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Table 1.1 Physical properties of tested field soil.

Specific gravity of the Solid Phase

2.60

Consistency

Plastic limit 67.0%d.b.

Liquid limit 86.0%d.b.
Particle size distribution

Clay 50.5%

Silt 27.5%

Sand 22.0%

Cone Index [MPa]
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Fig. 1.1 Variations of cone index and soil density
by each tillage: reverse-rotational rotary,
rotary and plow.
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Fig. 1.2 Distribution of three phases by each tillage: untilled, reverse-rotational rotary, rotary and plow.
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Fig. 1.3 TDN yield of corn. Fig. 1.4 Yield of radish.
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Fig. 1.5 Variations of the number of germinated
weeds.
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Fig. 1.6 Distribution of the number of weed seeds in
o soil.
2
= 5o 7T UMTIR, TOREFRICE Y EERCS
¢ CETEAMILTWS, E#7y 7oy hu—5Y
g OB, $5 ALk RIS  OMFHF-
§ Twh,
o ZDESREHT Y 7hy bo—F VHHE, X<
et S h Iz BROFLEE R T & 2 O TV I

BOWTEREHI ATETH 5, R, HEEREF
B2 &5 R ABBOIHLEELRETDH
359 A0 & ORI OB M E R ORI,
B AR OBECH D AT > ABBORE
D Tz, fEEE D H O L EEE ik
ET D5 ETCHERCEELRTETDH 5,

C. FHENBHRUEHEHE

BRMEFO-OOHERE LT, FHHELES
SRS X)), BRLERY, BB IR, TSR
WX, BERBUL2BRREPBET L 0TS
3, TNFRRER> TV SHHECBVTHiIZR &
ZHRKORFH, 0HEHEE TCERELDCE
72o ZHACKL THEIR, BIER/ Y — BRIk E
DY R4 5 20 B EOREN L RETH
5o XTI, ZODLIRBEDIBII-> T,
TEBOEEBEYIHIRRCOW TR 28423,

INET, HOAMBEIUD LT 2 BERRO
FAFERFSE I3, TR & O —RER O 35t 50 % 1%
BLTa%k, ROBHCERs A ERITCE L
ToBEREET B R — R, Bl 2 138 A BB OSSR,



KR 5 EEEEREER I B 2 TR L OEEFRER : 9

BREROBECE G, & ok toRKIEEPHE
PRI EOMRERERVELITOICET, $oA
TODOBRPEERFE I EB L L TON—F
Va7, V7 727 OBt EERLTER, 2
NACH U TR, £ 99RS— IR e
bOIBIERED T, B3 AERIIBIT S LED
ZE) - HERKROBENEHERS L THnS, Z
DizHZiE, YIEl - Bk iz sucH > A - YIHl
WEOBRISBEENTVWE L, % 0OBEFEITH
—OYIEIERC L2 DTH B Z L WEfFEsh
5, CDES kSRS ERT LY — v EL
T, T ODEREBLULEMTY PHy bu—%

UHED ABEERMET 5, 2 LT, ¥ ABBRY
YIHl & e TROEB % Y ORREH» S S AD
DR U AED - DE 7Y > 7 R U FE
ZOWTHRE BT 5, DLk, AP0 TRHES,
3O ABERUBD AEE ORISR 5 55
S R VAT AL VY (R

EE 7y Ay bu—y UES AZEBHEF SN
T 10 L EDEGET 508, B LHI» 535HI N T
wWikdw [BheEET 2], [EEHEES LTS
nixuv] L n I EEIIEKARFRI N TR, R
RORMFEADIGHOV DI, BH7y 74 v b
O —F V#S AR BT B R & IEl s vt 15
OEHEHS ML, &5 FDTHOERD & E
7T hy bo—F VFS AEBED L A LF
RBIL TR ) ABESRGERROD2 2k
BETF NG, £, ¥ ATOERORELET
KHTA2FERODOVTORELD 2, FH7 v 7
o bu—y Y3 AR, FUrhy bo—g U
5 A L3S AVBIRE SR 20T, ZDL 3%
R EEINRE O TR D 7 I, RO B R
OEBETIIRT 5 Z L BREETH Y, FrLLhE
EHLVEHNEETVOEANKRD HN D,

SR TH B LEOFHD f- W iE, B
o DEHEADBREPRESNIZNEYRH D, &
NV BREEOBE, #5AUENC X 0 LR
FEURBLTLE S OT, ZONE, FARMER: - 7
trid@s TRETH D, ZDROEWFHTE, Lk
ELTEERELYT O 2 #HERIICEE L,
Lo, ¥  ROLEBOBED, BEOA =X
AR EERRTH D, M TROWLBERE
WET 2 2 L BNARETH B, AWLTH, FIH>
ATSORFKCER LB ERT %,

tHOESCBEL T, THOKE 3 PR IR
DL 2 o0BEEEE ST 5, TSRS
ZEE, o0 1EHOLHORKEI LY b/haky
ANV OEENE O I 7 o EE - T 5, £LT,
THEOL DBV EDDYEL LIRS E S Ef %
~ 7 ulyiEEh L EET D,

LB FOEGHLREAICIVEREORE SR LD
T35, #3 AR L > THEREED LB
and, 2o, EHMERERSESE*EZZ L
MTEL, —FH, HOAFRAELTE, #5470
B 1 [EEEOYIHIRE & % OO > A5 OBUNME
BRI EREEEZ L L8 TE S, 2L

CCTE OB R ORRYS, G R % T 158,

BHORETHY, 5 ABROEHTH S, 0F
D, #5ARBOSEGEHEEY 2 ik, BFE
i, ZEHENRSERGE R EIL, BET 5 2 L8R E
W2k b,

&7, LIBOEHEERYINIC L 2 THROEKIER,
R S L7 BRSO 3 7 aiyiERh e L,
BIOEREFIC OV TRERICHEL MIZT 2,

Flwe, By Ty ra—3 V> ARED
O AMREETREEHALH S AER I
BT 5, 20K, BRACBEsRL#IATDHOD
AN IREIRR L A HNCEBE S he SR E O E S
K BIAOMHEBRE DLW IEHT 3, JHEH>
ABPIEE 2 2 L TEERERTHY, 35
W OEFEROLEFRSOEE LY B FHieD
WTHEEEMAS, ChEBBLTCT Yy Thy bo—
& VS A BT BYIEIDRE > A TEEH S~ RIT

HEHEHOEEE{T .

Fo2w, IoAREVERS W2 LERE
DBADEIWZHO>WT T 77 I NVENYFHEICL D
BUEL 2175, LHBEICFKE LB OTAER
DY I alb—varyEffo, 208EE - FEHEOD
FEFNMEIZ DWW THERE F L TN TS5 750
NG — o S MR FHE 2T D .

