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Experimental investigation on the behavior of unsaturated soils at soaking
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[ S
0 } g } 0 =
10 15 20 25 &
Deviatoric strain ¢, [%] 4 3
L >
(b) Ext. 8 =

13 JRA (dense) Dt J1 O A B AR

(b) A
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3)
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3)
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Experimental study on scouring with change in pore pressure

due to high-speed fluid
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ZHE TOUER

BB 25T, RN OB ENND 2 LRI TH L. L LIESE, fMithicinz, HEno
ISR LY IR 2 —JBILR S D Z LRSS T\ S, £ 2T, ABIETIE, R/ 5 kRt
TIZRT L HIENDIGHZAIZE B L, BRI J ORI 5 VeI R R &2 2 TR FERRIC & Y
VD A 7y = X AR 27k A T BRK S TEAVIT & 2 Ve 52 ER ©13, fgR AR I W CTIRIA I M ER 3 D BR,

AR R fE TITERIFBKER AL, WHROEITELRT Z & RbhoT.

Fiz, NEFHEETIE, MRz

KOSHURAMI M U, MEHALASEIR & 70 0 YRR 2SHEAT L7z, BRIk O Ve 28R T, BOfKBRIC K 2 1
BN URARICRE SRR L., $72, BRI Z25%0 2 T CIRSRIMBKES AL, #iRIbizi
TRRE L R D BB 2 BIR S D 2 b o T,

F—U— N oUdE, K, RRE, @RS

1. FLC®HIC

FEIRAC K 2 VBB G S, KR e MU 28 b oV A 1 1)
DXFENETE B L, ERREELRAEIEDZ LN
HBH. 2011 F 3 AICHEA LR AARELIZBO T,
Wi A% 1 ) 0 O WiAR S Bel S viz Z & C, WS o
MHEASREAME T L, #EZ5AE - IR LIk r — A0S
265, WRHEBIZOWTE, ZHE T - T
FBFIZB W TR NI ERED SN TND. ZNET
OWFgE VITIE, FENIC X > THIERE~ERT 58 A
Wy & Mg FRE O TR FOFERERE L DHIFHODHW
SARIZAE B LIERE ) O, IOFAEIZ L5 Hhi 70
FHEBIRICEH L CHIBBLREDO A N = X A% HHAT 2 2
ER—RATHD. L L, EEICHS UigasisEyE
NOMBLAIROBIE A B E 2 2 &, HERBIZEE Lz
WMADOERDHTIE, VR G 2T 5 Z &R TERWY
LEZD. TEOMFEICBO TR, FIXIE, BFEO X2
B CIEMR T 2 AT OB L, R8O A Cidie < H
BENEBIIG AL A L &, TRz IhE S 528 L
MENTW5D I X512, 1993 4RI L 7= A g g i
ORI X B E I g E s VLR, H IS X DS O
BRA D= AL EWETd 5 L COERERER & LT, Hl
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NEZ T HWEBEYE TORG~ Y REZNE KH
T B UEEHAE DZEE - ICEFT LTS Y, —oo X
57, I, FREWICINZ T, BERESEG< T RO
TIFEAERICER L8R % L 0 E&MICFHnT 2
72D, MR T TR LN TV DAL, HilE TRk
F2HMRAEMNZ, TR A D =X L EB 2 D 0NERD
HEEZD.

= ZCARBETIL, #Ek X W BRI N CE RS0
RATINZ T, Fi-lCHMENE OIS N ZEICE R L= BB
RESRZ EhE Uiz, LT, KEHEREEIZBK RN
AR SV BB (ER 1), AT LB 0% K
BRI X 2 S % MR OVl FEBR (38R 2), BAIRIRE TR
AUy RERBT DRI L 2RI ER(ER 3)%FE
it L7=.
2. ERBMESSLUEREE
FEBRTIE, £ & 2.0mX g 0.3mXEE 03m D7 7 VLK
2=, KRR L D 1.0m 2SI, £ & 0.5mX g
0.3mXEX0.1m O ZRE L, HlkzHERE S Wi,
FNLSDRENL, THEAMEOHFER & L, HEEXEDF
T, WEEE OB BE L CORRRIE Dg=0.17mm D&
TR A A28 S8 7. WRIRZEENE, 2R E DK 7R > 7 (1201/min



HU & 1001/min B & O CIEBRIT 2 TRk L 72, BRI,
ANRRIBUKEFHC X 0 M P O IR OFHI A AT o 7.
K FBRICIT S RIBAKER OREALE B K O E OIS X
[T CTEENE RS, £, BT A4 A F(29.97fps) & VT
BB 117,

HERGMR |21, BURRD & 2 FEEEOEST AB 0 3 fifE %
Rz, RIEINRERh AR 2 X 1, PR R K OSBkERE %
£ LUIRT. EBRICBWCTERIDE AWV 28813, Kk
THEEEFTREE) I L OV P TR ERIRRE)IC X » i %
ERL U 7=, 5 2 ERR T 2 BRIE, 22 & HECZE & [ED CHT
TEDFXI B2 D L HITEFR LTz,

3. BIKERNICKDKFHBEMBOXMERER (E
B 1)

31 EREEMELLUERT—X

B 1 THW T ERBRIEE OIS X I L ORIBRKEF O
REMEZK 2),0INIRT. F, F2IERI— 2%
Y. EBRTIE, BHWR X0 B AV, B
DN TV FE %S 2 (Dr=40,60,70%) & A F0 % (Sr=0,17.7,10
0%) %&b S8, ZOREEEL LIz, Wk 12001/
min FAEDOKF R F2HNT, HhzH— L.

32 ERTERNIOEH

i )3 L ORI 1 2 33 5720, v N —E % A
WCHREF A O PSR 25 Lz, TOREK 3(a)
WoRT RIS, R TR ) & B T 5 72 # Prandtl-Karman
DRIFAT N 2 T TR u* 2 B L7 ®.

u 1 z
— = +—=In—
U.. A x k

@

Z 21T, & 1F Karman B4 (x=0.4), k (340 HLE (k=0.2),

AT ERESRTH S, BEENCy, i uz & oA
72 7 (K 30T, FHHERNER & 72 A HPHIC
KWZBEH L urz ko7, RA)THEL Lz vz kRt
AL, BERITRTE) & ET LTz

*2
_
T

- i @

ZZ0T, siIAKHELE(s=1.65), g (X AANEE, d i3

impermeable seabed

Fu S el T |
w] «—  Jeabed P oumpZ
f 1000 %0 T go0 | =
= =0

7 Unitmm

Unit : mm

CHO i CH5 i CH10
----- A s, _jiisiiiiiiisieh _ st R
50 | 200 | 200 | 50
T I

500
(b)

2 EBREEEIIEI @), BIRUK LR O R ENLE (b): (38R 1)

2 ER—A(FERY

0.1

1 EBRTHW B X O AB ORI

05 1
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S 80f
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= 60F
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a i

B 40

o

8 i —O—Toyoura-sand
% 20¢ —0—Gravel A
= i —A—Gravel B
o

'_5'“
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Grain size, d (mm)

50

# 1 FRITO TR OSSR R ds X UM AR

iR} B HhF A 44 B
SEHIRIPE Do
0173 857 473
(mm)
2.21E-02(%%)
FH/KERE (cm/s) 4.22E-02 4.16E-02
1.48E-02(%)
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Fhpr— ) FHxIE EE Dr
AR RO faFNEE Sr(%)

Casel-(No.) (%)
Casel-1 D 100 40
Casel-2 EH 100 70
Casel-3 s B 100
Casel-4 B 17.7 60
Casel-5 EHHTRD 0 60
B

_30F E
1< E 3
£ 25

= 20F E

£ 15} E
=
£ 10p E
5b E
0 1 1
300 350 400 450
Velocity, u (mm/s)
(@)
450' T T T T T T T TT T T
= [
E4001 =
S [
2 [ .
'S 3501 E
o [
> [
L 1 1 1 1 1 ) T | 1 1

3001 2 3 4 5678910 20 30

Height y (mm)
(b)

3 B b & A TEH U7 SRR S (2), Mt S HEE v,
R y % & S T-AXE T 7 (b)



ST, LW BENE BT D R TIRRR ) o a A
EOR V% HWTHE L, BRITRTES & O-kE{T-
7o, ZTORER, B TIE, =1.030>7*=0.300 &7V,
FERICBWTHME N IAE L., —F, M B TiX
7=0.002<7,*=0.050 & 72V, FEBRIZIHWCHRBIZRAE L2
Motz Ko TREINDIE, B N TEERTS.

3.3 RIEDOHRF
BAFNIRAE CTHA%IE E Dr=40%(Casel-1)F & U8 Dr=70%(Case
1-2)DEBRIFOE 2K MR T. WFIZOWT, FEiEC
RERENIA SNV, PlRREAR, N7 ~O¥H
DOHETTHE 1395 70 i (Casel-2) 12 b~ THEV Ml (Casel-1)
DF DN & & BHIC L DB CReR L7=. ic, EgER
fg b~ B U72BR 240 L, R 2 B AK B LA L
7oKk f-(Casel-5) & [X] 5IT/Rd. EBRBAMAE LT, HERTHAZEN
HBORIBRZE R AN HAZZE > B DRI B S, MR
PHEEE =7 —7 u =AUz, 2O HLIZYERE %
FAE PR SEDEIR L 72 ofe. D14, 17%7*1:%&1?,%47
W LTV, SEERBRAG X 0 200 BaBBICIXIZITRE LT,

t=1.0min E -
(=1t Omln E

| Dr=40%

flow

§ Dr=70%

flow me
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FEERBIAA LV 3BT, TRENERICEA CiAw bz 4e
SHUNZ L THIEENIZ 7 T v 7 B RAE ST ZOBIGE K
F2DHE, HEEAME B~ UZBRoTRRESICL, TRIKA
DOIERIIINA THBRZERORZELEZE L72 < UL bR
ZENbnotn. LLEORERIY, fi IO S TN T
T, RO Z T, BB EL 5 2 DR OZRIZ
DWCTHRIT 2B H 5. & 2 THRETTIE, HENHROZE
{LICER LTEETS. 2L, AT, £FMBRAKED

FDENGEE L, SFRRBIZIST 23R — A 2N T
27

34 HBEABOLHEL

Casel-1 33 L U Casel-2 DIEBREFIZFHAI L 7= BRI E D
Rz 2k A X 6(a),(D)ITR 3. AR CIIsE it o 5280
DTSN EEZ SN D BT RO RIBRAKEFHCH5~C
HO) TRl L 7= R A rd. WA NIMERT 2 &, MR
r—A L BT, KM EFITEDKELFHEX 6 HOFH
BTN Z, BB AT O R4 Z iR Lo, iR EH
(2D Bl R FIBR K FE 23 56 A2 2 5 Ml (Casel-2) & T

t=3.0min E

t=5.0min

[H1 234087898, 234362000

-]
I7—JO0—ND%&E E

B ]

t=2.0min t=3.0min
[ ‘yj'é:h.f_gﬁ.ﬁi ;

B e S W BB A B e W B S s

B 5 Rz BRIV E L 72BRORR £« Casel-5

@2000 Casel-1
e—, [e: Pore water préssure sensor o o Toyoura-sand Dr=40%
= it Ll — .4 — CH5 —CHS8
~ 1500_! i ol ——CH6 —CH9
CH7 151
) [ CHe w© Jgs —CH7
5 [ it s T -Incrementation of water
ﬁ 1000 | 250 -+ 250 i pressure by water level rise
s
S
= [
§ 500¢ AJ’:*:*:'"_ =
o 0 Incrgmentation qf water pressure by water level rise]
o
o 0 1 2 3 4 5
Duration time, t (min)
(a)

< Casel-2
&,2000 y. Pore water pressure sensor _ZU"""""“ Toyoura.sand Dr=70%
S 1 i — 4] —CcHs —CH8

1 CHY 155 CHS
~1500F i si|  ——CHe —CHo
& r CHo w0 P —CH7
2 [ = e st{ - - -Incrementation of water
91000 | i | pressure by water level rise
S
b [
= 500-
= [
o 0 Incrementatlon of Wwater pressure by water level rise
5 oLt o T
o 0 1 2 3 4 5

Duration time, t (min)
(b)

6  FHERIRHCEHI L 7= MIFUKE DIREZIZE L oOf%+- - Casel-1(a),Casel-2(b)
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% i (Casel-1) T I Al v g T (z=35mm) D 1 5 E Tl
FIRIBRAENIEAE LT, Lo T, O OERIIAT,
Z OBFIFEBRAE O AE S HEFE AR OB AN S, ¥
WREAPHE SO SOER TR NNEEZ S,

4, HFUKEOFETICK DETRMBORERERE
B 2)

41 EBREEMESLUERYT—R

FEBR 2 TR SRR E OIS X L ORI BRKE T 0%
BEMEEZX 7@),0)NnT. Fe, EBRy—2%E 3I1TR
T.ORFERTIE, T RIS hye=80mm o ETHE A 7%
OIS A B L. 7, KR TREIC I KEEE
R, ZOIKEOR S Z#Lb ST, BB L D FHHE
DRNLZ PR LTz, FRZENCIE, FEBR 1 ERRICKPR
7 (1201/min B A L CIERIE R L, S 1EH
— L7z, EBRTH, BEL Y Bt E TROVIKN S
B SE, KBLOETESOBLIC L DB e ERLI-
ARETIE, WIHIKNZEZE 4h LER L. Wy, &
BR 1 & AR B 36 K Ot B % FVC, BN (Sr=0%,
1009%)35 & U5 5 (Dr=40%,600,70%) % Z5{b & H-7-.

