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(O'; _djpwi)nj =g on ra - [12]

u,=4, onT, [13]

—k[ﬁﬂ+wj)nj=c7 on I, [14]
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p,=p, onT, [15]

T, wldENMAN2 MY, nld BRI B 54E
XDOBMERNZ M VTHD ERLELDT, «
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&, ENnEN, IGHER BEA 75 v 7 XE
R, KEEAEZERS
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IWOHER GIPR) 118615

[o1¢,dv— [ pugudv— [ Evds=0 [16]
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MEEL, dvbXUdsld, MEEIER #REIE
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[19] RTEZ2BNAEREENOMHHMEE [16] X
IO [17] RKIZBEATHZ L2k > TERHATS.
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p. =N P}T {P} [19]
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HF VIV, BUXZ PVEMTOX D IZEEED
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2

6 =Dy [21]
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IZRT B 4 DOHEXFEMED (21 KO K577
VIINWTERINS LIrL, OTABITIRID
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s w7 &, BRI RETERID
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& o o F
= r + At dt
¢ -a-ow] \Pf," ]

[22]
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1) v 2 Z (permeability matrix), f“UIfEY
kv (load vector), fAZHE IV (flow vector),
O 13 HEMIZE R (time descretization factor) T
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BRI ORI HENELT 5. 2D, [22] RidFE
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— 7 DEA
MW, FEHER O L HREO R E R
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BRI e B X FHEIRD p ERD L S IZBIRDUT

5N 5.
1+e,

[24]
( de }(dlogw p)
dlog, p dp
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(EREZENEHG LUERES
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T 572, FHEILIH0.1kPall TOHEIZIE, F
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- . o ERHE(FLIAA—FEL)
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305> THHRD S LG demlBDE T/ E WG IERIED
DBREL, ZORXIIH2ICHENL - BEKB%
&2 BHIBRETIE, FIRICTOBRKMEDL, FRTE
<, RIS EMUNENIAE 2 VETHFEL
Jo. 721ZL, FREBKITOITIOENIHEKT
$0.01kPall T & 0T, MTIEHEFITE LW,
ZDk, BHEOREE LB, BINEIEELDHE
B, RAICFRAREDY, ZOXEXITHAL 2

GVERAFELSIRBIICN

O AREFICI LT [21], [26] ROBEHEED
BERRNIZX->THEEST AN TWA, [21] A&

[26] Xh 5, KFETRDEHIEIIE
., 3K . .
o1, = i—i—-%[(l —v)g, +vén| [28]

CXVHEXINS. Z2T, cuBIXUexld, T
ZNKFE, EFRAOOTAEERT, MEOTHE
IEISNE ZNZENIEE T 5.

K20i2 7R L 7= K D12, SREHED T HiLTNT
EiE (g &b, Zoize, [28] Rk,
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Bz X0 FEFNEREEDIRNIVEEND. 2D
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B, ERINEHETH, MBKENELEDORIZIZE
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BAHUDREB LTEDIE RS Z X5 ITFMIC R
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Nz 0r'=0.03, 05'=—0.03f1) BB raEY
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B (R b THEN 0'=0.20, 05'=—0.09&D
ET) 4T 5.

Raats®, LEOZBRBHUOREICEEEL -
FEOWEHREC DN TV Ea—LTWd. —D
i, FIERRE DA% CoulombHREEIZER D A 7=
Coulomb/Paul# ¥, 53 BEFDM/INRE] DR &
DML AT B Stk & 51RME % BRI D) 7 Griffith/
Irwin/Orowon (GIO) $¥ETH 5. Coulomb/Paul
BEZT XL NEZRANWTETE

S O, U0y
r 0
& O
_o'c/‘u
BAFEGT 0.

24 Coulomb/PaullDiiEH%E

o,<(o,~0,)p if o,20,—po, [29]

o,<-0, if 0,Z<0,—-u0C, (30]

Lied, 12120, o o, mAEED, mhEIR
NEZNFNFEL, 0d35ERE GIEIENED
BHEEXRNFEIRNIDOME) R, HNMEEET O
WENZ 02358, uBIP ol ZNENELTD
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p=tan’(w/4+¢/2) [31]

o, =20, tan(7/4+¢/2) [32]
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i, mECHNEREA (22 TREBE oo
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WG EBEHRADZENTETH D, KFHED
BRI ERAWETTN, BHEORESRAEEL THEM
DEHTHHI ExER HUBEORBTIE, KFS
HOEDCHERANDZ & ET 5,

4. EYOREEEBHORENMNE

I OHEIT, KFEOD DEBDOEEBDLZRY H
LizE&IZ, BENREDIIIZREL S L0z TH
45, HEEMEET, RITEZOLNDLDERE
L, BRE&EHL, WALEoE, WA bEE:
EEDIENDMEBEET Ve ANVTHEL, &%
e DBV EEDLZ LT 5.

1) BYERERSEH

ToEkERLE, TOEFNTEXBHBZEDT
& D&M, BITRZEROEL LOEE, HERIC
BIFBZKELLLLEB 7Ty 27X L KBEM
Thb. HBROBELKMOLEH, BIKOEIH D
XEOEX, EWMTDT7 T v 7 ANEKBEEIZZN

KT a1 (kPa)

1h

2h

3hb

4h

ERTANE—ED ERE (cm)
—@——60 min = = £F - 120 min —&—— 180 -min
- = 3 - -240 min —¥——300 min - - @ - -360 min

K25 H47YarHHOEtEE @EREH,D em)
) 18 12cm. & 1 8em. 7 F v 7 X : 1.0x10 % (cm/s)

8cm

< »
< >

12cm

K26 KFAHEDSIRBFIENDEEIE

H1) 18 12cm, FX :8m, 7F v 7 X :1.0xX107%(cm/s)
2) HEIHFIRADIEHORE T HHK
3) FH{ERIL0.02kPafHllE




HHE—ES  HLEAEIC BT DBHMK A 7= X AT T D% 35

ZFNRIGT 5 EEZbNA. 2T, HiExE—E
7Ty 7 AER, FEHEROCTWROT Ty 7 XidEa
FFiL) &L, #HIEDOY A X% @0 rflAaED
BEHEEfT -z Iad, BNBXOEMOERSE
thix, MEDET VRGEEREF—E L .
DBEREBRER
AN, FTEEROS L, BN o0 — X

25

20

i
N

87 3 (kPa)
|

0 8 16 24 32 40 48
ER7 42— bOMHEHE (cm)

- --E--- 240 min
== +X--- 720 min

®27 #72arPFHEOEE HFREH D em)
¥) 0 : 48cm, YEX :8m, 7T v 7 X :1.0x107%(cm/s)

oW TRYT., H25E L O RK26lE; % X8cm, I8
12¢cm, AEID 7 F v 7 X% —7E{E1.0 X 10 Scm/s &
LUz 188k 2 v a v OB KO KEHED
BRHENDOETHD. AHICE, BOFInk
o351 - 5E VI T, FEMROEREIZ0.02kPaT
H5. 8. 3 OTHRE=EEBY, HFEKYy I a2V
DIENADIE GKENRENDA) IZhbh D5,
Thbb 8Ky 7Y g DN EE - 725D
%, [V oy a VIR CEERTDSE, 60T
WYy e VAT, ZEAWD D 2emHEZ B
v, FNHEAATFRIZE > T L 5ERERIGT
W, ®®), Yoo VEIEHROARMW, FRIOE
B2 4emUADOEMTIRE D, ZOHBKE INHER
LU, ZOMEREFREICERICEFL TS, K
TIMRBIIZ0.1kPa% 8 2 5 DI, HEKBIts 3 Rl
#%T, FOMBIZTENISEAIZ2cmBEOFEET
H5H. Fiz, TOEXIGIIBKE DAL, PR
—EThDH —F K21 XUX28IE, HX8cm,
iH48cm, @ D 7 T v 7 A% —E{H1.0X1075
cm/sE LD HERkYy 7 a v OBELB XK
S DOEALTH D, ¥ 7y s VEMATRIE, 120
STRERMD B 2emfHEICH D, FNHERRITF
RIZHFSTHL. Lorl, 1 HREBLEKRTS, ¥
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4h