B3, ¥y ALBoMECET 2BHADER -
PRI DO TR EFBERITS, TBOEKEE
BEORMENAE S, BANTHROWREIZT
SR, WK &b 7% 5 B8R0 BRIEEN Y — o Y
ICHETRINZ %,

Kz, BRI N0~ 7 oiyEEh» S EE
EHEUINEEE, T hbbE#H7y 7Ay bu—5 Y
o ARBOHS A0, EiEAEkCET 28Rt



10 IRFEARFERFER RS AE E23% H15

DIz D DEFHESH RHE L,

Baw, BEt7y T hy bu—5 V3 ADIEE
HER DD, 5 ATMOBHR T 4EE
HER L e s ABRHIRERRT 2 A>Tk
SEHAD, 1RO ATDIIERT 28> AK
P EREICHIE CE 28> ASERREL, T
CWLHORES 35 ARFOBRIZ DWW THL I
T2, 2L, VEITHROESFRUBRFETEBHE
PEHMCBREL, EELSHEV LN TS B ART
EEFNORA, &5 PE O E S EE R MR
LEEBEEERBLUEFLOIROBTEET T VIZDWn
THRET %,

BRETHROB TS EH EER L T V¥ —
BB ETEDEH T v 7y bu—F UES A
HBRECOWTHNETI ., 22Tk, KFMO#HS
Ao~ UTHEE % LB EF BT 2R L8 2,
B AR E b RS0 AllED D O EEBEE
ke ceshitomBEHEEcEHT 5,
ZOMEDHLD S, Bt ARMOI DT
MR BT BRET v Ay ra—5 VS
ADTEERGOHE 2R A 5,

PEo ks, SmEEETENcs 2 280 3 2
o LSRR RENCHEL»IZL, g5
7 OHREE RN 2 T b X o TR EE T
BO#H I ATD, Bt5 AkoR#ELENd 2 FE%E
B »ICT B,

1. SEEEEIENC & 2 T8k

A, E L ®IC

EHEEIE & 2 SRR OB O -
iz, MR —2 VS AZEBE R EE LS AE
BRFBIT-72%30, Z LT, $D ABRROBEE, #5 A
Dw 1 RERT 555 ARTOBIE 21T o7,

L, UEEEOH S A0 & LOMOME
FROBESEEINIIEL2ER LU, BEO 2
A RAEEEE DYV N REELERETH LD
T, TITELNRERZ YV PRI LT
BT 2IEWARETH S, B ALBLCUIHIBED
Banbdiedie, 127 1 BOYEWER TERATH
BNBIEBRBERD, ZOLITHO AL
B 27w EHBERYTH R L, BT Yy Ty
=g U AEBEHE L, O8> AEE
i, UIHIL R85 o —F ) EERANEE TSI

eSS AP REREE, TOEEHBT
BT HERMA T 0B, 2005 A
dBRIE, 7272 1 ElOKFHTIEIEZ 0 bOTH D,
YIEIERC B 1) 2 L LB D AD® & OSHIEEER
DERBZOE TREFEESN T ATESEIED TH
Vi,

9, PO ABSRREEL, BRanHAL
WOMEWCDWTFHET 2, SIEILOFHHzREL
X, OS2 ufEETh 5 HIRERE O BEC
EBEL, Zhifl> ATdOMINEEORGIZ DOV
T, EEEARROBELSEERTS, KT, $>
AT TERIERE L AEROSHREE D
T, ¥ ABEEACEE LB T, Bixb
B AT O E RS- R iRE L, BEES
EROHD ABPICHT 28 LW R R IRE T
%, B, EEERRUIEIHETST DR A TIE
AR T HEBHFHOWEZT D,

B, MEREO—5 U#) AEBICL 28 AEER

a. BERUFZ

1) B EE
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2.1 7y Ty ra—2 U ARE
Fig. 2.1 Reverse-rotational rotary tiller for deep till-
age.
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Fig. 2.2 2R3 3 WIdHE, HEYIEIT 2 AKFE
HEETNEZRII2EEI»L BRI TV S, K
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_,_Center of curvature of !
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H
.
Vertical. portion

|/ Scoop surface

1125

Center of
rotation
of blade

Horizontal portion

2.2 <o
Fig. 2.2 Tested tillage blade, named as “Swkui-
zume’”.

+:2.1 #ELE (% (H) oMk
Table 2.1 Physical properties of the tested soil

(Soil(H)).
Specific gravity of the Solid Phase
2.69

Consistency

Plastic limit 28.6%d.b.

Liquid limit 58.4%d.b.
Particle size distribution

Clay 60.0%

Silt 28.4%

Sand 11.6%

PR L IATIEBRT —F, HI0IE T
2 CHEELR, INEHERYIRT I L TIFiIRY
oy TIENERE Lo HIBERESE S N,

EERIF O HIBOSYE kI #T 31.5%d.b, T
BEE 1349 450 kPa THIE 30mm BE £ T£B K
BIEH—TH>l, TEREICE D 2 OB
3#9 1.17 kPa, K& 771349 62.2 kPa, EEIEREL, Y
HEEAEZNENR0.26, #9277 TH o)z,

3) RBF &

FEERIX, O AERE2m OEBRXE 6 DBREL,
N2 Y DEBENT CEEHSAT S, ZOHS
ALY, X714 XKROES ATHBER IS,
KERIF ORI, # 5 AW 46 mm/s, T2
& O¥EBE BRI E 13 2,800 rpm THo 2o PTO i
13 (540 rpm) & L, 2—% V#> ABHEERSERE X
£1160rpm TH o720 BES5 A Yo F 2K 9mm T
Holzo BER 150~350mm £ T mm Z L ic&
ZTERE T,

TEH M ARRE TS 8]0 & i L5
DRESHFEENCHET 27201, #5AK
TR 7 7 v F 2 RERICE - TS AR L
B, 1o, #5 AEPTCREROIDIZHS A
TABEL B o I B S A LB 20 ED
DEBRE Lz, u—F VEESENE -5 VHEiH
I ias il RO ABRTEDO LB L T8
DIMOKE S HHERRE L, EBORE ST,
JISHE D54 10 mm, 20 mm, 40 mm, 80 mm
THEL Iz,

b. #HERRUELE

1) #95 ARREDEHE

Fig. 2.3 ICHEERT 250 mm O O#E > AREE R R
$ o HHE 250~300 mm Tk, §IHI & iz BROKER
SSEHED A LA RERL CTRACETE S,
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(2.3 BB 28— VEE ADRE
Fig. 2.3 Deep rotary tillage in heavy clayey soil.
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(b) Cut Surface by the blade
K24 #5AtH
Fig. 2.4 Sample of tilled clod.
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7e0s, T EBRFEENCFEE L BRI e A
ETHELDBDTH o7z, ZOWSHLLEERODOE
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HHMETOBE r Sb¥ 5 L, FEww L a{dlT
HEOHEIOLCEBUEREB»F SR IS TwE I
LS h, KERATA ARLHIZ, BHFREE
CE»> TEBHLTWEOREFELEALETH -7

Fig. 2.5 13, #t5 ABERAHERBLIHS AL
RBELDZVEL, BRESRCLOOMHERL
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0 A,