42 FEOHKTF

(a) fAFIEDOFE

Ah=80mm THE S % 281k S ¥ 7= Case2-1~Case2-3 %
X 812, Ah=20mm THuMESAM % 2L ¥ 7= Case2-7~Cas
€2-9 %X 91T/RY

Ah=80mm {Z2OW\TC, F9°, EVEHS ORIFIEE DiE\ O (Case
2-1 & Case2-2)lIcFHT 5 &, HETOBETHRY 3K
EHF OGO LN D IZHE T OFENHR R L0, $ES
B O KVEIRROHEITICH TV EWVITA LRV, Z R
Rnb, HRHEORAEORETIZIERZNVE VLD, K]
12, B & B ORIFEDE (Case2-1 & Case2-3)i255 H

§ Dr=40% § Dr=60%

SWE) M0 (=055 | 2ED @

Overflowweir

Overflowweir

Unit:mm

Aboideau

@ impermeable seabed

Unit:mm

@ : Pore water pressure sensor

ZAN = . 5
¥ chs @ cHo @ chs seabed 40
@ cH2 @ cHs @ CHT
; i 45
5 45 ’l 100 | 100 250
(b)
7 SEBREE BN X ), UK E R OB ENLE (D) © (352)
# 3 FER—A(FER2)
Fhrr — A Ah AR} fafn g FRH B
Case2-(No) (mm) Sr (%) Dr (%)
Case2-1 80 B 100 40
Case2-2 80 bRl 0 60
Case2-3 80 Wk B 100
Case2-4 40 b= AL 100 40
Case2-5 40 b= AL 100 70
Case2-6 40 Htt B 100
Case2-7 20 b= Rl 100 40
Case2-8 20 b= Rl 100 70
Case2-9 20 ekt B 100
Case2-10 0 b= Rl 100 40
Case2-11 0 b= Rl 100 70
Case2-12 0 ekt B 100

3

t=0.5s

i B3A0
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8  Ah=80mm T3\ ) B FEBROKE T « Case2-1(7c),Case2-2( - 4),Case2-3(4)
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SRt 83F0
| Dr=40%

i, &b
=

Dr=70%

V34 b TR M) T a4 b e a3 123408 78 0f11 2348878 AHY

...............................................

At BaF0
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t=0.5s | &4

T 5 &, SRR O RPEARERFS J OUKFET7 10 O YR D IR
NOICEEBN RSN, ZOREND, YRR DORIEIC
ONWTCEETILEND Y, TR~ IZVERT 27D
E LR OBEHERED DY AWV X DR OBEEN E
BERD.

Ah=20mm [ZDWT, F3°, X DL (Case2-7 & C
ase2-8)ICE H 35 &, BHCHET RV TR RICK
ERTITR OGN otz ZOFEEND, HEREHAZ O
K EORBTIE RN EWVWR D, —TF, Big L7z 4h=80
mm DA L RIERIZ, RiEEDE L (Case2-7 & Case2-9)IZ &
RVt EE Tk Il N [oY/R TS gV

WA, WIHIKALZE Ah O GIZEB T 5 L, dh BAREW
FE, EIEOBM b RE D ERNbnd. T, B
WA L AKMOE T RINF—ITRKNT D EEZ 5.

DL EDOFER G, BRI X 2 VEIR B S I HERS R ok
BRIOKOBE TR X —(CRA L CTHENRREARD
ZEMbhrol. BT TWHETIHE, KR - KO T =>x
X —IZHE LIRIEA = X A ORERRD. Bl %
AR LT 5 7= AR T, fafRBICE A E K-> THELEL
7=
(b) HBBIUWHKEENRKEIERICEZZHE

AHRISR LIZIB Y, Wi L OWIHIAKALZE ah OZALs
BRSBTS L Z L ¥bholz. £2T, HDOFLO
DRRNELARED 5L, H PR X —I2 L DA
BEET DI, FIHIKALZE 4h TR U7 SRR KU
BRA& RO T2, X 10(a) 2 FH k% Dr=40%0 75, X 10(b)
IR B O MER SCVEHR IR DA b2 7~ 3. WA EHZ I
T, WIMOVEIETIEE L, MIHIKALZE 4h & hyed2 DK
INBBRIZ L DIRIF IR KRE L, Z DBITHIHIKALZE Ah 23/
SLRDITE, BRIERHEDNEL 725 2 &5, I,
HERBIAKRDFAET D 2 & T, B X DK% Frx
NX—ZBRINT D7 varbhbl LICERTSEE
Z5B.

9 Ah=20mm 21T D FEBRDOET : Case2-7(/),Case2-8(H 1), Case2-9(4)

g 45 : : : : .

Q 40 Toyoura-sand —0— Ah=80(mm) - & - Ah=60(mm)
Ec (D,=40%) -0~ Ah=40(mm) <>~ 4h=20(mm)
25 85¢ “w - Ah=0(mm)

.55 30EF

ED 25| dh=hyer~Myeid2 [ B B e n e
B85 20 .- o

58 15t G e S
S22 10 #

g 05 i‘ Ah<hweir/2

s 00 20 7 4 6 8 160 7 120

Duration time, t (s)
@)

=

2 15 I T Ty EE S S S S
@] Gravel( Dsg=4.73mm) | —O— 4h=80(mm) - £ - Ah=60(mm)
cc -0~ Ah=40(mm) <~ Ah=20(mm)
2 W - Ah=0(mm)

E—

<0

[N

Ep

5

53

p=N7]

N2

=

£ I

S Vet O e

z 20 40

Duration gme, t(s)

10 BERTTREVHRIRORZIZEA L « Bl @), 144 B(b)

(c) HEERNERDIEHEL

TAEPNERICER & L 72 FIBRZK G (CHB5) TRHAI L 72 Rk
EDEH Gy Au ORFAEALORT- %K 11 1T T. B4 B
ZRAWEGAICE, RE LT CTORBAKEFIZBNT
Vet Of IEIZBItR 72 <, [AIRREOKE EFRRAELZ. —
J7, BN E AW TSA T, EREICETIC X DK R
HOKELEFEN RSN EH, RS EITT IO Tl
FIFIBKIERFAE L, 0%, WIEIC X 0 BIBRKEG 2 &
H 2N A SN, LLEDOR RN D, HERTHE ORI
DIFENZ LY, HBRNEHORKED EAEM I EE 5
2D ENbhotz, £ZTC, BIHWA Az Case2-7 1T
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, ©  Toyoura-sand(Dr=40%)

r A& Gravl(Dsg=4.73mm)

C CH5 - - - An increase in water pressure
" Exposure of pore with rising water level

[ water pressure gauge(Toyoura-sand)

B Increment of water pressure due to rising water leve] of flow
0 05 10 15 20 25 3.0 35 40 45 50

Pore water pressure,P (kPa)
OO OOFrRRFFRFPEFEDN

ohvhowovhroowO

Duration time, t (min)
B 11 Case2-7,Case2-8 ZEBRIFFIZISIT 2 DMIBEKEZH)(CHS)

12 Case2-4iZH1H D+ 0 IE, A0 IE, FBUKEDORZIZE
{B(FE) VRSB O ER(H)

DT, EREHIHRE L2 2 b & I —RThI g o
TV JE (o=puh+ysa - N FEF D EFRIIX 12 &) %
AL, RIBRAKEU)EDEE L STREA LY JE
(YDZEALIZ DWW TREE L72(K 12(£2)).  EBRBHAE 20 5%
W 2 S R FIRIBRAE SR AE L, 49 MR A2 £k 0
E()D3 B &0, MR IRIBIC 22 » 7214, 68 7
PR IR EFH R BEH L2 2 Lo oz, LLEORER
Mo, BERARSEO B T IR K 2 iR @~ ) o/F
FITMZ T, HBERNOAZ L0 FER R L, HEREHED
TOIRIBIC LI IRE L 72 D 2 & C, BRI 23E LI S
LT VAREE L e > TV D AMREMENR S 5.

5. BEVETORENIC K DHEIEERER(ER 3)

51 EREEBMELSLURRT—X

ASEBR T B EBRAEE O X 3 L O BRAKES O
FRENLE 2 X 13(0), ()2 R T, F, ERr—2EF 4
R A EENC I A~ T v R K OBHI R A R L7
RASERAIZ R E L. A~y RNERSET DK
IZ L DU S A D 7w, RIS T, BhE
BRI A~ FZEE L. BE~v Yy ROE ST
20mm & L7z, F7=, K Pt Ib/KEBEZ RS, 20
IEKEEDE &2 ZAL EE D 2 LT, EBRIH 0K & iR
L7z, a3k g o 7 (1001/min $ik&) & IV CIEBR
MEER S, EBRTIE, #EtEOLEHFEOE LB LY

< Expose of pore water pressure gauge

<920 v A
< - . T T T T T T T T T =5
%~ :. 1.8p Stable Instable ] y
~§ S16p (7>0) @=0) i =
g3 84 .
Zoslef Lo AT 79
B25100 An EN
SoT08F ’ <
G 23 —-o0—0 | 1]
2880 Ly ey
=p R S = Y -O-o'| ] CH5
2 g 02¢ L L L L \.\I.\' i L L L E- Vsat
© § %025303540455055606570

b, Duration time, t (s)

Break water Rubble mound
Fﬂ < , ! | Unit:mm
= flow e | .~
100 seabed
‘ I X | A /I pump <
f 1000 500 500 10
= |
Impermeable seabed
(@)
& : Pore water pressure sensor Unit:mm
Upstream Downstream
150
R )
10
........... 5
___________ 10
10
L ___@CH6_
1 i 1 J
0 ] ! ] ' 70
: L0 :
150 ' 60 ' 40 | 40 ' 60 ! 150
I 0 I I I
500
(b)

13 ERRAGEMEIX (a), [A]UK R B [E (b): (325 3)

£ 4 FHR—A(FR3)

R — A WAL | HUBREEE | S Dr | B~ U R

Case3-(No) (mm) (AH) (%) Ak
Case3-1 80 LR 40 Bt A
Case3-2 80 B 40 4 B
Case3-3 80 4 B 4 B
Case3-4 20 LR 40 Bt A
Case3-5 20 B 40 4 B
Case3-6 20 4 B 4 B

Ba~ T RORIEE, MK ZZ{LS® T, ZORER
EE LTz,

52 HEEOHF

W E IR IZ Dr=40% D BHlHY, A~ 7> R&Edt B ©
VESRL L, FIHAKAZZ 80mm & 20mm (2 Z5{k & & 7= Case3-2
& Case3-5 DEBROEF %K 14 B L O 15 (RxT. FEBr
RRICBAE R 2 PR CC ki e TR CA UKL EZE AfET
W, Ay LTEFR LT, ZOKALE An \Z X DR P H~DK
ORIV, HEREHARIC R CHEREOEW A~ T v R~
BETLIEEZOLND.