8h

12h

8cm

\4

48cm

X928 KESABIREMEHOEE

E1) IE: 48cm. %X :8m. 75 v 7 X :1.0%x107%(cm/s)
2) FEIMHT|EEDICHORET S HER
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36 o BEMAE LY ¥ —TIEHE 25 (2003. 3)
£10 BHORERHAFVTHEZENBIAE LT 7L 3 EINEREOAIE
PHEEBRO &4 FIERAREIAP B RREICET HME
5] WE 75y /r% 0.03kPa 0.1kPa
nm 03 mEGKED  WED  RERR 0 CLY GED pEM SO

(cm) (hr) (cm) (hr) (cm)
2.9( 3.1) 1 + 50 3 + 25
0.0( 6.0) 1 + 4.2 3 + 25
0.0 6.0) 1 + 5.4 4 + 4.4
0.0( 6.0) 2 + 52 3 + 4.8
29 =+ 89(3.1) 1 +11.2 6 +10.0
7.8( 4.2) 2 *+11.2 6 +10.0
4.2(7.8) 3 + 9.2 6 +10.0
£ 0.0012.0) 6 +10.4 12, + 9.6
. . +222( 1.8 1 +23. 6 +20.0
48 8 1.0% 1075 29  %206(34) 2 +23.2 +17.4( 6.6) 8 +20.0
48 12 1.0x 1075 43  *17.8(62) 4 +21.6 +15.6( 8.4) 12 +18.4
48 12 5.0x 1076 22  +17.8(62) 6 +19.2  +11.5(125) 24 +17.0
48 12 2.5x 1076 1.1 +155( 85) 14 +17.6 + 7.5(16.5) 60 +14.0

1) 75y 7R3, EAINSERAEOETHS. &L -T REUEHELZVORMEEDR 775 v 7 X BIERORE (B )+ (K

DIE+2) WLVEEINS.

2) &PRILOBRLETOREE. FHRAR, WE»SBRAIXTORSE
3) ERROBAICENTIIKY 7y 2 v OB Vo255 0E (Gerhid b DR
4) TOWETE, BAE (0.01kPall TOEREFAL 7B E) BHhR—FIZET L (B T—EORLE VLS D0, L WHOERE &

BIZAHIRAUEL T <.

23 s VRITTRNL, 2585 10emBEICH Y,
PRI DL IMIRBOEETH L. 55EARD
W, &, %L 2emd B 12emDENZ TR X
B INHOBKEE, V7o EBNATROMME &
BBUR—HL bRk 2IcARICBE L T 5.
JENDBRANZ0.1kPaZ i 2 5 DI, 8 KFER T, fiL
B LEAm,PH6emff L ThHhE. ZDEE, IR
A& 725 B ST 5.

ZDEDI, BEILKGHTH 50.1kPad5|EE
SN RAET A HIL, &L > TOhR—
RERBZIELDHY, N2 ERDBIELD
5. ZOXIRICTOBA ST, ERIEAIZED
BADMNEBEZRETIEELRATHHEEZILN
D, XTI T, REDFIEILIIH0.08kPa UNOTU B
RETDHEEZDNDHEM), FXV0.1kPa (BHD
BRI BABIN DM ZMX DABEZDEEZD
Yoy VMBI OMEBEZ KRGS L DICE
0ICE EDHTz. BITFTINTNBHERIE, BAKEHN
HR—E il — 2R TS, ZOEM
5, 1) EHEDIBSIEAT 213E (GERAIEL S
ZE), 2) 75 v 7 ADENRKENVIEZE (EHoRE
DREWEZE), THIZY) HXFEWIE (RHhE
BrEWZE), IR LD 23 W ERE A
HBHZENbrE. JIORFETIEL BRSO

AR, K2 JREET L, WBOAENE &R
Ty I ABNENEEX, HENWITENENE XIC
i3, Ih56 2 @i RIZPCRL, —REk%D,
ERZDBIELTES.

EIRBMCNDO —_EBLICKIGL LBRD

EiRMt

SRS OBKLED, BT L HHR—HT
BT T2Z &0, REDOBHUOMEIZED
EDCHEEL TN B EEET S,

oz, BONBETHHAL ZEHICENWTHEIN
FBHEOFIZRT. K29—a~did, TNEZh MR
#380cm, 60cm, 60cm, 90cm& L, ZKEOBRAIZIT
PNTNLEHIC, ER2EBRIELZLICX0DH
ALIBHEDONY -V ThD. RIFHTTHRER
&% (RofkHmE) CEETHE, &HCE—D&
ZUAPTER EN 5 D3 &ERRL () 30cm® L < 1 (b)
60cmDEETH 5. 60cmDIFTH, (¢) TlX, HFROD
—EBREFIEL TV B, X5 IZE&HBA90emiZ ik
KT D&, EhbBENTE ZAZKITTFTR 2EKD
BN I, BE—Eidk > T .

BEER T, 4mm/dayiEE O XK E TEIEIL
TOBKEPE—IZ 5 (TRILL 20 72izid,
FIRIE24cmBE DR A T, ZNLEIZIER S &, iR
KEDBPZBILTHZEDNREINTND, ZDZ &
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a  SRMER - 2
C I SN
\
T
b 4K J*4—--

60cm
)

{
BNy
S '
60cm \/"'h [
. {

d %R
90cm

®29 LZERmIC L8NNI —DEL

B @QOEHE. &0b&RIN-TmARETCOERORNE
MLBERT.

1, BRI RAET AT - BAY, LHERICEK
VB L 2 DB L 20T B Z EITRIEL Th
DEWEINDS. HEEBRELVAWEERTLERE
RE—THHOE, BHRERH?DDOKIBINIEETE
TR, &OFEFEIsmPH D FTHERICTD
NTWAEDTHLEEZBND. o, FRBEE
ORBARL LRI OTHEL TNDEEXBND.
£11T, KD B ERITH - BB TOERE
# 4 FEI0cmDBE/N Y — DWW THRIE L 7248
BAFLhi-bDTH5. EHHIN29-AICRU
LI 6EICEVWTHREL ZDVFAERDL. W
Wb DM % 3 AT 2VHL THhalzo),
BUANLEIZE BEDIR > TWAHBETH, HIZ
BEEL .k, FRBEIIVTNOEBDMT

11 ERIR0mRIC AT BE L RICH S BE L O

Rr&RE  FHE RooN ! B/ME R
53 (1[ED) 20.1 22.2 18.3 1.61
GE) 20.4 30.0 15.2 5.38
55 23.9 27.7 19.8 3.68
(3 E) 27.6 355 23.0 455
ol 29.6 355 20.6 6.07
e 24.9 323 19.1 5.32
e 25.7 28.4 214 2.91
e 23.1 26.9 19.8 2.39
e 26.9 33.1 20.6 4.22
57 (9 [a]) 222 31.6 16.7 5.16
i 195 23.0 16.7 2.08
i 25.2 20.2 21.4 3.14
B/ fE 195 - 15.2 -
¥ HE 241 29.6 194 -
&= K E 29.6 35.5 — —