10 20
Sieve size (mm)

25 #>ATBOKE S
Fig. 2.5 Distribution of tilled clod’s dimension.
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THOMSICE>TH2WOEPEABELES
WIBEREL B, oK bREWAR YIE )
BEDWIHEL X5 KR ETo72. 40 mm D&%
WIS T OEE DB H %05, 40mm U ED+
BOSEDHI 80% % HH TV 5,20 mm AT 13
ZOoWTi, KREZAT 4 RARERBE R ZBRD
bDbH oW, T OEEOERE R EBXFIT
&Y, ZORKBREHETZE R OPRELR S
STz,

C. 5 ABHZERN OB

a. EREFHRUFE

I.B.aBHIc RUEBRY AT AR VTENOER
FHIEREE AL 72,

TR D — 5 VD AZEOHS AT D 1R
VTAT—YREELT, $I2AT0 1 KicfERAT
LE AEROBIERITo 7 DT AT -V 21T
7eHE S AETTHIERH S A OB, #ioAXBDAE
ROz & 300 mm WENZED 07z, Z 0D
AEBREYI EIA4 7RTHY, #5AEN1.2
mZDT, #5AEELEMMOB D AHEBDIT TG
WeBILH ABFBHESNSL Z LTk D,

O AEIERA I, BHEUEEA A vy FE2HWT
HIE Uz, HEEREES A D OEEHN LRSS, u—
FUBIAREREIC & & & 2EERA 00 & Uiz, #t
SATOHDHAKE, ZoduliRL D 127 (IR
Tw3,

DOAFN RS 5 A B O > AT DR
R L,

MR, Table2.2 AT & 5 “HEHE
(K], HS” & i [/, LS” 0@D 25%
E L,

Fig. 2.6 > AFEBREDOHRENEE R T ¥
1.5mOBEEHEEH>IALT, VEDDEBRR ET 5,

&2.2 LIESRMH

Table 2.2 Experimental conditions of the tested soil.

Cone Index Moisture Content
HS
Surface-5 cm 2 MPa 28%d.b.
5 cm- 1 MPa 30%d.b.
LS
Surface-5 cm 1 MPa 25%d.b.
5 cm- 0.5 MPa 25%d.b.
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One experimental plot Plot No. ; i, total 10 plots

)]

pl‘o‘t3‘l L

I Clayey soil bin

1.5m .4 m| *
50 times rotations of blade

m / )

Trajectories of rotary blade i
A set of tillage resistance of
8 or 9 sequential rotations

Soil surface =

Tilling area

j=1,2 3,4, = 8

2.6 EEBRRORERE
Fig. 2.6 Experimental design of the testing plots.
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Center of rotation of
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Till: i
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AP Y G4

Angle of
er rotation, &

Center line of
vertical portion

<

X2 =

Scoop surface d,

Vertical portion

Horizontal portion

Rotation direction

Radius of blade rotation, R=250mm

2.7 HOIADDOUVTAS —VUE
Fig. 2.7 Locations of strain gages on the tested

blade.
My =F,(D—d) — Fsing Xd, (2.1
Myu=FAD—(di+d,)}—Fsing X d, (2.2)

Ll b, ZOW F, 385 ABRT F OHERS T
HY, F,=Fcosf THEIND, £72, D=225mm,
d, =110 mm, 4,=40 mm, d,=60 mm TH o7z, %
LTy x,—x, B, x,—x, EWCB T 5HTIEH
F, FRENRADL DR B,

M

~

O 7 (2.3)
My

6){2 - Zb (2 . 4)

:@ﬁ,azémmangmm,m:%mmﬁ

Ho72,
X1TX) %@9 X T X2 Hﬁﬁ@mv‘?&bi%ﬂ%
n,

m=%% (2.5)
&z%% (2.6)
Eld, Ih&D, TLVEEERTLNE, 3,
Fv: EZb(adxl _612) (27)

X, —x, Wi & x,—x, MTEROE#E: Zhs0 0T
HEDENSEHEIND, ZLT, $i5AEBHRAOF
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LRI BT 2R E— XY MSHIEE RS,
#5ATHEERLL S z—z IFEO VD FTHF -
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BRI DT 8~ 9 [\l 08D A BB ENES
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{Xi(a)} o 1 FEEOH > AET T — 5
' KRKES =1, 2, 3, .10,
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BEHZEEIND,
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HE—DooH#r L, 5HEEEHEZD 1 DHIOEE
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Wh, A ELED 1. 5mUE N, EEL
T ARTIOEEMNBE2 52 Th b,
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Tw3,

X (a) :Tillage resistance data

(a) Xy (@) :i=constant k

U
Plot I M \
| S
Plot 2 Y .
F:7 ‘
Plot 3 byt gm
L
h= 2 345 67 839

1 a@%ea

2.8 O AETOMEEO%E LA
Fig. 2.8 Underlying principle in the analysis of till-
age resistance.

d. BERRUEE

1) ¥ AEIIET C SRR

Fig. 2.9 12 1 EER4 O 5 A D DEFIEEO—
BlERT, EBEE, x,—x, BB 2 i€ — %
Vb ERT, HEE, z—z WEITHESRSRLD
E—AVITHE, TEIZ, 2.8) R L->THE
ENZEIAEMNTH D, #H o ABREAT
100~205" O YIHEBR AN 3 2, KFHETH]
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Fig. 2.9 Measured tillage resistance curves.
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Fig. 2.11 Distance between cracks on tilled clod.
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Table 3.1 Analyzed Fractal dimension.

Clod size  Clod boundary Crack line  Crack distribution

20 mm< 1.13152
20mmz 1.04698
1.05542
1.06679
1.05041
1.06457
Average 1.05683
40 mm= 1.27924
1.07141 1.17654 0.37991
1.26347
1.28430
1.06339 1.14315 0.32769
1.11914
1.07091 1.13878 0.23486
Average 1.06857 1.20066 0.31407
80 mmz= 1.05975 0.94505
1.07287 1.15688
Average 1.06631
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Fig. 3.8 Concept of crack occurrence by stress waves
propagation.
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Fig. 3.9 Simulation of crack occurrence based on
numerical probability model (1).
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Fig. 3.10 Simulation of crack occurrence based on
numerical probability model (2).
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Fig. 3.11 Simulation of crack occurrence based on
random walk model.
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Fig. 3.12 Fractal analysis of simulated cracks
obtained by on random walk model.
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Table 3.2 Fractal dimension of simulated cracks
obtained by random walk model.

Model Fractal dimension

1 1.218

2 1.328

3 1.370

4 1.338

5 1.084

6 1.239

7 1.282

8 1.273

9 1.100

10 1.501
11 1.174
12 1.305
Average 1.268
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Fig. 3.13 Simulation of crack occurrence based on percolation model.
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Table 4.1 Physical properties of the tested soil

(Soil(K)).
Specific gravity of the Solid Phase
2.65

Consistency

Plastic limit 18.8%d.b.

