment of the reservoir are determined referring to the survey report??)
of surface wave exploration and microtremor measurement. Where, p is density, Vs is shear
wave velocity, « is reference strain, and A, is maximum damping constant. Furthermore, the
damping constant of the engineering base is 2% to 5% in the typical bedrock shallower than
100m. The damping constant was estimated to be 2% since the layer close to the bedrock was
distributed at a depth of about 15 m in the analysis region. The fifth layer is 303 (m/s) and lower
other layers are set as the engineering bedrock.

3.2.2 Boundary conditions for seismic response analysis

The boundary conditions at the side are set omnidirectional as non-reflective boundary, and
the ground is treated as semi-infinite horizontal stratified ground. In this study, only the self-
weight is considered as the initial stress. The mesh of finite element method that consists of the

ground is tetrahedral quadratic elements by which the analysis under the complicated ground
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Table 3.1 The mechanical properties of each layer

Layers p (kg/mg) Vs (m/s) Y hima
Embankment 900 200 0.0010 | 0.210
Sand 1600 160 0.0010 | 0.210
Sand 1700 195 0.0010 | 0.210
Gravel 1700 230 0.0010 | 0.210
Gravel 1800 303 0.0010 | 0.210
Gravel 1900 434 0.0010 | 0.210
Base 2300 2000 0.0005 | 0.105

layer can be efficiently conducted. In the boundary where the layers overlap each other, the
mesh is automatically constructed using the analysis code of Ichimura et al. The cross section
of the mesh is shown in Fig.3.2(b). The minimum mesh size is 2.5m. This means that 5 Hz of
wave frequency is divided into 10. Finally, the total number of nodes and meshes are 275,460,808
and 234,173,346, respectively. The boundary of the middle layer constitutes a smooth stratum
interface estimated from ground surveys. The stratum boundary of the ground model is shown
in Fig.3.2(c). The public datal®® are employed as the input seismic wave to the engineering
base use. The time increment is 0.002 seconds. The total number of analysis steps is 35,000.
The input waveform is shown in Fig.3.3(d). The influence of water storage pressure and the
hydraulic pressure due to the earthquake is not considered in the analysis, because the water
surface is always kept low. It is desirable to take into account the effects of the water pressure
and the liquefaction due to fluctuations of pore water in the embankment, and they are considered

in the research by Ichimura et al.!0)

using the same analysis code in this study. However, in
this study, they are not considered, because only the behavior of the strain in the earthquake is

noticed for the sake of simplicity of the analysis.
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3.2.3 Seismic response analysis result: Displacement distribution

In Fig.3.4(a)-1 to Fig.3.4(a)-3, the magnitude of the displacement vector is indicated by con-
tour lines and the magnitude and direction of the displacement vector are indicated by arrows
between 25.07 seconds to 25.67 seconds when the embankment of the reservoir shows the max-
imum response. First, the difference in response between the embankment of the reservoir and
the plane area is shown in Fig.3.4(a)-1. As shown in Fig.3.4(a)-1, the direction of displacement
of the central part of the embankment of the reservoir is opposite to that of other plains. The
mechanical properties and the geometric shape affect the difference of the response period of the
analysis result. Next, the difference of the response between the embankment of the reservoir
and the small mountain located on the east side is explained. As shown in Fig.3.4(a)-1, the
deformation of the small mountain is smaller than that of the embankment of the reservoir. This
is because the stiffness of the small mountain is so high that it corresponds to the base. As
shown in Table 3.1, the shear wave velocity of the embankment of the reservoir is one-tenth
that of that of the small mountain, which strongly affects the difference in response between
the embankment of the reservoir and the small mountain. The study®) using the same analysis
code also shows that the response of local ground structures such as a mountain varies greatly
depending on the difference in elastic modulus. Additionally, the difference in elastic modulus
also appears in the difference in the response between the base layer and the ground surface.
As shown in the Fig.3.7(b) in which the cross section along the section line of Fig.3.4(a)-1 is
displayed shows that the boundary between the soft part and the hard part is indicated by the
dotted line in the cut surface, and that the deeper part of the dotted line corresponds to the base
layer of the embankment of the reservoir and the base layer of the small mountain. The figure
also shows that the deformation of the lower layer from the boundary surface with the base layer
becomes small, while the response value of the displacement vector of the embankment of the
reservoir becomes relatively large. This indicates the difference of geophysical properties is clearly
shown across boundary surface of foundation. Furthermore, Fig.3.5(a)-2 and Fig.3.6(a)-3 show
the displacement distributions at the time when the embankment swings east and west. As in
3.4(a)-1, the displacement response of the embankment of the reservoir is different compared

with the behavior of plain area and the small mountain.

3.2.4 Seismic response analysis result: Stress distribution

The distribution of the maximum principal stress at the same time as the previous subsection
is shown in Fig.3.8(a)-1 to Fig.3.10(a)-3. As shown in Fig.3.8(a)-1 in the previous subsection
the embankment of the reservoir was displaced to the west (-X direction) at time 25.07 seconds,
when the whole reservoir was displaced to the east (+X direction). Therefore, tension stress is
generated between the embankment and the base. This is considered to be caused by the fact
that the small mountain composed of hard strata on the east side of the embankment played
a role like a reflector for the movement of the embankment body. From Fig.3.8(a)-1, it can
be seen that the value of the principal stress is from 50 kPa to 70 kPa. It is known that the
distribution of stress at the same level is obtained in the reproduction analysis'? for the reservoir
of the same scale and the earthquake motion of the same level. It is considered that there is a
possibility that tensile stress of this degree occurs, thought there is no record of actual earthquake
damage in this reservoir. Fig.3.11(b) is a cross section in the Y direction (north-south direction),
and the cut surface line in the Y direction is shown in Fig.3.8(a)-1. According to Fig.3.11(b),
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Fig.3.4 (a)-1 Time history maximum response displacement (m)
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Fig.3.5 (a)-2 Time history maximum response displacement (m)
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Fig.3.6 (a)-3 Time history maximum response displacement (m)
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Fig.3.7 (b) Cross-sectional view of the reservoir embankment in the long side direction at the
time of maximum response
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tensile stress is also generated near the bottom of the embankment body. In addition, as shown in
Fig.3.9(a)-2 and Fig.3.10(a)-3, the stress level in the lower part of the boundary surface between
the reservoir and the base layer is low, but the stress level of the embankment of the reservoir
remains height. From these results, it can be seen that the stress distribution, as well as the
displacement distribution, is significantly affected by the difference in the mechanical properties
of the foundation and the embankment.

3.2.5 Seismic response analysis result: Strain distribution

The time history response of the maximum shear strain distribution is shown from Fig.3.12(a)-
1 to Fig.3.14(a)-3. A large shear strain is generated at the boundary surface between the
embankment and the basement below the embankment, as in the previous subsection, due to the
difference of the mechanical properties such as stiffness. The maximum value of the maximum
shear strain is approximately 0.7%, which corresponds to a large deformation. When this level
of maximum shear strain is generated in the embankment, the embankment can be damaged.
The part of the embankment where is exhibited the large shear strain is shown. According to
Fig.3.12(a)-1, in the X direction (east-west direction), high shear strain is observed near the
center of the embankment, and the width of the area showing high shear strain is 60 m to 90
m. According to Fig.3.15(b), in the Y direction (north-south direction), high shear strain is
observed near the center of the embankment, and the width of the region showing high shear
strain is from 30 m to 40m. The time history response of the strain is plotted at the four points
which are from the point A to D shown in Fig.3.15(b).

The time history response of each component of the strain at these four points shows the
maximum value between 20 seconds to 30 seconds after the start of excitation. The axial strains
in the X, Y, and Z directions are shown in Fig.3.16(a)-1 to Fig.3.18(a)-3, respectively. The
axial strain ;. in the X direction shows a maximum value of 0.02% at the point A near the
surface layer and the point B on the inner side of the embankment. The axial strain e,, in the
Y direction shows the maximum value of 0.01% at the point B. The axial strain €., in the Z
direction shows a maximum value of 0.02% at the points B and the point C near the bottom layer
of the embankment. Compared with the maximum shear strain, approximately 0.7%, shown in
Fig.3.19(b)-1 to Fig.3.19(b)-3, the axial strain in the X and Z directions is approximately 1/35
and the axial strain in the Y direction is approximately 1/70.

The shear strain is shown in Fig.3.19(b)-1 to Fig.3.21(b)-3 of the points of A to D. The
shear strain -, is approximately 0.03% at the point A and the point B. The shear strain -, is
much larger than this value and shows 0.46% near the point C of the embankment. This value
is about 23 times as large as 0.02% which is the axial strain in the X or Z direction, and the
shear strain 7., at the point C is 0.70%. In other words, the shear strain associated with the Z
direction tends to be considerably larger than the axial strain in the three directions. The time
history response of the axial strain and shear strain at the point C are shown in Fig.3.22(c)-1 and
Fig.3.23(c)-2, respectively. As shown in Fig.3.22(c)-1, around the time when the shear strain
peaks (25.0 seconds after start of calculation), the axial strain, which is predominant only in the
7 direction until then, decreases, while the axial strain in the X and Y directions increases after
that. At this time, the shear strain v, and ., rapidly increase as shown in Fig.3.22(C)-1. This
is because the shear strain has not increased simply since the axial strain in the vertical direction
(Z direction) increases. Since the axial strain in the horizontal direction (X and Y direction)
simultaneously occurs, the strain acting as the shear force increases. In other words, since the
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Fig.3.8 (a)-1 Time history response of principal stress distribution (MPa)
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Fig.3.9 (a)-2 Time history response of principal stress distribution (MPa)
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Fig.3.10 (a)-3 Time history response of principal stress distribution (MPa)
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Fig.3.11 (b) Cross-sectional view of the reservoir embankment in the long side direction at the
time of maximum response (MPa)
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Fig.3.13 (a)-2 Time history of maximum shear strain distribution
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Fig.3.14 (a)-3 Time history of maximum shear strain distribution

The direction of displacement

Point A

Maximum value

length: 30-40(m)

VA
Y 1-X
Maximum shear strain \T/
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
| ——

Time: 25.07 (sec)

Fig.3.15 (b) Cross-sectional view of the reservoir embankment in the long side direction at the
time of maximum response
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strain in various directions is generated at simultaneously, it is expected that the shear strain at
the level of damage to the embankment is generated at the boundary between the bottom surface
of the embankment and the base of the ground. When the maximum shear strain is shown at
the point C during As shown in Fig.3.23(c)-2, immediately after 25.0 seconds have passed from
the start of the analysis in which shear strain +,, shows a maximum of 0.7%, the other five
components of strain show, very small values of €,, (0.006%), €y, (0.001%), €. (0.002%), Vay
(0.004%), and 7, (0.006%), respectively. At the time when ~,, indicates the minimum value of
0, 7y- changes to 0.1%. This complicated behavior is repeated.

Next, the value of each strain component around the time when the maximum shear strain
at each point indicates the peak is shown. Fig.3.24(a) shows the time history response for the
maximum shear strain at 20 and 30 seconds after the analysis start time. Here, the maximum
shear strain is 0.70% at the point C. Fig.3.25(b) shows the maximum shear strain time history
response at 50 and 60 seconds after the analysis start time. Similarly, the maximum value is 0.54%
at the point C. Both the strain levels reach the level at which the embankment is damaged. As
shown in Fig.3.3(d), the acceleration in the Y direction at 50 seconds to 60 seconds after the
analysis start time is larger than that at 20 seconds to 30 seconds after the analysis start time.
Furthermore, since the acceleration in the Z direction is relatively small compared to that of the
other components, the shear strain at the level of damage to the embankment is generated twice.
In large earthquakes, it is known that the level of the aftershock is also large. Thus, an attention

should be paid to the aftershock for the disaster prevention of a reservoir.

3.2.6 Seismic response analysis result: Acceleration response at the top of the

reservoir

The acceleration response at the top of the embankment is focused. The acceleration responses
in the X, Y, and Z directions are shown in Fig.3.26(a). The maximum acceleration value in the
X, Y, and Z directions are 730 Gal, 580 Gal, and 155 Gal, respectively. From the comparison
of the seismic intensity of the Japan Meteorological Agency, the maximum acceleration of 730
Gal in the X direction has corresponded to the maximum seismic intensity of the upper 6. In
addition, the displacement of the surface layer of the embankment is shown in Fig.3.27(b). The
maximum displacement values are 6.6 cm in the X direction, 5.4 cm in the Y direction, and 1.0
cm in the Z direction to correspond to the peak of the response acceleration. The peak time of
acceleration and the displacement are almost similar. Considering the peak of the acceleration
response value and the displacement response value, two large responses in the X direction at
the time of approximately 25.0 seconds and in the Y direction at the time of approximately 55.0
seconds have occurred.