PTHY, ROELEBERFEFICRLIZEEDTH
5 o &blEIB--RBUOHMOBEBEIR/ANT
19.5cm, A T29.6cmTh - 7. TIibh BB
X - TiE, £&ME60cmDF4330emiZ &G/,
4 fEA60cm, A D ORBRX T, &iZih-7&
ZUNREMLL T o, K29—clZ/RL le— AP
O—EWHET T, DM, ET—HKTH-IE
wEZ2BHE, ZBEREOemIZTHI ET, ORI
GIENWE ZAIZBENPRETHE IR > TS
LEZD, O END, BRAIBRAROBMEIZLSD
NFEREDFE TR, ABTHU TXLHERK
X BBRRIGNDHROEELZ T I-bDEERD
na. BMETIE, £EH%30cmd 5 60cmiZ /AT
AT ET, BHEOFHREEKELSTHIENTED
CEEFRL LHL, XBIZ4&ME%E60cmEl LI
AL ThH, LI RREZIZ, B—2ildkb
¥+ HxBHEOBEINT AHHFREIMETERNT
LR EBRRBOKR L LOHERRERIIRL TH
LEEZRB.
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KBTI, BEEKEICBOTKROEIZHR->T
MR ENDHIRBHEDORE A H =X LI DNTHHE
R H 4T - 7. VRSN izmK ok LE 5
DUEZEEY N, EFEEe L EMiThHDZ L &2FH
L. 2KRTIFRHMEEFZ TS NV ERNWT, Kk
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T ot BT NVOBAMEER, KRELkE ERE) %
B -EMERERCIVRIEL . ZhDO/R
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1. It ZxRE U2k IR €T
Vit, BRORLECZEDEFTOEKIHELD
IEEB 2 HHTX D2 2R -

2. &M EERD KRAETHE B 2R R
B2, EBETHE»HDKIDEERIZEL > T
FHRINDZE2BERRE LICERERICX
NHERL 7=

3. BEIBD TNIWEBRERIETIC K - TRAE
15, FRICHELZWELT, ROINOOHR
B I 5 %M, &/NEIRDH —0.03kPa
(BI5E), &7z, TOU) » T8H] KTk

$2%5 (2003. 3)

¥ 5%&ME—0.1kPa BI3E) TH -7z

4. EHTRONZBREBAUDME LS () HiE
ORI, UTOXIAH=ZZXLIZEVE
HENDZ EVBERRICIVAS NI -
= Thebb, BZE, KFEFEOFIERERM
DOBKTIZENTHRET S, & (B HEHS
P& Xz, sIRARICI OB Ridd ()
RO IR T 5 78, BEICH - o8I BRI
35, Lal, & () BHESENEEIZE,
% () o5 BRESHS DM LT 5. 2
DIz, & (BE) 2R - 78303, HRLT 5.

V ADECKDTIBEONRIFEABANZ XL EBRAA

1. (FC®IC

R &id, KFEBHEITOKBIZ W T—RANZFT
N5 HEEEEETHS. TOHMIE, KREDIE
T ERRDESE EHICEL TEXIZ90, BET
W, HOBHEERSIZTEIE, BEEZAHTHZ
L, MBEORLEZNZ A&, RENETLEND
LoL, £5E0U4MCS, LEOBEERICS
T OB EN L RBOOND. RXIcLD
TEEEOWIRIE, ZTOBROBIEYWORIEIZEL > T
I, —RICBWERZEF LN, F-, R
X, ZEOTRXNVF L% DIFERMEZERITIF
RKTHD®, 2D, #kr2ind 4T OTBHERES
REA» ERBERIMIINTEL™, LarL,
RPEE, BV ZA—-VT7OTICHBT BKEORER
RIZIKKHAAENTEY, RARELU CEERVE
O TG, BIETIE, REHHEDENDR,
KHEKHOBHEREET 4 DOBEED S b,
3OUBEREELYRIZL THhDZLE2WHLNICL
2. ZoZErb, il KELEOIEEE
REHUOWBERTHAETCRLIEDTERNVWEE
RERTCHAHAZELIIHLLTHA.

RETIE, RZEENKEALEONEEMIC R
FTHE, X5, BAMRICKIITREICONT
RETZ17>. DBEONEEEIL, IERSERR
(SSCC : Soil Shrinkage Characteristic Curve)
X -TEINSG =HL™E [BEETI2HWHED
pFEZHRT DI, BEEKELZBETEE LpF
D%, ZRITHEE FTEIHENH D, | L1584
U, KoRtERRR (CRKERME) IC9L, B 3Ehe L

TEHBREEZMZ A EERREL TnD. EXRWR
EZ2HE, ZHEL™EEMTH L0, SSCCiz, +5
Kz arvEmzsdZ ik, BELOBKE
DEEERENICEL DD ERE0IZRL 2. I
FMBRIIRH O BB 2R TS L UL EERYT
Wl X - TFEINDA, XbIZ, BITEHmIcL
HkY oy avyoiainz, KoRFEE & R
e EHHOET3RITEELIZRLZLDTHS.
OV 3KRICEELTOLEOREEZRL T 5.
TRV 27> 2 v ETXHM) SN, K
5 () 2L, 0GR Gl W3

T Vo
Var

Vioo

YURIRIE (FD - ~=—R MR
H

Vs (100KPa)
S

@ S = il

G

Yrav ¥ Vi Vws; Vw,
BHOER Vw) —
(30 UNFEEFERIRDIRITFTRT

) RO —@— B, JRTEE EHOSHE - LEOKE - LEXY
73y aY) Lo+EBOREELET. ABCDENOS Y (ABCDHE LD
—O=) 2% BEOIFEHRE BFGCOHE BFGCH L) -O-)
okt dhig, DIJHIZfERmE % 2 hZhEd. HEKkyrvay
DM (RITEFE) 2D, KO GEEEFRANDRLOHE
M B RET HENORLOMET) PRBCHET, 18
KY 7y a oM BMAOTRNE. LKy 7> s v OB
BB L CEBOEFEC & > CHEINS.
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H5FERL TS ZDABCDE N D IES ¥
(ABCDHEI ETDO) &, BEDINMEHBRTHS. I
MHhRc S TRNZRITEHE L 10ERE, 0
NI EMEDIJHE 725, & XN EAKRRE
Lo OEREEZ 1256, BEIFEIIEEAZ B
T&E, HOrLIERIFESRE &R d. 27K
L, TETHRANzMitchell™DARBERICHKE XL,
22 TWS [ESEE (normal shrinkage) | 13,
"unitary shrinkage"Tld 7% <, "basic shrinkage"
FEWT S, Tibb, [EH] NERRBICENTD
SHIFETHIEZRDLLETEH. K&k
DR EELEOSE, 1KY 7> 2 )3100kPa
BEFTOBVERIIXVDEINDBATILEL /-
HRIBRIE, ARRNICIIE S AL . BRI
MEESEIZ B W TN T 5 KM, iR O SIS
2 & BEEETC & - TH ORI N - R A L0
ThireEZBND. RpbWLI LD, BH
DEREIE, SHASEMT 2EE NI RD. £,
MO WIERAE S VT WVWEEIFE, AROREN
L AFINEFR LI RBEELZOND. EDK
Wb, W X AKMEOWIEER, BHORKELD
BMbor@nh, —F, El BFGC) ~DOILEHF
(BFGCHE _EThO) &, KR T ORI R
OkoyEteihid) 2F 9. BEL T, JkEICHIG
U CHBONEI ES D, RAKEEL, —EDR
tempr (LEKY 27> a0 bl ToE
ORKIGFIEEZET. £<DKkeRz 5L
BT, SRCAONREIREL, BHOREED
FLlkbLEIZBND.