WIWIKAL A 80mm & L 7= Case3-2 T, FEBREIAA L Y 15
TORGEBEIC A 73 50mm L 720, BHIIERR I v it ~&
THOERS Uz, L RIRRS, PR ERA_ Byl o i
RIEEHIIEOFEN L O NT-. ZOHIL, ER»O6T
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EER TR IEEER)
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{; .

| lonx  pEesy comm

3078 oMit 34 bs a2y s e s alle PEERRNANR)

B 15 SEBROKET- : Case3-5

AT FT 28, £ LTHAa~ Yy RE@i@T 5k
WaE~ Y FRNOR TR N % ER 5 2 & C, KRN A
<~y FEDEWEEMBE~EREL LD LT D8Ik
C2MIERAB L ORBERAICE LD EE XD, TDHK,
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Effects of the pore structure caused by the grading for internal erosion and clogging
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Inlet tube

Air outlet
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Water tank

Seepage cell
150mm ¢ x 300mm

Test specimen
150mm ¢ x 200mm

Water pressure gauge
Each Interval - 35mm

N

Porous filter

Through under 0.3mm

Thickness : 10 mm 'l };3:
|&| Sedimentation bucket T~ F— g
1 MRS U SRR (X & SR 5
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*~  [=— monotonic loading - ]
2 gL  cyclic loading ~ 3
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0 50 100 150 200 250

Duration time , ¢ (min)
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1 EREEREEC

#* 2 FEREORREE

FHEEE 5 [Dio (mm) D5y (mm) €max €min__| €max~ €min €o
st 0.104 0.387 0.497 | 0.329 0.167 0.363
cvl 0.104 0.292 0.531 | 0.359 0.172 0.385
cv2 0.104 0.277 0.503 | 0.379 0.124 0.400
cv3 0.104 0.243 0.584 | 0.431 0.153 0.456
spl 0.108 0.919 0.516 | 0.315 0.201 0.336
sp2 0.134 0.830 0.530 | 0.353 0.177 0.365
sp3 0.110 0.757 0.539 | 0.423 0.117 0.436
unl 0.110 0.194 0.670 | 0.539 0.131 0.579
un2 0.153 0.163 0.697 | 0.549 0.149 0.580
un3 0.180 0.126 0.729 | 0.552 0.178 0.581
bml 0.114 0.354 0.476 | 0.307 0.169 0.341
bm2 0.114 0.300 0.533 | 0.343 0.190 0.377
bm3 0.114 0.252 0.574 | 0.384 0.190 0.423
bm4 0.114 0.106 0.583 | 0.406 0.177 0.471
bm35 0.114 0.425 0.550 | 0.390 0.160 0.426
bm6 0.114 0.425 0.556 | 0.410 0.146 0.444
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g 20 min / ‘ filter size
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100
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Grain size , d (mm) (C)

3 FEBR TV RIS

FIBNERR | Diax (Mm) | Dipin (MM) | Ro=Dinax / Dinin | AEFFEH
TR 72 B 2.000 0.075 26.7 st
iz 2.000 0.075 26.7 evl
iz 2.000 0.075 26.7 ov2
iz 2.000 0.075 26.7 ov3
BEBeIR 2.000 0.075 26.7 spl
BEERIR 2.000 0.075 26.7 sp2
BEEEIR 2.000 0.075 26.7 sp3
By 0.250 0.177 1.4 unl
By A 0.177 0.150 12 un2
Pk i 0.150 0.106 1.4 un3
TRARRA 1.180 0.106 11.1 bml
RIS 0.850 0.106 8.0 bm2
THRIRIRA 0.600 0.106 5.7 bm3
TRARRA 0.425 0.106 4.0 bm4
THRIRIRA 0.425 0.106 4.0 bm5
THRIRIRA 0.425 0.106 4.0 bmé6
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Weight of leached particles , W (%) Weight of leached particles , V' (%) Weight of leached particles , 7 (%) ¢o

Weight of leached particles , W (%)
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Hydraulic gradient ,i
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Hydraulic gradient ,i

(b)

Hydraulic gradient ,i

~
(e]
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Hydraulic gradient , i

(d)
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%o B 6 ICTHRIRIRA A (bm3) 2RV TEIKAEL)
0.3,2.0,5.0 B¢ FATEN K AR D22 A 2 9, BRI
i, AR S LToEkaE b IR TR LTV b,
W, i=5.0 B2 W THULERICER B L 2B /KIEF O fE2
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DEWVEZEL LS ICEND 3EA, 58 B O IR
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A &Y BRI <, 2ROBIKAEIIIR D £ O ITHER L
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TIEDOERSY LIREL TWD Z &L EMERRN O FEEMN
Ezohbd, 77, BIKARIMENEMIEEE K LIZ WD
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NnNo, £, ZOHIZ2EEH, 4JEEH L WSNEHTHRE
DLRTWEREET LI ERREEND,

25 RERNGHESfROEL

AETHE, FRORY 2N OFICI b INFET 5 Z
& T, HEMARN ORISR G 2. 5 BT RENIZHONT
Batd 5, I, B 74cm, B S 11.5mm O M
a2 AV, BN IR 600um, 106um DH F A B
—RAEEE 73 THRRICRELE LD EHWS, KR
St e UCIIEK AR i=5.0 T—EICHE D, 38 FEREAK L
T2 ORRIY AR EWE Lz, BIEA v =i, kK
D EER Smm -« H FEF 10mm ZBRE, B4 BE 1.0cm,
45deg A 3 ST D L O EILTZ, (OrEIkREK 216
fE < 24 fl/fE < 9 J&)

(QBEE TOHFEEY
7 BRI ORI & A RO [T L

(b)Y BRI NS C ORI

1.4611
BEKAE 0.7717

0.3987

0.4822

0.5560

0.4350

0.5129

0.7280

0.5547

1 q—
(M9 SHEOHR

| ML () |
48 BERIPI DKL OB & BRI 541 O R BT

B 7 I RHERRAAE RN ORI 5y 5 A H2(30%) 2 AN T
—HREMUEL T, MR EH RO E AORIK TR LT
WA, BN R, KT ) KL ERKTHROM
RIBNE TITRL D B H R AL~ > TR Y, BT
REFREE D CHNEIRAEDSHERIHED, £, FIHLTWD
W IR IS i B O H L B LIS NERICE R LT B,
BT, S ICIEBHEA v 2 DEALEEE L &)
ORI AR L TWAD, 2O b Lo THE
KRR bREERHVICEIDIBERLAICHEEL TN
LEZBND, £, FRGEMENR D - OBk s
75 Z LTk, M8 L6 &l d 2 & B0
MRt DR & Z A TRFTIEIKRAE & Ev & v 5 Bk
BT L7 BARIE R D 2 L Sk B,

3. EREREICKL DEMEEDKRE

31 RFOEBAER

AN B0 RPN R L OEER H AL, ()ITR
9 Tchen | & - TR I ELFEH O H—ER &R T2
RN oEE S ERRT, EEORE LR & D
BWEEICHUMR RS 2R D 2 LT, ik E OMAEER %
BENCEVERT IO THD, 72, AETEML
AT, BHE = 2 NEIRO 72 DI K E O 21TV, Ak
L L CORINTE 2 DEN VI WIHEE gk LT,
dup 1
dt

(@_dupj
du du v r\dr  dr
+CyAd| - L |+ 6pdyd? |~ [ ~———Ld
M [dt dt] P ﬂ'[TU -

du w

oAd’ :ECDpAzdz‘u—up‘(u—up)+0'A3d3 i

+Ad* (6 —-p)g+F,, +F, )

ZITC, uy: FIFOWEE,  u,: RO, Ad KT
DIRFE, Aod : b T OBEEE, Cp: UK, Cy
IWEEIRE, op : LRITORE, r: WK1 THD,

WIZ, BEEBBUZOWTIEHMEIZIT Y, £, iRk
IZ2WTIE, Reynolds #UTIKAFT 5 Z L AvD Re<1.0 DA
LA v XA 31T D Storkes D EEFRfE Cp=24/Re & &
LA v XA (Re>1000) (28 1) 5 —E Ml Cp=0.4 /5,
fEERUTOXN L ANnbND,

c,)=o.4+%, Re:@ @

LU, 1.0<Re<1000 DOFEIKIZ I 1T 2D FEBRE & DZEN K
TN EMD, AN TIE Re<1000 OFEIKIZ B TRV
LLEE 2~ B) & AV 5, ¥, Re>1000 OFEE Tl RIS
Cp=04 L LT3N,

24 , 3
CD:£(1+0.15Re°6*‘7) @A)

FUFEAREH EFLHOBHEIZOWTE, ZVE TOR
FHZ X o TRV A VLV AEBEIRICB W CEICEELRH D
ZERGDoTND, RN TR ET DTV A RITEH
TFBLA NVAEIIFEIC 10U EDTD, b DIHEITE
W59 %, ABFMUE (Basset TH) (ZOWTYH, ZHETD



BRI L DI & R T A —F — /N E W2 IR
HINCEMEHSRD E WO MERH D Z L b, BT 2 1D,
Lo T, BKRENCHEER W2 B ET 2 3w LT 5,

di
p[5+cM ]Af i
P oot

:%CnpAzdz‘u—u”‘(u—u,,)

+p(l+C, )Ad’ %er(%—lJA}d}g @)

100

1.0

<

S

particle

2.0

O Numerical solution without SMAC calc.

Settling velocity [cm/s]

0.1¢ o O Numerical solution with SMAC calc.
Gibbs etal. 1971
***** Stokes solution
0.01 — Impact law
’ 0.01 0.1 1

Unit: m Grain diameter [cm]

9 S HEILREE I X 5 DEM KL B3 2 & R o ik Y
# 3 ZUTUERIESRIE DM N T A —H

Parameter Unit Value
Time increment N 1.0x10°
Height of specimen m 2.00
Bottom plane size m 1.00x1.00

10.0, 5.0,2.0, 1.0, 0.5,

Grain size diameter mm 0.2.0.1,0.05 . 0.03
Particle density p, kg/m® 2650
Water density p,, kg/m® 1000
Normal spring coefficient N/m® 1.0x107
Tangential spring coefficient N/m® 2.5x10°
Normal damping critical
friction angle ¢,(deg.) tan ¢,=0.25
Viscosity coefficient m%/s 1.0x107
SMAC cell size (cubic shape) * m 0.10
Boundary condition* Non-slip

*SMAC {E TOFFT DI L2 3F A — 4
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Parameter Unit Value
Basal plane size of specimen mm 64x64
Dinax mm 8.0
Dynin mm 00.26,20.20,30.16
Grain size ratio, Rp=Dinax/Dinin @3.0,24.0,35.0
Number of particle , Dypax - 512
Number of particle , Dy - 1000

2.00001

BB & DRI O B2 DRDRIEN ORI+ 8) & B &35
D (BRI Rp=3.0,4.0,5.0, £ : BEHK THR O
RIEORT, AX : BEIC L DR BB OB
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ABSTRACT

Hollow cylinder torsional shear test is simulated regarded as a boundary value problem employing a 3D
static/dynamic soil-water coupled finite deformation analysis to investigate the influence of the specimen geometries
on apparent behavior concerned in practical experiments. 1) As for the specimen geometries, a new evaluating
method for the non-uniformity inside the specimen is proposed which is suitable for 3D deformation and can
represent not only the influence of curvature but also the effect of end constraints. 2) A “Perfect path” which means
the response of a single 3D element with uniform deformation is calculated to investigate the effect of
non-uniformities on the apparent behavior. As can be seen, only the apparent behavior with thinnest wall thickness
coincides with the “Perfect path”, which indicates a uniform deformation inside the thinnest specimen. 3) There is a
sudden relaxation in the deviator stress in the specimen with H/D=2.5, which indicates that even if larger heights of
specimen can reduce the end constraints, there is still a critical ratio of height and diameter to prevent end failure in
advance. 4) Even thought the non-uniformity in different geometries is quite different, there seem to be no significant

influence on the apparent behavior. The reason may lie in the extreme constraint conditions, namely displacement

control.

Keywords: three-dimension, non-uniformity, specimen geometries, apparent behavior

1. Introduction

In practical geotechnical engineering, grounds/soils are
generally under a complex stress state and subjected to various
loading conditions. In order to grasp strengthening and
deformation properties of the ground, many laboratory testings
were developed and conducted. Among them, the hollow
cylinder torsional shear test controlled by four individual
external forces is often employed in order to reproduce the
actual stress path during in-situ constructions. Via adjusting the
loading condition, the soil response can be investigated under
the designated stress path by both monotonic and cyclic shear
tests. Fig. 1 presents a sketch of the specimen. F,, Tg, P, and
P; represent the vertical load, torque and external and internal
pressures respectively, which will result in stresses including
Oz, Oy, Ogg and Oy, for every element in the sample and
four induced strains consisting of €,,, &, Egg and &g, in
each corresponding direction. Details can be seen in
Appendix-A.