From the results of the seismic response analysis in this section, it was found that the scale and
location of the stress concentration region in the embankment and the strain concentration region
at the bottom of the embankment can be estimated. Based on the result, the damage risk of the
reservoir is examined. When the embankment is designed, it is desirable for the embankment to
be constructed on the base ground which is relatively strong. Therefore, it is possible that the
potential weak surface exists between the base ground and the embankment due to the difference
in mechanical properties between the embankment and its surrounding ground. When a large
earthquake motion occurs, as shown in this study, the strain, especially shear strain, increases
near the weak surface. When the shear strain at the level obtained by the present analysis is
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generated in an embankment, it may be damaged. In fact, the shear strain whose level was more
or less same as that obtained by the present analysis was generated when an embankment was
damaged in the past. In the next section, a flood analysis due to the failure of an embankment
is carried out, and the damage scale of the embankment is decided that referring to the analysis
result in this section. In this section, the location and area where the shear strain was predominant
were 60 m to 90 m in the X direction and 30 m to 40 m in the Y direction near the center of
the embankment. In the analysis in the next section, the damage width of the embankment is
assumed to be 90m.
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3.3 Validation of Flood Analysis

In recent years, heavy rainfall associated with the formation of linear precipitation zones has
become a record cumulative rainfall due to continuous rainfall in specific areas, causing floods that
exceed the flood risk level in rivers and slope failures in mountainous areas. A sediment-related

disaster has occurred!04)105)

. In particular, agricultural reservoirs often exist in the outflow routes
of debris flows in mountainous areas, and many of them need to be repaired due to deterioration.
Old agricultural reservoirs with incompletely controlled spouts may not be able to withstand rapid

106) " If such an old reservoir is blocked by a debris flow including

flooding due to torrential rains
driftwood in a short time, it may collapse immediately. In areas where there is a residential
area downstream of the reservoir, if the upstream reservoir collapses, a large amount of earth
and sand, including driftwood, will flow in and cause enormous damage. In response to this, the
revision of the Hydraulic Prevention Law in May 2005 made it mandatory to distribute hazard
maps such as floods, and each local government thoroughly disseminated disaster information and
evacuation sites. As a result, a reservoir hazard map of major reservoirs with houses and public
facilities in the downstream area was created'9”). In areas where sediment-related disasters and
flood disasters have occurred in the past, we have created our own detailed voluntary disaster

108)  However,

prevention map using a workshop method and used it for disaster prevention drills
while these voluntary disaster prevention maps can be evaluated for the fact that the predicted
range of flood due to flooding of rivers and the collapse of reservoirs is shown on the map, the
situation of the flood that changes from moment to moment is not clear. Regarding the collapse
of the reservoir on the voluntary disaster prevention map, the outflow route does not always
follow the topography. In some cases, the flood distribution in the plain at the tip of the runoff
shows a spread irrelevant to the altitude, or it is expressed as if it does not flood even if it is lower
than the surrounding area. For this reason, the voluntary disaster prevention map showing the
damage assumption on the safety side may underestimate the damage in some cases. Therefore,
the threat of disaster may not be transmitted to disaster prevention personnel such as local
governments and disaster prevention organizations that refer to the voluntary disaster prevention
map. There is a possibility that disaster risk may be underestimated. As a previous study,
a method for evaluating disaster risk in each region using river flood inundation analysis and
debris flow inundation analysis in mountainous areas has been proposed!??). In addition, Suzuki

1.119) conducted flooding experiments and flood inundation simulations of a large reservoir

et a
model and showed the assumption of collapse, however, most of the research has not been proven
when the reservoir suddenly collapsed by the earthquake.

Therefore, in this study, a reproduction analysis is carried out to understand the flood risk in
the urban area downstream of the reservoir. The differences between the analysis results and the
actual examples of flood damage as the " Range where there is a risk of flooding if the embankment
breaks” in the voluntary disaster prevention map are extracted. It also shows the time historical
changes in flood analysis and considers flood routes. The target of the reproduction analysis
described later is not the collapse of the upstream reservoir embankment, however the natural
discharge of the reservoir in the middle basin and the flood situation in the urban area in the

downstream area.

60



3.3.1 Flood analysis that reproduces the reservoir disaster

In this study, a large amount of debris flow due to heavy rain flows into the reservoir, causing
the reservoir to exceed the reservoir capacity and the flood range in which the water flowing out
of the spout canal flows into the downstream residential area in chronological order. A simulation
was performed. The target reservoir was the Kamatsuka reservoir, which is one of the reservoirs
damaged by the heavy rain in northern Kyushu in July 2017. The scale of the reservoir is 11.5
m in height, 122.0 m in length, 99,000 m? in total water storage, 2.77 km? in basin area, and
11.5 m in height difference of the embankment. Due to the outflow from the drainage channel of
the Kamazuka Reservoir, a large amount of driftwood and earth and sand were deposited in the
downstream villages and rural areas. In order to compare the damage situation before and after
the damage, the aerial photograph taken by the Geographical Survey Institute before the flood

111) is shown in

damage is shown in Fig.3.28, and the aerial photograph after the flood damage
Fig.3.29. Data showing flood traces in chronological order was not available.

It was reported that the main cause of the damage was the collapse of the Yamanokami Reser-
voir in the upper reaches and a large amount of earth and sand and driftwood flowing into the

112),113) " The sediment accumulated to the full water level and did not over-

Kamazuka Reservoir
flow the embankment, although the sediment flowed below the embankment with a large amount
of driftwood, and the sediment flow was concentrated in the lateral flood canal. As a result, the
drainage channel was heavily eroded. The Yamada area to be analyzed in the lower reaches is
under the Nara Gaya River (see Fig.3.30), which has the collapsed Yamanokami Reservoir and
the eroded Kamazuka Reservoir upstream. In the basin, settlements are distributed along the
river and National Highway 386, which crosses the upper part of the river.

In the downstream, orchards and rice fields are widely distributed up to the irrigation canal
that intersects the Nara Gaya River, and in the recent heavy rain disaster, a large amount of
sediment flowed into these areas and sedimented in the surrounding agricultural land. The depth
of sediment was about 20 cm deep in those areas. In the same area, the flood damage due

to the heavy rain in northern Kyushu in 201214

experienced, since detailed voluntary disaster
prevention maps were created for each area, and evacuation training was conducted based on the
map. Although the voluntary disaster prevention map should be estimated on the safe side, the
prevention flood area downstream was about half of the actual damage. After the disaster, as
shown in Fig.3.31, the voluntary disaster prevention map has been updated and the status is

almost the same as the analysis result in this study.

3.3.2 Overview of flood analysis

In this study, the outflow of water in the reservoir in the middle part, which was the direct
cause of housing damage in the above areas was focused and the flood analysis was carried out.
The plan view (XY plane) of the 3D analysis area is shown in Fig.3.32.

For the XY plane, the analysis mesh of 5 m from the digital elevation model’® of the Geo-
graphical Survey Institute was used. In the 7 direction, the total height D was set to 20 m in
consideration of the reservoir depth of 10 m and the height difference of the reservoir. In consid-
eration of analysis accuracy. The mesh width in the height direction is 0.5 m for the bottom layer
and 5 m for the top layer and gradually increases from the second layer toward the upper layer, for
a total of 5,519,280 pieces of the elements were prepared. The roughness coefficient of the ground

~1/3

surface was set to 0.02 m s because there are few buildings near the reservoir embankment
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Fig.3.28 Aerial photograph of normal times (before disaster) (extracted from Geospatial Infor-

mation Authority of Japan)!'!

Fig.3.29 Aerial photograph after disaster (excerpt from Geographical Survey Institute) 111)
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Fig.3.30 Hazard map before the disaster (excerpt from Asakura City public materials)

Fig.3.31 Hazard map updated after the disaster Partial excerpt from Asakura City public ma-
terials)

63



3965m

~ Water depth: 10 m

.| Each mesh size :
plane:5mx5m
height: 1 m

Elevation

3480m |

Fig.3.32 Analysis object

64



and residential roads and cultivated land was mainly distributed. It has been reported that the
discharge channel, which was the outlet for water, was only slightly damaged. It is presumed that
the width and height of the breach were kept almost constant because the channel was reinforced
with concrete. Therefore, for the width and height near the drainage channel, a mesh was created
using the digital elevation model of the Geographical Survey Institute. When the width of the
drainage channel is measured, it is about 15 m Fig.3.32). In the analysis, the natural flow from
this drainage channel was reproduced. Regarding the boundary conditions, the bottom surface of
the earth was the non-outflow boundary, the top surface of the sky was the atmospheric boundary,
and the four horizontal sides were the outflow boundaries. The water flow due to the collapse of
the upstream reservoir was once blocked by the Kamazuka Reservoir, and the amount of water in
the reservoir gradually increased over time. Furthermore, it was reported that the water flowed
out from the flood discharge channel on the side of the reservoir when the capacity was exceeded.
Therefore the analysis was carried out based on the fact that the Kamazuka Reservoir at the
time of the disaster was full. Regarding the amount of water, multiple box-shaped water columns
with a height of 10 m are arranged according to the amount of water in the reservoir and the
planar shape. Since the water is discharged naturally, the difference in the width of the drainage
channel and the water depth of the reservoir has a small effect on the flood range, therefore the
sensitivity analysis was not performed in this study. The analysis conditions for the gas phase
(air) and the liquid phase (water) are shown in Table 3.2.

Table 3.2 Material properties of water and air
Physical characteristics | Vortex viscosity coefficient (m?/s) | Density (kg/m?)
Water 1.00 x1076 1000
Air 1.48 x1075 1
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3.3.3 Results of flood analysis

A model of a fully-filled reservoir was created and naturally drained from the drainage ditch
on the side of the reservoir. The flood conditions at each time of 2.5 minutes, 5 minutes, 12.5
minutes, and 15 minutes from the start of the analysis are shown as Fig.3.33, Fig.3.34, Fig.3.35,
Fig.3.36. The contour distribution shows the liquid phase volume fraction (a) by the VOF
method (Volume of fluid) described above. Because the purpose of this study is not to reproduce
the detailed state of the water surface shape, the bottom element in the analysis mesh is focused
and « in this element is estimated as the flood depth. Since the height of the element is set to 0.5
m as described above, the range where « exceeds 0.5 (white range in the figure) is the range as
the flood height exceeds 0.25 m. This height is about the knee length of an adult, also is difficult
to evacuate.

According to the analysis result after 2.5 minutes (Fig.3.33), the runoff water from the drainage
ditch reached the residential area. From the drainage ditch to the residential area, there are not
many obstacles on the topography of the valley, therefore it is considered that the runoff reached
very quickly in the actual situation.

According to the analysis result after 5 minutes (Fig.3.34), the water flow that greatly exceeded
the capacity of the Nara Gaya River continued to flow along with the topography of the valley
and various parts of the downstream area. Was completely submerged in. At this time, there
was no flood in the slightly elevated area in the northwestern part of the residential area. The
tip of the spill has spread over a wide area of national roads and residential areas.

After 12.5 minutes (Fig.3.35), almost the entire residential area was flooded. It does not
appear to be flooding in a few high altitude areas. Most of the orchards and rice fields at the tip
of the runoff (Fig.3.28) spread in a delta shape and flooded. Furthermore, in the southeastern
region, areas not flood shown in the hazard map (Fig.3.30) created before the disaster flooded.

After 15 minutes (Fig.3.36), the water that spread to the side slowly moved to the lower part
of the land along the road and flowed downstream.

Compare the analysis result with the actual damage photo (Fig. 3.29). In the analysis, the
location where water collects and the damage situation in the photograph seem to be different in
the left-right direction. However, the flow of runoff in the analysis shows that after the flood has
settled down, the flood has already flooded to the left and right, and then a puddle remains, and
the flood history is almost the same as the actual damage. The analysis result and the voluntary
disaster prevention map (Fig.3.30) the large difference was found in both the flood route and
the flood range. The voluntary disaster prevention map created before the disaster was estimated
based on the experimental advice of local residents, however, like the hazard map created after
the disaster, analyzing and verifying based on the topographical data is important.
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Fig.3.34 Flood situation (5 minutes later)
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Fig.3.36 Flood situation (15 minutes later)
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3.3.4 Summary of validation of flood analysis

Flood analysis was conducted in the Yamada area of Asakura City, Fukuoka Prefecture, based
on the case of a heavy rain disaster in northern Kyushu in July 2017. As a result of the analysis,
the area damaged by the flood and the flooded area in the analysis result were almost the same.
However, when comparing the analysis results with the voluntary disaster prevention map, there
was a large difference in the range of the downstream runoff area. In the analysis, the temporal
flood situation is also clarified, therefore that even ordinary residents can easily imagine the flood,
which can be useful for evacuation planning. Furthermore, since it became clear that areas where
water is difficult to draw due to the difference in topography, it is expected to provide materials
that can be used as a reference for evacuation routes and traffic regulations.