KBTI, FERIEKY Y 2 v TORKES
FOSHOBEME % Z OEE 2 NaktE & LT
L, ROEREE 2D OHEE OBDY, X5
2, AR EOBEbLY EZ@wmE 5.

2. EBRAEA

NERERE LUK E0E
RERX, 20004 4 AHREE 8 et ¢, HII
BETRARERFABRICAW KBO—HMEFIHL T
EWL - BEBORLHEIZH > T—FIC 9@ D
RzHeEl, Zn5oZdliE (FlxidHicks and
Turner®, KH™) T 3 KEDORNZHMEZZ O
F7=. &ok#eZ, 35 (1ED, # (3D, ¥ (5D
Thbd ERERE RPXBEDATDDH,

BESEATOME FIABM, R HEKEE) b
Jay 7EREL CGHiiT 22 &2k, HEED
BRHE T EEDZ Rr&iE, FIA4T7 o —
(HR2400B, ALLIEWE) #40PSOF T2 ¥ — (GL-
40, 7E %) EEL, KEC ST T -7z R
XOFERRIE, RIATRTEBVTHS. BHD
BoKiZ, TEEERRT ARLAMIMEL -
TEERIREEO%KIE, FEICEASDT MRS R
EiZE ), MBI dnnkricls

x12 Ro&EEOTR

ROZHE B0 X[ E<y AERS P YOG
E5) 1 5/9 (1) - -
e 3 5/9 (1) - 5/19 (2)
7 5 5/9 (1) 5/15 (2) 5/19 (2)
) TEFERB LU AE

TEOWEEIINT AN EOREL, LEICX
STRREDZENFBNTN DY ZDi=, R
BELEF 0—4em&5—9emD 2BIHNT, W
ZF11.8cm, BEX4emO¥ v 75 —THEE ERL
7= B HEOEEL, 6 A13H & 8 A1THICTT
Stz —EMED 2 ORI ERILL 2. BERL
=Rk, ZOEIEMEL K MERKCXD
3.1kPa, 10kPa, 100kPadEETHiAKL, &ERIET
DEEFHEEL . 72, 10kPa & 100kPaTDt
KBIZOWTE, ZORBEEZHEIEL 2. e kD
THEIT, VIV HIRIC XD WEIPHBEREL T
DIKFBERDSRAEEIR Iz, Wi & B X5 4FE
HEEL - MEBREAF vy F =12k - THYAA
FEEOBEGEEIEZ, V77 =7 (Scion Image
Beta-3b, Scion Corp., USA) ZHWTEIHEL 7.
/- BROBEXE, /FREAWTC4AEOEX%
BEL, ZONFHExHN.

AL & A0, 200045 H23H & 8 A16
Ho 26, KEEOEALLEYAEE20cm, &30
emDAEH LBIZHEAL, £E0—10cmD +FE%
FTREHTI LI DERL 2. BELFR ORI
i, HRBREICHL-3 DO EEERL, 2055
D—2, FEFEEOEKEORMEICAY, RO
ToRRNEBRLLERICERTT A LROBGEE
ETA5-HIZAW. TR (aggregate) ] &1,
TR FRLI MO LR F L OB I D LIRS TERSE
U726 (SSSA;1997M9) JE EFREN TN S, R
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JKEK (100ml/sec DKE# 36D AFEIMmDIND
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B0 EOEBEIEVERL 2. BEkR—2 b ROL
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T, 5BV EEE-bOEERE L TR L
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BINTWBZ L% TELHE, THOBE
ETHAEELREREEZZONS.

K32id, HAFELBOBERICKRT LRI EMED
MEYRLIZLDTHD, dEoicisdE, 54
IZEEL 23R, R 2mE, BEMMNES G
CERGEHREERIIH L CTEBEREENEDLN
7z, RO ZMEDOEMZHENEREBIIETL TH
B, FEim BEKEED S RS, KNI M - T
EHEFRIIELS e > TS, —J7, 8 FIZHIL
KT, BRICK AR EREIREIh
otz UL, M2 TR 56L&, A
MEKLST, ERPROBELHEESINTN G/
X -Tnd. ZOZED, Stk EREER
ETHERER->TLbDEEZDBN, FREBRT
i RO ZBEINBNTE B EERIT NI WER

RHONS.

2) IKRERF

F141Z, LEOKS BRI D00 X RE
DORBERL . FE (0—4em) I2BWTIE, 6 A
B B3R B 010kPa~100kPas 8 A B & Kt o
100kPall Lo fhid, R XMMEIZXL5BRKEDE
ELBENVIRNEIN R, -7 6 AREBD
10kPa~100kPadD fRK &, FREESFED LN
ﬁ,%@%@%&%%i?%i@é.sﬂ@wo
kPall EORKER, [959] Kho ] K T
DOEEREMIPRHENZ. 6 ALH 8 AOMODRE
AER, WFNoOV2ry a YERIZEWTDIEML
Tz, F7z, 100kPadDFFDEKEDEINEL, R
PNEBREOEINIZHANWVEREICKE SR >Te 8
A BEGEAR D 100kPall EORKEDENWE, ZTD
AR ORKEDHEMZI K > THELZZHDTH
3.
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R4 BEABERORAKEMES S UKAREEDE

5 St
. B LEENRZDOKS (%)
B o ommE SHEE - AL
(=) 3.1~ 10~ 3.1~
31KPa  10kPa  100kPa o> ST 100kPa
* *
613 B (1) 8314 7285 5428 1029  1857a 2886 0318a
#(3) 8143 7049 5295 1094  1754b 2848  0.28lab
# () 8177 7048 5240 1129  1808ab 2937 0222 b
odem 817 8 (1) 10024 8229 5850b  17.95 2379 4174 0273
(3 10404 8324 6Ll1la 2079 223 292 0301
# (5) 9993 8384  60.20ab 1609  23.64 3973 0.288
# #
HME ) 17.10 944  423b 766 5.22 1289 —0.045 b
(6/13,\_, % . » . . . . .
oy T ® 2261 1276 816a 9.8 460 1444 0.020ab
B (5) 1816 1335 780a 481 5.55 1036 0.067 a
* £ * ¥k ® ok
613 8 (1)  7211b  6469b 5026b  743c  1443b  2185b 0240
‘ (3)  7607a 6724ab 5092b  883b 163la 25.15a 0203
% (5)  7891a 6890a 5266a 1001a 1624a 2625a 0238
o am 817 % (1) 7424 6591 5132 834 1459 2293 0.187
NG 7636 6773 5347 863 1426 2280 0257
# (5) 7774 69.65 5436 809 1529 2338  0.265
p=N
2?1%%{ 5 2.13 1.22 1.06 091 0.16 108 —0.053
P G 0.29 050 255  —021  —205  —226 0054
# (5) ~1.17 0.74 170 192 096 —287 0027

1) #, % **I10%, 5%, 1%BOKETHEENRHDZEERT. HIDOWTNE DT AT 2 TR « THE) - [HEEoEE | I

HTLABRER (R &BE) OXEOFEN

2) BMEOHDOT V7 7 Xy M, TukeyDABHBOKEREZRT. RiHNFE HELAERE (R EBECLLH) FPHHIL

R

WRERE (5~9cm) D 6 ARIELITIE, &ToYy
Iy s VEBIZEWT, XUBEBWHRrEN FEIZ
RAKEZHMEX Y-, 8 AICHIL 2 kFER Dk
TH, ROXHENBWVZERKENS < Ik DHERA
BREENZHOD, BRICLDNFTYFNAEL,
BEAIBRHEIN > -7 T, 6 ArH 8 AK
DT TORKEDEALIX, &Y 7 v 3 VEIEKTIE,
DINIZHEMNERIICH - 7208, R EHEREZB’R<
By 7y a VEBTROUABAERICSD S
7o, RAKEOEE L) EHE L OFE BRI
B BN T