Liquid limit 40.0%d.b.
Particle size distribution

Clay 43.3%

Silt 35.2%

Sand 21.5%

Distance ; 1

Crack depth
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Fig. 4.1 Method of determining mechanical strength
of clod.
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Fig. 4.7 Relationship between width and depth of crack under each moisture content.
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Blade 14 » $ ¥ Length of scoop surface
[em] [em) [ [1 [em]

1 13 6 40 50 5.6 (Qutside edge, Standard blade)

R 13 6 40 50 5.6 (Inside edge, Standard blade)

S 13 6 40 25 2.6 {Outside edge, Short scoop surface blade)

*The blade tip angle of all types was 30°.
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Fig. 5.11 Particle kinetic model for backward

thrown tilled clods below ground surface.
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Tillage torque : T
Tillage resistance
Tmax fescaraansncanen curve

T average

0 /1

Rotation angle of tillage axle : «

6.2 #5AMEL Y DAESE P,
Fig. 6.2 Tillage torque and angular momentum P,
about the center of rotation of blades.
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Fig. 6.3 Rotary tillage torque and angular momen-
tum about the center of rotation of blades
under various of tilling velocity, tilling pitch

and tillage axle revolution speed.
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Fig. 6.4 Initial velocity and self-rotation velocity of
thrown tilled clods.
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Table 6.1 Length and mass of thrown clods.

Rotation speed of tillage axle Length  Mass

(rpm) (cm) (2)
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0.15 e —
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Fig. 6.5 Angular momentum of thrown tilled clod L,
at the center of gravity of clod and angular
momentum of its self-rotation L,.
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Fig. 6.7 Trajectories of clods thrown backward
under constant tillage pitch conditions.

-50

DOEEEHRELE 22 IIZERZ LM, #OAM
VI DEMRVETEHP»OoFZL DL, AT
&GO EHRE I 5.5~6.0m/s FEE (F> AEE
R T 400~450 rpm) £ CEHOL O LHEESN
2, iIRENTOLEH Ty 7y ba—y V>
AEBOBE, BHEH S AVEEROF D ADD %K
AHEEEH 4.2m/s (B> ABIDEEREE 160 rpm ;
PTOL1#) TH3DT, $)AHEERES 1.4
Pllwigms e, UM ACy F 2R 585
AVEEEEW T 5 LT, HNMEHEL ALY —
DB —F VEES ADERINS I LKk D,

F.z ¢ ®

Ty Thy ha—F VS ARBIT SR F—
I DWW, #$5 AEAEHS A LRV AT
5 2B E LI BN SBET R ITo 72,

O AELE, B AW EECET 2HD AK
P ORSETH L H ABAY oAEER (4
BOE—XA> 1) EEELL. #5A - UHLIER
AEFELEETLABRTHY, ZOBOH AL
WO ARLPAENELHET 2 6EE 5,

B AMEGREE 2H T2 2 LT, 5 AW
DOAEEHEREINT 2,2 LT, Fhictd 5158
BTEOEEHEZLOIIIRE L X3 2 850ho
fzo Thbb, #OABMEBERELH LIz A,
Bt AERAD OB TEERICHT 2 2 A — 3%
RO ND 289572, H5 ABRERT
BB OAEER O R U 5 A TR0 T S
W6, HOATOHREDERE®#5.5~6.0m/s
fHEF TEHZIENTE L LI FEREE,

THERE T — 5 VS ASBEOH D A0 kimAH
Ex, BRRE D B AWBOEZERERE LTH, =4
NVEF—RIZER W E 2D, HIOAE Y
FREHRL, ZOH> ASEEEREECIET
LEOCHD AFERE Y AOUBEHELTEI L
THYHZFFEI A LE - B/NE D, BReL
TEHEEH D AFEPTZ 2 Z ERHL I LTI,

VII. # £

AKEFZED Hiiz, HEOoHESH o -5 Vick 2 5H
EEUTE R & TRk S Mtz T 50D RSB Ay 7 BBy 3
BRFHT LI ETHD, 2D, #5ALMR
DOKRE S EHREH ALHAD 2 7 olnE L
< 7 vk RO T X EEIC OWTHRROF K



52 FIBERFREREARRIECOE $£2358 $£15

BEEITol, 2L, -y IH ADHD
ATOBRFR U S AT 2 BT 7L OREE
MR L 1,

THEK E I OEE D OB S AR EERT S
Tedicid, SN/ 2RICYIRIBEELE NS Z
ERSBECRBIATVLA I L% ER 2, 2
DI ALMERLZDOY—NVELT, T
COTOEEMLUILERT Yy Phy bu—s UEES
AEE R L,

HMAIOTH 1T, $E5 A0 OMUIN S IREIRS
WEH L. a—2 VS A0S AERIED VT,
ZDEFHS OB LERL TR 2 LTES
AT R RE LU, LHOFHEE LTk, $5A

2UTI, FOERERIIZOWTIE, $t5AEHD
TERS CBE ST, %7, EHnERERTH

SATHBE I REROBE R 75 7 I NVIZE DR
L, BROJELEITo/, &5, 7579
KEIWTBHEDORERUVREEZBE LY I 21—
varl, EHREFHEEZT- 2,

TIEl, BTE &V —EHOH S AERICBIT 55
5 ABO~ 7 ulEE R RS, RSB
a2 kot Tid, LEOERPES
OEHFTRLICEABARTETTVTHIAT S
ZERRBRSH L EHLMIZ L, ZLT,
BOATHOECEHERMEEE—A > N EEERL
TR AEE CEETAVREE L, ZhickY,
L UIEIREO# S A LR T S HEOHBRAE
WM AREE o lz, SWRETZHI ALFEOUE T
EWX2DDETNVEFNGIFZ LT, HFHEL
7T ESE OB ATH ORI VTATRE L o
foo Bz, MISAERICE RIS AEIELY D
AEHERLH S ALHOBR T EOEHEL» 5%
TR T Ty ta—F VI AER2RB LT,

SEEETIEC & B TR

THEER 7 v 7h v bo—2 V#E> AEERF
BL7#HS AFERETY, SEEEREN & 2 158
TIHIBRR 2B L /-, YIHls iz 80, O8I
HOATDELOMOHEEFROBREISEINL Y
BEMNDHE oottt ERR U, HEORE
AHZALFINV P REE LM A TH LD
T, ZITRONLERZ2Y VIR LIRS
BILENTES,

Tty ALMOEE L L TR
OB ITEA L, ZOB3IENZMER
bo THEL T, $IATHOS AEHERE
DEE % BB BRI U o3, Wi# 1349 40~160 Hz
D EFIFR CHEBEER I H 5 2 L 8380l B
AT OIRED L H#E 5 A LIEE O BR O EIR
T oz,

o ATH 1 EKOH S ABEFIZOWT, EEfAI
ER LS ABTOZTRE 2 5720085 AR
FiRIO AR S WRET 21T o 720 # D ABIEIGRY
2 [ AR T 5 49 40 mm oD BE SRS B Y O R
330 AP HR E N #HioA
EHiik, Z20ERIOH S ABOBELZHRIZT 3
ZEDHERTY Sz, HEEESAR WEERY]
HIBRIAE R, —7F, TEBEENNSWEE I
5 AMBEHLOBRKMEME S W EERE 2 R s
Holze