From the above, it was possible to show that the flood analysis by this study is almost in
agreement with the actual flood results and that the analysis conditions are appropriate. In the
next section, flood analysis is going to be carried out for the reservoir.
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3.4 Flood Analysis of Reservoir

3.4.1 Overview of flood analysis

The flood analysis of the reservoir is carried out based on the results of the earthquake response
analysis in the previous section. The reservoir as the analysis object is close to the urban district
and the water storage capacity is 1.24 million tons. An overview of the analysis target is shown
in Fig.3.37. The analytical domain is 1,563 m in the east-west direction (the X direction)
and 2,734 m in the north-south direction (the Y direction) in order to secure the range which
sufficiently includes the reservoir and its runoff area. The height direction (the Z direction) is
100 m. Regarding the boundary conditions, the bottom surface is a non-outflow boundary, the
top surface is an atmospheric boundary, and four lateral surfaces in the horizontal direction are

outflow boundaries.
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Fig.3.37 Overview of flood analysis model
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the building shape of the urban district is acquired from the numerical surface model: DSM
(Digital Surface Model) and is combed with the surface data in order to match the roughness
of the ground surface with the actual condition. In addition, the two kinds of analysis mesh are
estimated that one is considering buildings and the other is not considering buildings. The shapes
of the ground surface are obtained from the elevation data of the 5 m mesh of the Geospatial
Information Authority of Japan. It should be noted that the embankment height of the reservoir
is 11.4 m from the ground level. The elevation data of the Geographical Survey Authority of
Japan does not include the bottom of the reservoir. Therefore, the mesh of the bottom of the
reservoir is set to the same level as the plain just under the embankment of the reservoir by
interpolating the elevation data, and it was set to the gentle gradient from the bottom of the
embankment body to the upstream. The difference in elevation at the bottom of the analytical
model is shown in Fig.3.38(a) when there is a building and in Fig.3.39(b) when there is no
building. The minimum value of the elevation is set to 0 m.
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Fig.3.38 (a) Elevation difference of the Fig.3.39 (b) Elevation difference at the
bottom of the analysis mesh con- bottom of the analysis mesh that
sidering the building does not consider buildings

3.4.2 Boundary conditions for flood analysis
The water depth of the reservoir is set to 4.5 m to 5.0 m, assuming that the water depth at the

time of the earthquake is normal. The width of the embankment damage is 90 m considering the
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safety side referring to the seismic response analysis in the previous section. The roughness of
the ground surface adopts the wall function (nutkRoughWallFunction) implemented as a solver
of the general analysis code of the OpenFOAM. Because the outflow from the embankment is
expected to be turbulent flow, the flowing water is affected by the kinematic viscosity coeflicient
at the ground boundary. The kinematic viscosity coefficient and density for the gas phase (air)
and liquid phase (water) are shown in Table 3.3. In addition, to consider friction at the bottom
surface boundary, the roughness coefficient assuming a living road and arable land is set to Ks

= 0.2 m, referring to the study!0®).

Table 3.3 Material properties of water and air

Physical characteristics | Vortex viscosity coefficient (m?/s) | Density (kg/m?)
Water 1.00 x 1076 1000
Air 1.48 x 1075 1

The element division of the analysis mesh adopts the automatic element division function (snap-
pyHexMesh) of the OpenFOAM. This function smoothly subdivides irregularities at the ground
boundary. In addition, the higher the height is, the longer the length of each element in the
Z direction is in order to reduce the calculation cost. Regarding the setting of the automatic
element division, hexahedral elements are constituted so that the element size becomes approxi-
mately uniform size in the horizontal direction, and the element size gradually becomes larger in
the depth direction while adjusting so that the aspect ratio of the element keeps about 6 or less.
The elements near the building mesh are automatically subdivided into any tetrahedral element
of arbitrary shape. As an example of auto meshes, only three layers of elements at arbitrary
locations are extracted from the bottom surface, and the enlarged display is shown in Fig.3.40.
By the automatic element division, the element size at the bottom is 2.5 m in length and 3.0 m in
width. The heights of the three layers of elements are 0.6 m, 0.9 m, and 1.4 m in order from the
bottom. The volume is 4.7 m?3, 7.1 m?, and 10.7 m? from the bottom. By such element division,
the total number of meshes is 4,992,579. In the analysis step, sufficient analysis time is ensured
until the outflow reaches the downstream region.
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Fig.3.40 Conceptual diagram of 3 layers extracted from the bottom surface from the analysis
elements
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3.4.3 Flood analysis results: Flow velocity distribution

From the author * s past study'2?)

it is proven that the peak of the velocity and flood depth of
the outflow water from the reservoir roughly agree. Therefore, it is considered that the features
of floodwater can be grasped by extracting the maximum flow velocity and flood depth at each
point located in the downstream of the reservoir. The analysis element of the second layer from
the bottom is selected to extract the flow velocity. The height of the center of the second layer
element is approximately 1.1 m(Fig.3.40,0.6 m + 0.45 m) to 1.3 m from the ground surface, which
roughly corresponds to the center of the first floor of a general wooden house. The maximum
velocity distribution on a plane map can be displayed by extracting the maximum velocity at this
height for all elements. The velocity distribution in the analysis taking buildings into account is
shown in Fig.3.41(a), and the velocity distribution in the analysis not considering buildings is
shown in Fig.3.42(b). According to these figures, the flow velocity is 4.0 m/s to 5.0 m/s near
the region of the embankment. The flow velocity is 2.0 m/s to 3.0 m/s in the region of 500 m
away from the embankment. This is due to the effect of the unevenness of the ground surface.
In general, the flow velocity decreases as the distance from the collapsed embankment increases
in river floods. However, the reservoir suddenly collapses due to a large earthquake, as in this
study, the outflow water velocity reaches the region far from the embankment without slowing
down so much, keeping 2.0 m/s to 3.0 m/s of the velocity. Furthermore, due to the regional factor
that there are few buildings within 500 m from the embankment, the range in which the flow
velocity does not decrease (In Figures, in dashed white lines) expands. On the other hand, the
flow velocity decrease in the area where there are many buildings (In Figures, in dashed black
lines), and it is shown that the robust building has the effect of reducing the momentum of the
outflow water is shown. Therefore, the flow velocity area from 1.0 m/s to 2.0 m/s is wider in the
case not considering buildings compared with the case buildings. From these results, the flooded
area will be different depending on the existence of buildings, when the flood of the reservoir

actually occurs.

3.4.4 Results of flood analysis: flood depth distribution

In this sub-subsection, the maximum flooding depth is discussed. As well as the velocity
distribution in the previous sub-subsection, Fig.3.43(a) shows the maximum flooding depth
distribution when considering the buildings, and Fig.3.44(b) shows it when not considering the
buildings. In both figures, the areas where with maximum flooding depth is from 2.0 m to 2.5
m exists not only near the embankment of the reservoir but also in the far distance from the
embankment. This is due to the unevenness on the ground surface. As for the maximum flooding
depth, there are places where the flooding depth becomes deeper around 500 m and 1,000 m from
the reservoir, as in the case of the flow velocity. In addition, near the northern end of the analysis
area, there is the area where the maximum inundation depth is 2.5 m to 3.0 m. This is due to the
existence of grade separations (underpass) of the road. In addition, the flood area of the flooding
depth less than 1.0 m exists in the wide area compared with the case in which the buildings are
considered. This indicates that the presence or absence of buildings in urban areas has a large
effect on the flooding depth.
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3.4.5 Comparison with the current hazard map

the analysis results with the current hazard map3® provided by the government are compared
to the analysis results. The hazard map of overflowing reservoirs provided by the government is
shown in Fig.3.45. A dotted line mark is added to the figure in the portion where the flooded
depth is 2 m or more. The result of the analysis of flood distribution shown in the previous
sub-subsection with the addition of a dotted line mark in the flood area of 2 m or more as in
the hazard map is shown in Fig.3.46. In the comparison of the two figures, the planar spread
of water flow is generally consistent. However, in the hazard map, the damaged part of the
reservoir is not clear. In addition, it is different from the analytical result shown in the previous
sub-subsection, because the damage which becomes the largest is assumed in the hazard map.
In the previous sub-subsection, plastic deformation and residual stress cannot be reproduced by
the analysis, because the analysis is performed using a non-linear elastic model. However, the
outline of the dam failure can be grasped, because the indication of the place where stress and
strain concentrate are indicated.

In the analysis, the flood depth is 2 m or more at 500 m or 1,000 m away from the embankment
distanced indicated by a red circle. Such a place does not exist in the hazard map provided by the
government. In this area, the flood depth is assumed to increase instantaneously when the flood
is diverted and diffracted by the influence of buildings as well as the unevenness at the ground
surface. Therefore, the current hazard map is close to the flood situation without considering the
buildings in the flood analysis, and the flood situation is different from that by considering the
buildings in the analysis. In this way, it is considered that the three-dimensional flood analysis
considering the building should also be reflected in the hazard map from more safety point of

view.

3.4.6 Impact on flood damage due to different scale of embankment damage

The impact on flood damage due to the difference in the scale of damage caused by the earth-
quake was considered. In the previous section, the damage width was set to 90 m on the safe
side. However, in reality, the damage width may be smaller. When the scale of damage is small,
it is useful to understand how it affects the flood range and the momentum of runoff by numerical
analysis. In this study, the minimum value of the damage width was set to 30 m because the
lower limit of the range showing the maximum response at the top of the embankment was about
30 m by seismic response analysis. Furthermore, because the upper limit was about 90m, it was
set to 60m as an intermediate value with the lower limit. The analysis conditions are the same
as for the damage width of 90 m.

The flood distribution with damage widths of 30 m and 60m is shown in Fig.3.47. As shown
in the figure, there was no significant difference in the spread of the horizontal flood distribution
due to the difference in the damage width. Comparing the flood range obtained by the analysis
with the flood range (dotted line in the figure) of the reservoir hazard map published by the local
government, although the damaged positions of the embankments were different, the flood ranges
were almost the same. Therefore, it was shown that the influence of the damage scale and the
difference between the three-dimensional element analysis and the two-dimensional analysis do
not significantly affect the horizontal flood situation.

Beside, the relationship between the passage of time until the runoff arrives and the flood
height is shown in Fig.3.48. Here, since the hazard map of the area does not show the time
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Fig.3.47 Flood distribution with damage widths of 30m (left) and 60m (right)
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until the flood, we will verify only the analysis results. In the figure, the distances from the
reservoir embankment are 100 m, 250 m, 500 m, and 1,000 m. These thresholds are based on the
designated criteria for disaster prevention priority reservoirs in the Law Concerning Management
and Conservation of Agricultural Reservoir. By standard, the case of locating house within 100
m, the case of locating house within 100 m to 500 m with a water storage capacity of 1,000 m?
or more, and the case of locating house within 500 m with a water storage capacity of 2,000 m?
or more, are classified. When the damage width was 60 m, the flood depth reached 2 m in 100
seconds at a point of 100 m from the reservoir embankment. At the point of 500 m, the flood
depth reached 1.2 m in 400 seconds, and at the point of 1,000 m, the flood depth reached 0.5 m
in 700 seconds. When the damage width was 30 m, the flood height was reduced by about 30%.

In order to confirm the effect of hydrodynamic pressure on the building, Fig.3.49 shows the
time course of hydrodynamic pressure at each point. When handling topographical data and
buildings three-dimensionally, the effects of water wraparound and bounce on houses are reflected
in the hydrodynamic pressure. Therefore, it is possible to grasp information that cannot be
obtained with conventional hazard maps. Here, the hydrodynamic pressure near the water surface
in the central part of the first floor of the house or at a point where the water depth is low was
extracted. At all points, the hydrodynamic pressure exceeded 200 kN/m?, indicating that damage
to the house was inevitable.

The time history of the flow velocity at each point is shown as Fig.3.50. The data extraction
height here was set as the same as the hydrodynamic pressure height. As a result of the analysis,
it showed 7.0 m/s instantaneously at the 100 m point, 4.5 m/s at the 250 m points, and converged
to 3.0 m/s at the other points.

From the above, the analysis results according to the difference in the damage scale of the
embankment are shown. As a result of the analysis, it was shown that the size of the embankment
does not significantly affect the extent of the horizontal flood range. On the other hand, the closer
to the embankment, the stronger the influence of the damage width on the flood depth, dynamic
water pressure, and flow velocity. Therefore, in areas close to the reservoir, it is important to
clarify the risk that the difference in the damage scale of the embankment will greatly affect the
flood damage by using hazard maps.
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3.5 Summary of Evaluation of Collapse of the Reservoir Em-
bankment and Flood Risk

In this study, at first, three-dimensional seismic response analysis was carried out. In the
analysis, the analytical mesh was made with the use of complicated ground information as it is,
and the seismic wave assuming the huge earthquake of Nankai Trough was input in it. As a result
of the earthquake response analysis, it is shown that the damage location and the damage range
in the embankment of the reservoir could be grasped.

Next, the three-dimensional flood analysis was carried out. In the analysis, based on the same
ground surface data as the one used in the seismic response analysis, the damage locations and
range of the embankment of the reservoir obtained by the seismic response analysis were reflected
in the three-dimensional flood analysis. As a result of the flood analysis, it is possible to grasp
the flood height and flow velocity on the ground surface.

In addition, in the flood analysis, it was assumed that the building was considered in the ground
surface data and that it was not considered. From the comparison between the flood analysis
results and the current hazard map, it is found that the hazard map is similar to the analysis
results without considering the building, while the presence of the building affects the flood depth
and flow velocity when considering the building. In other words, it is indicated that the accuracy
of flood prediction may be improved by considering the buildings on the ground surface even for
the current hazard map.