I UNKEIC & b 7s S TARE N4

K E BTN IRE? S ORE - DO HEAGRTRIZ
BN, Ko oMRIE, BEKOABENRGEBIC
O, BT 5. EIORALRTNWEE
U a i oiBBizd s, & 5T, 100kPa
LUF D&Y 73 3 ik (IERIEEOERN) T,
RETHZINT-HEE, BEFodEBBE v &
v, GLAERIZE S S HEIEIIZ X VH-IC R

AL MBI NE 2 hhHEEZLNS. 2D
7o, WERINEC XAKEo [EnGE) 1d, I
Wit LROSHRIZ & > CRHilis 2 = £A8FTEEE
Ez26N5. ZIZTHE, BEHOREZERESLLK
HodfE (Va/Vs) % [%KALL (air-filled void ratio) |
ERED, I EEEEL THNWA I EIZT 5.
100kPa E CTHiKL 7-FEBto KM% FK14iIZRL
7z. EE (0~4cm) @ 6 AREGREITIE, &R
EofEmc X naBEICSALII N <k UL
L, 8 ARWERCIX, ZREFAHHENL 572,
wFEE (5~9cm) Tik, FHIZ X567, R Z@E
IZXABFELRSHEEDERIRONLD - 7.
R A AR HEAE TORERL, BN
DNFHBEDONG Y FIKEHENTNEEEZD
N5, BEONTYFNELNWE, FEZHES T
BDDIEAEGEIEL, % < OMMI BT £
He BNVA &I, 202N Y FEERX
wB5EEZEZ2HND. 6 HOEBIZAOGNIKMHED
ERE, ZOXOIREEICX S THPTXS, Ly
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L, "EBTROXBEEOHENEONLD - T2 E
oW, HRAERERTIENTE . R
B bXKkEE TR, BEZXAEEZZTCEH
D, NMEIOEREEEDEND, BEOEVDRE
RHIEL CTWA & DHBTE 5. F/z, 100kPad
LML, 6 A2 S 8 Bz THKICHE W TILRK
BPUTWBED, FR - BmRIZBNTUIFEML TH
5. BRTOBAE, BILOETIZ X HEEDOHE
KREZRDD ZENRTE DD, FK - HETHH
Mz oW, BfERERE RN,

4) TEOWBMIC XS B0 E DEEEIRY R

R

(WERYR LT & DBk & KD IREFF
R, KERLMETBMPEL, Xy F (ped) D
X IO I VSR E LWET A EEZD
N5, BOELREDORELICX D LBO ¥R
EOFL, #iEE (sensitivity) & - TLIEL
EEIND., HWOODONREMIZL D HENN
FHIRE ST X8 5 2B, #k (softening) &
XN B, WiT, WESAMMNT WA, B
(hardening) &N 5. Bkibid, FHhL, KUK
+, BHIRETEHEINDY?, BLoRRIZ, B
FOHE#ENILENSZ &I &Y, FEABKDLE
HibT2-0ThHsrEEXBNTNS. —7, BH
Komw GEEMEIL) KX ->TRI 5 &IN5
ZENT, RELE+okE EBICEDETRCE

@

®)

VIS
54

L

\

THKky v ay

B33 kit - BEML &KMR iR
) @R OMELE  (©#iLk

BIXNDHW,

HEUERLL I FELERDOEZDIFAD—DTH
D, ROZIZEL->THREZLOMDIRL & FEIERHE
{bEE % HBIRTEEXON D, K33i%, #K1L,
WAL 28 % ok o et R & DBIRTHEAICR L Iz
LDTH5. W, EEMEOXRH, kbbb, —
EDEKEIZEITHEBAY 7y 2 VOWIMTEX
N5, ZokdntEKY sy 2y OEINE, Ky
R E )25 (), DF D ERANRL LT 58
XHETH IO ErD, RMrEEERDS—9emfE
2B B 2 I XA HEKEDE I, iz
K BB O L NOBENZ AT 5B D L
EZHIENTES. Thbb, L] &I
HFEBATHZEIZED, BRI RIET
HHIN BB EHAT LI LITETHD. 2
L, ZOEHDOEREIL, BHEAKOWREFHINT
WBLEDD, AT —=IVDEELZNDIDHEHE
ERCENTEI s Tn5bDEELZOGND. LT
Tit, ROEICXHHOBLAEDENCL > TE
Ul-EZ 2 bNABRTFLMEFTREDERD, Rk
Wz T EY, FRUT -5 EET VS FHES
B EmBRMT.

QBEEFEIROBERTBIIRGEEE

GRBEREEY AT MBI N HEO K (R
ML, Taylor"iZ X - THRNGNTWA, Z O
TliE, FRSN - R T LEKY 722 H3100kPa
ZinAETEHBEIE, ZORBEHEANIE, HKGRE
TORKEEZAET D E, RAKOERBERETH
100kPak TORKEIIKE <AL, 100kPall b
DYy 2 VEETIE, ERREZRELVERD
R E BT B2 EDNREINTNWE., ZDED
AT, IEBEBHOTRTHEEE L TASRHLN
Tn5b. JUESEIO R, FEEE T EDK
SREEEIC RSN e XF Yy R EERERY, M
BRSO BEERICERTLHHDTHD. BNET
i3, ERIGEBRRIC BT 5 IWMEEED, fafitok
BB L CHITTE A EERLE LEBEE
13, ABOEBREEICIVENYAEL B2 E0HS
NTWa., BETHERNEZBEICERL THD
kb, BEFBELETIN, ZOREE, elog pl
(MR — Y9 RIEIBR) ICHICEN S, 8
EFELE, BECEBRL -MELTOMETIE,
AR ERL, MEICATLIERERIZ/NHIN.
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LA L, BERICERL MEEBL - WENMEMAT
S Bk, WMMRERERIL, KEREWSBRNE
3. BRIGEOSS, B0 IME, $H8K
P72 a VOB E->TH7=bINEDT, HE
B, TRERSDI NIV 2y s VEBREETAR
ABIENTE D, BRBEORVEVEINIHR
BHE, RE»OEMENREREZREIL, KELEHE
BANBEIND. ERERZ b OHETIE, HE
K¥ 273 a B ZFOREICET D ETIIRMENLD
TOREBRILIEL W, LaL, BREE%
B2 59 27vay Tk, BENRINEZRT. 22
T, BHEIREEUGR, X LEY, FHBREORS
ZBEZELORAERELTRXAZ EICLD, HEK
WETORKEENDEEL T 2ET NV EE X
7.