Since the new experiment apparatus was introduced by
Height et al. V, a lot of literatures 2), 3), 4) have discussed
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Fig.1 Sketch of HCT test and stress state

about the influences of initial anisotropy, intermediate principal
stress, direction of principal stresses and rotation of principal
stresses on soil strength and deformation. Meanwhile, as
indicated by Height et al., the non-uniformities of stress and
strain would be caused due to both the curvature of the cylinder
wall and the end constraints and an evaluating index which is

related to the sample geometry, stress path and constitutive



model was defined to quantify the level of non-uniformities.
Lade * conducted a series of hollow torsional experiments with
different specimen heights to eliminate the effect of friction at
the end. Sayao and Vaid ®, based on the assumption of Height,
proposed a more rigorous index for the non-uniformities inside
the sample and discussed the influence factors including stress
ratio, specimen height, diameter and wall thickness by the
assumption of a non-linear constitutive model.

In order to check the influence of non-uniform deformation
during numerical calculations, it is reasonable to treat the
analysis of specimen as boundary value problems (hereafter
noted as BVPs) instead of one element response. The
deformation of specimen was described as BVPs under
axial-symmetric and plane strain conditions by Asaoka et al.”*¥
and it was found that there were remarkable water migration
and obvious strain localization and the apparent behavior
deviated from the one element behavior, which is quite different
from the response of one element under uniform deformation.
Xu et al.” modeled a conventional triaxial monotonic
compression test under the three dimensional condition utilizing
the same method and focused on the influence of loading rates
on the geometry changes. Jin et al.'” dealt with a series of
cyclic triaxial tests numerically and demonstrated the results by
changing the cyclic loading frequencies, confining pressures
and so on. But for the numerical simulation of hollow torsional

' presented a quasi-axisymmetric

tests, since Gens and Potts
BVP by finite element analysis, where they expressed
non-axisymmetric forces and/or displacements as Fourier series
in the circumferential directions, to show the non-uniformity of
stress along the wall thickness, there are few literatures
concentrating on the simulation of hollow torsional tests.
Therefore, to succeed the study of BVPs and fill the gap of
numerical simulation in hollow torsion tests, this paper intends
to treat the monotonic undrained hollow cylinder shear test as a
three-dimension boundary value problem to reevaluate
non-uniformity because of sample geometries and end
constraints by a more efficient constitutive model---SYS Cam

112113)

clay mode and a dynamic soil-water coupled finite

deformation analysis code'*!

, and to establish a basic thought
for further monotonic and cyclic loading conditions under more

complex stress paths.
2. Calculation conditions

The specimen as a benchmark is with a height of 8 cm, inner
diameter of 4 cm and outer diameter of 8 cm as shown in Fig. 2.
The division in radial, circumferential and vertical directions is
5x32x20 with totally 3200 elements and 4032 nodes. For the
mechanical boundary conditions, all the nodes at the bottom
surface are fixed in x, y and z directions and a constant angular

velocity 0.005 rad/s, namely 0.1875%/s is applied to each node
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on the top surface. Except the internal and external pressures,
there is no additional vertical load, namely F,=0 in the vertical
direction at the top surface. Equal external and internal
pressures are set up. Hereafter, if there is no additional
specification, the above boundary condition is adopted
preferredly. Therefore, o, is regarded as the intermediate
principal stress and the coefficient of intermediate principal
stress b is 0.5. The angle between orientation of maximum
principal stress and the vertical orientation is constantly 45
degree. For the hydraulic boundary condition, the entire
boundary is assumed to be impermeable.

Typical saturated clay with a relatively low permeability is
employed in the analysis and the detailed elasto-plastic
parameters and initial values are presented in Table 1, from
which it can be seen it is non-structured overconsolidated clay.
The sample is firstly consolidated to 1467 kPa and then
unloaded to 294.3 kPa isotropically. Gravitational influence is
not considered in the analysis and initial values are regarded to

be uniform in the vertical direction.

Table 1 Soil parameters and initial conditions

Elasto-plastic parameters Initial conditions
Critical state index M 1.55 Specific volume v, 1.747
NCL intercept N 2.0 Stress ratio 1 0.0
Compression index A 0.108 Degree of structure 1/Rg 1.0
Swelling index & 0.025 Degree of overconsolidation 1/R, 5.0
Poisson's ratio v 0.3 Degree of anisotropy ¢, 0.0

Evolution parameters Soil particle density p; (g/cm’) 2.65
Degradation index of OC m 0.2 Coefficient of permeability k (cm/s) 3.7 x 1078

3. Calculation results
3.1 A three-dimension Finite Element Result

First a benchmark result is presented under displacement
control to demonstrate the distribution of the shear strain,
excess pore water pressure and overconsolidation.

Fig. 2(a) indicates the deformation mode (3D shear strain
distribution) as the apparent shear strain y; increases. Note that
the apparent shear strain is acquired by y; = (R, + R;) X
AB/(2H), where A6 is measured at the node located at the
average of inner and outer radius on the top surface, while the
shear strain in the contour means the Eulerian strain calculated
from the current configuration. It is revealed that the torsional
deformation is represented in the vertical direction which is
similar to that in practical experiments as shown in Fig. 2(b).
Figs. 3 and 4 indicate the distributions of excess pore water
pressure and overconsolidation on the cross section of x-z plane
at different apparent shear strains. As predicted theoretically by
the linear elastic model", there is a remarkable non-uniformity
of shear strain along the radius. Benefiting from the soil-water
SYS-Cam

of excess pore

coupled analysis and clay model, the

non-uniformities water pressure and



overconsolidation are also newly observed. And all of the
non-uniformities become severer/wider with the increase of

apparent shear strain.

Ys=6% ¥s=8% ¥s=10%
q |
0.00 0.07 0.14

(a) Simulation result

¥s=0% ¥s=12%
(b) Experiment result
Fig.2 Comparison of deformation mode between

numerical and experimental results

3.2 Influence of specimen geometries

As mentioned initially, the non-uniformities in stress and
strain mainly come from the curvature of cylinder wall and the
friction due to constraints at the end. To reduce such
non-uniformities, in the practical experiments the thinner wall
thickness, the larger inner and outer diameters and the greater
height are recommended. Before evaluating the influence of
non-uniformities on the apparent behavior, a response under
completely uniform deformation is calculated by modelling a
single 3D eight-node element with unit dimensions to act as a

benchmark. The boundary conditions are set to be exactly same
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Appendix-B. Meanwhile, as
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as the right element shown in Fig. 1. Details can be seen in

shown above now that the

——

¥=1.6% ¥=3.4%
| ,“
L i
¥s=5.8% Ys=11.8%
|
-1 H 100 (kPa)

Fig. 3 Distribution of excess pore water pressure

at x-z cross section

il

—

¥e=1.6% Y=3.4%
¥e=5.8% Ye=11.8%
]
1.0 30 50

Fig. 4 Distribution of overconsolidation
at x-z cross section
non-uniformities in shear strain, specific volume change are so

significant, how to quantify such non-uniformities is essential.



Height et al.” defined a coefficient 5 for each individual stress

to evaluate the non-uniformity of radial direction:

1 1 (R
B3 = f lo(r) — aldr

(Ro - R/‘) U_L R;

where a(r) is the individual stress including o,,, ggg and
0g5, 0 1s the average value of the corresponding stress and oy,
is the

1/2(Ggg + G,) for o, and ogg. Sayao and Vaid ¥ proposed
another evaluating coefficient 8, viewed from the stress ratio:

standard stress taken as 4y, for gy, and

ﬂ — Nmax—Nmin

n 7

where Mpmax > NMmin and 7 are maximum, minimum and
average stress ratios respectively.

However, both of them are proposed based on the

axial-symmetry deformation, which is not suitable for
three-dimension analysis. Therefore, a new variable 44 is
defined as follows to assess the non-uniformity:

MAIAQ) — Al - 4V (D)

14v(@)

AA =
where
NEAQ - AV (D)
M5 AV (D)

here, A(i) can be the mean effective stress, deviator stress,

/T:

shear strain and so on within each element, AV (i) is the current
volume for element i, A is the weighted average of A(i)
taking the volume ratio AV(i)/XNE AV(i) as the weight
coefficient and 4A is the weighted average of deviation
between A(i) and A. AA has the same unit with A(i). The
smaller A4A is, the more uniform A(i) is. The ideal uniform
distribution of A(i), thatis A(i)=const, results in 4A4=0.

Table 2 gives the calculation schemes for different specimen
geometries, in which “Thic.” means the cylinder wall thickness,
“H” and “D” are the height and the outer diameter respectively.
Take the first column “Thic.” as an example, the height and
outer diameter of the specimen are kept constant with only
changing the wall thickness with 0.4 cm, 2 cm and 3.6 cm to
investigate the influence on non-uniformities and the bold item
represents the benchmark geometry described in 3.1. The
remaining columns of “H” and “D” can be interpreted

analogically.

Table 2 Calculation schemes for various specimen geometries

3.2.1 Influence of wall thickness

Figs. 5, 6 and 7 presents the deviations of mean effective
stress p’, stress ratio 77 and shear strain &g against the apparent
shear strain. Once again, the non-uniformities of four variables
increase as the wall thickness becomes larger, which proves the
validity of the proposed method. The minimum deviations of

mean effective stress, stress ratio and shear strain are about 6
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Fig. 5 Non-uniformity of mean effective stress p’
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Fig. 7 Non-uniformity of shear strain &

kPa, 0.03 and 4% respectively in Thic.=0.4 cm. The maximum
ones are over 30 kPa, 60 kPa, 0.25 and 2% respectively in
Thic.=3.6 cm. The non-uniformity of shear strain increases

linearly with the increase of apparent shear strain.
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Fig. 8 depicts the apparent behavior for three wall
thicknesses comparing with the “Perfect path” that represents
the response of one element mentioned at the beginning of 3.2
including deviator stress q ~apparent shear strain y;, ¢ ~mean
effective stress p’ (namely effective stress path), excess pore
water pressure U ~ ¥ and specific volume v ~ p’. Here, q
and p’ are derived from Eq. (A-3) in Appendix-A, where the
torque Ty is the sum of products of the tangential nodal force
calculated at each node on the top and the corresponding radial
distance. Apparent shear strain y; is taken as the same method
mentioned above. It should be pointed out here that different
from o0y, directly measured step by step, 0y, 0, and ggg
which are equal to the confining pressure initially in Eq. (A-1)
are average values viewing from the entire specimen and
maintain constant under such mechanical boundary conditions.
Excess pore water pressure u, can be measured utilizing the
weighted mean pore water pressure inside the elements at the
top, bottom or average of top and bottom layers and here the
excess pore water pressure generated at the top is adopted. As

for specific volume v, the weighted average specific volume of
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Fig. 10 Non-uniformity of (a) mean effective stress p' and
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each element is taken respect to the current configuration
volume. The line g=Mp’' means the project of critical state
surface on the g-p' stress plane and NCL and CSL represent the
normal consolidated line and critical state line respectively.
Except the obvious lower peak in excess pore water pressure at
Thic.=3.6 cm, there seems to be no else difference between the
“Perfect path” and responses of three thicknesses. Note that the
reason that the relationship between deviator stress and
apparent shear strain differs from one another may be attributed
to the measurement of apparent shear strain at different average
radii for various thicknesses. It can be seen from Fig. 9 which is
the enlarged effective stress path that the thinner the cylinder
wall is, the closer the effective stress path is to that in “Perfect
path”. However, the differences among the “Perfect path”,
Thic.=0.4 cm and Thic.=2 cm are so small that the result is
acceptable as for Thic.=2 cm, even though the non-uniformity
is quite large in Figs. 5, 6 and 7.

3.2.2 Influence of specimen height

Fig. 10 presents the deviations of mean effective stress and
shear strain against the apparent shear strain for various heights.
From the deviations of mean effective stress, it can be
concluded that the non-uniformities decreases as the specimen
height increases, which is in agreement with the experiment

results in literature 5). Moreover, the results show that the



proposed method can deal with the non-uniformity of not only

the radial direction but also the vertical direction.
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Fig. 11 Apparent behavior for different heights

Fig. 11 shows the apparent behavior for four heights
comparing with the “Perfect path”. Similarly, there are only
slight differences among the five responses except the one with
H=20 cm. The deviator stress departures from the others at 6%

apparent shear strain and then undergoes a sudden decrease at
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Fig. 12 Non-uniformity of mean effective stress p’ and shear

strain &

about 12% apparent shear strain. From the distribution of shear
strain (omitted), the torsion failure is observed at two ends.
Generally, it is thought that in order to eliminate the end friction,
specimens with greater heights are preferred, which also
corresponds to the deviation results in Fig. 10. However, the
end failure shown above illustrates that there should be a
critical height for the given thickness and diameter to prevent
the end failure and the height should be chosen carefully in
practical experiments.