In the next chapter, the damage prediction distribution of houses will be evaluated from the
distribution of flow velocity and flood depth obtained from the flood analysis results.
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4 . Risk Assessment of House Damage

4.1 Overview

According to the Cabinet Office, the probability of a major earthquake in the Nankai Trough is
80% within 30 years, and great damage is predicted in the Chugoku-Shikoku region and the Kinki
region on the Seto Inland Sea coast. One of the characteristics of the damage caused by the great
earthquake was the collapse of the reservoir, and the 2011 Tohoku-Pacific Ocean Earthquake

84). Many other reservoir

broke the Fujinuma Dam, one of the reservoirs in Fukushima Prefecture
embankments are damaged each time a relatively large earthquake occurs, and poorly managed
reservoirs are particularly dangerous. In addition to the large earthquakes, flood damage caused
by torrential rains and typhoons has occurred in recent years, and prefectures and municipalities
have conducted a simultaneous re-inspection of reservoirs nationwide.

As a result, the reservoirs that meet certain criteria were re-selected by the Ministry of Agricul-
ture, Forestry, and Fisheries as disaster prevention priority reservoirs. Although there are many
reservoirs that are aging and need repair, it is practically difficult to take hard measures such
as early seismic retrofitting of all reservoirs. For this reason, hazard maps have been created for
the purpose of appropriately evacuating and protecting human lives before a disaster occurs, and
soft measures such as conducting disaster prevention drills using this map are also being adopted
at the same time. On the other hand, there is also the problem that it is difficult to raise the
awareness of local residents who are the target of disaster prevention drills, and there is a problem
that hazard maps are not used in the event of an actual disaster (for example, literaturen6)).
Against this background, efforts to mitigate disasters in light of the intensification of water

disasters!?)

and the increased risk of water disasters have been considered recently, however,
in response to the collapse of the reservoir during a major earthquake. Concerning the major
earthquake disaster, it has been examined that cases related to floods and damage to houses
due to the collapse of the reservoir embankment are concentrated in large earthquakes such as
the Tohoku-Pacific Ocean Earthquake, however, the cause of damage to houses is unknown from
the damage records, and detailed examinations have been unconducted. When the embankment
of a reservoir suddenly collapses due to a major earthquake, unlike normal river flooding, the
accumulated water becomes flash floods and overflows at once. For this reason, it is almost
impossible for residents living near the reservoir to evacuate from their residence to a safe area,
and in situations where evacuation is difficult, vertical evacuation inside the house is a means to
save lives. At this time, when a house may be damaged by the runoff water and even vertical
evacuation may be difficult, the risk of damage to the house can be explained to the residents.
Therefore, in this study, the runoff water generated by the collapse of the reservoir is predicted

by flood analysis, and the risk of damage to the house is evaluated.
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4.2 QOutline of Damage Judgment of House

Damage judgment of houses is carried out from the depth of flood. The criteria for damage
are based on the Ministry of Agriculture, Forestry and Fisheries Reservoir Creation Guideline®?),
When the collapse evaluation of a house is carried out, the relation yield strength curve of
the building calculated with the flow velocity as the vertical axis and the flood depth as the
horizontal axis is shown. Particular examples of house damage are shown in the Ministry of Land,
Infrastructure, Transport, and Tourism’s flood estimation area map creation manual, etc.®)118),
The flow velocity U (m/s) and the flood depth h (m) are assumed by the equations. Therefore,
in this study, the following formula assuming the first floor of a wooden house (about 1.10 m
from the ground surface) flooded are examined. Where the equation (4.1) is a new arthquake
resistance standard, the equation (4.2) is the old arthquake resistance standard and the equation
(4.3) case of sliding.

Collapse judgment equation based on the new earthquake resistance standard:

5.83
U= m .................................................................. (4.1)

Collapse judgment equation based on the old earthquake resistance standard:

1.56
U — TroIqo) (4.2)

Collapse judgment equation due to sliding:

0BT @3

In general, the maximum flow velocity U and the temporal peak of the maximum flood depth h
are almost the same. Therefore, in this study, the collapse judgment is carried out by extracting
only the maximum value of the analysis value, not the solution in which the temporal unsteady
values in the flood analysis are sequentially calculated. In addition, the sliding judgment equation
(4.3) does not take into account the scouring because it is premised that the acting load exceeds
the frictional force on the bottom surface of the foundation. Originally, it is desirable to use an
equation that takes into account the scouring, but in this study, considering that it is difficult
to grasp the ground parameters, simply, only two parameters, flow velocity, and flood depth are
used. Therefore, the equation for determining the collapse of a house (4.3) was adopted.

OpenFOAM, which is a general-purpose analysis code for 3D numerical analysis, can output
the flow velocity, but cannot output the flood depth. Therefore, in this study, the flood depth is
calculated from the volume fraction « output by OpenFOAM. The amount of water, which is a
physical quantity in the analysis element, is calculated by multiplying the volume fraction at the
node of the analysis element by the fluid density, and then outputs the average value of each node
as the value at the element center. Since the water surface cannot be explicitly solved by the
VOF method, it is necessary to specify the ratio of the amount of water in the analysis element.
When the resolution of the analysis mesh is sufficient, the water surface in the VOF method is at
the center of the analysis element for convenience. Therefore, in this study, the condition for the
existence of the water surface was set to a > 0.5. In addition, the elements below the element
that is considered to be the water surface vary in the range of 0.5 < o < 1. Although it is an
overestimate, the liquid phase was set to a = 1.0 in order to consider the safety side. As a matter

85



of course, the element above the element considered to be the water surface satisfies a < 0.5.
Where, assuming that there is a water surface in the n the analytical element from the analytical
element in contact with the ground surface, the flood depth h, (m) can be calculated using a
volume fraction a,,, a volume of V,, (m?) and a bottom area A,, (m?) as follows.
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4.3 Verification of Validity of House Damage Judgment

4.3.1 Analysis summary

It is difficult to obtain detailed data when a reservoir collapses due to a large earthquake and
the houses downstream are damaged due to the small number of events. Therefore, in order to
verify the validity of the damage risk evaluation of the house in this study, we will carry out a
reproduction analysis with reference to the actual damage caused by the heavy rain disaster for
convenience. The target of the flood analysis is the heavy rain disaster ') in Mabi-cho, Okayama
Prefecture, which was affected by the heavy rain disaster in western Japan in 2018. The target
river is called the Suemasa River, and it was reported that both embankments broke due to
flooding on the right bank and scouring on the left bank, and the houses on both banks of the
breach were damaged'??). The analysis mesh is set to reproduce the above. The analysis mesh
is shown in Fig.4.1. The boundary conditions are the non-outflow boundary at the bottom of
the ground surface, the outflow boundary at the four sides, and the atmospheric boundary over
the sky. In order to bring the unevenness of the ground surface closer to the actual situation,
the elevation data of the 5 m interval element obtained from the Geographical Survey Institute is
used. In addition, the collapse range of the embankment is reproduced from the damage report
and the photograph of the damage situation that the water that continues to flow from the
upstream (Y direction) flowed out to the left and right (X direction) at the broken. According

to the literature!20),

it is reported that the damage occurred in the range of 20m to over 30m
in the end. Therefore, in this study, we also measured aerial photographs after the damage of
the Geographical Survey Institute and set the predicted width on the safe side to 36 m. In the
same document, backwater was reported to have occurred. In order to reproduce the backwater
in the flood analysis, it is possible to input the backwater from the underwater side, but since
the analysis is complicated, a simple embankment was created for convenience in this study. In
addition, since there is no record of the flow rate of a single river, the analysis continued to
input until the flow became steady. In the preparatory analysis, the elevation data is edited
and deleted on the premise that the collapse has occurred. Since river water does not overflow
gradually but flows out at once immediately after it breaks, it is not possible to reproduce all the
current situation, but the damage to the houses is due to a large amount of river water flowing
out due to the embankment collapse. Therefore, it is considered that there is no problem even if
it is analyzed using ground surface data simulating a collapsed state.

4.3.2 Results of preparatory analysis

The velocity vector and the spatial distribution of the flood depth are shown in Fig.4.2. The
steady flow from the upstream separated on both sides (X direction) in the central part of the
river, and the flow velocity and flood depth were larger in the outflow area on the right side,
which is lower in altitude than on the left side. Where let the arbitrary point on the left side a
point A 60 m from the embankment and the arbitrary point on the right side is a point B where
is 20 m from the embankment. In the result of the analysis, the flow velocity was 1.6 m/s at
point A and 5.0 m/s at point B. The flood depth was 1.5 m at point A and 0.8 m at point B. The
fact that the ground level at point B near the embankment is about 1.0 m high has a slight effect
on the flood depth. In addition, the difference in speed greatly affects the difference in distance.
The flow flowing out of the embankment is very fast while the flood depth is shallow near the
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embankment. The flow velocity decreases as the distance from the embankment decreases, while
the flood depth increases due to the effect of a low ground puddle.

4.3.3 Damage judgment of a house

Damage to the house was judged at any number of points in both directions of the collapsed
embankment. The flow velocity (scalar value) is extracted from Fig.4.2, and the flood depth is the
volume fraction of the analysis output in the equation (4.4). It was calculated by substituting «,
and the equations (4.1), (4.2), and (4.3) were used to estimate the house damage. The relationship
between the endurance curve of the house and the flow velocity and flood depth at any number of
points is shown in Fig.4.3. In the figure, although the damage caused by sliding is subtle, it was
judged that the new earthquake resistance standard and the old earthquake resistance standard
would collapse.

Next, the flow velocity and flood depth were extracted over the entire analysis area, and the
points exceeding the limit strength of the house were displayed in a plane for each criterion.
Fig.4.4, Fig.4.5 aerial photograph results before and after the disaster by the Geographical
Survey Institute Is shown. Where, in order to verify the analysis results, the aerial photographs
before and after the disaster are also shown in the figure (Geographical Survey Institute '2V)).
In the aerial photographs, the places marked with ”x” Indicate the location of the house that
actually collapsed.

The new earthquake resistance standard, the old earthquake resistance standard, and the dam-
age judgment result due to sliding are displayed on Fig.4.6, Fig.4.7 and Fig.4.8 overlaid on
Fig.4.2. In the damage judgment result of the house, the central river part is not used for the
judgment. As a result of the judgment, the actual damage to the house and the result of the house
judgment by this study were almost the same. The flow velocity in the lower left part from the
collapsed part of the embankment is slower than the others due to the influence of the low flood
because of the rise of the ground. In this effect, it is judged that no damage will occur even under
the old seismic standard. However, it is considered that the house was damaged by the long-term
overflow water eroding the embankment and finally eroding the ground in the lower-left part. As
mentioned above, it is desirable to include the judgment considering the scouring, however, the
scouring is not considered in the sliding judgment equation (4.3) adopted in this study. Judgment
by scouring will be an issue for future study.

From the above, the outflow velocity of the flood water that suddenly collapsed and flowed out
by the reproduction analysis did not decrease. Therefore, it was found that when a house was hit
at a flood depth above a certain level, there was a high possibility that a general wooden house
would be damaged. The fluid analysis used only the ground surface data with no buildings. In
this reproductional study, even if there are no houses in the vacant lot, the collapse judgment is
carried out only by the flow velocity and flood depth. As for the sliding damage, as a result of
comparing the aerial photographs before and after the damage, the sliding damage (damage of
moving the house) cannot be confirmed. It is considered that it is almost the same as the judgment
based on the reproduction analysis result. Through the comparison between the analysis results
and the actual situation, it was shown that this method can almost reproduce the damage to the
houses caused by the flood. From this result, it is generally appropriate to evaluate the damage
to the house using the proposed method, and it is possible to predict the damage to the house
when the reservoir suddenly collapses during a large earthquake.

89



‘Steady flow

O O\ Luge SRS\
cmONRMOBOMNN
Flood depth(m)

7

00 0510 1.

S

| l

Fig.4.2 Preparatory analysis results (flow velocity vector and spatial distribution of flood depth)

8
—~ 7 —Damage(New standard)
Q —Damage(Old standard)
e 6
= —Sliding
> 5
s . ,
2 L ]
g3 >
2 2 . .
S \
Ll_ 1 :;‘ ::4‘0. o. I
0 E
0 1 2 3 4 5

Flood depth(m)

Fig.4.3 Damage judgment of a house

90



Fig.4.5 Aerial photo after disaster
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4.4 Judgment of Damage to Houses due to the Collapse of Reser-

voir

Flood analysis is carried out in this section to determine the damage to houses caused by runoff
water. The reservoir targeted for flood analysis corresponds to the disaster prevention priority
reservoir according to the survey results of the Ministry of Agriculture, Forestry and Fisheries,
and is a medium-sized reservoir that is close to the urban area and has a water storage capacity
of 1.24 million tons. As disaster prevention measures for this reservoir, hardware measures and
hazard maps have been prepared. However, there is no evaluation that damage to houses is
presumed due to the sudden collapse of the embankment due to a large earthquake and the
occurrence of floods. As a result of conducting a ground response analysis at the time of a

122) for the reservoir, it became clear that there is a risk of the

large earthquake by the authors
embankment collapsing. However, along with that, it was limited to a simple damage judgment
of the house at an arbitrary point, and the damaged area could not be displayed on the map.
Therefore, in this study, since the validity of the house damage estimation method was shown in
the previous section, the same evaluation method is going to apply to the reservoir disaster which
the house damage judgment is not displayed in the current reservoir hazard map.

