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Abstract: The main and auxiliary Fujinuma dams, Fukushima Prefecture, Japan, totally collapsed by the 2011
Off the Pacific Coast of Tohoku Earthquake (M9.0). The collapse was primarily due to poor compaction of the
dam body while triggered by a prolonged strong seismic motion. The collapse mechanism of the main dam
consisted of multiple sliding failures in the upstream and downstream slopes, which caused an overflow that
eroded very fast the dam body, resulting in a total breach. This failure mechanism is successfully captured by
numerical analysis consisting of a modified Newmark slip displacement method and a non-linear FEM, both
taking into account the continuous deterioration of undrained stress-strain behaviour of the dam materials caused
by undrained irregular cyclic excitation during seismic loading.

The collapsed earth-fill dams were restored to new ones by April 2017, designed to be very highly against
the seismic loads by which the old dams collapsed based on seismic stability evaluated by the numerical analysis
methods that successfully simulate the collapse of the old main dam. Relevant fill materials for the core and
shell were prepared and carefully compacted controlling not only the dry density and water content but also the
degree of saturation towards the optimum degree of saturation. It was confirmed that the fills could be
compacted on average to a degree of compaction by Standard Proctor (Dc)ikc equal to nearly 100 %, which is
substantially higher than 82 - 88 % with the old dams. A high seismic stability of the completed new main dam
was confirmed by numerical analysis based on the stress-strain behaviour of the fill materials compacted to
(De)iec= 100 %.

A rather strong aftershock (M7.3) took place in the same region in Feb. 13, 2021, by which a maximum
horizontal acceleration= 102 gals was recorded immediately below the toe of the downstream slope of the new
main dam. No damage was reported to the new main and auxiliary dams. The seismic response analysis of the
main dam using the recorded earthquake motion showed a good agreement with the horizontal acceleration with
a maximum of about 300 gals observed at the dam crest. Besides, stability analysis showed only very small
residual deformation with no slip displacement. These results validate the analysis method. The stability analysis
using the drained shear strengths of the dam materials compacted to (Dc)iec= 90 % following the previous
seismic design code for agricultural earth-fill dams in Japan noticeably over-estimated the observed residual
displacements. This result is on the safe side whereas it unduly underestimates the actual high stability of the

new dams.
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Hysteretic damping ratio, h(%)

UOI}EJI0}SaJ JoYE 9}S WO} paAaLi}ad so|dwes uo s}nsaJ 39} Alojeloqe|

nos

ol

02

0¢

oy

0s

09

ot ' 1o 100 -3l =31
: _ s T o 'T66T ‘0LT-TOTAd ‘II'|0A “§038ueg’Bu3 uonepunog pue
] W SIUBYIDIA |I0S UO 9IU3I34U0D [BUOISRY UBISY ;16 "204d ‘,S51591 Alojeioge| pue p|aly
J%0 W0J} S320J PUE S|10S JO SJ11S14910BJBYD UOIIeWI043(,, IS ‘eANqIyS pue “{‘ejonsie] ,
(%2'66=2Q) eiep [ejusipedxy o -
(%9'66=0Q) eiep [eyuswiadx3 1 w .
8.6l "lejo besem|  t¥0 O [1r>id | < : L — (%)1 .\EL,_ =
(Pues [einile) e1ep M~ | m | = [T en-wh @t Y w2 )
fepow 3HO & :
790 = i _..fuu. < i m =(x}") |NU\x+ ﬁU\ﬁ = "0
| L [ » |7 @D =D+mb - 1 Y
WA [10s Ajjonelb \ o
. . 80 @) ‘ ‘
| paJayeam ojuedjoN 5 (Te6T ANQIYSTRENONSIE] ‘Uollenb] d1j0q4adAH |esauaD) [spow JHD
A o
1 1 1 1 ot
g O XV="D (3loN
%¢=Y Suidwep ‘Jesu| 6v¥°0 - - 000°08¢ 0871 8¢y 0961 0961 06< J1 Peq o0y
(pues [elAN||e) IYMd (3440 - - 000°06G | 9G11 L8¢ ov'Ll1 00°LI 61 Wp TeABIS OTUBOTOA
l12ys se awes 0S¥°0 €290 AN - - - 007¢¢ 09°'I¢ - [Tr3¥ed
94090 se swes 06t°0 G160 92571 - - - 0€ce 0661 - 1937114
lloys se owes [ 0GY'0 €290 | ceTll - - - 00€Z | 0802 - [ e
51591 [eIxeL 911940 paufespun wosy | 0GH0 5150 925°Z1 - - - 0202 010z - 910
$359} [elxelJ3 01]9A0 paulespun woly 0S¥°0 €290 2T Ll - - - 007¢¢ 09°'I¢ - T1°US
Y g GU/NDY [(u/Ny [ (s/wy | (s/wy | (ew/Nd) | (ew/N) |
(A ~Y=0D/9) senuadoid Jesaul| uoN oneJ Aouspuadap sa.qs 0o dA SA jes A 14 junoo oke
uossiod 09 SNINPOW JeayS  |snpnpow seayg [ [oA ABMd |'|oA aABMG|ANsusp jes|Ansusp 3om | MO[q 1
saipadoud olweuAq saipadoud oiseqg