3.2.3 Influence of outer diameter

The deviations of mean effective stress and shear strain
against the apparent shear strain are demonstrated in Fig. 12. As
predicted using isotropic linear elastic analysis by Height et al.",
the same tendency that the smaller the curvature is, the smaller
the deviation is can be acquired. In addition, the decreasing rate
of the non-uniformities is becoming lower and lower until the
point where even if the outer diameter is large enough, there are

no significant decreases in the non-uniformity.
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Fig. 13 Apparent behavior for different outer diameters

Fig. 13 gives the apparent behavior for four outer diameters
comparing with the “Perfect path”. From the figure, the only
difference between the “Perfect path” and responses at four
various outer diameters is the excess pore water pressure, which
comes from the wall thickness as clarified in Fig. 9. There is no
influence of non-uniformity on the apparent behavior as seen
from Figs. 8, 11 and 13. To sum up the apparent behaviors at
different wall thicknesses, heights and outer diameters, there is
almost no difference except excess pore water pressure due to
wall thickness and the non-uniformities existing inside the
specimen have no effect on the apparent behavior. One of the
possible reasons is that the ideally equal torque rate is applied

on the top for each node in numerical calculations, which
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represents the perfectly frictional contact and no relative
displacement between the pedestal and the top surface of
specimen. However, such a strict constraint condition cannot be
satisfied precisely in practical experiments, which results in
slight differences in effective stress path between various

specimen geometries .
4. Conclusions
A series of monotonic undrained hollow cylinder shear tests

(HCT) has

consideration of the influence of specimen geometries on

been carried out numerically taking into
non-uniformities and apparent behaviors. The conclusions are
as following:

1) The feasibility of simulating the 3D HCT was proved by
treating the specimen as a boundary value problem. The
non-uniformities of shear strain, excess pore water pressure and
overconsolidation were presented. For the different torque
applications, the apparent behavior showed no significant
difference while the specific volume change indicated a slight
difference due to the variation of end constraints.

2) As for the specimen geometries, the focus was put on the
extent of non-uniformity and the influence of curvature and end
constraints on such a non-uniformity. A new evaluating method
was proposed for the non-uniformity, which is suitable for 3D
analyses. It was found that when the cylinder wall thickness
became decreased

smaller, the non-uniformity also

correspondingly; the same decreasing tendency of
non-uniformities could also be observed as the specimen height
became greater and the specimen outer diameter became larger.

3) In addition, the response of a single 3D element with the
same boundary conditions as the 3D hollow cylinder, which is
called “Perfect path” and represented a completely uniform
deformation field, was computated to investigate the influence
of non-uniformities on the apparent behavior. The results
indicated that except the case with thinnest wall thickness, there
were slight deviations from the “Perfect path”. However, the
deviations were so small that it could be acceptable. Moreover,
according to the apparent behavior, there should be a critical
height for the given wall thickness and outer diameter to
prevent the possible end failures, even though the increase of

height could reduce the effect of end constraints.

5. Further study

1) There is no additional vertical load in the calculation and the
stress path in this paper follows p’=const, =0 and P=P,.
Simulations under more general stress paths should be carried
out to extend the constitutive model and verify the constitutive
response considering principal stress orientations and principal

rotations.
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2) A cyclic torque loading with torque control or displacement
control should also be designed to investigate the influence of
anisotropy on liquefaction and cyclic mobility in soils.

3) The shear band/strain localization phenomenon observed in
most practical experiments is anticipated to be represented by

introducing the initial geometrical imperfection.
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APPENDIX-A

In practical process, the entire specimen is regarded as a
single element with stress and strain components derived from
an assumption of linear elastic constitutive with infinitesimal
deformation. Egs. (A-1) and (A-2) present the average stress
and strain due to non-uniformity, where R, R; are the external
and internal radius; u, u; are the inner and outer
displacement; AH A6 are the increment in vertical and

circumferential direction.

_ F, +mRZP, — mR?P;

O.ZZ - A
_ PR, + PR
T = TR, +R
_ RR,— PR, &)
Ogg = R, —R,
3T,
%02 = 2n(R3 - RY)
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b2z = T
uO ul
& = —
rr RO _ RI
Uty (A-2)
€0 = "R TR
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3
P'=D—U
(A-3)
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APPENDIX-B

In Fig. C-1, the triangle represents the displacement constraint
in the direction. As can be seen, there are three symmetrical
planes consisting of plane 1243, plane 3487 and plane 1375;
constant stresses Oyxx , Oy, and o, are applied
correspondingly. The shear stress is represented by applying a

constant velocity on plane 2486.

‘,' Gzz
14
T N
I V.
1 x
2 (6
1 -
1
ip AZ
G AR
SR30 Ay
’,/ L’_/____ —-—->
// X
. /
[ 1 A5
o

Fig. C-1 Boundary conditions for one 3D element with a

uniform deformation field
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Laboratory survey of the development of anisotropy in geomaterial subject to isotropic cyclic loading
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Experimental Investigation on particle size distribution shear behavior of sand
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Ground behavior during deep tunnel excavation and twin tunnel excavation
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Plan of Bonozuka ancient tomb constructed at Unuma in Kakamigahara City
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Purification of oil polluted soil using the vacuum and injection nozzles
laid under the ground in vertically
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Estimation of tortuosity for molecular diffusion, Knudsen diffusion coefficient and

dispersivity with a undisturbed soil sampler
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Effect of iron hydroxide amendment on lead and antimony immobilization in a shooting

range soil amended hydroxyapatite
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ST B,
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2. #EmH

21 BRABBEKEBT/ZA4 + (Ca;(PO,)0H) DERL"

IL E—=D—I2) VBRKE T T TS LT
LIERZ 77.600g FEE L, #iKkZ 500ml wANEIZ 50C,
300rpm THHFR L7z, 51T, BEAE 86.080g & MyRiIkodk
Bt L 7 A 24.840g % B —FH — 2 A L, 90°C, 500rpm
T 5 WRIEEER Uiz, BEERtE, 30 RIERE L, L4
Fi % S RIREFERIK TR LT b Al LT, ARSI
L7 a 24 FRREE S 721, B U siliiic <
50°CC 5 RERIHLIR S W7z, HolRt%, A CELITHEL T
0.425mm LL FIZEiBI L7z, L EOBAECTAAR L BEAEK
7 %% Ak (LR, HAp) ZfaEM & L-CTHW T,

22 EREHEEEY (Fe OH) ; Fe,0, etc) DIERK "

IL E— 7 —IZffagk () JukFn# % 40.100g FR£ L,
fikZ 800ml ML T L, S 6IC, fHEEERAEIRD
pH 23 7RI/ 5 F T SM KE-(ET R Y U A% 4 FEE D
M LTz, pH OFRFE, W LI AR o LR
BT, W AR TURE LT, TRE & Ve % S IR
MO L, VR EE O BE L2 AR & SRR R LT,
WS, FLEA T L T 0.425mm PATFICEFRILZ, LIk
OEAETHR LN AR LI EekER b (LT, IrH)
EHEREM L LAV,

23 {#HEREMOLRHE

PER% L72 HAp B X O IrtH D b2 11273, HAp
MK CO pH 28 MEE 2 U, IrH 1 38RME % 2 L7, 1Bk
L7 HAp 3 X OV ItH @ X R EIATEEE CodT L7z X #RIET
ARG 2 X 12T, HAp OFS G S, KEET /34
A4 bk (Cas(PO4);0H) M[EIE STz, 72, IrH (B e —
7 BENT, FERE RS LI H T D T E BRI NI,

2.4 L

I B IR 22 R RTTH B B B B L s S BRI L 7275 e+ %
RIEE 2mm LU TSR] UREL S, gkt s Lz,
THEEDLFEMEE K 2 ITRT,

3. RERAE

31 BRENER

HER 13 50.000g (2x%F9 2 IrtH O EEIFNEE 0, 1, 3,
5%& L, ZNENIZ HAp Z RO X & EEIFRINET 5%
WML T2 K AR E Ui, BN, Sl o R oamK
B (549g/kg-Fit) D 60%& 72D X HoMikEINZ, HEE
I2C 25°CC | EMEA Lz, BE%, BREsEa R L
IINTRRERICHE L7, SR & HIC 3 KIET O 7=,

32 SWAE
3.2 KiFHHER
FELOKEHHRBRIIREA ST 18 FICHELITo 7,
B EEAS 1:10 & 725 X 9 (2458 2.000g & ik 20mL %
24 WEHIRE 5 L7z, #R& 5 4, 5000rpm T 5 4y Mz .05y
BEL, MHEZ 045um AT LU 7 4L ZIZTABEL
720 ICP-MS (T @D PhIRE L ShIREZHIE LT,
3.2.2 B
B OB R RER T Tessier & Yo L b HiEESE
AT - 72, 3 3 1T Tessier b DZFEEMHICRT 2 5FEE
RE L fEH 9 2 AR 2 3, BB OMmtRE Al L,
TR @ Pb £ % ICP-AES ([ CTHIE L7,

e Cas(PO,);OHO A7 &7 — 2 ‘

800 800

I HAp IrH
600 600

2

2 400 400

b=

# 200 200 s

T e LI T 1 0+ T T T T 1
10 20 30 40 50 60 10 20 30 40 50 60
20[deg]

X 1 HAp BL O IH O X FRIEIHHE %G

* 1 PEREM Ok

&R pHH,0) 4 Ca i PR 4 Fe &
(1:400)  [ghke-T¥]  [ghe¥)]  [ghke-#¥]
HAp 7.24 303 144 3.25
IrH 3.70 — — 631
#2 L EO
pH(H,0) Gk ST H EEA R W H R
(1:10) [%] [gke-Hit] [mg/L]
Pb 18.4 9.57
Sb 0.327 0.764
7.18 2.47 Ca 6.82 —
Fe 33.9 —
P 0.396 —

# 3  Tessier b OFEIMHNZ I 2 FAERE & AR

il IE hlit AR Rt HlH IR

91 B 4 1 Hift~ 7 x v A (pHT)

55 2 et R T 1 g YU v 2 (pHS)

953 kMY Fe-Mn BMLADILASTE R (A= = Y N E NPy
5 4 B HigmEoE ! BRI, BT R T AR E
o 5 Bel Eics L AR, IR
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4. HBREIUVER

41  IrHOFMIZ & S Pb DiEHINF & RISH S

2|2 HAp JEAINIXIZ 1T 5 IrtH BRI K % Pb & H &
oy, F£7z, X312 HAp BIRIMXKIZE T 5 IH RN
TPy IENMOEGEEFEEZRT, Pb OEHIT IrH ORI
FEREDIEEIH SN BBEEICH 572, ITH O 5%
ICRWTIE, IH EFRMNO Pb IR O 1/30 £ TIEH &40
L7z,

SIS 0 Pb DIEREIL, ItH DO FHNR OEEANTAEL Y Fe-Mn
BRI AE RE DB DS BN U 7o, BRI A HRE SO IR Bt e
DT A EEmICH Y, ItH ORI X - TREREREZ: &
VRARE O MR W IERE D Pb Y Fe-Mn BR{LAI S HEIZZE
LU, IHoOmEICORRN 7= LR ENnT-, F7-, 1
PH ITITBEE R 22N B B2 728, ItH ORI L - T
FELDNR T T B3 2 bz,

42 HAp DIERBFIZE TS IrH OFMIZK S Pb DEH
Ml & RIEREADFE

4|2 HApS%IRINKIZ I 1T 5 TH #sINC & % Ph i &
Y, 72, K512 HApS%IRMXIZ KT 5 IrH FRINE
T Lo Pb WEERIOEREE /KT, HAp OWFIMIZ LS Pb
DOVEHAMHINEIE rH I b~ T <, HApS%IRINIXIC
BT 5 IrtH0% D Pb A HIE HAp EAINK @ IrHO%IZ 1) %
HEO 17100 LU R £ ¢l KTz, X 3 1281 5 IrH
& 5%HA L7=HA O Pb IR EITEM BIRINOK 1/30 T
BboT=To, HAp OJ7 BT Pb IH O IHIh % 9
5T EPRER SN,

BT, HApS%IRMEKIZBWT ItH 2N+ 252 LT
Pb OVEHZ LV RREIZE 2 5 ENTE T2, HApS%IRN
KIZHBWT ItH @ 1%DFSINT Pb % HAp & E D
PR TICMADENTE Tz, ItH @ 3% EOUSITIX
Pb IAHIEICEIRIT L A L2 <, IEHEIEERE O 0.01mg/L
I T E B AREMAURIB S T,