Since the time for the runoff to reach the house was examined in the previous chapter, a detailed
explanation is omitted in this section, although the flow velocity of the runoff and the peak of the
flood depth are almost the same by flood analysis. For this reason, the maximum flow velocity
and maximum flood depth were simply extracted and used to determine the damage to the house.
With this method, it is possible to illustrate the risk of house damage based on flood analysis on a
hazard map, and it is expected that houses that are dangerous not only for horizontal evacuation
but also for vertical evacuation can be identified.

4.4.1 Overview of flood analysis

Flood analysis is carried out by the same method as in the previous section. Fig.4.9 shows the
outline of the analysis target. The horizontal direction of the analysis area was set to 1,563 m in
the east-west direction (X direction) and 2,734 m in the north-south direction (Y direction) in
order to secure a range that sufficiently includes the reservoir and runoff area. The height direction
was set to 80 m in order to secure the aspect ratio required for stable analysis. Regarding the
boundary conditions, the bottom surface of the earth was the non-outflow boundary, the top
surface of the sky was the atmospheric boundary, and the four horizontal sides were the outflow
boundaries.

In order to reproduce the condition of the ground surface, the shape of the ground surface
(bottom surface) was obtained from the 5m mesh elevation data of the Geographical Survey
Institute. The height of the reservoir to be analyzed is 11.4 m from the ground surface. In
addition, since the elevation data of the Geographical Survey Institute does not include the bottom
of the reservoir, the height is set to the same level as the bottom of the reservoir embankment
nearby, and reproduce the bottom with a gentle slope from the bottom of the embankment to
the upstream. Fig.4.10 shows the elevation difference at the bottom of the analysis model by
color classification. Furthermore, in order to get as close to the actual situation as possible,
the building shape of the urban area was acquired from the Digital Surface Model (DSM) and

combined with the ground surface.
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Regarding the setting of the water volume of the reservoir, it was assumed that the water
volume was always stored at the time of a large earthquake, and the water depth was set to 4.5
m to 5.0 m. The width of the damage was set to 90 m as a safety consideration with reference
to the flood analysis conducted by the authors!'??). For the roughness of the ground surface, the
wall function (nutkRoughWallFunction) implemented as a solver of the general-purpose analysis
code: OpenFOAM is adopted. The runoff water, which is expected to become turbulent due
to the sudden collapse of the reservoir, will be affected by the vortex viscosity coefficient at the
boundary of the ground surface. Where the vortex viscosity coefficient and density for the gas
phase (air) and the liquid phase (water) are shown in Table 4.1. Furthermore, in order to
consider the surface roughness at the bottom boundary, the sand grain height K's on the ground
was set to 0.2 m assuming the roads and cultivated land.

Table 4.1 Material properties of water and air
Physical characteristics | Vortex viscosity coefficient (m?/s) | Density (kg/m?)
Water 1.00 x1076 1000
Air 1.48 x1075 1

For the element division of the analysis mesh, the automatic element division function (snap-
pyHexMesh) of the general-purpose analysis code: OpenFOAM was used. With this function,
the unevenness at the boundary of the ground surface is smoothly subdivided, and the elements
expand toward the height, at the same time the calculation cost can be reduced. As a result
of the automatic division, hexahedral elements were generated as that the horizontal direction
would be approximately uniform in size, and in the vertical direction, the element size would
gradually increase while maintaining an aspect ratio of 6 or less. In the vicinity of the building,
it was subdivided into tetrahedral elements of arbitrary shape while maintaining the same size
as the adjacent hexahedral elements. In the flood analysis, the elements reached by the water
surface reached the third layer from the bottom, so the flow velocity and flood depth obtained
by the flood analysis were also extracted for three layers.

4.4.2 Flood analysis results

From the results of flood analysis, the maximum values of flow velocity and flood depth are
shown. As for the result data, the data of three layers of elements is extracted from the bottom
surface as in the previous chapter(Fig.3.40). The flow velocity is extracted from the analysis
element in the second layer from the bottom as the median value. The height of the element
center of the second layer is about 1.1 m(Fig.3.40,0.6 m + 0.45 m) from the ground, which
corresponds to the vicinity of the center of the first floor of a general wooden house. The value
that maximizes the flow velocity is extracted for all the elements in the same layer, and the
maximum flow velocity distribution is obtained. The extraction result is shown in Fig. 4.11. In
the figure, the area closest to the collapsed position of the embankment is 4.0 m/s to 5.0 m/s.
In the area slightly away from the embankment, as shown in Fig.4.10, at the point where the
elevation difference of the ground is about 2.0 m, the speed was higher than the surroundings at
2.0 m/s to 3.0 m/s. In general, flooding of rivers reduces the flow velocity at a location away
from the collapsed embankment. However, when the reservoir suddenly collapses due to a large
earthquake as in this study, the flow velocity is maintained at 1.0 m/s to 3.0 m/s even in the

area away from the embankment, and the runoff water does not slow down. Furthermore, it is
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considered that the range where the flow velocity does not decrease (inside the white dashed line
in the figure) has expanded due to the regional factor that there are few buildings in this area.
On the other hand, in areas with many buildings (inside the yellow dashed line in the figure),
the flow velocity is attenuated, indicating that a robust building has the effect of reducing the
momentum of runoff water.

Next, the maximum flood depth is shown in Fig.4.12. In the figure, the places where the
maximum flood depth is 2.0 m to 2.5 m are not always concentrated in the vicinity of the
embankment, and there are places that look unnatural. This reflects the unevenness of the
ground surface and is shown in the figure. The flood distribution is as follows. For example,
the height of the water surface in the second layer of the analysis element is the water surface
in the third layer for the adjacent element at a lower position. On the other hand, the location
where the maximum flood depth is displayed as 1.0m to 1.5m, despite the vicinity of the reservoir
embankment, seems to underestimate the maximum flood depth. However, the elevation is higher
than the surroundings because of the high water level, the presence of water in the first or second
layer has been affected. The area on the north side where the maximum flood depth is 2.5m to
3.0m is affected by the three-dimensional road.

4.4.3 Damage judgment of a house

Substituting the maximum flow velocity and maximum flood depth obtained above into the
yield strength equations (4.1), (4.2), (4.3) for the house and find the places where the limit
strength is exceeded. The judgment procedure is the same as the preparatory analysis in the
previous analysis, the relationship of the maximum flood depth (Fig.4.11) and maximum velocity
(Fig.4.12) of the flood analysis results and the damage judgment of houses (Fig.4.3) is compared,
the failure judegment of houses in flood area is expressed. The areas that were characteristic of the
maximum flow velocity and maximum flood depth figures are defined as A, B, and C, respectively.
First, the judgment result based on the new earthquake resistance standard is shown in Fig.4.13.
The collapse judgment is the red part of the figure. In Area A near the reservoir, the maximum
flow velocity was very high, so it was judged that it would collapse even when the flood depth was
shallow. However, in other areas B and C, the judgment result was that they did not collapse.
Next, the judgment result based on the old earthquake resistance standard is shown in Fig.4.14.
Since the yield strength is set lower than the new earthquake resistance standard, the range of
collapse judgment has expanded, and it was judged to be collapsed in all areas A, B, and C.
Finally, the judgment result by sliding is shown in Fig.4.15. Since the flow velocity and flood
depth thresholds are set high for the damage caused by sliding, the judgment result shows that
no damage caused by sliding occurs except for a small part near the embankment of the reservoir.

Based on the above, the disaster events in the reservoir during a large earthquake were com-
prehensively evaluated. Flood analysis was carried out in which the location and scale of the
collapse were predicted by seismic response analysis and the results were reflected in the analysis
model. Then, it was shown that the disaster risk can be evaluated by extracting the flow velocity

and flood depth from the analysis results and using them for the damage judgment of the house.
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4.5 Summary of Risk Evaluation by House Damage Judgment

In this study, the damage to houses in the outflow area when the embankment of the reservoir
suddenly collapsed due to a large earthquake was evaluated. In order to verify the validity of the
house damage judgment method, we reproduced the actual disaster case by numerical analysis
and tried to judge the house damage using the flow velocity and flood depth obtained from the
flood analysis. In the analysis results, there was a general agreement with the actual damage. It is
considered that the validity of the proposed method of this study was secured by the reproduction
analysis. Next, this method was applied to the flooding problem of the reservoir, and the damage
to the house was judged. Since it is necessary to obtain the flow velocity and flood depth of
the runoff to determine the damage to the house, the analysis mesh matched the unevenness of
the ground surface and the shape of the building to the actual situation. Then, flood analysis
was performed using a general-purpose analysis code. From the analysis results, the maximum
flow velocity and maximum flood depth were extracted, and the risk of damage to houses due
to flooding caused by the collapse of the reservoir embankment was evaluated. As a result of
this examination, not only the distance from the reservoir but also the difference in flood depth
depending on the speed of runoff water and the geographical effect, and when the house has the
new earthquake resistance standard, the damage to the house is small.

The damage to houses caused by the reservoir disaster was evaluated above. By this method,
for example, by expressing the damaged area of a house on a hazard map, the risk of disaster can
be clearly communicated to residents who are expecting vertical evacuation to the second floor.
In the future, it will be possible to create a ”House damage hazard map” by the method proposed
in this study for places where the reservoir and the house are close to each other. In the event
of a reservoir flood, it is expected to contribute to appropriate evacuation methods and create a
city that is resilient to disaster development policies.
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5 . Evaluation of Disaster Damage Scale

5.1 Overview

In recent years, as the risk of sediment-related disasters and reservoir disasters due to frequent
heavy rains has increased, it is required to smoothly promote not only disaster prevention and mit-

123) ' 1n order to enable quick response

igation but also recovery and reconstruction after disasters
to recovery and reconstruction, it is necessary to quickly grasp the disaster situation and organize
information objectively. There are various methods for collecting topographical information after
a disaster. Aeronautical laser measurement is used as an example of obtaining detailed topograph-
ical data. Kikuchi et al.'?¥) proposed a method for quantitatively acquiring landslides and slope

125) showed

failures by analyzing information from aerial laser measurements. In addition, Inui
that the slope survey results by aerial laser measurement are useful information for the restora-
tion of the mountain restoration facility in the forest area where the landslide occurred in the
2016 Kumamoto earthquake. As mentioned above, it has become possible to formulate detailed
restoration and reconstruction plans by utilizing detailed topographical information. However,
aerial laser surveying and processing of enormous terrain data require specialized knowledge, and
since the measuring equipment is special, it is not always possible to easily collect information in
any disaster situation.

As a new method for analyzing disaster situations, analysis methods using artificial intelligence
are becoming active. For example, Okazaki et al.'?%) developed a method for extracting building
characteristics and predicting typhoon damage by deep learning using a building database. In
addition, Ueda et al.>® use a convolutional neural network (CNN), which is an artificial intel-
ligence method, using SAR images that can obtain detailed terrain using satellite radio waves
before and after the disaster and ground surface data based on aerial laser survey. Similar to the
above, these methods are also based on the detailed database obtained by advanced research, and
although they are highly accurate, it takes time to prepare the analysis data immediately after
the disaster under emergency situations. At present, helicopters and drones capable of aerial
photography are survey equipment that can be used in actual disaster sites. Shinohara et al.'28)
reported the particular effect in grasping disaster information in interviews with firefighters who
rescued at the forefront of sediment-related disaster sites during the heavy rains in Hiroshima
in August 2014. One of the equipment that were used was shooting with a drone, and it was
reported that it was highly evaluated as well as aerial shooting with a conventional helicopter. In
this way, the method of collecting information using aerial photographs and videos using drones
as a survey method for the purpose of quickly grasping the actual situation immediately after a
disaster that can be put into practice at the site is considered to be the mainstay for the time
being, and for detailed surveys using aerial laser surveys and SAR images are mainly conducted

after a disaster.
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Therefore, in this research, basic research is carried out for the purpose of developing artificial
intelligence that automatically detects the disaster situation using aerial photographs taken after
the disaster. CNN is used as a method for learning artificial intelligence. When CNN is applied
to a disaster image, a model that automatically recognizes the characteristic parts of the disaster
image is constructed. On the other hand, since the CNN method requires a large number of sample
images, it is pointed out that in a situation where there are few cases of taking aerial photographs
after a disaster, the accuracy judgment of damage is limited'??). In the author’s research!??, a
heavy rain disaster that caused the flooding of the reservoir and determined the damage to
the house by CNN was assumed, however, the number of data was small, thus improving the
accuracy was an issue. Therefore, in this study, aerial photographs of sediment-related disasters
and reservoir disasters, which have a relatively large number of samples are focused on and
conducted basic research to automatically detect these disasters. When the damage situation can
be grasped from the aerial photographs after the disaster, it can be expected that the damage
situation can be grasped more objectively and quickly than the evaluation by human beings such
as visual inspection.
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5.2 Detection of Floating Reservoirs and Sediment-related Dis-
asters after Heavy Rain Disasters using Deep Learning Mod-

els

5.2.1 Preparation of training data

In this study, the method of estimating the number of automobiles from aerial photographs®?)

