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Typical example of subsoil liquefaction Piles that were destroyed by lateral flow of
induced by earthquake shaking liguefied subsoil (1964 Niigata earthquake)

g ; (Photo taken 20 years later upon
excavation; Kawamura et al.)

Subsidence of Yodo River Levee in Osaka upon 1995
Kobe earthquake (liguefaction in foundation)
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FOHERFEITHENTHY £ Lz, BT ATIERZTNTHRNOTTR, ZATIRKIR
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- 5 = Dlmg‘ Iur;:e K;netwlwn moving pipe Previous
Objectives of this study: and liquefied Toyoura sand study: pulling
L JE—— pipe in
+ Prediction of liquefaction-induced large liquefied
deformation of subsoil. i ' model ground
* Hence, assessment of seismic z | b4
performance (residual deformation) and y 5' i B
effects of damage mitigation measures. s s ; Tayoa:':asmd
+ Evaluation of force that flow of liquefied £ 5 =
subsoil exerts on underground structures. “o e enn03-1.08 Drag force
+ Development of performance-based & - fmm0es iciEacs Wit

sawater #=1.08-1.10 velocity of pipe :
viscous f!uids?

design principle. o5

B, AT CTRAMERIAINICR A DATZE VWS ZLBHVEL T, WANAS L TDHESS

N% LTl T XWE T, AN MR IA A T2
RRDNEZEZ>TWnDHE BEXEDMNE, SA

Very difficult to answer, but there are two
DIFMELNE LT, ZARDTIIRWEAS & possibilities:

* Liquefied sand is similar to viscous

HAAEWEBETLE D LV ERL TS W0E L liquid (Newtonian gﬁngham]

Why viscous? Why rate-dependent?

T WAWAZEMW SRR H > ToblF T &N E - Different pore water pressures in front
and behind a moving pipe
T T, KIEDRHHS> TWDHOH ) TN,




Different pore water pressures in Different pore water pressures in
front and behind a pipe or pile? front and behind a pipe or pile?
Flow of sand Flow of sand
. around a pile = around a pile
= Pile ‘ = = Pile
= High pressure NEX High pressure

Pressure difference = Net lateral force (drag force) Pressure diffyet/drag force g force)

= If the flow velocity is low, pore pressure = If the flow
difference is quickly equalized by seepage and difference and
net force disappears. net force (

+ If soil flows fast, pore pressure difference is + If soil flows fast 3
generated more than equalization and net force generated : force
remains. remains.

T Velocity

FGad ZERZMBEICETELOET L HIE, BERLTWELEL, N7 TH
RANLTHEDVNATTR, WTHIZLTHEZIWOIMERH LD TT, TOEDY ik
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JENDZETHRB TR AR L TSR L 2 #&E @ < skt ch 5 &
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DoTL DALV TERE > TEX b TIINWET, AIThERLET L, M
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LEDEWIHIBIRNAELET, —FHTiE, DR THET D, RIANIKEREE D,
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B, 2O0HR-TEHILZDT, BXESLRBEONEWIEETT, FlxiX, EAEAH
BNTNTEBY T L, [ENDEEZHSIAI EWVIEIDBHD, b, ENOENGEE
ST, AWMBESUIMTAL L, #i, B, EBEKBEROIE BHEHLETOT,
JENEN/PNEL Ieo T, BEFMICRK L THIZRBLRWE W D DI T, FALIRIER TR
F LI EREN, HTUTEORNEE, HOWVIEIMBEHS B UZENRREN LN D
AL, HBE ORI L7 Okt & hm e Uo/e T B2 ER LOFAETE L | [EEE
KEFESDENESHLRFEOALTE L, TRUTME RV, WEOARMEIZITESTELA LW
) ZERAE ST bF TIEVET,
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ST, AEOSH, BESETHH-72RTT, £, HFFMLVZ L bEbRidud
REBERVDT, 2o TWEDMNENW) ZLEEo-bF T, HEHFORAFH]

LLELT, 2N TR, Wb BIENTT, 7

Possible drawbacks of water
Ly U —Id, BRI & MBRKED R LR AT bressiie differerice theory
Lo IRHARE S Lo TOB L, TR | oo