REEFELES {7,&%7-)1/

M3z ET VOMERTHH. Rr&xZT 72
T, GRBEREORR D IMH S £ TERX

© M @

b
"o
& N
' O+
* [~ J
I N
)] N
2
0 Tl Tl

Tk vay oy

34 BEZLREAEKETILARET 3 (2) HBOBHE &
T (b) TR

) R &SNAIBeERBEORRDIIMOEEHRTHDL ELAT.
BRERTH I IR ZOEBRBREICIEC TWO) 1) () EEdE
) 23T 5. ORERERELRL. DRVI0OEREE. (21302
DRIREE RS, TORKBER. ZTNZhERBRECZELZTO
kg vo GEERID, Zo%kid, RO E£<ELY (BBHEHE
) 92

nNTnWasEEz 5, i%@%@%ﬁbé%ﬂkbt
i@%i[ﬁ&ﬁﬁ#tmwiﬁjk%xé B
T, TL3]) 2, AR WERY, ZDX Dk
S ERAIET. T I T, B0 SRR
B 3BRIEICEKL T3S, EBRICITER X 57
295 B, KIFBRIZEXDEEINL DD E
LT b0, ZOETIVTIEENZNOIRIC
BT5EE25. kbbb £TOHRKE Win
PO BEREAESIHICETA LD EERS. H—
DERBEREY LHLMIE, B—oKoREEE B
KBRE) HRFE-OEE XS HIBHMOMEKIE, HiZK
THEML THWBERET S, ZLTC, FLEW»H5D
HEKiE, EROIEIC & > TOHRD 725 END LR
w45 EMoOTRERE, ZToXBICEL Th5
BBO S5, AKOLDOPIEEZRD LTIy a3
ZHIRT A, HEBIE, Yoy a R ENSOER
BEZEX 5 ETIEE <HKRL B0 GEMER). Lo
L, Y7y a Vi RBERE8x 5L, 203X
DEVWERBRREZFHOLMOK RS (FXKE
-7y a VR LR—OFEERYT @R
(K34—D).

wo(W) Ewy (UL, HREREZFD>OLHREESE
WA EEBEkPad LHA8100%) & &+
BoORKEMEERIEBTHHLTH. Tid L858
KY7vay, wEwliEKEEET. K35iE, Z
NS OO REZEAWICRLIZHDTHD. &
wmiz, K7y e UK AEREBREZFD

w Wy

awo

cMMHWE;>\\\\-__,___

B35 HBREEZFHFOIMREZESTCLEELETROTIEOKS
iR ORKN

m) wmEl)dtlsashniezRwl. RBERESLZ 2R




EEE—ES | A 5 BT A 5 = X 4 B B 45

THREEELVWTEBOEKEEUTOLSIZERT
wo (%)
w, (P) = I aw, [33]
0
2T, dwld ZEEKY 7 v a v OIS
GO THD. ad, EHETET (mw(o))
2ow (U) IZmd - T —7h, Bz
A FOZRBE (Fr7yaVYBE) 285180
HEEHEG LU CERTDE, WERBEEZRESLIM
ZEUHETIE, 280 fMICH5OH, bk
DKWY 7 ¥ a VEIBETIIRKIZE S L Z2hi=oH,
+Eky sy a2 v WiCHT HEKEIT [84] NTE
b,

o (lP)

Wy (\P) = I(l - fywo

[34]RXT, Wehid, &diztPEky sy av%
KIEHTH 3P, TwDBNIEHE L THEIK
MaEskL T, —F, IBEIEHRE L TESW
OB LU EERL TnD, [84]1RUF, X5
WIRDEDIZEZHWZDHIEHNTE S,

dwo (h)

[34]

w, (%)= w, (¥)- jf [35]
(35]RDAELE 2IHL, ADfEERDS. Zhid,
BEZREE ERBREULTOY 27y 2 VK I2dH
BEMICXBBEKEOEBYDRERERT. [35]D
WLETIZHONTCHESTDE

dw (%) _dw(¥) _ d T oyaw(h) o
A= dql;[f(h, o dh 136]

#1585, [86]REEETHE

(dwl(‘l’))
avy
f(lP)_l—[dwo (LP)_\J [37]

ay
Lies, 37, £EKY vz v [T IZBT
BKGHFEMBORE DDA, [T XV EH
7y a VEBEEOOTHROBERSIGEZRETHI L
TREEL TN 5.

SR 1IUTOEDETHRITINE RSN, X
5> T, WwOMEZE, wOEE XDEIZ/NINT L5
EXRIN5. ZDo, K3BDE DI, wrET il
BiX, BFZwDTHIZHEZ EIZkb, ZOLDk
-, B7TIRNEANWSZEITKD, %k
BEAFEOTMAEEND T LI X BBAKBEDORESD
DREZHETHIENETHS. LHOERE
& (W) &, EEEUEBEOKSREELEE S
HrElZ&Y, EBEEELEWVEEOKS R
HRDDIENTE D,
WRFELIHOGRKMECK T ZHE
ZOHETH, WETHAL -EELREAEET
VERWT, BRELMREELEEDOK RS
(RHE) E&FRWEEOKIEREMEY BT 5.
FER DK FEENETIT, 6 FICEREL B0 AHh
ERDKRERE 5—9ecmfE) OT — ¥ WL, KREF
THEER WL, CEREBE (Vrvay) OB
ELTEEEIND. L2rL, EHOBRFIHMERXR
i, ZOEKEEDRIE D) > TWBETT, ¥
7y a VEBEEZEEOEESTII AW, 22T
£ LB, ROWEL -HOEKEEZDEEED
TWHHDEEEL, KN, BERBEY 7Y 2
VE—FRIIRIEL TWB ERRT. Thbb, f)
w fwh) ExmTZ i inEREL 72
fwz, GXRKEFPWILTOLHROEBETES K&

L, &7/KH50~100% D& T, Eﬁk EFTX 5
ETBHE
£15 HECHERLABREIHSAEROEAES AT A—F
SN ERRD /S5 A—5 &
Kk (%)
100> 80> 70> 60> 50> m bo R2
FR K& i 3.22 2.74 2.09 1.17 0.43 0.057 —2.172 0.929
S 5 iﬁ%ﬁ;ﬁﬁ 5.78 3.86 1.92 0.73 0.06 0.121 —6.222 0.981

Pk s 9.71 6.28 2.61

0.29 0.969

1.71 —9.992

0.196
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£16 THESTHOKHEEZF LB (RAHE) &THROZBERYRGE
T8 (EEE), ROKHEZZHLIROLSBOLTE GERE OXNR

Bt ot i EEELH 0K %)
iKY 7 2 vHIHE 3.1~10kPa 10~100kPa
BEAKBE Y
R Z T FERE 00, 7.99 13.87
b & MK RAHE 10.21 (2.22) 16.26 (2.39)
TMEEERWIEEOHEEME wo 8.12 (0.13) 14.02 (0.15)
il
R & FHXERE w, 6.96 15.19
R X EXFEHIAE 9.49 (2.53) 15.70 (0.51)
THEEE L WEAEOHEME wo 7.11 (0.15) 15.31 (0.12)
FZkEg
o & FHEEHME w, 7.34 14.22
Ry ZMREHE 10.33 (2.99) 16.76 (2.54)
TEEE E WG EOHEEE wo 7.60 (0.26) 14.41 (0.19)

E) - ZWiE, DEEFTAROEBROEANEE D%

fw)=mw+ f, [38]

T Tmk fold, EIRRETH S, E15E, 5 H
28HIZA &R 159 KITEHWTERRL 7230kH
3 H5INODRIRREERLIZbDTHS. BF

EHOEKILE ZFNICHIET B LEKRY 7Y a

i, EEEEROEEOKS R ARTZ—
BXGDHXRETH5D. LirL, IN6GH/ERATHD
DT, ZZTREREZELHEOK> RIeEEZ H
WAHZ LIZTAHE, [38] ROwidw il BEHRZH T
ENTED, ZoMEIZED, [37] RiL, wolz D
WTKRD K DIZRL Z ENTE B,

, mn
Dy ___a¥ [39]
a¥ 1-mw, —f,

COMHHERE, KOS HEEEO
W, = ——l-ln(l—mw1 ~f,)+C [40]
m

CEABDERTHD. CORATHD720, BED
Yoy a v OROFRKE (BKL) %[40]R056R
HBHDIIRTEETHSD. Lrl, ¥y a VHETO
RAKEIL, COHEBINII-HHETEZS. %16
W, FETNVICK > GGHEEN IR ZEE WS
HGORKEZRLI-ODTHD. Vo VEHH

