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=1-1 #EIFHO LB

Table 1-1 Physical properties of tested field soil

TRFOLE  2.60
AZVAT IV
WIERRSF  67.0 %d.b.
WIEBRAF  86.0 %d.b.

RIEED AR
Kt 00.5 %
)b b 27.5 %
w 22.0 %
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Fig. 1-1 Variations of cone index and soil density by each tilling ;
reverse—rotational rotary, rotary and plow
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Fig. 1-2 Three phases distributions by each tilling ; untilled soil,
reverse-rotational rotary, rotary and plow

14



ZOXI72EH, EHIAFECLDENETCHET 2 HBRN 2T 128
R, EFEBRIZBWTHEHD AFEDENICEBZIIA NN 5Tz, LML,
K1-3, 1-4IZR TS MTEDI T OTDNRESNE S 1 a1 U RELOINE
i, BT v Ty hO—SUBOHRNR SN, BICHEZEYTH B 51
AZOHE, FU2Ay hO—F U &EERTHI0 B ONBEMNH D, Tt
Ty T7Hy hO—FUBHOHRIIFEETH o7z,

3
—_ —{}— R-Rotary
N
E —<O—— Rotar
Y
8
24, o | pow
Z
-
=
=i
o
T 14
7!
<
L
=
E
0

I I 1 I
1993 1994 1995 1996 1997

Year

K1-3 +FrYEDIIOTDNINE

Fig. 1-3 TDN vyields of corn

15



—{F— Root, R-Rotary
—<— Root, Rotary
— 104 —®—  Foliage,R-Rotary
(\é —Z—— Foliage,Rotary
=
;5 6_ 0\0/0
s
Gy
o] 4 4
4
o
27 . .
0 T T 1
1993 1994 1995
Year

M1-4 13 NE

Fig. 1-4 Yields of radish
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Fig. 1-5 Variations of weed germination
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Fig. 1-6 Distributions of weed seeds in soil
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Z1EORBBUIHIZZ T D THY, MBI LEHSATHED
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U, INEHISADDORNEBOBRIZIONT, REFEROBAH 5ER
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AL, REIRD Z2HFOH D ABFUCHT 25 L WHEITEZEET 5. 512
R EERYIEIANETS DR D ALBE O NKITTHEGEHEOEEETS

23



2.2 WREO-SUMHIAKRBICEDHOARER
2.2.1 HBRUVHE

(1) EREE

M21ICHEA LT Yy Ty hO—F UES AEE UMETE, UC-
120) 29, BT, ZoO#HIAEREBEZTIRBO—YUHSIAEEET S, Z
DFF D AEEIL, T<NWIDHZEI00mmEBOH > A—BEMNIC 2 A&, 5264
ERL T3S, #5AEIIL2m, #5ADDDEEEEII2S0mmTYE >4 —
R4 T7RREFRALTHY, LEEHEICD L 5H0M400mmiEE £ THHt
O—% U2 AWNAIRETH 5.

K2.2ITR7 9T < WIODIL, LZYHITIKERNEENEXFRFT ZEEND
S5BRENTVNS, KENIZL, HELZNICHES T VWEZED, T<WEHD
R EEEIL60mm, HEREFLAILS0 OMKBRE L TWS, AETHEI SN

X2.1 7y 7 hy bOo—F U LEE

Fig. 2.1 Reverse-rotational rotary tiller for deep tillage
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- 3 < OE/ER L l

X2.2 9T<VWIOD

Fig. 2.2 Tested tillage blade called " Sukui—zume"
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W, T<WELZED, MEINZRSO0-FVEFABTEEING,
SADH 1EERT, TOUH| - HTEE2—HEOERELTEFTHOT, B4
ENLFO—F Y DBINECOEERTEIN, BSOS ADEEIDEN
O—F U5 ANERINTNS,

SRS AKRBIL, NUNREE NS5 (RS L1501DT, 11kW/
2,800rpm) TEEIEND., MREO—FUBSAEBE NI NS5 58D
BTEBRIATLET S, FIU75OBBEREER, T4 —ENToI M
ExEt UNEFRIZR  GE-570) THIEL/-.

2) Rtz

KBIIHICE, A1 AREBIF/ONDE IS ITRERKDEEX THDE
DI ALRE R FERFEMRERB R EREOER L HRE2ER Lz, 2.1
K ZOBEKTLROTIRMER, BERFROBERAZRT. UT, o+
2XE (H) &£75,

x2.1 HEIE (B8 H) ) ok

Table 2.1 Physical properties of tested soil, Soil (H)

iEL (ERBEERT)
TRFOLE  2.69
A VATV
WBHERRS  28.6 %d.b.
BYERA 584 %d.b.

BLE /A0
¥t 600 %
Ik 28.4 %
" 11.6 %
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B ORI F OB TH B, —I, HEcm RIS THEEO—5 ) #
ShL, TOFERETREBE S EREMKELE, 2T, tHEFNE
ST CATHEBRO—5, H5WIA 525 THE Lk, hEKES
DET T & TSI SR 5 i L RATAYE BB,

SRR O BOTIHE AN %db., BRI 450kPa THIE
BSCMBEETTR2ERE> TRIZE—~ThHo/, TEEMHICB I THBEDOAE
KL 17kPa, KA HIAH062.2KPa, PN, PUEEEEEA TR
0.26, #27.7° ThHol=.