is applied to detect areas where slopes are exposed due to sediment-related disasters and areas
where sediment is accumulated due to reservoir disasters. First, map data for learning to carry out
supervised learning is created. The aerial photograph data can be obtained from the Geographical

131) " where the aerial photographs after the disaster are published. It is socially

Survey Institute
useful to be able to adopt public data that is easily available as learning data. Next, the learning
data for detecting the disaster location is created from the obtained map image. All training
data should be unified to the same size image. The larger the map image size, the higher the
calculation cost. In this study, in order to reduce the load on the computer, the resolution is set
to 35 cm per pixel, and aerial photographs with a size of 1200 x 1200 pixels (420 m x 420 m)
are prepared. Then, gradually increasing the number of collected images, 18 sample images, 18
images rotated 90 degrees based on the sample images, 18 images rotated 180 degrees in the same
way, a total of 54 samples. Since the results were stable, the number of images was 54 in this
study. With respect to these aerial photograph data, the disaster location (defined as Positive)
is positioned as a location that is likely to have been damaged by sediment-related disasters and
reservoir disasters and visually add a 1 x 1 pixel ”point” in the center of the disaster area (defined
as Annotation). Then, points are added in the same way for fields, forests, roads, villages, etc.
as structures other than the above Positive (defined as Negative). In this way, 54 images of the
original aerial photograph, 54 images that add only points to the Positive position, 54 images that
add only points to the Negative position, a total of 162 images prepare. Fig.5.1 shows an example
of displaying the positive points superimposed on the original image of the aerial photograph and
displaying the negative points superimposed on the original image in the same way. Since the
size of the points is as small as 1 x 1 pixel and difficult to read, the points are enlarged and
displayed in this figure. The image in the center of the figure is the result of confirming whether
the learning model of CNN correctly recognizes the disaster location by CAM (Class Activation

)132). When CAM is performed on a disaster location at any point, as shown in Fig.5.1,

Mapping
in the image of the disaster, it is shown that the color differs between the damaged part and the
undamaged part. In addition, at the right end of the figure, the Annotation part of the image by
points and the position of the disaster location are almost the same, indicating that appropriate
image classification is being carried out. In this way, by using the teacher image with points
added as training data, accurate analysis is possible even at low resolution.

Next, create training data. The 1200 x 1200 pixel aerial photograph cut out from the aerial
photograph is divided into a small area of 224 x 224 pixels (78.4m x 78.4m) used in ResNet.
In this study, since the small area of 224 x 224 pixels cannot be equally divided from the aerial
photograph of 1200 x 1200, an arbitrary number of training data with overlapping areas are
created.
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Fig.5.1 Class Activation Mapping: A method of highlighting input areas that have contributed
to a particular class in an image recognition model.

5.2.2 Training with learning data

In this study, we use ResNet50, which is trained data in which 50 layers of updated mapping
optimization are repeated. For the learning rate, the Momentum SGD method'3® is used. Where
SGD (Stochastic Gradient Descent) is a method of updating the parameters in the direction
opposite to the gradient direction Vy.J (6) of the objective function by minimizing the objective
function J (#) from the optimal parameter . Furthermore, it is stated in the above study that
the convergence time of the calculation is shortened by adding Momentum to the SGD method.
When the current update vector v;, the update vector of the past time step v;—1, update rate v
and learning rate 1 are defined, the relation is shown by the equation (5.1).

/Ut — r)/'vt_l + fr/veJ(e) ............................................................. (5‘1)

The learning rate 7 is updated by referring to the literature cite smith and assuming that the
number of learning iterations is an epoch, up to 30 epochs is 0.01, up to 45 epochs is 0.001, and
up to 60 epochs is 0.0001, and the vector ratio  is set to 0.9.

5.2.3 Verification of learning results

Deep learning is performed using the correct teacher data as Training data in CNN. In addition,
validation data is used to confirm the prediction accuracy of the trained model. To express the
progress of learning, the learning curve is shown in Fig.5.2 and Fig.5.3. Where the horizontal
axis shows the number of learning iterations (epochs). The vertical axis of Fig.5.2 indicates the
accuracy rate (defined as Accuracy) in which the predicted value by deep learning and the feature
amount of the image data match. Accuracy approaches 1.0 as the estimated value approaches
the true value. In addition, the small disturbance of this graph indicates that the data used for
learning is not insufficient. In the figure, the correct answer rate of the training data and the
correct answer rate of the verification data are displayed at the same time. As the number of
learning iterations progresses, the accuracy rate of the training data is steadily changing, while the
validation data converge from around 30 epochs to around 0.85, and at the time of 50 epochs and
60 epochs that is not much difference. Since the correct answer rate exceeds 80%), it is considered
to be generally appropriate. The vertical axis of Fig.5.3 focuses on the loss function parameter
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Loss rate for converging the error between the predicted value by deep learning and the feature
amount of the image data. In general, the smaller the loss, the more the learning converges, and
when Loss turns to an increasing gradient, it means overfitting. In Fig.5.3, although there is
some disturbance around 20 epochs, it converges smoothly after 40 epochs, showing generally
reasonable results for learning. In this study, a learning model near 50 epochs in which accuracy

generally converges was adopted.
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Fig.5.3 Learning curve showing the loss rate

Next, the distribution of the number of disaster detections in the training data is shown in
Fig.5.4. Here, the vertical axis (Patch count) indicates the number of data, and the horizontal
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axis (Damage number) indicates the number recognized as a sediment disaster. In the figure, the
number of areas where the number of recognized sediment-related disasters is 0 is nearly twice
that of 1. This is the result of adding to the training data the area where there is no damage
such as sediment-related disasters in the small area of 224 x 224 pixels, although necessary data.
In an actual sediment-related disaster, the distribution of the disaster situation varies because
it greatly affects the disaster situation and topography. In this study, when only the disaster
location is used for the training data, the detection accuracy of the disaster-free location may
decrease. Therefore, the area containing the disaster-free data is selected. In this way, learning

142)

using training data that includes various situations is common and was also adopted in this

study.
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Fig.5.4 Distribution of the number of disaster detected in the training data

5.2.4 Detection of sediment-related disasters and reservoir disasters by aerial
photography

Sediment disasters and reservoir disasters are detected by a learning model using aerial pho-
tographs that have not been image-processed. The aerial photograph was obtained from the
Geographical Survey Institute (information on heavy rainfall in northern Kyushu in July 2017).
The size of the aerial photograph vertical x horizontal as a range that includes both damaged and
non-damaged areas: 1248 x 1248 pixels. The training model has each size of 224 x 224 pixels and
is divided into small areas as shown in Fig.5.5 to determine the presence or absence of land-slide
and reservoir disasters. In order to avoid duplication of judgment areas, the boundary area with
an outer circumference width of 8 pixels is excluded from the judgment target. In the judgment
area, a landslide collapse occurred due to the influence of record heavy rain, and sediment with
a large amount of driftwood flowed into the village. Which sediment caused the collapse of the

agricultural reservoir in the mountains, causing enormous damage. The learning model detects
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the sediment color and turbidity of the reservoir, which are peculiar to slope failures. The nu-
merical value shown in each small area is the number of detections, and in this study, it is judged
that the larger the number, the greater the damage. As a result of the judgment, a linear part
indicating a landslide collapse was detected. In the central part of the figure where the numerical
value is 3, the ratio of hillside collapse to the small area is relatively high, so it is considered that
the learning model reacted strongly. Moreover, even in the mountainous area, it was not detected
in the part where the hillside did not collapse or in the reservoir without turbidity.

Next, in order to confirm the detection accuracy of the reservoir, although the damage is small,
disaster detection will be carried out in an area where there are both turbid and non-turbid areas.
The detection result is shown in Fig.5.6. In the muddy reservoir on the right side of the center
of the figure, the number of disaster detections is 2. In other small areas, small-scale collapses
have been detected. On the other hand, it was not detected in the clear reservoir and other fields
with a color close to that of earth and sand.

Furthermore, in order to understand the detection accuracy of the learning model, the confusion
matrix shown in Fig.5.7 is displayed. The horizontal axis shows the number of detected sediment-
related disasters in the range of 224 x 224, and the vertical axis shows the actual value (correct
answer data). The higher the accuracy, the more the numerical values gather diagonally. The
results of this study show that the numerical values are gathered almost diagonally in the range
of 1 to 4 detections, and reasonable accuracy can be expected in this range. On the other
hand, the accuracy decreases when the number of detections is 6, although, in the area where
the disaster location in the small area shows 6, most of the area of the small area is not in a
state of landslide collapse and turbid reservoir. For reference, the detection result is shown in
Fig.5.8. At the location where the number of detections is 6, very small landslide collapses
are distributed in a complicated manner, which is considered to be the cause of the decrease
in accuracy rate. Therefore, in the case of this case only, it is considered that the judgment
accuracy can be maintained if the disaster is judged with the number of detections from 1 to
4. When landslide collapse and reservoir disaster are learned separately, there will be two types
of detection judgment results, however, there is a possibility that such a decrease in detection
accuracy can be prevented. Alternatively, if you use a high-resolution image, you can expect more
accurate detection. However, the purpose of this study is to make it possible to judge even the
resolution of aerial photographs by drones, etc., which are easily available at the present time. In
the future, if high-resolution aerial photographs become readily available, it can be expected that
learning models will be constructed using them. High-resolution aerial photographs are available
from sources other than the Geographical Survey Institute at a resolution equivalent to 1200 dpi.
Compared to the resolution of the aerial photograph used in this study, which is 72 dpi, there is
a difference of about 16.6 times, and the difference is clear from the viewpoint of image cost.

In this study, we conducted a basic study to estimate the estimated scale of sediment-related
disasters and reservoir disasters by deep learning. Although national institutional issues have
been pointed out for disaster recovery and reconstruction, it is possible to quickly estimate the
scale of disasters that can be implemented at this time. Therefore, the disaster assessment in
this study has social significance. In addition, since the aerial photographs used in this study are
public data of the Geographical Survey Institute, the cost of image collection can be significantly
reduced, and it is considered to be highly practical. Although it takes time and effort to judge a
disaster, a large-scale range in a short period of time and objective research by detecting a disaster
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Fig.5.5 Detection of sediment-related disaster included reservoir disaster by aerial photography
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Fig.5.6 Disaster detection in areas with both turbid and non-turbid areas
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are able to possible by artificial intelligence. In addition, it takes time for humans to compare the
aerial photographs before the disaster with the aerial photographs after the disaster, although
when the disaster detection results as in this study are used together, the scale of sediment-related
disasters and reservoir disasters can be estimated. However, this study is restricted to disaster
detection of sediment-related disasters and reservoir disasters, and various situations such as
floods and runoffs of houses are assumed in actual disasters. Careful consideration should be
given to introducing the judgment results of this learning model into recovery and reconstruction
plans as they are, and in principle, they should be used as a tool to assist the final judgment by
humans. As a future task, detection accuracy that will be adopted in actual disasters is required.
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5.3 House Detection by Deep Learning Model

5.3.1 Detection of house damage

In recent years, research using artificial intelligence has become active, and research on detailed

135) " In this study, we examine a method of extracting

analysis of map images has been active
useful information for disaster prevention planning from aerial photographs by using deep learn-
ing, which is one of artificial intelligence. Specifically, the aerial photograph and the hazard map
that is the result of flood analysis are superimposed, and the number of buildings in the flooded
area is counted. In this paper, we only count buildings, but by developing this method and
learning the flood analysis results, an advanced model that detects building damage distribution
from aerial photographs without performing analysis is expected. In this way, as an application
of hazard maps, it would be beneficial for disaster prevention when detect buildings by floods
that will lead to collapse from aerial photographs before they were damaged. In addition, it is
predicted that it will be difficult to verify the reservoir survey, which requires advanced judgment,
due to the declining population in rural areas and the shortage of engineers, but we believe that
disaster prevention work will continue to be indispensable. It is socially significant to accumu-
late research so that human error caused by non-inheritance of technology can be prevented by
artificial intelligence and appropriate decisions can be made.