+ Net drag force is o, but water pressure
JELDRTELA BRSO & &> TWbHD | | peopleare looking only at pore pressure.
' « Their discussion is speculation and not '

MEWVNH Z LT ETHENFE D oA L iRty ! supported by quantitative observation. |
LWNHZEBIFoXVEENELT, Z0IGEK
BRI EEES S T2 AT EWET R, ZRUEND S

Examine a big shaking model test at E-Defense
8

STHTHLEIDRVWDOT, EEMREmREZ L LD LI DIF T, E-Defence, ZIZTX
HRFEE DR TWVDHRMER T SNETH, mEEFnicEboETbbnELE
DT, ZOT—EMPH1DbDEFEI LN ZEN, FTITINE L, ZHuk, HE
M1BA—RL, EEINEA—ISHLNHL T TCISNWELT, 5o C, 2204
INZRMADHEENA S THNE LT HEADIK
WAL UE 7, b T 2 & RARDH#E R L &
T, MBSV E LT, B 2 X 2 DT
By A2 TWET, ZOHUTHA X A< &
92 ETT, ZHUFHAITIE R TERTE LSV
WO TETR, TP SV nbIT T, Z
b 72N TR N EE L WERBR T U EN IR E WD T e
ATTRR, BRDFERE LW EWTRWEWN) OBRMBYR/NL OIS TIEVELT,
2. 2R TN R W E T &ML
L) OT AEIINIAIERICHELNE NS 2
VEND DI WITRE S ER B o
T DIIFENZ2NE D BDOVATT &,
TEPOWTWLHEN, NS L5 DT,
ZOWDOFJECRIE LAE LR, &V HAT, o
BAEBNTITIEN D DITHETT A2, £ DN D RTD Pile head
BBEDT — 2 e — MO W2 LE LT, [MENEREH LIcbF TIEWnET,

Large shaking model test at E-Defense

Broken shape of pile models
(bendlng fa|lure)
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B 20X, BEEhERR T4, fitEiZRelative velocity E W TWE LT, HLiZIT & A FHh
MWIRWATT R, EIZEY OHBEDORND A —RTY, TOELZW->TWET, 75L&,

INNERTERIANDIT > LEEE LT, KDY DIE Good correlation between

ST E>TVEEST, Prickho xS, ¢ | Subgrade reaction pressure (or drag
force / m?) and flow velocity, but ...

) =D EWET DI, IfE Dlateral pressure P Tt ™ s
TIEWET, DA, HUCIER SR B U X Lol
BN TOET LN DI TIEVELT, | T
BHI E & & B AIER D 0 & LT, 203 | s = 10, fo 3
F7uy b LTEY £ B T T LT

INERTWERESE, A= FRENE ZIEEHMEDEN B RENE W) LD ik
ReBRoTELIDITFTIIVELT, &, BAVNI /NI RERIERCRIZO L 2l
EEML 5B F TR, TNEFHTEEL TR £,

%ADIZH TTR, ZRBFTIEES> TWIDIHEMEENNEALEAMZ TND, =
I EEVET L, ZOBTLIMMPEEL T, L THEHITETWELT, T T
AL HFIEZ Do TWELT, &, Eo7hR, TI07, WThIZLELTSH, b
I EMBENTESIN D> TWETOT, 1B, HBIZH I TZE A S Tn
STNDHENIEIATIZNET, TIH9NHTENHY ETOT, MHITNIFFIZE LN

AT, Pore pressure difference between
e . front and rear sides of pile
X BIT TG I E AT D SV E T "

oy _During lteal flow g
il 725 R BRI 2 AURHBRRE =% i Avda i & £z | e ﬁﬁﬁ
55 Lo 50T, :ﬂ%i’%\ Ty I\Tﬁ‘iﬁ\ %k %% 40 AMI\‘ s anlla I
T7my FLE LR ERI OEMLZHL TN D Ea:hﬁ Front side o pile

WIZEWD ZLZEB> Lo 5D TT R EET vy U e

Pore pressure difference is not big? 2

FT 5 ERITHEVEN RS TLAARKLE L —

iz AT, FOEFERHE LT, BHcdt Pore pressure difference can account
for only 30% of rag forc