3.1~10kPa, 10~100kPalZ &} A1 \0 X M8 D%
WIZ X DEBEORKEDERIY, 2%bH D501z
L, EFNVTHEINZZHMOEEI X AHKED
ENE, 03WEBEL W, 2T, (1) &’

L7=H0E, 10mms5WEEBL k- ok X
KRLDIZEOND. FDIh, X5IZHANEEL
F-ERIZ OV CHEROMIE AT 213, TROHE
X BREARDOE T, KX < RES N THEK
ihs Lal, vr7oull@FEEolezE 0RE
INE IR R = VETHEHBADHDPRITHTH D,
i, DT, HARMOME G R HE
TBEEEERLETNEEGT, EFVOEBS
FALE I NIz, FDzs, REFTNVT, IHIZHN
WEROBEE TS 50, BMATEYTE
IV LEdD, ZZTH, SREDDENKE
THOBED, o XWEDE N X BRARDE
BOERTRANWI EXRRERTICEL D 5.
G)TEYBECKT 2 2 ORINLZE
—=ETTC & BB LEEDE(E—

o Z 17 & D HIRAL L 7=k B S oI M 0 Z54L.
oW, ZhECich2p@BENZINTH
5. R E LOWECENELOES I, BTOH
fTEBILIENTHLBOZEECKET S, T
BUODHH ST, ME AR, Z I X VEBRILET
BRINAKE WP T B2 EHRLE KEFHEOR
ToiL, MEMIC X ABREOBBIC X - THhE S, #
KTIZHDHHETIE, BEOZE M fThhIZ< W
¥, BRENTET S, 4T, BN kB
DOHIRALIE, BAMECBEHEETIE, BEST
RBUREEIET 3. ZOREE BILIAR D
FEZOND. BRI XD HEOWECEE DL
BT BRI, & <IZEM - IO, FHE . Il
LV R K 5 C, F/mATIE, Takahashi
and Toriyama®?iZ & > Tz TWb. EME )l
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O, HiR SRR TOBEKAEIZ X5 DR E
OB EEIL, BILICX5EMOBRERDET
TEROTFEERL Tnb,. 72, EH - )I10%9F,
BICIC XA HRAMOEINERL Thd. ZTNHDE
bid, BRIZXVER EEOBUKMEzo A N214E
MBI INGEDEINDEEEL TS,
Takahashi and Toriyama®i%, #DWREZE(LAS,
BALETOIC X 2 HEoYEEO LI K & B %
FELTWBZ EERLTNA, WTFhiIZLTH,
BILIZ X VLRI ERINAWED, HEOHFK
HErEmEy, tRNFORGHROLEREZE TS
HEWIHEETHEHHLENZIENTWS, =L, %
DVER A Z X 2B ERETRICEBAIN TR
V.

AEBR T, BEABMPIZNTNORRRE LT
iz W TH100kPall EO &Y 7 v 2 VHEBROE
KERHEML 2. F£7/2, 0—4cmETid, 100kPall
ToEY 7 s VEBRTORKES BINEEICDH -
7=. L»L, 5—9cmBIzEBWNWTiE, 100kPall oD
1KY 22 a VEBTORKEZL U SEAERENIC H
Stz FIT, BLOEFICXOBKEORWHE
PERINDZ EEFiIRELT, ZOEHBELEY
v oa VEBROBRKEOMBIZE DX D8y i
HITOhEEET D,

B H-, P& INHEOREIR36D

~2y FRERHER
(inter-ped pore)

~ F(ped)

36 vk OWEACKLB Y EEROZE(L

) a: BMETOREE b SHEL S OWE L WEEO B BB,
c: HHEH B DWW B DA DR

Xomy RE~Ry NERBTERINS ERET
5. &Y 7y g VEIBORKMEZ, FiZXv R ER-E
BOEKICIRIEL, SV 22 2 vV EROBEANR,

CEr Ny FIC X BRAKICRET A S E 2B NG. B
N

TIZ X VERIN 2B KEMERR, BEEMNICI,
v NORKENZBHHEEETHEEZONS.
ROZZZ, ZOBRBEKI MR INRETIE,
Ry FEBEUREMRECZHD. Z0=2H, Rv
N OFKEDEMZ, Xy FOBEEIZ 25,
M36ik, B a DREBIZH >7=v F (BWHKE
DFEATERINIZES) HME2ICEEL, b Eik
cDRREIZI B Z EHERL TS, Ny FREHBEIC
BETENE, £y FOBRBICHED, bDLDKZ
~ v FEER @EWIKETERINTS) BER5S
ZD, ZOXDeEBE Ry N ORENEZ S
BEIE, &Y 7y s VEROKSBENT S EE
Zbna. —J, HEREDWEENLHEIZIERAL
TWABEBEICE, Xy FOEBEICEZYXy FNFELL
FAMEREERIL, clitRmli-EDE, Xy FHE
B EWKBETEINZBD) o3 TLED
FDIz, @Y7y a Y EBOKSIIIENT 55,
By 27y a VEBOKSZEBIDTEHEEZOND.
bk, BERZXAWEI R N0—4emE & HE
2 X BHED D H5—9emfE D IRKEDIE KD
BNEHBT B0 —DDEHTHS. 0—4cm
BE5—9emBORMIZIE, BEDEWISHC S, 13
SEHEDED, BLOETOENWRE, £DER
BRHBEND. T T, BRIELDEINVWDWAHEK -
MW EDER E TN BB L NIV TDKY
(R DT, XBIC, HBMKRER X7 —VO
BRSO E A Efi< —#HDOBL & U TR 2R
RUT=A, FHeD A= XL DNWTUE, KRk
B0 L, Xbin 5FEIAENRHESLETDHS.
ORI EBRENBROERICKIEZTHE
RAKENRKENWZE,. HEORKFRIGERIT K

LB, BRICKVRETIEROERIEIKX

X<leBb, i NERFOIMHOEMAA NS NEE
BZloEEIRE <5 (X30). 22T, RAKED
ENWRSHOEIMEDENIEHUOEBERICRITT
MELHET S, BRI X5 HEORERL &I,
BES T ACE RTS8, SAEHRICIIETE L
TENS (¥30). X—X M ROFEBKDDLELE
T DEAITIE, B CIESABE B DI T D&
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DL, HENENTEE DIk - THBMDTK
SEHEOINKEIREXI NS0, KFEFH B O NHEH
BEDBOLIERY 7y 5 v &, BANRTICRE
FTHIEAY Y a ViE, BBUh—-HKLTEY,
1kPa~10kPad [l & T T 596260 7 = T
20, LKy 2732 2 vt3.1kPa(=pFl1.5) 272 -
JmEEIZRAEL, ZOIFRIEFNTHDH Z Lzl
E9 B, LEH100 kPa (S5pF8.0) X THMEL 2 &
X DOBZROERERIL, MM ERIN S &I
(411, SHOBMEERL 3Ba10iE, [42]RT
ZNENEETX 5. [fERMERIND LX) 13,
Tk Y 7> a oo BINMEED ER (T
fER KIEE) ZRL, BEKENE TUNEIE D0
STBEDRAUREEHET L. [KEOHEINEE
BLzEx] KX, KSHEOBEIIC XD INEEEL?HEK
EX TRL2HEDBUFELHTET 5.
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Mechanisms of Crack Formation in Clayey Paddy Fields

—The Effects of Farming on the Formation and Geometry of Cracks—

Shuichiro Yoshida

Summary

Rotational cultivation of wetland rice and upland crops in paddy fields is common in Asian
countries. In clayey paddies, however, the deterioration of drainage efficiency-and soil structure during
the rice cropping period remains a problem to be solved. In humid regions, the intentional
improvement of drainage efficiency is essential for the cultivation of upland crops in clayey paddies. In
clayey puddled paddy fields, cracks form easily due to desiccation, and they play an important role in
the drainage of excess water. Thus, management of cracking in fields under rice cultivation is
beneficial. Research into crack formation in soil and the resultant geometry has been encouraged by
both scientific interests and the needs of both agriculture and civil engineering. Geologists have
focused on mud cracks not affected by vegetation and have tried to simulate the formation of geometric
patterns. However, the phenomena of cracking and of crack patterns have not been completely
elucidated because of the unexpected heterogeneity governing the progress of cracking. Agronomists
have focused on the cracks occurring in fields under cultivation. While many researchers have pointed
out the relationship between cultivation of a field and the formation of cracks, the mechanism
underlying crack formation has not been successfully analyzed from a theoretical point of view. This
study aimed to clarify the factors affecting crack formation in clayey paddy fields and to elucidate the
mechanisms underlying cracking from a physical standpoint.