5.3.2 Training data for building detection

By applying the method®?) to estimate the number of automobiles from aerial photographs, the
number of buildings damaged by the collapse of the reservoir embankment is estimated. First,
we create map data for learning to carry out supervised learning. As for the map data, aerial
photographs taken by the Geographical Survey Institute (taken in 2007) are open to the public
and can be obtained in any region of the country. In this study, we also showed that even data
that is easily available is useful as learning data. Next, the learning data for building detection
is created from the obtained map image. All training data should be unified to the same size
image. As the size of the image cropped from the map increases, so does the calculation cost. In
this study, in order to reduce the load on the computer, the resolution was set to 22 cm per pixel,
and an aerial photograph with a size of 512 x 512 pixels (112.64 m x 112.64 m) was cut out.
In addition, areas with reservoirs are often located in local cities and mountainous areas rather
than in urban areas. The collection location of aerial photographs of learning data was limited
to local cities and the area around the reservoir. Then, 20 images with a stable learning rate are
prepared. For these aerial photograph data, "points” (defined as Annotation) are visually added
to buildings with sloped roofs (defined as Positive). Annotation is positioned as a building that
is likely to be damaged by collapse during floods. Then, points are added in the same way for
fields, cars, trees, roads, waterways, etc. as structures other than the above Positive (defined as
Negative). In this way, 20 images of the original aerial photograph and 20 images with only dots
added to the Positive position, and 20 images with only dots added at the Negative position were
added, and a total of 60 images were prepared. The total number of points in the positive image
was 81, and the total number of points in the negative image was 711. Fig.5.9 shows the original
image of the aerial photograph overlaid with Positive dots. In addition, Fig.5.10 shows that the
Negative points are similarly superimposed on the original image. In this way, by preparing a

supervised image with added points and using it as a learning image, accurate analysis is possible

114



even at low resolution and low cost.

Furthermore, training data for image recognition by CNN'36) is created. Convolution is an
operation to extract features from the original image data using a small area filter called Kernel,
and the extracted data is convoluted into a separately created small area called Feature map.
Specifically, it is an operation to convolve an aerial photograph of 512 x 512 pixels cut out from
an aerial photograph into a small area of 96 x 96 pixels. The size of 96 x 96 is the size that
one building can fit in the aerial photograph. Since the aerial photograph is an RGB image with
multiple colors, the feature map has three layers.

5.3.3 Learning with CNN

ResNet (Residual Network)®?) is used for learning by CNN. ResNet is known for reconstructing
the residual function so that the mapping of the residuals is optimal. If the mapping of the image
is H(x), the residual F' with the input image x is F'(z) = H(z) — z. Moving the second term
—z on the right side of the same equation to the left side and adding it to the original map H (z)
updates the map H(x) = F(z) + x.

For the learning rate, the Momentum SGD method!??) was used in the same way as the detec-
tion method for sediment-related disasters in the previous section. The learning rate was set to
0.01 for up to 30 epochs, 0.001 for up to 45 epochs, and 0.0001 for up to 60 epochs, where the
number of learning iterations was the epoch. The ratio of update vectors was set to 0.9. The
outline of the learning procedure is shown below.

1. Calculate the error between the correct data and the predicted value
2. Update and converge mapping error
3. Compare with other validation data

4. Repeat steps 1 to 3 for the number of epochs

5.3.4 Verification of learning results

CNN adopts supervised learning, in which learning is carried out using the correct training data
(defined as Training). In addition, verification (defined as Validation) data is used to confirm the
prediction accuracy of the trained model. In this study, aerial photographs for learning of 512 x
512 pixels were divided into 96 x 96 pixels, and 20 photographs were prepared. In the figure, the
black part is the training data and the white part is the verification data. The training data is
the data that is updated as the learning progresses, and the verification data is the data that is
not updated from the original data. When all the 20 aerial photographs used in this study were
divided, the training data was 1260 and the verification data was 295.

Next, to show the progress of learning, the results of the learning curve (Model accuracy and
Model loss) are shown in Fig.5.11 and Fig.5.12. Where the vertical axis of Fig.5.11 indicates
the ratio at which the predicted value by deep learning and the feature amount of the image data
match, and the accuracy rate (defined as Accuracy). The closer the estimated value is to the true
value, the closer it is to 1.0. In addition, the small vibration of this graph indicates that the data
used for learning is not insufficient. In the figure, the correct answer rate (Training accuracy) of
the training data and the correct answer rate (Validation accuracy) of the verification data are
displayed at the same time. As the number of learning iterations progresses, the accuracy rate of
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Fig.5.9 Annotation plot (Positive)
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Fig.5.10 Annotation plot (Negative)
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training data is steadily changing. On the other hand, the validation data converge from around
40 epochs to around 0.5, and there is a high possibility of overfitting at the time of 50 epochs.

Next, we focus on the parameters of the loss function (defined as Loss) for converging the
error between the predicted value by deep learning and the feature amount of the image data.
In Fig.5.12, it is shown that learning converges as the loss decreases, although when Loss turns
to an increasing gradient, it indicates overfitting. Where, as with Fig.5.11, Training data and
Validation data are displayed. The training data converged smoothly, but the validation data
vibrated significantly up to 30 epochs, and the tendency of convergence started from 40 epochs,
and after 50 epochs, the gradient of validation tended to reverse and turn to increase. Therefore,
it is estimated that there is a possibility of overfitting after 50 epochs, and we decided to use the
trained data at the time of 50 epochs in this study.

Next, check whether the learning model of CNN correctly recognizes the building by CAM
(Class Activation Mapping)'3?). When CAM is performed on a building at any point, Fig.5.13,
Fig.5.14 are shown. The color in the image of the building is changing. In addition, at the right
end of the figure, the annotation part of the image by points and the position of the building are
almost the same, indicating that the images are properly classified.

5.3.5 Flood range image preparation

In order to count the number of buildings damaged in the flood range, the range in which the

0) shows the

building is damaged by the flood is set. The Reservoir Hazard Map Creation Guide *
relationship between runoff flow velocity and flood depth as a load-bearing curve for collapse and
sliding of wooden buildings during floods. For example, when the flood depth is 1.5 m and the flow
velocity is 1.5 m/s, the house is described as being damaged by collapse or sliding. Furthermore,
in the Law Concerning the Management and Conservation of Agricultural Reservoir, it is possible
to judge the danger of a reservoir, which is important for disaster prevention, by the relationship
between the size of the reservoir and the distance from the reservoir. The conditions for being
designated as a disaster prevention priority reservoir are that there are houses and public facilities
in a flood area with a distance of 500 m or more, and the water storage capacity is 5,000 m?>
or more. In addition, in the author’s research!®”), the results of 3D numerical analysis and
hazard maps were compared. The extent of the flat flood range is generally the same. However,
the current hazard map cannot express the historically changing flood depth and flow velocity.

Therefore, in this study, we refer to the reservoir hazard map'3®

currently published by the
local government for the flat flood area. In addition, within the flood area shown by the hazard
map, the area where the flood depth and flow velocity are expected to affect the collapse of the
building was temporarily set. In the hazard map, the flood depth is 2 m or more and the distance
from the reservoir is approximately 600 m. In Fig.5.15, the area within the thick line area is
shown as the expected damage range. The expected damage range can be indicated by the flood
depth and flow velocity obtained by flood analysis, though this is for further study. As the aerial
photograph, the aerial photograph taken by the Geographical Survey Institute (taken in 2007)
was used as well as the learning data. An aerial photograph of 4060 x 2927 pixels was taken
in the vertical x width to accommodate the flood prediction range where the building will be
damaged. No image processing was performed on the aerial photographs. In this study, the inside
of the area indicated by the thick line is assumed to be the area where the building is damaged
such as collapse, and the number of buildings is counted for each area divided into 96 x 96 pixels.
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Fig.5.15 Flooded area
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5.3.6 Result of building detection

The number of damaged buildings was counted by deep learning. The result is shown in
Fig.5.16. Focusing on the enlarged display, the building can be recognized regardless of the size
and type of the building. In addition, in Table 5.1, a comparison of the total number of flooded
counts and the visual sum of actual buildings is shown. Since the visual method is expected to
vary due to individual differences, it was counted by several people, averaged, and then compared.
As a result of the comparison, the concordance ratio between the total number of buildings by
deep learning and the total number of buildings by visual inspection was 99%.

Table 5.1 Count comparision of houses
CNN | Visually | Correct ratio
107 108 99 %

Next, the judgment of the count by deep learning will be considered using an enlarged view.
The building shape and count number of the aerial photograph are enlarged and displayed in
Fig.5.17. Where, the judgment area divided into 96 x 96 pixels is transparently expressed. If
two buildings overlap by about half at the boundary of this judgment area, the count is doubled.
On the other hand, if only a small part of the building overlaps the boundary, it is not counted.
Therefore, in order to confirm the effect of the count number on the size of the divided cell, the
divided cell was expanded to 128 x 128 pixels. The result is shown in Fig.5.18. As the judgment
area increased, the number of counts in the area increased, and the double count seen in the case
of 96 x 96 pixels decreased. On the other hand, in the section area where the count number is 4,
one building was overestimated from the actual number of buildings. This is probably because the
garden trees and roofs overlapped in a complicated manner, and the training data was irregular.
However, it can be said that the accuracy is sufficient for estimating the number of damaged

buildings.
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Fig.5.16 The number of houses in flooded area
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Fig.5.18 Enlarged view of 128 pixel division
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5.4 Detection of Collapsed Houses by Deep Learning Model

5.4.1 Detection of houses after the disaster

Residents’ awareness of disaster prevention is becoming more and more important as a counter-

139)  Local residents,

measure against natural disasters that exceed expectations in recent years
whose evacuation guidance by local governments and media promoting evacuation before dis-
asters have become more active and the risk of natural disasters has increased, have collected
disaster prevention information by themselves using hazard maps and the internet. In this way,
the importance of pre-disaster measures is becoming widespread. However, there are still many
issues regarding post-disaster reconstruction measures. For example, most of the general wooden
houses, which are fixed assets, do not assume measures against inundation. When it is damaged

by floods, it cannot be rebuilt without donations 49).

In order to promptly implement recon-
struction assistance, it is important for government agencies to quickly and objectively grasp the
disaster situation. Taking an aerial photograph after a disaster is one of the effective methods to
grasp the disaster situation. However, it is a manual task to grasp in what area and on what scale
the damage is occurring. Therefore, even if humans perform the work quickly and objectively,
it takes a considerable amount of time. An accurate grasp of housing disasters is possible by
the housing information possessed by the local government, though in the confusion of a disaster
unless the person in charge of reconstruction is dedicated, it will take a considerable amount
of time to properly grasp housing information. Early disaster investigations are important for
expeditious reconstruction plans and cost estimates. In particular, in order to formulate a recon-
struction plan in a short period of time and put it into practice, it is indispensable to grasp the
damage situation of the house!4l),

In recent years, disaster prevention research using artificial intelligence has become active. For
example, research is underway to analyze map images in detail®®. Such studies, with the help

59). In this research, deep learning

of deep learning, include studies on early disaster detection
is adopted for aerial photograph images, and basic research is carried out to grasp the damage
situation after a disaster. Aerial photographs can be easily obtained with Cessna aircraft and
drones, and are highly practical for conducting quick surveys immediately after a disaster. On
the other hand, although deep learning requires a large number of sample images, there are few
cases of taking aerial photographs after a disaster, so the ones that can be used to determine
damage to houses are limited. Therefore, there is an indication!??) that leaves a problem in
analysis accuracy, and the number of disaster records and studies in Japan is insufficient. In the
author’s research®?), the case of river flooding and determined the damage to the house by using
deep learning was assumed. However, since the damage judgment was not carried out using the
actual aerial photographs of the disaster area, it was not practical enough to judge the condition
of the ground buried in mud or the partially destroyed house. Therefore, in this study, aerial
photographs after the disaster into the learning data and stepped up so that the situation of the
remaining houses could be judged. If the situation of the building can be grasped from the aerial
photograph after the disaster, it can be expected that the situation of the disaster can be grasped
more objectively and quickly than the analog evaluation such as visual inspection.
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5.4.2 Preparation of training data

First, the map data for learning to carry out supervised learning is created. The aerial photo-

graph data is obtained from the Geographical Survey Institute!2!)

, which publishes aerial pho-
tographs after the disaster. It is socially useful to be able to adopt public data that is easily
available as learning data. Next, the learning data for building detection is created from the
obtained map image. All training data should be unified to the same size image. As the size of
the image cropped from the map increases, so does the calculation cost. In this study, in order
to reduce the load on the computer, the resolution was set to 22 c¢m per pixel, and an aerial
photograph with a size of 1028 x 1028 pixels (226.16 m x 226.16 m) was cut out. Then, the
number of collected images was gradually increased, and the result was stable when the learning
rate was 18 samples. Therefore, in this study, the number is 18. Based on these aerial photograph
data, a building with a roof that seems to be a wooden house (defined as Positive) is positioned
as a building that is likely to be damaged by collapse during floods, and visually, in the center
of the building, 1 x 1 pixel point is added (defined as Annotation). Then, points are added to
fields, cars, trees, roads, waterways, etc. as structures other than the above Positive (defined
as Negative). In this way, 18 images of the original aerial photograph, 18 images that add only
points to the Positive position, 18 images that add only points to the Negative position, a total of
54 images prepare. Fig.5.19 displays an image in which Positive points are superimposed on the
original image of the aerial photograph and Negative points are also superimposed on the original
image. It is shown in. Here, the size of the point is as small as 1 x 1 pixel and it is difficult
to read, therefore the point is enlarged and displayed. The image in the center of the figure is
the result of confirming whether the learning model of CNN correctly recognizes the building by
CAM (Class Activation Mapping)'®?). When CAM is performed on a building at an arbitrary
point, the hue in the image of the building becomes faint as shown in Fig.5.19. In addition, at
the right end of the figure, the annotation part of the image by points and the position of the
building are almost the same, indicating that the images are properly classified. In this way, by
preparing a supervised image to add points and using it as a learning image. Accurate analysis
is possible even at low resolution and low cost.