P—OELELE L CLERDIIZELIZAT 20 PileB2 3700 my 55;‘-]{. _ NeLulouiPiean

Fh, TR sAEE, fc@<BaEotE, = |5 5] [\ s

NHEEEDLSE > TRV EFTOT, 2hbY ;; :{: L st :5:%“

By FLELE, RTRD L. SRBSRARELS | 2 0 ”}ﬁmmwmmw
3 o o

WV, REINDHE>TH 3HEUL L, ERTEDIZD 0 B s, T B




MREP I TIVET L, ZOEOFERELTHED L) 2 &T, b9 MBEKER
ELDIZRDLTEN) ZENERMICEZET L EVWI Z LA FRWICLELL,

ET, VWANAHREERZSVET TR EDL, L
&L TTIRIR L L 72 I A RIS 1 3 IR I/ & <
T HHERIRR I b DFE L BNV TIE | cifectie stress i reducedto zers:

complete liquefaction is reproduced.

WETH  ENZIT-oE Y LNGETDITITES L | ¢ g;:‘e:ostzllddfgrl:‘;:;Lq:f:z:eﬁ;nd
BV LIS T L BRAEOMSRTH ) E LT, |7 Saulbe shoun e, viscous nature o
Z BRI ERR TT 4, E-Defenseb, % 9 TF L, A HMESTLISS e bt
bR TVET L INANALERLN TV

BEBR, bbAHAVNE IS ENEZAHRH LD T,

WNE ZAFMNEE D & T VIR EOREEL Z L 525 2 ENTET,
HRIEIREEZ S D2 ENTEET, EHRLLUTHDLI LWV I HELTWHD NS Z
EMTELZDOITTR, ZhTTIEL LY, L IZAR T, EENREE, BETdna, ¥
VIRENBE ) TTIHNE D, Stress and Straink W\WH X9 EEEXWERD E
T, EIRICHEHICEB W LE LT, DB ADIT T, IfbLTLED &, D
FThEF-> TR, FHNRVWATT, TR SETT,

LB ERIFER T & BIRITHE 2, HERE L £ 5V O REO D TITOT 203
IEFIZTHL, BLAMTLEHFE VD OTHRRN, AEERATYT, LOHE, 0T AR
KEWV, INSWRATWS ZET, MMENETLESTLE D ATT, B, Tast
MO RIET =22 6RNMOISTHOT R, 20 E THET 2 0ITTIEFRETH
HEVIDITTT, ZRNKTT LN IERDOT, WANAEEZLNLDT TTNRN,
HAE DG AT END TERNE NS OBRET LT,

TIEEWOI DT, XL HHPIAT=MEMRIRE VO SO TR, ZHITIEHOT A

Advantage and limitation of model tests

BERITROTTN, ZHIRFRATT, &2

Unstable sand sample after 100%
AW RRIELLTLENWET L, ZNZZEDH 9 KD liquefaction
Y LB DML T LE > T 0 H R L e i

behaviors after liquefaction

AW L TH RIRIB TR IZFBR DS T S0 & . S GERGRLEE
WORELH Y ET L, HRMELTLE ST, Bl A So/bin colapies Undee e
FErzEr L LETL b2 T e LT
SO TV BN TR AT A,




AT T ETIRIRILZ OB AT D121, RV RERZ N E NI 1FEAER
ARERATY, BIZZISHDOEEZEZEAZET & RIZZUT= o 7vTdidhe s, b
DIFH T, BEXTTREDRDIZERICR>TVET, FhPahnngds, R0
WIWOEINRHY EL T, FTOIZI BENETENATT, DED RHH LV FEHT
T, ZARTESTZ108YF, 208 FOV L TAOFD ELE TFOIEIIOENRAT,
BT ERMEIC 2 B0, LA, AMEHRErRATI L2 L T, iRk
BRATZEESVWHLET L, EAERTFR1kPalllTh, Erxtl TRKED D
T, FARI ENIEFICHBEIC /> T, L& FL TEBENEY LW e T, &
FHERML TN LRNEVIRBEICL 2D ET L, 202 IR NES TR
Loo& 25N TLEIDIFTT,

ZOVORENRHVEL T, ZhaEirvoT
FIRLE 35 D L R EEELCOE L, | graing?