I ALBRDEME

O AEROBRE LTOHY ALizonT,
BROEE, 25 EMRADOBREDORYE « FEilh
BOYyIav—yvarhfoirsulyhtionz
By EBEOERE 7 70 I NEFIOFHRIZL DT
1zo :

O ATHOBCACHMER Y Y 7 7 5 VR
BHERS N, 7737 INVERHL I EERA L,
T BRERERAR, BBHR, BB DTV T 7 ¥ VR,
FRENKIL1.067,%71.200,%70.314 kKD shiz,

TREMOBHSD 7 5 7 ¥ VRITT 2 BRAOE
EHEEL LT, T2 BRAORE L HERED Y
Sab-—varifTolk,. BEETN, 7V A
VA= TN, N—A—Y g YETNIL DR
WUT R, BREORKE - RBE VLT 4 —7
WETHY, BHOBRI—EOMHERER A2
ZEMTELZEDNREBEINT,

THEROHE

o ATHEROBREOEEL >WT, THOK
HEVSHD» S JIFHEREIT o7z,

EFPERNIC X 2B R EIc BV C, BROH
LEOATHRORENBRE CH > T IEEL
Voo BED S THSEE AN B EOMITE— X
Mid, BRTELWLIRS» SIEI NSO 20%
THole, THRRECBRANTFET LI LK



R 4 mEEERVIHEER 81 2 B LR OES PRFEE 53

B (=83 BT 3EHIERREIRNE L,
BACBEYERE Rz, AN —BREZ DV T
i, BROHZ MO Ak E L, BEEAICED
B ITRNVE—RBRE N Lo, B
DTHOBIRITIT T 2 B E BT T E NIz,

2RO T BRI T & OIEREZIRIAR I B
W, THREREAKERREE2ELTOT, ¥
BIZE 2 28BADHRBITEAE R P57z, L L,
THRNERO KRG EE % & b2 S BERERERIC B L
L, BROBGE L OEBERENH 1.5 51k
ZEPHEESN, HEGEHECE TRELD R
EUNREZRO%E, BEHHROERCL T
BrRIET I ELHEID BT,

B ARIOIBOSKIIZ, 5 ALEROR
AORKESTHELRE LT, BKEREHVIEFER
AOFS AT IEHPREL 2ol

Werkiz & O# S A L3R, BEFOILARSHEI D,
BEC 2O L, 72 20K, YIHIRRIC
Bl shictRmoBRIc U THARR, T4
bE#E S ATROUEI A K > TH L WBENE
ahic, 2LT, ZOHFLBAD»LH ALK
MY 2 2 b BEs N,

THmEEHF

BT v Fhy bu—g VS ADEE, Akt
Tl oS ABREIED D Tldk <, 20BOIRO
S - BT EMRELH I ATORUT—F VS A
HEEOREMCEERD T 5, 20k, Y4
ERO A2 6 TRTEEREFMiTE 2H L%
EHLZVRHIETTABLELENRS,

2ERDES ATDTYANT Yy ZHRICKEL 7
TERYIHIE S AT ZERIEBERERFEAL, 14K
D> ADHIIERT 5 IEELH ) A SN & 8
3 ATHO T 7 D EEOFE AT 7. $D A
TSODT L WEDOREI R EL T LT, H5AKE
FOERBIE»OND 2 BTz,

Ty Thy ba—FUES AeBiFaH5 ALK
BTEHBOBEDPS, $5 ADDBREEFT S
2D OBT R/ — RIS Uiz, HHEWA
I 4 ARTHOB AR TEBELT, #5ALHRD
B rRlkoER¥ L TFOHS R, BitTe—
AV eBERLUAEETCEEFAVRHL JEEL
e CHRICED, HMHELOB S AR T ESHROES
BIRAFSATRE & 2 D, YV P RIS T 2B A

BTXEFVEADYTH I ATHOEEHEIIE
2B IENTET,

FEHo—s VS ANEEE

Ty lhybhu—F VS ABIZ 3V —
DWW, 5 ALORCsEEcEE L T,
5 AR AEER L VOB SRIEARHS
AFREEBEOWE R T > 72, O, #t5 AKE%
o AENBEEOREMEE EE L, I, S
AT 1 EHRIZ BT 28D AME D OfEEE 124
W 2 FEOERER I S AT AER S
HETLEBTHY, FOBRORT X IBRE I8
AEHE Y HE T 2 METH 2,

o ABREREE 2L T2 2 LT, #HO ARE
KB LED AR OREEIREIEINL:, 2L
T, ZTNCHT 2 1B CExoaEFHEZR DI
RELBrole, Thbb, B ABRERERE % 5 <
U s, #t) AfER» BT sERc s AV ¥ —
REERH LIS I EDBTholz, 3512, #HD
AAEFS & T X BRR 0 AEEE R O] R o
TEHHLr oM A TOEBOBEE 2K
5.5~6.0m/s $ TCEDZIEMNTEL LWL HER
e, RO —5 VES AZBEDES, T8
FHEFH4.2m/s THBDTHO%D EHEEE &
W ZEWERDL, CHIIHIET 2 X 58D ATEEHE
BEa A0%LLE3EL T2 2 £k » THERICRE
IANK=DUNE L, EEEH D AEEDTZ S 2
g T sz,

i F

Xz E DB IEL, WBERZRERERES
VIRBEYEREEF SRR HBERIz 3, B
BEAE L U TIHEERF R R R iR I
L Toeker s 10 RFEOHM, KiHEk I
H, ZWEZBY & Uk, dLEERFRER RS
FERHRH R B, ST RFRFRESRFEITR
KHZREER, IR RFB PRI O
BhERZI &, MERIC & TTEL IR - JHER R TH
&% Uiz, RERLKFEEYY A7 AGAWSERFE
BRESRSRBIER CUILIBERF 2T i,
APROBESCERTHE L VERIEEHEE L
720 BFRFEEFHILREREZGE, SEMEEWC
13, EBREKERECT - B TR B R®E T
WEZTEEE Lo 2, FERMNE BT BBRE 7T~



54

JHEERERFG RTINS 235 H15

i3, ALERERERERB LR EERORELY
BIAEMEE e, HFEREBEREMER O BES
R R VR RS TR R E R g &
ADBENCE>TEEDBIEMNTEE LI, Kl
TR LTES 7 v 7y bu—F VD AKE
BAB TEMRASH L D, 8L RARNL
MRS L VIR HRTEE £ L, KERXww#Eb 2
MEERE I, AlEZEEESH LY IF
HBIR D & U 7o/ N eRERE) » 5 7 & 2HEAWZ L &
Uizo TZWELT, B#smL Bz ¥,