Pb DIEHEIT HAp D IRINC X - CHHE IS AR AEC K iRt
REDEIENID L, REROEIESEM LU, 2,
HAp DTN & BAREEIFNED Po L AW LD b D L
Heisinsd, £, HApS%IRIMX O Pb REIX IrH % 3%
ANEFT Fe-Mn BR{VAIUEREDEIG D3I 20%IZ K AT,
L2, ItH % 5% T H 20% 2 HE 12 & 572, HAp
BIRIMX D ItH % S%ESINEECTIE 25%F2E D Fe-Mn B4
IEREDRHER SN TN B2, EBHHHHFEO R LS
ItH & Pb XV & HAp & Pb BRI T D 2 & 23R
Itz Fio, PEARFO 18 pH 1% IrH ORI LEVE
2B & - 7275, HAp ZWIN3 2 Z & C IrtH HHFE L
VAR T 23RN S 4172,

43  IrHOFEMIZ& D Sb DAL NG & RIG T EE

6 12 HAp EIRINXIZ 31T 2 TH AN £ 5 Sb s &
Y, £72, K712 HAp SERINXIZIIT 5 IrH =g
T LD ShHRENDEFEEZTT, Sb OEH YL Pb &I[AEE

24

12 ItH OFMEREmOIE EMH S 2 8m R dH 72, IrH
Z 1%EMFICB W CIE, ItH S5m0k K28, IrH
% SUUSINEFIZ I TIEH) 1/20 £ T ShIAH 2N S 7z,

et D Sb DIEHEIE, FRIEHED 60%7 D 70%% (D 5
BH Ll otz, 51T, Pb DJEREIE EHAZE T2V IrH
DU L > TEGFMEE L D Sb FERED Fe-Mn BR{L#IL S
REDOEIGBEIN LT,

12.0 8.0
o
= -
K L
i A
% 8.0 —~y 7.0 =
Sg S
LE %
Z 4.0 6.0 2
g ¢ T
< 1 Z
T T

0.0 - - 5.0

IrH0% IrH1% JrH3% o IrtHS%
X2 HAp FERIIXIZHI T 5 IH INIIER 2 & @ Pb IEHI &

100%

80% A

60% -

40%

20% -

;;; / / A ..........

IrHO0% IrH1% IrH3% IrH5%
[I7cHung [E]pepething B Fe-Mni LI iE ([T HemB e [ 7Rikng

3 HAp SIRIIX D Pb JERERIE A 3K [%)

HAp #E R INIX O POIERER & A 2 %)

0% -

0.12 8.0
i —
-ﬂ: |
5 -
£ 008 70 L
S§g 2
P z
w oL
% <
< jus)
jas)

0.00 - E ;: : ; 5.0

IrH0% IrH1% IrH3% IrH5%
4 HApS%ININKIZI1T % IH BM=L Z & O Pb ¥ it

¥ 100%

GlExe]

80% 1

2

[X.DPbE

60% -

= 40% / 7 7/ /
s |

0% . l

IrH0% IrH1% IrH3% IrH5%
Ulzette [Epemesiie Edremnmtibamste [atemate Eisie

HAp 5%

5 HApS%IRINX D Pb FHERIE A [ %)
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1.2 8.0
i B
= ‘
§ pa—
X 0.8 — 70z
S < S
w2 K
= =
£ 04 60 &
B o
= 1 <
o) jun
0.0 : 5.0
IrHO% IrH1% IrH3% IrH5%

6  HAp TRINKIZEBIT D kHIRIMNEZ L O Sb iEH &

100%

80%

60% -

40% 1

20% A

HAp SR INIX 0 SbIF BE B & A 3R[%]

0% -
IrHO0% IrH1% IrH3% IrH5%
Creimie Epemsstne Eremnmbmiuste [Datmmane Wk

7 HAp IEFSINX D Sb FERERIE A 2R [%)]

0.6 8.0

Q\’\o

0.4 7.0

0.2 6.0

HAp 5% XD Sh/ARVA H 7
[mg/L]
HAp 5% MK OpH [ - ]

Y .,

IrHO0% IrH1% IrH3% IrH5%
HApS%iRIMNIXKIZH51F 5 kH IRIIEE 2 & @ Sb it &

0.0 -

ps|
]

100%

FlEE RS

=
5

HAPp 5% X 7D SbiE i

80% A

60% -

[%]

40% -]

20% -

0% -
IrHO% IrH1% IrH3% IrH5%
Uz Elpemetiie Edre-mnmeibies e [Mammsote Bk

9 HAp5%UINX.0> Sb ARG A [ %]

4.4  HAp OIERBEIZHI1TS IrH OFMIZL S Sb DFEH
Wil & RIEREADFE
X 8 |2 HApS%isMIXIZ 331 5 IrH #ANC X % Sb s &
Y, 72, K92 HApS%IRMXKIZ KT 5 IrH HRNE
T LD ShIREROERFEE/RT, HAp DIRINTIE, [FE
O IrtH B KIE 720 DS EA BRI O - =2 % &£ C Sb
TRHDMIH S 7z, HAp & Sb O REALLIGIZIE, HAp A3
BOBRE~OIELHEE LTINS T AL F DK
IS LB ERE X BB,

F 72, HApS%IRMXIZH W T IrtH ORINTIERMTH
0, ItH OEMFEREVIE EZL < O Sb OEH A IIH STz,
HAp OB L= ) VBEA AL 72 8, PER+ 22T
ItH ~® Sb I L AT 2ENHoTo M, Bt L DI
HIOMEHEI ARG S LR o T,

Sb DIHEIL, TrH OFMNB LG EIRERERE, ZHED
BIENWOMEMICH o=, L, H HARE B
Fe-Mn BR{LIEREDHEINIZ A O T, FHEREOEIE A
M U7z, Tessier & OZFKAMIETIL Sb FERED Ky % 5
O DEBEROSE N TEX R\, X0l Rkt %
17O BEENTER LT,

5. F&H

AHFFETIZ Pb & Sb DBEATEYITH 272 k5K & LT HAp
& h}{%&ﬁ#ﬁﬁL,fiﬂ<%§{5&&ﬂ£%&t%§¢l,f:o A, IrH
DOEIMFEEE 2 HAp &R HEA~HEA L, WHRBRE X
ORI 238 L C, EHMUSINRIC & 2 v il sh R
RN TR~ DB RGF LTz, ERICE V& 6725
RELTICE LD D,
(UPbk%ﬁifféi@%@*¢?§ﬁ%ﬁmbtﬁ
A, Pb IZ HAp & OAREBLRIG MBS R L R S Tz,
it,%ziM{k@KmMﬁm#@%%tﬂ,Hm
E DTS RELIZBE D D RIS A BTz,

(2) HAp & IrH OfFFIXHEAR L HIKEREIZ Pb & Sb
DIRHE R A D Z LN TED LR SN, WE
ZPFHT 52 & T, Pb, Sb EATHER LORE AL
EEMEALID BRMIITZHZENHA LN ER

>77,
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FHRASRERBELERICBTIEEREA LR
Countermeasures against embankment material with heavy metals
in SHIN-TOMEI Expressway

il 8L HPERER 2 SRS

1 P EAREEEREASH - A4 RS - B THEEEHT myamawaki.aa@c-nexco.co.jp

2 AR RN
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TR S TR HR
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BRI TR T ORI mEE RIS WCEBBE A LT Liclo s, iR A i U7z b C il AR O R 4 &
LT 22 &L, ZOMELLE LT, NEOKLE CADTIE] RO IAETLE] 28 Lz, #OKTECIAD
TIETIE, BB LTRSS — M ey b A PR EEZ MWV, N2 Mo MR 1o MEE B LK — h O
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TRRIT T RIGE RS O 3 TR NS R K OARE A2 M L, 3R LOAMEZBREEL T\ 5,

F—U— N EEE, EAKLECIAD, NI

1. &I

SRR 22 4 4 A OUOE B Yt SRIEMATIC L 0 B AAE
KOBEEBIZOWTREIEDOXG L 7o 70, FrZ, KM
THiO%E, BELWOBEZHED 2 LDV AIFEEIC
BWTC, REORITOREBIIREV, L2523, AREER
OBELEBIIRIT\EICENIHL2LOOELEE N
LIS VEE,

TN IX ] O BT B A4 B B DR I VWA Lo

@EEALEEIM L LTHAT 2ICHD | FalitiRg

RAENNTR R AR PR AT SR e 2 S R SE BIARE A ONT o
TBERZTZREERERBEL., TOMRLERF L, 4
], FREE RS D S EBR AR TICOWTHE T 5,

2. FREGRERICETIESREFLIOME

P =R A AR (RS A i LT Y,
WE R a s L OURE h a3 sl L7 i BV CE
SEEHETRFEEL TS, FHAMRAEIZ X0 HT R4 &
RO AT I T 2 F a0 —HIC, FAEOBREERUE
B2 HEEROBEHIHER SN,

21 E£BEOHEFE

YEHIOBESEEA HIX, K~OBEFTE LS S 2R T
MARHE LBV TRELEOHBNRS SNZ, 20k
B, B0 momEIERIcE N CIEEmE, 1A 1E, b
UREANZEBWTCIE 1L B 1A, EeBOEHERREYE
LN HiE T LT,

WHERBRIIIARICE LIZBM OB & B, SIRTE

WEOENE  EBINTEATIRLE A Y —iEY AT
1Tolz (BE1-1), AAZ A M) —3ETIHH 10 T
MEFRERNMGOND 720, 2 B E BT HATIEICHS
THEOEBIT S LR AN FTRE & 70 D, BRELEUEIC
K92 BT, FRNCATEIEERALS A2 N —IEOFHH
FERICH T HMHBEEEY, H-REEEEREL TWD,

FHE11 AvFoA N — HERE

22 EEREFAIHRERR

BRE AT, bRl RIcBWCESEEO H» B
HEREHE (0.01mg/l) ZH X D EeHENHEAELTND,
BREEEL T 5 b RORE M EIL, 15 0.04mg/l F2EE
ThHD, HK600mg/l ZzHZH5HDHIEAELTWD, 72
B ED, BREEEMED O R (0.30mg/l) LA
TOLRINZONWTIE, MR AN L7 - CridiE g ok 5
ELTHEALE, £, FRHEREZBEZ S b 0ITE
AV NEEFACRHER I L TR E T T2,
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3. WERILZEDHE

HEREGA LEREME LTHERAT 272003 R TIE
LT, MK TE UiAd & Rk TIENIRRE Iz, &
DO TIEETRMT 500, B ORIR E2BE L TRE
L7,

3.1 EKIHLA®D

WK TE CiAwIL, #EAM CESBEA L2 ERIARL,
KDy D EA R 2N L CESBORHEMX 5 TIET
H D, BEIGIZBW I T AN L 0 & OALE TR+
EETH LT, T KOEEBERIEET D X )T
L7,

ARG OME LK 3-1 1R, ZOLKTESBEH
TEIN—V AT AEEHTA T CUAEI L LIETH
Do AN—V AT KI_EOHEK— FEHNTVD, KB
W7 AT —ixkitE (X F A MRED) & —EEKY
—hEOfAT oML LT,

WK TE CiADIE, KT A F—OHERIE T O
THE LA VVEHS TLHEEBEZRND Z L, £72, WK
DIRANPEENTZD, THEFT TR OHERFE RN HEIA S &
RHZEEMREELTND,

AN—DRT L
(ZEEKS—N)

E4EEAL

|:3: e
GEKS—h+3E1 )

31 K TiEmE iR

3.2 @t - FAEEIE
BEEBREGALORERRL Y, kEiiIcESREF LD
WL M T T A MENE LT, ZD7, BHEEORE
T THHOTHLRETHZ LW RITHEL Y O LR TH-
TOHORBEBFRETHDH L EEBEL, EF LAV b
EWMUEET 2 Z L2 X 0 Rk T 5 TiEZER LT,

X YA 1

EY‘ FAEHEAR S v 7 BT

HFHE 31 AV MKRLRETT b

A LIETIRA IR 2 B9 2 7=, MAEHE
BWTIEERA biﬁb)o 7175\, HeRaEA LoiES IEIFJW‘
TR T & 72 2 LI L 0 IR AL Uo7, AR
IZE - TV,

4. BEKIHLADOEIRVEER

K T A B R I O M T IS B S C
WA, AR TIEYBSIZR T 5 LREOEERIZOW
T,

4.1 R b4 FREETOREERE

BT A4 T —DRtHEE LTHWLEND N R A b
RATIE, BEEKEE1X10°%/s BUF, BIE 50cm %
S NP R By

NVF+4FEAi I, EEOR L L FRE, BB E

WCHBIMER S B Z &b, BAERFHCBW XIS

@Fﬁ%%ﬂ‘w)f, HEAKE & U CTRERE I ()
ZRO T, K 4-1 12 95% LR FE 235 1T 2B ARARE & wiz i
BEORMRERT, E72F 4-1 ICBHIE OB
Rzrd,

—O— SLEnEIF@IZEIIETS
S5 B 00O 5% SERER 1
1.0E-10

L.OE-09

2 |.0E—08

FAARE ks (m/sec)