1. Use of heavy pore liquid: weight of grain =

ETBITHOBEE ZE LI DI TF, BRIOE | buoyancy force. No relevantliquid was
SEMLEY, —IFRTOX, ZmEiHRO z.f:ﬂsltriaxial tests under zero-
YL IRORIABASTASDITTH, BT | peetal tacitty
KEWIERT, ZHIIAKTRS T, botER
WL HEE 2. 7 < BV ORI T =il EAERER 2
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HLrobTARILLHETBTHDL LD, MINEARSENDL AL L AME LT, KB LW
ICHImE TR HAR FIZHSOT, Zhb KALLRWNnE NS Z & T, & Licbly
TY, WOYVICENEHEZI LVH LT, ZV—Tx—/b, BRETFTTIRA, Zhix il
WOWNWZ DT, EiL, BEDERE VD OIF— 2T MEICHBEDIZ D THEIR D

WELT, 90FERIZNASADANR—Z T ¥ bLOHFTZdilEMERBREZ L7ZT7 AU B D
FAEDNET, ZTTESLLVOTETR, L0
KBV MR EFHRT D & TRl E T,
BETIIEDLRNLEWVWI ZEbH VBTG LD
TISWETL, T2 biTb oL iz
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MESFEV DINSATTR, %4, BERIZR-
THEED, bl belEhr L bBNnELL,

Free fall apparatus
in Gifu (MGLAB)
;“ !
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BEATETLEY, TOPIC=MERRBIEEZ ANLE LT, £2OHIBOY T
A>TV T, HE2 L LENTERISELI EWVIDITTT, WANWARERELHLHDT,
INZRTWERZTET D, ZHUDIEREIZH Y £ LIk T, sxm < THH
LTLEST, AlFRWVWATT L, YUK, E0roEF A7 eridEy FLET R, Joiil
DETLI2ATTH, 100 A= MUTHBEETFLET, D%, T50A—hHIF L/ —
TLVHRZTIEDD, ZHIKRTREBICIEE DD T, 0D, Z0IEE 5L 2 AT
EERH Y E9, 7D T, BRERECTHENLENDLOT, HNEILE LIZWHEDOTT D,
WAHNASRbDEEIEBENEE L LTHEY, BFEES TR THASNAER-> TNET,

AU E T, SRR 2T T, T
Lo e Mmb LMo 2 CHEATE T, chut | wess
A7 /N TE R, EEIZA>THNE LT, fEHICA
NELT BEECLTHAEFSELZ LI LA
T, ZOWTEEOFETTNORIXLETITNE
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Newly developed light triaxial apparatus

e o o
s during free fall.

Sequence in free-fall test

N 1. Sand sample is placed ina
capsule, with 20 kPa
confining pressure applied

| by negative pore pressure
| Sand | (vacuum),
| SHbE 2. Free fall starts.
i ” e "
||\ iy 0 kPa confining pressure is
\ ;'I released to zero.

\ y 4. Now effective stress is
WA
Falling freely | |

nearly O kFa.
Triaxial compression test under very
low effective stress is carried out |

Free-fall
capsule




BNV F I, ), IR LA TT &,
The last problem to be solved:
‘%)O Tﬁf:/\/fﬁ—rj’ﬂ k?é) A :ﬂli;’ﬁ}fiﬂﬂz})'ﬁ' “/7011/ i Test i*:lo1 on Wet Sample ,\;:y::::mx
OERTY, BEEFLTOET, Ba Ty | E ol A
2 24 zero-grav JI
B2 BRI L0 ATE, R LE LT, | | ] eweimrsine 4] 4
% é‘ﬂall ; L
ZHUEL DRI SO TR, B ADIE D IFRIC : " BN | impectwoen
E -1 : Start Loading | fall stopped
LARNWTLIZE W0, AT 5 & 2 ADOERETIE Tal o e
Time a7
Lo EHENTWADEZATTNG, ZHUTERN (sec) -
W TT, ZOHSTT, BHEFNLT, B I9E87 4 —2RDOICRRER L2 NATT
1,
EO) Ll fROT—F2RET LM
The last problem to be solved:
AR, fElh DA ST RANE2 0k Pa . M e p—
BAKERS <A 5220k Pa ERSEAFLRT |y ISt g G
eﬂ’a Rt e e Zero-gravity i f 4
T. 2 CHBUKEZERIcEL T, ARG AR | LpE ¢
ocz | 4
ERROTTT N ROBRVATY, MTRLRND | tog 0
« ReT 20 7 air
CVWWET L TR EEIFERATTIIRE S, WE  .3p..... pore pressure :
-2000 o 2000 4000 6000 P
Vlf‘%ll \@“C%Eﬁﬁ)ﬂf_&b\ & \’@:‘/\/Hiﬁ'O) & % GZHEZ%E@“Z) Time (ms)