Second, create learning data. 1028 x 1028 pixel aerial photograph cut out from the aerial
photograph is divided into a small area of 224 x 224 pixels (49.28m x 49.28m) used in ResNet.
The 18 aerial photographs used in this study are divided into training data and verification data

at a ratio of 3:1.

5.4.3 Training with learning data

In this study, we use ResNet50, which is trained data in which 50 layers of updated mapping
optimization are repeated. For the learning rate, the Momentum SGD method?3) is used. The
learning rate is 0.01 for up to 30 epochs, 0.001 for up to 45 epochs, 0.0001 for up to 60 epochs,
and Set the update vector ratio v to 0.9'3%).

In CNN, learning is carried out using the correct training data (defined as Training), which
is defined as supervised learning. In addition, verification (defined as Validation) data is used
to confirm the prediction accuracy of the trained model. To show the progress of learning, the
learning curve is shown in Fig.5.20 and Fig.5.21. Where, the vertical axis of Fig.5.20 is the
accuracy rate (defined as Accuracy), which is the ratio at which the predicted value by deep

learning and the feature amount of the image data match. Accuracy approaches 1.0 as the
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Fig.5.19 (Left) Aerial photograph as learning data, (Center) Visualization of image recognition
by CAM, (Right) Highlighting points by Annotation

estimated value approaches the true value. Moreover, the fact that the vibration of this graph
is small indicates that the data used for learning is not insufficient. In the figure, the correct
answer rate of the training data and the correct answer rate of the verification data are displayed
at the same time. As the number of learning iterations progresses, the accuracy rate of training
data is steadily changing. On the other hand, the validation data converges from 40 epochs to
around 0.5, and there is a possibility of overfitting at 50 epochs. Next, in order to converge the
error between the predicted value by deep learning and the feature amount of the image data,
we focus on the parameters of the loss function (loss rate, defined as Loss). In Fig.5.21, it is
shown that the learning converges as the loss decreases. However, overfitting is shown when Loss
turns to an increasing gradient. Where Training data and Validation data are displayed in the
same way as Fig.5.20. The training data converges smoothly, and the validation data vibrates
significantly up to 30 epochs, the tendency of convergence starts from 40 epochs, and after 50
epochs, the gradient of validation reverses and starts to increase. Therefore, it is estimated that
there is a possibility of overfitting after 50 epochs, and in this study, the trained data at the time
of 50 epochs was adopted.

Next, the distribution of the number of houses in the training data is shown in Fig.5.22. Here,
the vertical axis Patch count shows the number of data, and the horizontal axis House number
shows the number recognized as a house. At each learning stage, the ratio of recognition as a
house is high in 3 to 5 places. Therefore, the training data shows that the distribution of houses
is arranged evenly and there is no bias. Furthermore, in Fig.5.23, a confusion matrix is displayed
in order to grasp the total number of building detection results. The horizontal axis shows the
number of buildings detected in the range of 224 x 224, and the vertical axis shows the actual
value (correct answer data). The higher the accuracy, the more the numerical values gather
diagonally. The results of this study show that the accuracy decreases slightly as the number of
buildings increases, although the range of 3 to 5 buildings is maintained with good accuracy due
to a large amount of training data.
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5.4.4 Detection of buildings by aerial photography

Using the trained data, the number of buildings is counted for the aerial photographs that have
not been image-processed. Aerial photographs are obtained from the Geospatial Information
Authority of Japan (2018 heavy rain disaster in western Japan). The size of the image is about
the size of the damaged area, and an aerial photograph (area A) with a length of x and a width of
1028 x 1028 pixels is prepared. Based on the learned data, the target image is divided into 224 x
224 pixels and the number of buildings is counted. Since it is difficult to read the whole view, an
enlarged display of about 600 x 600 is shown for convenience. The result of counting the number
of buildings is shown in Fig.5.24. The entire area has been damaged by floods, especially in the
central part. Here, the buildings are counted in the houses that can be judged as roofs. Next, in
another area B with less damage, the building detection result is shown in Fig. 5.25. Area B
is an aerial photograph in which some areas are damaged and some are not. It can be seen that
the places where there are no houses compared to Area A do not count the houses. In addition,
the degree of density of houses can be expressed in the densely populated residential area on the
upper right of the figure. In the area on the right of the center of the figure, roads are closed due
to flood mud, and some houses appear to have collapsed. It can be seen that the learning model
of this study counts the number of buildings even in such a mixed situation.

129



>

ettt -

0 200 400 600

Fig.5.24 Judgment result of building abundance density (Area A)

0 200 400 600
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5.5 Summary of Evaluation of Disaster Damage Scale

In this study, basic research was carried out to estimate the estimated scale of sediment-related
disasters and reservoir disasters by deep learning. Since disaster recovery and reconstruction can
quickly estimate the scale of disasters, the disaster evaluation in this study has social significance.
In addition, since the aerial photographs used in this study are public data of the Geospatial
Information Authority of Japan, the cost of image collection can be significantly reduced, and
it is considered to be highly practical. Although it takes time and effort to judge a disaster,
it is possible to judge a large-scale range in a short period of time by detecting a disaster by
artificial intelligence, and it is possible to secure objectivity. In addition, it takes time for humans
to compare the aerial photographs before the disaster with the aerial photographs after the
disaster. However, from our research 130):143) when adopting the disaster detection results, house
collapse, sediment-related disasters and sediment-related disasters It is possible to estimate the
approximate scale of a reservoir disaster. However, this study is limited to the detection of
sediment-related disasters and pond disasters, and various situations such as inundation and
runoff of houses are assumed in actual disasters. Careful consideration should be given when
the judgment results of this learning model are directly introduced into the restoration and
reconstruction plans. In principle, it should be used as a tool to assist human final judgment. As
a future task, detection accuracy that will be adopted in actual disasters is required.
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6 . Conclusion

This paper conducted a comprehensive evaluation of agricultural reservoirs, where the risk of
disasters due to aging and large earthquakes increases, from disaster prevention and mitigation
to restoration and reconstruction.

In Chapter 1, the research trends and the positioning of issues related to the risk assessment of
reservoirs were described in detail, and the significance and purpose of this research were shown.

In Chapter 2, the basic theories of seismic response analysis, flood analysis and deep learning
were described in order to evaluate disaster risk.

In Chapter 3, flood analysis was carried out by seismic response analysis to reflect the location
and scale of damage to the embankment, and the flood risk in the earthquake disaster of the
reservoir was evaluated. For seismic response analysis, a ground model including the area around
the reservoir embankment was constructed. A three-dimensional seismic response analysis based
on the finite element method was carried out by input seismic waves on an engineering basis
assuming the Nankai Trough. As a result of the analysis, the acceleration response at the top of
the embankment was equivalent to a little over 6 in terms of seismic intensity. The maximum
shear strain reached the level at which the embankment collapsed. In addition, the location of
damage and the scale of damage to the embankment, which is not represented by the current
hazard map, were explained. The open-source code used for flood analysis was carried out from
the verification of the validity of the analysis method because there are few research cases used
for flooding of reservoirs. There are very few records of floods caused by the collapse of reservoirs
due to large earthquakes, and there are no useful measurement data for research. Therefore, a
flood analysis was conducted in the Yamada area of Asakura City, Fukuoka Prefecture, using the
case of the heavy rain disaster in northern Kyushu in July 2017 when the reservoir embankment
was damaged in the heavy rain disaster. As a result of the analysis, the area affected by the flood
and the area flooded by the analysis result were almost the same, demonstrating the validity of
this analysis method. Comparing the analysis results with the voluntary disaster prevention map
created before the disaster occurred, there was a large difference in the range of the downstream
runoff area. Since the analysis clarifies the temporal flood situation, it is easy to imagine the
flood damage and it can be useful for evacuation planning. Furthermore, it was shown that it
is possible to provide reference materials for evacuation routes and traffic regulations because
areas, where water is difficult to draw due to the height difference of the topography, will be
clarified. Next, a flood analysis was carried out on the reservoir. The analysis target reflected
the damaged location and scale of the embankment by the 3D seismic response analysis in the
analysis elements of the 3D flood analysis. Furthermore, in order to compare the case where the
building is included in the analysis element and the case where it was not included, the actual
urban area was reproduced as the analysis element. As a result of the analysis, the flood area
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was consistent with the current hazard map regardless of the presence or absence of buildings.
Furthermore, in the flood analysis, two types were assumed, one with and without the building
in the ground surface data. From the comparison between the flood analysis results and the
current hazard map, the hazard map was similar to the analysis result when the building was not
considered. On the other hand, when considering buildings, the existence of buildings affected
flood depth and flow velocity. In other words, even in the current hazard map, it was suggested
that the accuracy of flood prediction was improved by considering the layout of buildings in the
topographical data. As a future task, it was shown that a damage prediction distribution for
houses was created from the distribution of flow velocity and flood depth in flood analysis, and
that distribution was reflected in the hazard map. Furthermore, it was explained that it can
be expected to contribute to appropriate evacuation methods and disaster-resistant community
development policies.

In Chapter 4, damage to houses was evaluated by the runoff generated when the embankment
of the reservoir suddenly collapsed due to a large earthquake. In order to verify the validity of
the damage judgment of the house, a reproduction analysis of actual disaster cases was carried
out. As a result of the analysis, the damage judgment of the house using the flow velocity and
the flood depth obtained from the flood analysis showed good agreement with the actual damage.
From this, the validity of the proposed method was ensured, and then this method was applied
to the flooding problem of the reservoir, and the damage of the house was judged. To judge the
damage to a house, it is necessary to obtain the flow velocity and flood depth of the runoff water.
In this study, an analysis mesh was created according to the actual conditions of the unevenness
of the ground surface and the shape of the building, and flood analysis was carried out using
a general-purpose analysis code. The maximum flow velocity and maximum flood depth were
extracted from the analysis results, and the risk of damage to the house due to the inundation
that flowed out due to the collapse of the reservoir embankment was evaluated. As a result of
the examination, it was shown that the damage to the house is small only for the house of the
new earthquake resistance standard due to the difference in flood depth depending on the speed
of runoff water and the geography. By expressing the damaged area of the house on the hazard
map by this method, the danger of disaster can be clearly communicated to the residents who
are expecting vertical evacuation to the second floor. In the future, it will be possible to create a
house damage hazard map by the method proposed in this study for areas where the reservoir and
the house are close to each other. It was explained that in the event of a reservoir flood, it can be
expected to contribute to policies such as appropriate evacuation methods and disaster-resistant
community development.

Chapter 5 provides basic information on artificial intelligence that instantly detects the degree
of damage from aerial photographs after a disaster, with the aim of quickly evaluating post-
disaster damage information and providing information useful for recovery and reconstruction.
As the judgment method, deep learning was used to create a model that automatically judges
landslide collapse and suspended reservoir, a model that automatically judges the state of the
house before the disaster, and a model that automatically judges the collapse of the house after
the disaster. It was shown that high detection accuracy can be obtained even in some cases.
In addition, since the aerial photographs used in this study are public data of the Geographical
Survey Institute, the cost of image collection can be significantly reduced, and it is considered
to be highly practical. It takes a lot of time and effort to judge a disaster. On the other
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hand, disaster detection by artificial intelligence can judge a large range in a short period of
time. In addition, when comparing the aerial photograph before the disaster with the aerial
photograph after the disaster, it takes time and effort for human beings to compare, though
when the disaster detection results together, the scale of the disaster can be roughly estimated.
However, this research is limited to the detection of sediment-related disasters, reservoir disasters,
or house collapses, and various situations that cannot be determined at this time, such as fires in
actual disasters, are assumed. Careful consideration should be given to directly introducing the
judgment results of this learning model into the restoration and reconstruction plan. In principle,
it should be used as a tool to assist human final judgment. As a future task, detection accuracy
that will be adopted in actual disasters is required.

From the consideration up to the previous chapter, measures related to disaster prevention,
disaster mitigation, recovery, and reconstruction will continue to be implemented, and especially
in the field of data science, it is required to diversify numerical analysis as in this study method
using detailed data. Recently, the H2A rocket No. 43, which carries the data relay satellite of
the government and the Japan Aerospace Exploration Agency (JAXA), was launched from the
Tanegashima Space Center in Kagoshima Prefecture at 4:25 pm on November 29, 2020. When
all the data relay satellite networks scheduled to be launched in the future will be completed, the
data of the image of the natural disaster site by the earth observation satellite will always receive
the data and quickly transfer it to the ground regardless of the sanitary time. From the above,
analysis using large-scale data will become even more familiar. Three-dimensional numerical
analysis and artificial intelligence as in this paper will be useful information that is expected to

be implemented in society in the future.
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