4=

H1L0E-07

1.0E-06
NE

B BB b IR D BT

4-1 95UHLMHE LT

# 41 HHIEAE oM BB R
HAT VS RES
H 285 K B wy % 14.4
T KECIREE o dmax g/m® 1.911
HR 3 B 7K EE Wopt % 10.4
SRR s | gim® 1.737
Ry A MR % 10.5

I T, v b A MIRME 105%, RS E
1.737g/m® TOEBAZRE L=, THICHESEET M T
ATV, WS ERILNE T A - iR E A SR, Bl
FARRBRIC L 0 Z ORFOF KR AR LT,

ARy A MEALOREEITERFIE 50cm TH D A3,
MREI R —F —IC X AFEED T RBENMME O
7R, i T 3m CRTUBRIZ K D #EE D %2 1T o 1242,
REHSEHID Bo 72 (BH 4-1),
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B 412 M)A MEE LRI oML

42  FKEKDERE

i TH DMK, ESBENORNNS 5720, Hik
MEFRFREZHEX DMERH D, ARNE, EeBIRELN
E BT NS KRR 2 3% 8 L=,

KPR 1T T X Al 2B < 7=, 360 =
71— FNCEREXNTEITo7- (BHE 4-2), £7=, MAHEK
B LR — b OEA LI & 722 D 7o O RERIE B2 W
D P TRERED L,

B 4-2

KBRS Dt T

THEPOMAEKITIEDIIE S, BEEZELE L2,
WM LT\ 5, EaBx R EORRIC VT
BEeE (MBI TIEER) BEHLTW D AEEERS 572
O, WA~ DOFRARIZT 1 H 1\t FDREE 2GR LT,
F7o, b RORENREIERE (0.01mg/) B HAEIC
iz, &HROWERME ILRHGICEE L7 (5E 4-3),

GE4-3 b RBE A

43  BEKI— FOLIER UL

Wk — MEIh S A S THLERY = F L — b
(t=1.5mm) %, KT A S —IZIL1EH, I X—T AT A
IZIZ 2 BIZ LTV,

HAREIT L DWAR S — FOHER T, Wk —
NGRS LA AT (210mm) IS TEAEIT- 72,
F7o, BT THEINCZOHRO LFEIC X DK — N Ofif
WH 5T LTI 8 A T U 7=, (3t o J8 IR 1 33 B b
TEATV (GH 4-4), WK — SR LA2VWES E LT
FEAK > — N TFHERIZ 30em, I 50em OFRFERD R % e 1.5
HZEELT,
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- 1 3
BH 4-4 K — MEETIEER
4.4 FEKIHCADOET
X 4-2 \ZHE/K T CiA D g )7 WX 2 =3, S Tid e
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12

000 2o 03002 ascs 2504
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B & 2 T TIERT T, HHRIZ IV TR/ N
HEOLDOIEHHH 00, HIRITKIT 5 IR0 NE]
RTHD, 22T, HREPRERORKESVERTHY,
i TEAED B D AR D220 2 &R0, i TR KE D
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AL MEE s R L LR E T T2 1chn, AV
hEEIC X D REE R 2 BB T 2 2o 0 ENRERZ =
L7z, AL FEE - R b E2ERT 03B E LT, &
MEAEZBIRT S REF L2 AW TE 2 > ME b
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MERRBE R 2K 5-1 [2°3 7, FREDBAREKIE w,
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11 26% &K<, BULDEA TWRWEILEE X B b,

# 51 BERRERER

* 53 b REHERBGER (KEE2mm LUF)

el e b HEAHE | e EEARE

whES As (mg/D) As (mg/kg) pH
Ak 1 0.001 i 5 Fiii 115
A2 0.013 5 Fiii 8.1
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LU 0.01 150 —

512 Ky o LFHEHER

T A v bEARHERAIC K B KM 2 v AR HERBR A E
ML, WEHESERREEMEL T Ch DR LT,

W EIBERmE L, ® A2 b ERBLEZ 2R
Bk, JISA1210 TRDTZ Wo (272D £ 5 1K ZE M TH
BEHTIREA LT, B A Y MIAMZ v AEHOR DD
IRWVEFE A v b B RlLA Vo, USSR L8 22 E ALE
THWSND 2.5%, 5.0%, 7.5%0 3FEE L LT,

RO ERLE, JISA 121012779 10 cmE—/L N, 25
ke 7 >~ —% T 3 J8 25 [T b [E o TR % 1R
U7z, TR U725, 1R 20£3COEAEETT AR
FTAELZ, B, T—/L KN LORIIHEAB 1 B%IC
1ToTW5D, BAOKD - T iGRIK 2 AR E VOl Z
TV, JEEBIEDHES DV 2 mz @i L- b oz itk &
L7,

A2 7 AP HRRBRRE R4 K 5-4 12837, TXTORM
IZOWNT b BREEIEVENE 0.05mg/l LT TH Y, SlElD%%
TTHOIARREICE AL FENATHEAMZ v L3EH
L7gnWZ Ea2fEsd Lz,

* 5-4 NMliZ o NGRS

AERTE H BT EUALES
HRIFOBE o glem?® 2.701
BERE K w, % 15
TREH R L % 2.6
HDAL—F TR % 0.0
& DR % 1.3

BRI W BB DO BB 12 3 5-2 1R 77, #Rid e
FONRH D72 5 3TEHDOM B2 Vo, SRILL 72
b FaA L, AREKIRE CIHEREMEDOHE S SV 2mm
Z@mLzbozdet e L, vREHE - GFERHRIC
fleL7z (£5-3),

# 52 HRBEEOLREU 5

REMEBNHE (G B ) Az v AR (mgll)
2.5% 0.002 i
5.0% 0.002 i
7.5% 0.002 i

B B )
CESn TREU7IE
Uk 1 ANy 7Y —REREINTZ 3V R &, &
ENIRIZMBEBRRIE L RD LD 7 Ty 7T
(0.001mg/l) | X v RrEEFHEE (100 mu~0mm) A7k
Ak 2 MRV RVIZEY, b REHED R 2
(0.013mg/|) F—=R—F B EAEWMOEHLIZLD,
k> ROV BRI 5y BN AFAE T Db £ 0
gﬁ*’l' 3 *%HR Lfi%ﬁ*/l’j:‘(&) 50 :@%ﬁ;*’l'j:liﬁ%ﬁj\y W}ﬁj\’
Ry & BT AL EA TN D, 5B OE AV
(@L7mg/l) | Mz & B L - AELOBITRICE T S DRI L
7B Ch Y, RTHEIZIIHEH IR,

513 ZREWELDOAEUH)—FUTHR

KIBITRE S REMFR LS O v EOWRH 2R 57
DIZE 7 ) —F o 7R D & EM LT,

BV L, 52T T Y DR
LB 1~3 AWz, BB LITRIE T (Dmax 26.5 mm)
PITo-b D&MW,

T AL MRINERIL 25%, 5.0%, 75%D 3 fEEHE Lz,
PEERAIERF 1513 5.1.2 L RIBEO FIETIERLL, IR 20+
I CoFEEET 28 HREIEA LI,

28 HMHEAZOMREIIITE O HMAE KR KEE
HEEbic, 3H, 7H, 28 H, 90 H, 180 H, 14, 2
e, 349, 5, THEKL L0 FRICEKREIT) 2 & & L,
FNENEK LT RBK A BREEA &S5 18 Bl K v s
R AT o7z, T, pHITIEHEER ORIKEZJIE LT,
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X 5-11cH v )—F 2 7Bk AR, ZORIFk
R RR A I e BRI EOBBZRE RL TN,
Rt FIRHE 0.013 meg/l D b DI, & A > bEE# 90
AR%E L CTH e FOWHITR<, bRFEHE0.001 ng/l #
il & 72 0 BRBTHEYEM 0.0 me/l &3l iE LT 5,

10

T H —o—25%
—— (mamt 500 ] As 0001
et —A—75%
——25%
—¢—5.0% J As 0.013
1 B —A—15%
\ ——25%
—%—5.0% ] As 170
_ A 75%
ool
“
< ) —— AL
= ) il
 ou'k \
% %
A\ (ma s )
0,001 2 s
—H
o et
00001 L Rt AT
1 10 100 1000 10000

R HE% (H)

51 Zv7 U—F v 7ilBkiR

JFEO e FRERE 1.70 mg/l OFREHE, SRIOE A2k
TN 25~7 5% HFATldt A > M L 20N RITER
SNDHOO, BEEAEMEE 0.01 meg/l AT HI LT T
Eipnotz, £, KRBEOKRE &I BEHAIX
HIN$ A > 7o, ZAUTEL - R I ZE ' A
VNRIMERERARRE LIS b DL B S,

514 REVETOERBHE - SHEHRER

HEBRICHWZR X, #5287 070 IR
% 3EB L2 AV, BB HIXRETIEE (Dna 26.5 mm)
EITole b OE AW,

HEREOIERIT 5.1.2 L FEBROETITo 72, ko
EADR AR T D=0, 30, 7H, 28, 60 A, 90
H, 180 A, 14, 24, 34, 54F, 74, 10 F#EEOH
RIEEER U7z, ERL 23R T, TRE 203 Co&EA
HTHAE LT, FrEDOBEAENKD > A %2 H T JIS
A 1216 Lo —ThERERRBR B YE U C— ) EMERER 21T
o7z, WIT, —HEARRRERE T % O 4 AR 72 & T/
L, FFEERMEOHSD VD 2mTSSEVT, 2msH5 0
ZiEiE L7 b O ESGHTARE & Uiz, TRz, B
BRSNS 18 BN 19 FIC X v isHRBREIT > 7, pH
VR B DRIR & E L7z,

B 5-2 IR EMIRINTE & —HlERR S OBRAE =T, &
EM BB, Z2E LR+ O —fiEHEHR S b1
M45, BETHDLRABEICKTL, &AL MNERIT
ERBMEICED THD L E XD, B, RO 7 AR
ST DL, EREHEENZZEES VR,
21T, BHEEORVEE 3 O— B EHTER S 133 L <K
{725 TWV5.

B 5-3 1%, #FAEAES—HERHRB S ICRIETREZRL

24

20

8
18 | —O— EHKIECT As0.0014H .
—X— BRI 67 As0.013
181 A BHkIECT AsLT0
1 | O ZREULIEGS As0.001KH
g o o)
Z 12|
E le]
& 10
&
H 8 =
3 )
I 6
4 %/
2 A—/ﬁ/u
0 ; ; ; ;
0 2 4 6 8 10 12
IR (%)
52 WINEE & —dh AR X ORI
20 T T T TTTTM
18 A sl BB
o~ ——25% 4
g 16 !
= / —<—5.0% | As 0.001%5E
= 14 A ——75% 4
S Zq)" ——25% +
" g_\ A | ——s0% | asoon
& 10 ——17.5% -
= — '
W o8 2.5% 4
'8 | el — d 5.0% | As1.70
! - %1 7.5% 4
4 kS
| g2 L
2  Zai AR, I=
0 | T
1 10 100 1000 10000
BEHY (H)

53 F/E A% & —HhERER S OBIR

EM  &IFB
——25% 1
—50% |
——75% 4
——25% 4
——5.0%
——7.5%

T
\
4

As 0.001K ;

MEBEHE As (me/1)

N =
0001k = 8 o
o000 E—L L LTI [ [ [TITI0
(mALEt) 10 100 1000 10000

Ft BEHH (B

5-4 FAEBEE v RBEHIREOBMGR

TWa, e, 21220, BEMESIIERD 5% E
WZxF L, IO — SRR S 13080 SMN/ImM? 2 %, 3R
e LI MEMfFRS DML WA, Lo LEEMIR
RN 25%270 5 L, #AEBEKE & bIC—dhER®R X
AT 5 b D0, FOHIL 2 MN/Mm? 735 6MN/m? & 72
Do BEF3IZOWTIE, BB, 21Tk, —flEMFR S
ThEL<, BEREICL M/,