AT, WIRL LS & LT, EHEOFTHANLLKERNDIAL D ELTWNWDHIDOTTR, K&
W VAT A B — RPBFIZE DR, ZHUE2,000IVEay RENL 2B ENEIN)
FEIRATY, BIZA DRV, MICEDLR0NG LD &2 TRIBKER YA T AIZR>TL
FoT, AMCHN T T A>T LEL-T, TNTHESTLEIATT L, T, #Eh
RN EEAEEE LR, £V ERH T2 AT,

[9—A, Wolzre) LEECB RO LS EL
WE2TLDbDTIND, H9—ALWNH LT,

The last problem to be solved:

+ During free fall and sample deformation, pore

—HTEEZTHIL T2 bOTENL RAICD water pressure was held negative in sand and
. - effective stress remained.
DORJEZIRIFLIRNEWTRNEBNEL T S |« Thiswas because swelling of sand could not
occur quickly during the short free-fall time : 4
KTEIFI L=V 7 idiso Lo & T4, ilp to 5 seconds only for 100 meter fall.

+ Remaining tests were run on dry samples: air
LI LA E KLY HZERDITE ) PNEEA~DH was quickly absorbed by swelling samples.
ANY BT o EBNTTNL ZR T E T DL

5 MBS bI T,
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1E9 0 HMTY, RV EEsTWHEosLedbLvERATNEL, THT Iy
ITAART Y ERHYELTOERIERATT, 1E9 HTH, ZO0b0 FEAZENT
ETCBMTEIFT—Z LALDPNIFRAEROLOTTR, ZUINNTT L LW DT T,
9 HMOERTYT, BIELZIOMRVPHHINTLENELT, BRELTVET,

% h fcﬁ b H— VC‘\‘ ]\ 3 /r -]j— - 70/1/va 2 EEE:QJ L f: h Motion picture taken by camera aboard the falling capsule:
T SR LEIR T, €05 5BAETROT | ‘;f:fo[f;g ot ??bi S
TS FIRHEE 5 0 % OB T, B1< 1T W) L] = VB
AT, SoZTFNZDT, BIK LES DTN,
L ko EHEESED T Hb 2R HRE T2 MG E
DELT, ZDOHIBLAEEETb Lo L#WmLET, £
DB Lo LITE LT b oTe b, Bl 7 7 A
MIATEETH, Lo, ZNZ2—RBIED THEE T 7 A L 3TT 8, 4, #fifLE LR
R, TIMH LD T DITTT, KEIENDLIDIZTE S THLWWATTITRE S, &
F Lo LT L ZABKRA L R THY ELT, DE VAR ME - ERATY, filh—
ETLbo EEBBTLHEZANT V=T LW ETH, MR THLIES > TVDHD
7T,

1EIZFTEH Y EFFAT I —EZobH b Mmmﬁi;ma?ﬁﬂmmmb
DE LT, ZHHRARDIRDENNIRNA T, % on dry Toyoura sand (Dr=50%)
TT AT ENOHRIZTATNHY E LT &ET
TET, AR TEHBOTHM LT, 22 TTH, Z
DEITHRVELT MEELTNLE S, BFIT
—EHETHEATND & Z 5V ) ZEFNR Dol )
DIFTTENET,

'
']

Pay attention to viscous creep:

Slow deformation under constant stress.