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

2 E Xk

NI, KA, HHEX, FERK, R,
LIRS, MNER | BIEESEY, SOKHE,
1980

VA, MHEYZARE - ToBRE, 1t
BERFHETTS, 1998

Bekker, M. G.: Off-the-road Locomotion, The
University of Michigan Press, 1956
Committee on Assessing Crop: Precision
Agriculture in the 215 Centure, National
Research Council, 1997

WRFE Vv Varvyr—3 v/ ARE
2, B, 1998.1, 35-38, 1997
EiNE, SHEM, RNER #ERLIDAL
3 HERHEBOEB CRL T (B 1R), B¥ERE
WEesE, 11(3), 77-82, 1949

K, SHEM, RNER  ERALLIVRR
3 HERHEEROEB LT CE 2 3)), B
WEFEEEE, 1114), 119-123, 1949

K, SHEM, HEEE | EPHscn
3 EBOEMICOVTEE 1), AR
&5, 17(1), 11-16, 1955

B BhhRER ot (FrtEk)
DWW, BEERESEE, 152), 59-62, 1953
INASERE D 7 o v B OB AV F IO
T, BESWESEE 172), 67-71, 1955
BIA%, MNER, BEBL »O5 TR
Yy REEY 5 X7 ) 2 —BIRBFER O
KERT, BEEEMEESEE, 1304, 53-56, 1951
HHER  BOERAENHEIOBECET
% REREIWTSE, I B it B,
13, 41-225, 1965

SEHZHE, BRI m—y U HOES A

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

IR, BRI 25E, 39 (4), 447-457, 1977
WHM, EHTH o— V7250
74— ¥y 78 LN — THEIEE D
W, BEREESE, 39(3), 287-297, 1977
INMTEZ © o —8 VD AOBIRIRRT, BER
WiEesEE, 34(2), 138-144, 1972

WA, SEHEEE Vo7 AR =S VA
Itz At A O T { LERRFTIE DWW T,
BEMESEE, 39(1), 11-20, 1977

W, M, WOMB F2 7y Bo—
5 UED ATz AOABIMBOFEHZDWT,
B ESEE, 38(2), 183-190, 1976
W, SEEEHE: v sAu—2 VYA
T2 e K OECH IR E R, B S, 40 (1),
29-40, 1978

MEEM: o—5Y - 7y Fhy M3 AFR
BT B ISR (55 1 ), BEEME 2T, 24 3),
129-133, 1962

MEERM  v—5Y - 7y 7hy b AAR
WS BTG (B 2 ), BRI ST, 24 (4),
203-206, 1962

FREEEE, FHFAFE, FRGA  RFHE R
IF (FE2RR), A —4%, 1980

JUREE, MRS Bt —y U AT 3
ERERTSE (F 1 ), BREERBESRE, 120),
211-219, 1980

PR, N E#fa—y > AET 2
RO (BB 2 30, BERESEES, 43(2),
181-187, 1981

BRsE, IR o -5 US> ABET 3
ERERRTSE (55 3 3R, BREBMESREE, 40,
9-16, 1982

sk, INE  FEfo—s V> A8y
ERRIPTTE (8 430, BERBERE, 60),
43-48, 1983

PRk, NINZE 87y 7hy ha—s U#
DADDOWEE 13]R), BERMHFSEE, 46
(3), 325-331, 1984

B, IRE BTy 7 hy ru—5 U
DA THDOWECE 29k), BIEEMASEE 46
(4), 459-464, 1984

RS, INE By 7y bo—s U
3 ATHOWTGE 3, BEMRYSEE, 7
1), 11-18, 1985



FR & EEEEYIEIERR I B 3R L RO ESEER 55

29)

30)

3D

BPREE, NRZE 87y 7hy bo—s Vi
S ATODIRGE 43R, BEREEREE 47
(2), 159-167, 1985

BRIy Thy bo—2 Ui A%
BEOBZ, BERUEE, 6200, 46-50, 1987
K, RS, ITAAE, FEAHE  v—

VS A BT 3 EHROTRER (B 18R,

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

BRI E S, 52(1), 69-75, 1990
BERER, R, IELARE, FREHHE [ v—
FUFFD A B B LEOBRIAE (B 25),
BEEMWESE, 52(2), 3-9, 1990

AES, MTAES, FIBHE, R, REEM,
FEE, HISH, EMEE D H BEREENY,
EAESE, 1983

BEBRRESR  BEEM NP7y 7, an
F#t, 1984
RANGRE | EVEEERS, 2w )%, 1993

MEHER | v —5 U XM OFEER O
(38 140, BT 28, 19(2), 62-66, 1957
WHH, S4 N2 oA, BFE—, EHE
ML w—g VR 0 ARDUSE, &
SR Y 23, 46(1), 593-598, 1984
BOA—, FEEEX, EHEH, FEEX: +
D 2 KoY, BRI 5, 37 (2), 179-
186, 1975
B 85, FRHEE, mEBEL GRERKC
& B2 2D ZRTYIRIO N (55 1 3R), R
aEk 45(2), 177-182, 1983
FLE 2B, FLHMR, 1983
AR - LB OREE, B HRS, 1976
Hrhez, EHIE D =1 - @Bl e 2 R0oh%E, #
ek, 1993
Roscoe, K.H., A.N. Schofield and C.P.
Wroth: On the Yielding of Soils, Geotechni-
que, Vol.8, 22-53, 1958
McKyes, E. and O. S. Ali: The cutting of soil
by narrow blades, Journal of Terrame-
chanics, 14(2), 43-58, 1977
Boccafogli, A., G.Busatti, F.Gherardi, F.
Malaguti and R. Paoluzzi: Experimental eval-
uation of cutting dynamic modes in soil bin
facility, Journal of Terramechanics, 29(1),
95-105, 1992
Wismer, R.D. and H. J. Luth: Rate Effects in

47)

48)

49)

50)

51)

52)

53)

54)
55)

56)

57

~

58

(g

59)
60)

61)

62

=

63)
64)

Soil Cutting, Journal of Terramechanics, 8§
(3), 11-21, 1972

i, HRREE, SEEE, BER HEE
*HED Ak kB BRSSO B
LHIFE(E 1 4R), Bt 47(3), 343-
348, 1985

BiRs, NFE—Z, KHERE, THEZE, A
WRKES B 7 v 7hy ba—5 U5 Ad
EMIEB~OFR 1, BEFRPEEHRE, 22
(1), 7-14, 1994

HR%, £RE, KHEE, THESE, /UEx
KER : E#7 v Ay ba—F V> ADEY
EBF ORI, BFRFERFELRE, 22(3),
131-140, 1995

AL ERYE, EEE, 62-68, 1980
A, NFE-, WK, FHESE, K-
EBIEHT Ay bu—s VS AEBED
LR, 7o A=y 2 R, 15, 93-98, 1995
T4 Tro/ouY—WRER 774N T o
Juy—, BigEE, 1994