X 5-4 | ZLZEMBEOFRERKE e BEHEOBRE
N9, BEREHET, 3 BEATEOREL 2WITE T
L. FRCRENL, 21220, 3 AU R RS L
T b RIAHREIIBREIEE 0.01 mg/l LT &> TN 5.
LENE LIRS D RESEMEZ MR T 5. —7,
B3 IC oW T, BEMBINEAF DI EEH T
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b, F- OB 3 HLRERRM & & bICWE B3
WT2b00, 56 HUBRIIEHEAICHD, ZDEED
pH 1T, pH11~13 DOFHICH Y, & AL ML DLEL
HORNFHRL WD I EEBRL TS,

b REFRNE VLI LT, BRI, H
CZEMBIMEITR T 2MERBII NS <, e REHED
2L 75> T 5D,

515 [Elt - FiEbto pHERIZHT 2 RHAREM

— AN LB HER e B DI T v U I X
NGB EICESRENEN LT 28R H D5 L Ebh
TWD, ZhuE, Rk HEOMIRDRE—7227- 8, #E)
7% pH PHICHERE, HllCcx/ed, E@RBEOEYLIHO
RELIZENTE RN LIchD EEZBND,

AR HIEN S EA R ENE N L T< D8RR
L LT, pH BEcEMOERH D, DED, K
TRALALER U7z FED pH OB LR LAY, R oRGE & &
BT, MELFR B 2 \WITAEY R 2R EIRIC X - TR LT
2Lk 2EEREOHEHRTH D,

AlENE, A M X DRl - RERAER 5o R
L E MR EA AR AN O 22 B 2 BT 2 Tk &
L, 60 BEABOMRAKEH\VT GEPC HAfEHE DR
P RS HFRBRIE T & WA RIS HBRE [ &2 20 L

)]

[

# 5-5 12 pH B kiTx4 5 b HinHE @460 H) %
AT, bEREHENREEAEMBLT GUBF 1) ROBREIR
W 1.3 fFoRe BB 2) <k, A v MEE - A
DR R O T V70 Y BREEZEAL A~ DL TEVED TR T & T,

728, bREHENEREEEMEO 170 FORE 3 T,
T AV MEE - REEEIRS, BT A0 ) REE(LA~DR
EVEIITER T & 7ond, RMREALTIi e ROFELAN L
LA, WEEERERE COREMHIIMR TE RN 0T,

2L, B EELYEE 0.3 mg/l IR B EUEHT,
BB 24 5 7= 012, T O IRIRERE FIZE
LT,

# 55 pHZELicxl4 5 e BIaHE G84:60H, HAnidme/D)

At T B S 2.5% ‘ 5.0% | 7.5%
[ (b AL cs
ABHL | BRERIRIN 0.001 Kifi
THA KA
[E AT cs
WBE2 | BRI 0.001 Kifi
A PRI
[EE AT cs 0.37 0.12 011
FEF3 | HRERVRN 041 0.14 0.12
A PRI 0.21 0.086 0.072

(1) v e 0.001 mg/l KlEOE 1 RO, b HEEHE
0.013 mg/I DEEL 2 1T L TiX, Ridfbig o v His
BT 0.001 mg/l w5 & 72 0, TREECIR T L

U ERHFIZBWTY, IRINE 2.5%, 5.0%, 7.5%U
DFEA 60 HIEHZB W T, EZDBEHITED LT,
Ay MEE - SEED R K OB T V4 Y BB b~
DLZEMEBHERTE I,

(2) bFREHE 170/l OB 3 IR L TiE, RE kO
b RIFHERIE, WK 2.5%, 5.0%, 7.5%EN (60
H#%) I2BWT, %4037, 0.12, 0.11mg/l THY,
ARIEIFIC LY 20%~6%ITIE T LTV DA%, JHER
ST CIIIEHED 10%~1%REENL, BT vh
U & F CIXEHED 60%~65%FREEX T L TW\5
FERL L 2 olz,

ZOZEND, b REHENEREAMEMO 170 50
BT, A Y METL - REEEERSC, MT LAY
BREEA L ~D R EME I MR T E 23, SRERBREE AL T
e BOFEHB LN, MEEEREE COREMIIMR
T&ERMoT=,

(3) BRI EINEM 0.3 me/l 2R T 23RN, HoMKk
HAAER 29 572012, EREORRZ2RERREE FICE M
DTN, 5 VR I RISV EE R AV
EMZERROVLENND D,

52 [Eft - FFEELTETILET

521 ETIHBEIEBEEG

TG LA FEmT5BEME, K& 2255, T742b
L, ORMEEL B2 2EGREAH LAV MEL - R
AL L0 BB OWHNEEEUTICRD Z L%
WRT 2 &, @QFDRAE, EEME, BERBED
B T5 32 MET U, S B 15 K OV B & T
T5ZEThd, HELLICEE - REbET /UM TOR
WERT,
BEEREALITEA Y NMEAZITO 120, I LY
K% 100mm L FICKIEEREE LT\ 5, F72, FATRBRRE R
X0, BAY NRIMEIHR TR ERLS %E L,

o

BE 51 [EfL - RLET VT

5.2.2 ETFILEIDER
ETARETLIZLY, TROBREE:,
OFE KT B K W & FEAR & T 203, WA AT
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RTWEME TEICB W TE+H2. 0% RBEDMANEE N
D, Ot THEITIRA % 2 R LINICIRE 2 Thn g
B A2 hOBELIER, RIS X VMR BEE £ T 5,
i CRFOIRA L0 b RIRH ORI, i LRFORA - %
L, —ffeAz L, 7 HRRAEZITo 2%, &
EVESHTIC L » TIT o 7=,

53 [Eft - FBELELEIRKR
ETNMELAERERE 2, ALFELETo7, €7V
T EFBICHESREGA L EHESNTEARET D 20
Mg TR 7 ) — 2 OFFO4 40mm, EE KKK 100mm
PAFICHEREL, 227 ) — i & WREFRE 24T - 7= 1410 A
EXHEUBRBICI VA FEKERAL, BEHM &L
7o BH 5212 ORIMETRT,

g

e~

HHE52 AL MNEATOIREE

M ERE L & LB, OB BT,
NEXCO D HLHUEIZHEVVEE JE LRIT X A Ff [ 0 97%LL | & 7%
T LTz, TRbLEMREE 4 2200 g em® BLEE LTS,
TR 25T 900m® |2 1 |, AEEIC T b HEIAH
BER L, fRETREEOTA RIA4 v Y ICHERL,
100m* iz —E DR R OB E LTHRLZ 2 A B Y —
TEIC X 2 W& % Fh L=,

T ALY NEENHR AT oA RARICIY RS 2
LIIFERICREECTH D70, Bl TE A v MEAZITo

24

FFONIRREZM 55 1R T, B A MEALOERR
HEIZHR VX A Y —IRIZ L 258 99%LL ERGH&
TIRME (0.002mg/l) UL FCTh o1z, £1-, AESIIEICE
W HEHE FRRME (0.001mg/l) 282 % & FidhmH Sz
Mol £, IRAH, 7 AEAEO—ilEHER <13 2.5MN/m?
PlEEREL, BIKE LTt oeE 2R LT,

Bt « R bR oW % X 5-6 127, R THFIEE
Bhts T ONLEAHT THEME L=72%, Bl - B R bt
DOTFREIZIET A7 7 v Mgk Lk — b E#EERL, &1
WA i U 72K 2 K SR A RRICELRE L7z, E72, R
TOMTLTHDZ &b, Bl T3 EEYKE 2%
F L7z, RRELO TR EZEH 5-3 2R,

b REHE (ng/1)
0 001 002 003 004 005 006 007 008 009 0.1

10 ‘ |

-~ AR (K Vv AN =) 0./005mb/1
8

5 3 -

jig © % %@fﬁ (A ETH) 00 img/[T

H !

g 4 . o
3 @ RLH ALY —ik n
1 @ NEIE —
0 + t

55 B0 b RIEHEMGEAERR

5353

TEBEOME E DTG ERIL, 7 AREDK, & AL L LRI
ROBHNEEMHER LI,

STA. 211+ 0.096 wso

(STA.211+ 0) STA. 211+ 2. 566

GH=130. 45
PH=140. 371

8395

4250

D=V AT L (BREEREL=300)

KB (t=300)

GH=144. 98
PH=140. 463

5750
5314 436

3 000%
A2 _3 00056

- L (m)]

A
I

BT

-7
EEEREEH t=300mm,
A S RE=50, HAT=150
BB A all
[E5E

<y b t=10m
EEBRED t=300m

56 B ETIEEX
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6. KEEWR

6.1 KEERIE

WHEBEHO THERLTIX, BEREA LORMIIES T
THEHOEKREWINNCT ST Z L2 <, L THE% 5
FOETOTERIICE WD TREREWth 258 L THEx
I LT\ D,
THEFONKEERE LT, IR~ FEA KON~
OFFEIIZEWT 1T B 28], WE, pH, BREEEOH
EEREMLTWD, SBHICA 1R, THEXIZ R4 5
Mo E TSI CESBEZ S0 /KERE 2 Fhii L
TW3, 4, BE&REALEEIME LTHERTSICH
720, BEAEOREEPIHEAK I ONT T AR~ 85 4 B4
D728, et R CAICEIRIH 2 R E L KB A E L
Too FTo, BEAFHTKORUAIRD 72 DR /KFED il
OB AR E LRBICOKEEREZFER L TnD (K
6-1),

G MWD
I

)1 R
B D
_ 1 I
TEERT 1 I
(8= f i
ITEREEGIFK  E2RELAREEK

A CFHD
]

(LA BE) o| ‘o GRAST
il

i 4

&
REY R B (R O

®  |FITAER

6-1 REEEHENT A A=V

6.2 IKEERER

HOK TIEICBIT 2 KEERERORREEZK 6-2 12777,
AL OFH O, EEHO TAKE HIZ pH, bEORE
WEHE T, B T ISR W CEREERYEZ B 2 T8 S
o tz, BUE - AL TIEICRIT 5 Tk 0K E EARRS
REM 6-31C7°7, 2O pH, bEOREICEEMHIT
Rinotz, BE - RREE LN S HEH & B KICONT
BT NH VAR 20, TOKEBKLIEE TS 2 Mo
= pH B AT - T2 IO L=,

7. BHYIC

WIE LA LR, BARHROBESESA LIZo0
THRRPMEL D Z LB TS D EBbd, 4
EIOFEFITIL, HI/MRE I USRI ZITH 2 &
NTEN, TN THEE OB IR Y S b
DT> TN D, FERERIIX L TA®B LT — 4 2 &
L, £ 0ZMIC L0 L TIEEHR L TITE W, £77,
BEBOMERLZ2ERT 51057 > TTEBERD
752 OEMRENRRAIRK TH 0, RBEHZB O T HRLAER O
FAZATV, FHEICH L CTIAELS 2 E B3R,

_ il

2l \ W PR .
: Eiemmme wEm || ¢
\Dmmﬂw‘ ==
imELIae | | |
—
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-
e
Do se 7 e gl
0.005 —— ra
o v_
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o [T 1
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it .il.::"
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b = .
. ol i,
E&R R « ERRARD
I =
g i Y
LB
<56 | mamemt S
B O o mias = —ad
=| O b T#Emimk
A S e - - gim /
§ O ¢ ATAS £ - o
| © o mamstmmk | " Yoo o R A
hﬁ O t uEp -~ /{ ""ag'-l s . P
H2#F ’ —— " -
O 2w | ) A

W62 MATHE AKERAME R ORR

6-3 [l « NEME Tk AKEEARNLE B O

7B, AmihIh A AREHER 4RI BHIFE
HEFNCB WO TR L T\ 5 TSR R R RS ) (&
BE ZBHMILERY NEER) B TR LELOT
b5, ZEOFAFITEIMELE L EF D, AZHATIE
SHLARELETHROT =4 U REEH~=
T MZOWTHERE L Tl L CWK FIETH 5,

& £ X W
1) ERASREER - THEGYIHEIC T D M S s A
~=a7 )V (BE®RRE FR18FT7TH pp3 %
2) HEIRZmEwm: &R KFEEERINEST®S 2 A
v EROE A NREEH E2 A L2 B oAl
7 a LVEINRREMmZEE () TSR 2
3) TIEEBRBEE & — GPEC HAfiE #E (B 48 S A bl
O pH ZRIZKE T 5 B MO R 5 1%
4)  BREIEK « RRERBIR: BTG Y IR IS R
FOHHEICET DA R T A e ER 2011 4F pp.351
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