_10_



RoEZE FD, Iholdholzi o bt
TIM, ZnTray hLET L, BE, OFTHD
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BRI RVEIZR A ET TR E
HO A=AV x MLVOFERS 70 LT
FLT, BN R EE T THET,

ZITTR IS OTARTE =T ZOWNLE
BLETLO65EIIRYET, ZNITHE Y HE R
T—=HTIEHY EFHEA, L LARFELROIX
DO7aEATH LSS LETHSBEENEZ T
WEETDOT D ko & PRSI Y £31F
nEH,
m. oFED 1BHEIC1
LTWET,

ZhTH o, 2EIADOERE LI-ONRZ -5
T, 1. 2% TERTLIbITY, Zobix

1 FEDONEREEEEA T LT,
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Thus, axial stress was constant but
deformation increased: viscous nature.

Free-fall Test No 3 on Dry Sample
Dr=53%
i H No Stress history
12 A SEERTR PERRSR Dry Toyoura Sand

Vertical Strain started to increass|
at constant rate (0.009221s

Axial strain (%)

0.6kPa effective
stress

Time(sec) 33

Stress-strain diagram

Free-fah Test Mo 3 on Dry Sand

129 . ; : Dr=53%
i ; No Stress history
o 10- N — Bty Tayoura Sand
e ; : ;
= 8 i
@ i
] i : :
ICICE *| Vertical Strain started to increase
n at constant rate (0.009221/s)
w 4.
S
ﬁ |  {
g 2; ; 0.6kPa Effective stress
8 T ©'=65 degrees i
0= i : ; : :
0 5 Auial strain (%) 10 12 .
Deviator Strain (%)
Free-fall Test No 4 ——
" i :  MNostress history |
[ Dry Tuym.ra sand
.-(—v-. 10 = - s 0
o |
I NS Y W H : : : |
§ Deformation started to increase |
B *1 | at constant strain rate(0.0121/s) |
5 o H H : : |
s -
o |
§ 24 . |
[E |
8 H } H M 2 |
Axial strain (%) [
k]
Free-fall Test No 4 o
& H No Stress history
¥ Dry Tayoura Sand |
10+
@
[
X ) L ;
3 3 i Deformation started to mcraase
2 e el 3 -1 at constant strain rate(0.0121/s)
5 £ i z % 3 :
S :
@ y
| S 3] =7 1
m

These hrgh fnct:on angles are consment wnh zero-

gravity triaxial test data in NASA space shuttle:

Sture, 8, Costes, N, Batiste. S, Lankton, M. Alshibl, K, Jeremic, B. Swanson. R,

Matel
-l‘nI-J' atermal of Aerospace Engincering, Vol 11, No ‘“f =
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Viscosity coefficient
= (shear stress)/(shear strain rate)

(%)
[ 400 kPasec ]

dls, &) ["'l ".\] [“r‘1 =1 5] Poisson ratio=0.5
dt 2 S\ dt is assumed
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More triaxial shear tests under low
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Viscous stress is highly nonlinear with strain rate.
What strain rate is relevant for practical

analyses?
Data of 1-G Tests and Zero-gravity tests plotted

together
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Subsidence of Niigata Airport Building in 1964
(Motion picture by Fukuo Yuminamochi)
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Rate of subsidence= 1.1cm/sec.
Thickness of liquefied soil = 10 -15 m

Rate of axial strain = 0.001 /Sec.
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Viscous stress is highly nonlinear with strain rate.
What strain rate is relevant for practical

analyseﬁm of 1-G Tests and Zuo—mvlly tests plotted
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Numerical analyses on effects of
mitigative measures for river dikes
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Duration time of flow is a function of seismic
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soil behavior under very low effective stress.

T2, 2EIEB L TENoTE, ZOI T | - Sandunder very low effective stress is

viscous.
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very high.
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BEFRN VWA EESTEY 3. . 95 numerically calculated.

Performance-based design is possible.
M2 TCWIBLE, BB T 2058015 ACKNOWLEDGMENT to MEXT Research

Grant, E-Defense, and MicroGravity
SENTLEIATTLER, bIbrolmlih Labortory.
RLTINTH Lo 0s LILER A

Fnb . EBRIITHEETRKRLE S5 TV WO TN E WD DI T, TSRS

t~vAr7mnroer o —fic, Ecm L EFEd, LETT,

,16,