EFWEH | HHR 2 R T, WA,
1997 '
BLHERH 757 o0, HESEE, 1986
Haken, H. (BBIREK, N&EHER  BHEESR
DHEFE, F¥RFEHRS, 1980

Haken, H. (BEEE, /INEME, REMES)
IV T 4 7 ADERE, FHEEAS RS, 1986
Kittel, C. (S8, ILM—R) © ¥ v 7 VHEr
Wi, Y4 x> X, 1979

Ishihara, A. (RLE=A, DNERE, FEEH, #H
IEER) © #etipEsE, HSTHAE, 1980

WO 7 > S AEB O, HATHR, 1977
ANHIE—BR L B R O 7 — ) T, REEK
S, 1981

FRASE, ¥ERSE, AL, [LRER, KH%
B:7o7Thyra—F )34 B0
REE, BEEMESHIER, 39, 13-18,
1992

Thompson, J. M. T. and H. B. Stewart (&#&
b, BOEAR) (BB LA R, 4 —
Ik, 1988

HEFEHE - 2~ bR, SIREE, 1977
ARBUL : BFHREEE LB D 7 O R HHIZE
(F130), BERMFEEEE, 24(3), 107-113,



56

JCHERERFIRBERARIOGRE $23%8 F1e

65)
66)

67)

63)

69)

70)

71

72)

73)

74)

75)

76)

)

78)

79)

80)

81)

1962

BIAREE | MR, SUcENE, 1983
Mandelbrot, B. B.: The Fractal Geometry of
Nature, Freeman, 1982

BRFEN, ANHEE, T, DR, N
LFIER, RS - 75 7 7 vElE, SERE,
1987

WAER A AR 75050, FEkMt, 1986
BRERE, REER 06E A tR 757
v, BARFEERE, 1991

Vel REn, MR (BB 7 77 F v-0 7 57
& VRIL LB O, 4o & EEE, 3502,
13-18, 1987

WA, NETB, vAY Fa7 D ETEE
D777 N, BEFERF—, 1987.9, HAF
Eark, 28-30, 1987

KHICR D WA T OS2, e 2 —,
1987.9, HAFEmTL, 31-33, 1987

Stauffer, D. and H. E. Stanley: From Newton
to Mandelbrot, Springer-Verlag, 1990
ERFEN  SBEEE L T 7 s, BERE,
No.291, 9 A%, ¥ x> X, 13-17, 1987
B | BEEHRR O, HERY, No.291,
9 A%, ¥4 xR, 42-49, 1987

Vicsek, T(EBENR) 1 77 79 Vv RR
&, HAEE, 1990

HIBRER  S—av—va>D 7575 s
2, HOERY, No29l, 9 BE, 1 v A,
18-26, 1987

Abebe, A.T. and A.J. Koolen: Fracture
behavior of a cohesive soil under crushing
stress loading, Journal of Terramechanics, 32
(4), 167-179, 1995

Hallett, P.D.,, A.R. Dexter and J.P.K.
Seville: Identification of pre-existing cracks
on soil fracture surfaces using dye, Soil &
Tillage Research, 33, 163-184, 1995
Niyamapa, T. and V. M. Salokhe: Laboratory
investigations into soil failure under vibrator-
y tillage tools, Journal of Terramechanics, 30
(6), 395-403, 1993

Shibusawa, S. and A. Oida: Dependency of
observation parameters on soil dynamic
parameters in unconfined impact compression

82)

83)

84)

85)
86)
87)

88)

89)

90)
91)

92)

93)

94)

95)

96)

tests, Journal of Terramechanics, 29(3), 289-
306, 1992

Ball, B.C. and E. A. G. Robertson: Effects of
soil water hysteresis and the direction of
sampling on aeration and pore function in
relation to soil compaction and tillage, Soil &
Tillage Research, 32, 51-60, 1994

Chan, K.Y. Strength characteristics of a
potentially hardsetting soil under pasture and
conventional tillage in the semi-arid region of
Australia, Soil & Tillage Research, 34, 105-
113, 1995

Mielke, L. N.,, W. L. Powers, S. Badri and A.
J. Jones: Estimating soil water content from
soil strength, Soil & Tillage Research, 31,
199-209, 1994

BRI R CER @ R (A 3 4, g, 1991
FiRfah @ SRS R AR, B5EEE, 1976
AR S ZORMET & IR R, A
g, 1976

B HO AT L X ONFNHEAER 0%
BERUDTSE, B EEE, 50(1), 37-46, 1988
HEFEERE | R OMEBEY, REAFHES,
1991

LEIFEHER L LEITFE, EHEE, 1984
Koide, S., S. Murata, T. Uchino and K. S. P.
Amaratunga : Drying characteristics of sweet
potato, Journal of Faculty of Agriculture,
Kyushu University, 41(12), 25-132, 1996
MNEE, NMED, RS D KEROFEX
DORGWET 2WFE, BERIMFERES, 54(1),
67-72, 1992

Fs, NEFF—F, IR, KHEE: 7y
Thy ra—g U ADLHEE RN (E1
), BRI, 590), 13-19, 1997
g, NEFFER, BRE, KHEZE 7Y
Thy b= U ADLEFTEM (2
W), BN, 59(6), 29-34, 1997
Fris, ANBF—E, sER%, AHEKE 7
FHhyhu—F VS ADTEECEY (B3
W), BERRESTE, 600), 11-18, 1998
+Ehfs, BEERE: v—2 ) RO HE
WIcBE T 2R (R 1 #), BEMMY S, 24
(4), 207-214, 1962



Fid 5 @REEEEE G B 2 R ROEBENER 57

Summary

The objectives of this thesis were to clarify
the high-speed rotational tilling process for soil
which had the properties of heterogeneity and
non-linearity and to clarify the process of produc-
ing clods and the characteristics of the tilled clod’
s movements based on fragmented patterns and
the self-similar structure. The fragmented pat-
terns and the self-similar structure have been
analyzed based on Fractal analysis. They have
had a tend to be scaling, implying that the degree
of their irregularity and/or fragmentation is iden-
tical at all scales. In order to analyze time and
spatial fragmented patterns and self-similar struc-
ture, clod size was defined as a criterion, and the
microscopic and macroscopic clod movements
were observed in detail.

Tilled clods maintained records of tilling
without any confusion in the analysis of the soil
cutting process from the configurations of the
tilled clods and the movements of the clods. A
reverse-rotational rotary tiller was the device
used to obtain the tilled clods having the above
conditions.

The minute vibrations of the rotary blade
during tilling were studied to evaluate the tiller’s
mechanical properties. A new analysis method
for rotary tillage resistance, including the charac-
teristics of blade’s high frequency disturbances,
was suggested.