(%)A apnyjdwe jey uress Jeays

I3
nor
Lt
nog
L)

0oz

nol

uo paseq salpadoud |eLiaje

nal-

0sl-

noz-

nsz-
nos-

Ay o o i = oL el el i o iH iH iH i i o = = i el el o T i iH il
~ S/WOBE=SA ‘06 < IUNOON Mo|q
N 41 Paq %20. 21UBD|OA
Ay : WA [10S AjjoAeIS OIUBD[OA
N g HEEE
lI14oeg [i$1oeg =
N
90E€ :3UBWo|T *96EE : OPON 0100 5uS

(urewop Aousnbauy

‘leaul] Jusjeainba) sisAjeue asuodsal olwsIas NI4 A2

&

&8

& &



0z
Fig
are

LT

9EZ

-

L
e e e

I P e A
A el e g g
Sl

295 - s

768 - .

Eq.

L (99510°001=1)1e89°G09 : 1S40 @ 20B XB|
[1&%]

(99s) awiy pasde|3

091 ovl ocl 001 08 09 oy 0¢ 0
' I ' I ' I ' I ' I ' I ' I ' 00v-
_ 00€9 1:e3ep
(S/WQGY=SA) Peq : $10°0=0 - 00z

3004 0} pPaIN|OAUODSP

1

ewnuesep je pa.Jnseawl
uoijow 3ndul punour)

-1 00¢

(S10°L6=3)
uonow induj aseq N34 eS8 Z'Gle—=xew o

(80HSMA) uonels ewnueseN 1ou-—yy

I gs-
-
o
s
(S
-
-
-
A —o-
—0
. ik S — - - . = - = - “ = |t
=== = E®
e

(desul|-juajeAInba) sisAjeue ssuodsal dlWSISS _\,_m_n_n__N A”_

&

IS

F L S S S S Y . S S N N S
Ay N A S O L R0 AU R0 N O P A N N O
A

6GCE : JUBWI|T “6LEE  BPON

(1e8) uoneia|a22y



8¢

‘elaUl o1wsIas Ag 912.10 dijs ay) Buoje ssauls [ewdou ay) ul asealdsap
e Ag sasealoap yjbuadls Jeays pauielp ayj ajiym ‘Buipeo] pauielpun
o119A0 AQ sasealoap yjbualuls Jeays pauielpun ay) ‘ayenbypes ue buung

(% 001 X) *®*(Pd)Pd="q ‘(1ojo0ig piepuelsg) uonoedwos jo saiba(

>

<

@

GOl 001 G6 06 G8 &

y T T T T T T T T T O m (¢))

L uoljels|aode yead ayj je 0 2 m
NL=" i YyiBuains pauleiq :2-Q 1oc % ©
d 2
cag i | yibuass paulesp [erul S &
-

..... _ Y

R m m Wwep ulew pio gy n_ﬁ_u =

o 2

e o)
3 &

podys [ oxenbyues jopus ayile 410Gl © 5

Wvd g10 ) yibusis pauielpun o =

1t e =8

i % yibuaJls paulelpun |eniuj 100z & @

ba ba 1 O

wep ulew maN P+ {Quea} o =" 0.
o5z

wep Jo sauoz do) ay) ul uonejas °q 'sA yibusau)s Jeays sbelony



yibuaJls Jeays pauielp ay) uey) Jamoj| yonw

AN ‘YiBuaJls Jeays paulelpun a)}ewi}n Mo| AIoA Y
2a _\ﬂwu_\,wau___,_m (% 001 X) *®*(Pd),Pd="q ‘(1ojo0ig piepuelsg) uonoedwdd jo saibag ch
. GOl 001 G6 06 G8 B
— _ T . T . T _ T . I 0 m o)
B | L uolness|e0e Yead sy} je o\ 2 m
e yibuails pauleiq 29 o
7D dis i 108 W »
WvG a10 yibuals paurelp ey o 2
L] S 3
nnnnn - wep ulew —
ybuans Jeays pauiep | B - PHEEPO Joor 15
ay) uey) Jaybiy yonw oY
‘yiBual)s Jeays paulelpun s o enbupes jopus auile 405l B g
e BuaJ)s pauielipu o o=
ajewnn ybiy Aion y o ~_ ibusais psutelpun SE
N O % yibualis paulelpun [eniu| {00z u-.m o
ba ba 4 ©
wep ulew maN P+ {Quea} o =" 0.
e — — T

wep Jo sauoz do) ay) ul uonejas °q 'sA yibusau)s Jeays sbelony