First, in order to clarify the effects of farming on crack geometry, an experiment based on the
experimental design theory was performed in a clayey paddy field during the cultivation of wetland
rice. The soil was clayey, montomorillonitic, mesic, typic Epiaquepts, and contained 34-38% clay. The
factors and levels to be assigned to the experimental field were 1) transpiration from rice (allowed or
not allowed) , 2) row spacing (30 cm or 60 cm), and 8) puddling intensity (light, medium, or heavy).
From May through July, the field was submerged. The surface water was released in August in order to
induce cracks. The cracks that appeared between rows of rice plants were traced onto transparent
seats, and their geometrical patterns were quantified through an image analyzing procedure. The
following indices were proposed to quantify the peculiar crack geometries in inter-row spaces: '‘CDr
(Crack Directional Index) for the mean direction. of cracks with respect to rows, 'EW' (Equivalent
Width) for the mean width of cracks,‘ and 'CP' (Compactness) for the complexity of the crack geometry.
Analysis of variance (ANOVA) for each index led statistically to the following conclusions. 1)
Transpiration from rice plants in rows induces linear cracks running parallel to the rows. 2) Widening
the space between rows increases the mean width of cracks. 3) Intense puddling induces wide linear

cracks and simplifies the cracking geometry.
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Secondly, a numerical model and laboratory experiments were used to analyze the mechanism by
which the transpiration from row-planted rice induces linear inter-row cracks. The shrinkage behavior
of clayey puddled soil, which can be regarded as the consolidation of saturated soil subject to negative
pore water pressure, was simulated by a numerical model based on the 2-dimensional elastic
consolidation theory. The model, which was developed for this experiment, describes how row-planted
crops' absorption of water induces the water's bidirectional movement, and it predicts the deformation
of the soil and the distribution of effective stress. The model requires parameters to specify mechanical

and hydraulic properties of the soil. These parameters can be determined from the e-log p (void ratio

.and mean stress) relationship and the e-log k (void ratio and saturated hydraulic conductivity)

relationship. The calculations were performed using the finite element method (FEM). The validity of
the model was verified by the results of laboratory experiments that modeled the phenomenon
observed between the inter-row spaces. These experiments were conducted as follows. An acrylic
rectangular container, with sides made of a porous filter, was filled with a paste of clayey soil. The
moisture in the soil was extracted horizontally from the filters by a constant suction. The water suction
in the soil was measured with porous cups connected to pressure transducers. The formation of cracks
was recorded by tracing the surfaces of the soil sample. This revealed the occurrence of cracks induced
by bidirectional water movement, as well as the correspondence between the locations of cracks and
the predicted distribution of tensile effective stress. Thus, it is proved that linear inter-row cracks
inevitably occur following the balance of increasing total tensile stress and suction. Further numerical
simulations demonstrated that the distribution of tensile effective stress has either single or double
peaks, depending on the condition. Greater transpiration flux, wider row spacing, and a thinner layer
of puddled soil induce the double-peaked distribution of tensile effective stress. This phenomenon may -
correspond to the field observation that the linear inter-row cracks running parallel to the rows are
single at the row spacing of 60 ¢cm, but double at the 90 cm row spacing. These issues suggest an upper
limit of row spacing that is effective for enlarging the widths of linear inter-row cracks.

Thirdly, the relationship between puddling intensity and the resulting shrinkage characteristics
was examined. This experiment was performed in a clayey paddy field. A randomized block design was
used to carry out the experiment. Puddling intensity was examined as a unique factor. Three levels of
puddling intensity - light (puddling once), medium (puddling three times), and heavy (puddling five
times) - were examined in nine plots, three plots per level. From each plot, disturbed and undisturbed
soil samples were taken twice: just after the puddling and three months after the puddling. A large
volufne of disturbed soil was sampled by inserting a plastic cylinder (diameter 20 cm, length 30 cm)
into the puddled soil layer and then raking out the soil to a depth of 0-10 em by hand. At each
sampling, three replicates were taken from each plot. One of the replicates was used to determine soil
water content; the others were used to quantify the amount of clods remaining in the puddled soil. A
quarter of a sample (approximately 1.5 kg of wet sample) was poured into a nest of three circular
sieves, each with a diameter of 200 mm and openings of 40 mm, 20 mm, and 10 mm, respectively. The
sample material remaining on each sieve was scoured with tap water at a constant flow rate and from
a constant height. Each clod that had not broken apart after 10 seconds of squirting was placed in a
small disposable bag made of aluminum foil. The water content and weight of each of these clods was
then measured. The clods with less than 80% water content by weight were regarded as 'clods
remaining after puddling'. The undisturbed samples were taken from 0-4 cm and 5-9 cm layers with

cylindrical samplers that were 11.3 cm in diameter and 4 cm thick. The moisture in the undisturbed
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samples was extracted in a pressure chamber at backpressures of 3.1 kPa, 9.8 kPa, and 98 kPa, and
the weight and volume of the samples were measured at each step. Just after puddling, the puddling
intensity significantly affected the content of remaining clods. Three months after puddling, while the
content of remaining clods decreased in all cases, the difference due to puddling intensity still
remained. Puddling intensity also affected the water retention characteristics of the puddled soil. The
effects varied between the soil layers and among the suction ranges. In the subsurface layer, puddling
intensity was seen to have an effect on short-term phenomena, such as the fragmentation of large clods
and hardening due to kneading. Throughout the suction range, the amount of retained water increased
as the intensity of puddling increased. In the surface layer, puddling intensity was seen to have an
effect on long-term phenomena, such as physico-chemical changes due to reduced conditions. Intense
puddling enhanced the increment of water retained after three months in a submerged condition. The
difference in the air-filled void ratio after the dehydration treatments was not revealed except at the
surface layer just after puddling. This result suggests that the expected difference in the fragility of
the samples against the tensile stress generated by desiccation cannot be revealed by the condition
imposed in the laboratory experiment. Puddling intensity also made little difference to the areal ratios
of cracks as estimated from the measured shrinkage characteristics. This estimation corresponded
with the field observation. In conclusion, the important properties that control the variation in
cracking geometry due to puddling intensity are derived from subtle differences in the variation in the
mechanical properties of the puddled soil; these properties cannot be sensed by the shrinkage test for
core samples. While the content of remaining clods does not substantially affect the water retention
characteristics, it does reflect the difference in soil structure that determines crack geometry.

The results of this study are expected to provide an abundance of information useful for practicing
crack management. Especially, the procedure to induce wide, straight cracks can be applied directly in
order to lead surface water smoothly into under-drainage systems installed in paddy fields. However,
further corroborative field studies will be of great importance to the development of techniques

effective for the management of clayey paddy fields and for the stable cultivation of crops.