As for the microscopic clod movement, it was
clarified that the frequencies of the distance
between cracks of a tilled clod’s surface was
almost of the same order as the frequencies of the
rotary blade vibrations. The configurations of
tilled clods and the zigzag cracks of the clod
surfaces were quantitatively analyzed using
fractal geometry. Furthermore, the occurrence
and the development process of cracks were
simulated based on a mathematical probability
model and fractal models. In addition, the

mechanical strength of the cracks on a tilled clod’
s surface was analyzed. As for the evaluation of
the soil properties, the effects of cracks were
clarified in the clod bending failure and clod
drying.

The throwing characteristics of the tilled
clods during tillage were discussed based on the
macroscopic clod movement. A limitation of the
particle kinetics model for thrown clod was the
exclusion of clay soils due to clods developed in
the tillage process. A new model for thrown
clods in clay soils was suggested based on rigid
body kinetics. This new model included the
influence of a clod’s rotation and the moment of
inertia during clod flight. The model led to a
theoretical analysis of the thrown clod character-
istics in clay soils. If these two models are used
properly, the optimum design for the rotary till-
age blade can be obtained for different types of
soil.

The tillage process was analyzed using the
Angular Momentum theory. The tillage resis-
tance was defined as an angular momentum about
the tillage axle. The tilling process referred to
the process of the angular momentum develop-
ment, and the thrown clod process was the proc-
ess of the angular momentum consumption. The
ratio of consumed angular momentum to devel-
oped angular momentum led to optimum tillage
conditions.

The clarification of the tilling process, the
movement of tilled clods with the fragmented
patterns and the self-similar structure yielded
optimum guidelines for the design of rotary
blades and rotary tillage conditions.

Clod formation by high speed rotational soil
cutting

The high-speed soil cutting process using a
reverse-rotational rotary tiller was studied. Clay
soil was used in this experiment because tilled
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clods from clay soils remained intact and thus
maintained a tillage record. Since the record
remained with the tilled clod, the interaction
between the soil and the blade could be analyzed.

A typical feature of the tilled clods was the
appearance of cracks on their surface. Cracks
were formed at regular distances. The fre-
quency of the distances between cracks was
almost the same order as fhe frequency of the
rotary blade vibrations, 40-160 Hz. The forma-
tion of cracks was related to the blade vibration.

The characteristics of the high frequency
disturbances of the tillage resistance curves were
analyzed specifically for the angles of rotation.
A good correlation was found among consecutive
tillage resistance curves within three tillage
cycles. The distance of this three tillage cycles
was 40 mm in the direction of the tillage. How-
ever, there was no correlation between the consec-
utive tillage resistance curves beyond three rota-
tions. It was summarized that tillage resistance
was influenced by previous tillage resistance.
The phenomenon of the high-speed soil cutting
process was clarified by focusing on the formation
of cracks resulting from the microscopic move-
ment of tilled clods.

Geometry of tilled clods

The microscopic movement in tilled clods,
such as the configuration of clods, the simulation
of crack occurrences and their development proc-
ess, were studied through fractal analysis.

The clod boundaries, crack lines and the
crack distribution on the clods had fractional
characteristics. Each had a constant fractal
dimension. The fractal dimension of the clod
boundary, the crack line, and the crack distribu-
tion on the clod were calculated as 1.067, 1.200,
and 0.314, respectively.

An irreversible process of crack occurrence
and expansion was simulated using the fractal
dimension of the crack distribution with the prob-
ability of crack existence. The occurrence of
cracks was explained by a probability model,
whereas crack development was explained by a

random-walk model. Furthermore, the crack
formation process was named a phase inversion
process which was similar to a percolation model.
Dynamics of cracks on clod surfaces

The dynamics of cracks on clod surfaces,
caused by the inner strain of clods, was quantita-
tively evaluated with clod failures and their pat-
tern. Most of the cracked clods failed along the
larger cracks on the surface when the clod was
subjected to bending moment. Failure for
cracked clods was 20% of the bending moment for
uncracked clods. The stress intensity factor of
the Modal I deformation decreased at the crack.
There is three modes on the crack development,
the open mode, the horizontal shearing mode and
the vertical shearing mode. Modal [ is the open
mode by the tensile force. The crack changed to
the failure plane. However, the value of the
energy release rate increased at the cracked part.
The strength of the clod was quantitatively
evaluated based on the crack dimensions.

During the period of decreasing rate drying,
the cracked clods showed a higher drying rate
than the uncracked clods. The development of
cracks increased the drying rate of the clods.
The moisture content of the pretilled soil
influenced crack dimensions, specifically the depth
and width. The depth and width of a crack in-
creased constantly. The ratios increased linear-
ly with the moisture content of clods. The water
permeation induced other new cracks and clod
failures.

If a clod would have cracks on its surface, a
weak force might cause its natural failure as well
as rainfall. This might be an advantage for the
reverse-rotational rotary tiller which does not
have good soil pulverization performance.
Kinetics of clod throwing

A very important consideration in reverse-
rotational rotary tillage is not only the perfor-
mance of the soil cutting, but also the throwing
performance. This is an important factor in the
design of rotary blades. Since soil cutting with

the reverse-rotational rotary tiller is different
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from the conventional rotary tiller (positive direc-
tion rotary), new kinetic parameters and models
are needed to analyze the reverse-rotational
rotary tiller’s performance. The macroscopic
clod movement, which was the movement of the
thrown clod, was precisely observed and analyzed
using the scaled-down experimental apparatus of
the reverse-rotational rotary tiller with different
blades. ‘

Two types of blade were used in the experi-
ment. One was a conventional blade of the
reverse-rotational rotary tiller named * Swukui-
zume ” in Japanese. “Swukui ” means scoop and “
zume " means blade. Another blade was a shor-
ter scoop surface blade whose scoop surface
length was half that of the conventional blade.
Different blade shapes produced different throw-
ing patterns of tilled clods, however, the shorter
scoop surface blade showed less tillage resistance.
A new model based on rigid body kinetics was
shown to explain the throwing pattern of the
thinly sliced tilled clods. The model included the
clod’s rotation and the moment of inertia of a ciod
during the throwing period. Furthermore, this
new model improved the design theory of rotary
blades.

Momentum of reverse-rotational rotary tillage

An energy of the reverse-rotational rotary
tillage, based on the thrown performance of tilled
clod, was discussed using the theory of momen-
tum. The tillage resistance was defined as the
integral of the tillage resistance curve, that is, the
angular momentum about the tillage axle. The
soil cutting process was defined as the process of
the angular momentum development, while the
clod throwing process was defined as the process
of the angular momentum consumption. The
angular momentum about the tillage axle in-
creased with the speed of the tillage axle. The
ratio of consumed angular momentum to devel-
oped angular momentum allowed us to determine
that at higher angular speed conditions of the
tillage axle, more energy was transferred to the

thrown clod process than the soil cutting process.

The peripheral speed of the rotary blade was
calculated to be 5.5-6.0 m/s based on the results of
the trajectories of thrown clods and the tillage
axle torque. The rotary axle revolution speed
was 4095 more than that of the presently market-
ed reverse-rotational rotary tiller. This analysis
yielded optimum energy operating conditions for
the reverse-rotational rotary tiller.