() ERI*

KBRIL, BOAERM2MOERR %26 DOREL, FIVIOEREHTTE
EHOAT B, ZOHMIAITKD, X571 XROHS ATBIREND, &
B OEEEMIT, #D AEEL6cm/s, NI rF OBBEEESIL2,800rpm
THolz. PTOWIX 1R (540rpm) &L, O—% U#>S ABREEEEIILH
160rpm TH o7z HOAEY FIIR09ecm TH o7, $HEZEI5~35cmET
5ecmIERBEATERE T2,

CEREBH AREBTRHHN SO D HENEEROKRE DL EWICHE
ET DRI, HOARTEIZIZY v FEBRINIZY - THS A2 E X
V. £z, #I5ABT TBARDZDITH D ARTREE 1> HHE1THS A
LIEBHIEG 20 EDDEBRR ELE, O—F Y EERNEDO—F V) RTHICY)
DHENLLHREOH D ABRTEBO LEETBOTHOKE SHH2RIE L.
THOKREER, ISEEDESWI0mm, 20mm, 40mm, 80mm THEL
2o
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2.2.2 MWRRUOEZR

(1) #>5AREDER

2. 3ITFHERKI25cmDEF O 5 AREBZIRT, #HE25~30cmTid, YIHIE
NZLBROREMNIFHS ABD EFEBEBLTRAICHETESIN, O—FY U
RBNICERE TS THNMIEAERNWI EXSN 5B, KT, H> %018
&, #HIADDICK o TE—EDYE 22Tt TH 5, 20+l
GHROFH D ADDICE BN REHOBENREIN TS EZZ 5N,

LA L, #R35cmTIE, YIHIS Nz L8 BER#E D Al /N—Ic @zl ,
O—% J)EEIRAIZE TS5 I EMERINz, ZOLDRIRET T, 3>
TN 2 B LB S A2 ZIT TWAAIEEENIEEICE L, 51, 85
AERT D ERBOH D ALHMNO—% ) BEBNICRE T2 -DI088FK
BEBRVBEMELETIHE Do,

2.3 ERITICBITIEHO—FUHEHS ADIRE

Fig. 2.3 Deep rotary tilling state in heavy clayey soil
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FEN20ecm KD BB RBE, REOHD ALHNO—F ) HHIRTE
EN, HSAEMLESEEBL TEA R TEINS HROESITHZE5cm &)
LEORERARD EERIC DR Bk, BHEOHS A+RICII—ENHIZHY
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EHEIRAICIEE S AT RANEE A CBREB L T Mo/,
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FTERV, BYLH S AREFTTUNE N1 80E, KR TORITHS &
T3,
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FEHECREL T, BREOERINZFENS, HSATDOT WEHE
B & H RO & 0 LEREAE B O RS 2 LB 1 TH B,
e, TBOSKENEOE, H5ATDIKABOLANET S & bER
ENe. ZOXIRHD ATOAOLOMEILE S AFTESH ORBAT S
AWTBROBFRTEHREDETESZ5 L,

(2 TROKEE L |
B2.41%, #OATUDHENZEHRO—FITH S, vX 1 BEIZ5S5mmT,
ZDXHROHE, BFHE GIHLEM) K80 mmOES 2E->TWS, KF
DRENIFH S AFAERT, REIOHZMUEH S AODEEINEBRL .,
ROWIMIZVTER> THB E, YHIFMCENWEFFOLSITHS, Lil,
TOWMIFRITIEEICERBRBRER> TS, THOBEXE, #O5ALyF

SRR CEERE L T,
THBARITIE, 40mm DK E X ZBICRI BN HENE, 40mm Bl ED
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@ T < WD L8l L iz - 7z H R EH

Y tis< o

b) T<WIDEHEAL = EHl

X2.4 #HS5ALH

Fig. 2.4 A sample of tilled clod
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PED T ENTE, TOEREICHR>ZLHRANEMICBBEBENETLTNSZ
LZRLTNVS, o T, BRLERITH > TEHNEBICHRBERAEREINT
WBZENEZLND, INNDE, BROSHORROBEIILIOBR LD
TIILRERZEZAB5LEZ 0N, BACHNERORBEIITROWRIBRE % HE
BITBDDVEDDERNDIAS,

b) K, @ROEETHS. TOXREIL, VIHIRHIT S WHEHEEM L7
DE|ESENT, BRCMNAREFZRSNRI ok, FNIEERHZIBDObH >
%, ZNIEBHRERICRE L AR BRI ETREELZD DO TH o7,
ZDESNBRREADOERIIBERENICLZ2DDEEZ S5NS, IB5H Rk
RIREOBRBEEDED &L, HECLBZUEITHEOFER O+ I BEFENHE]
ERIENTNBZENGND. REBATA ARELIIL, BHEEANCH
Mo TBHLTVNEbOMEEAETH .

2513, $5ABBEFICHERLUAHS ALHESSVEIL, BEEH
RIZLOHHERLERETH B, A1 AROLHRIBRENSOT, +5#
DEZRZL> TEEIVWOEZBEIHELBEEBRVEENEL B, +HOED
BWhHRB (BHEIER) REBDWIZES LS IR 2T-572. 40mm D53 Wiz
EROELTROFENZRDL VA, 40mm P ORI EDKS %2 5D TS,
20mm M FOLHIZDONTIE, KERZ T4 LREANENAHRO DD B
Ho7zM, TS VWHEOEMELZENXFTEY, TORRBEBEZHERTER
WHEDORKFEZED TV,
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X2.5 #HOSALHROKEXINHA

Fig. 2.5 Distributions of tilled clods sizes

2.3 5 AERTHORAT

2.3.1 EREHEROHHE

2.2 1EICR UL ERS X7 ARER OB+ H8E 28R Lz,
HIRHT — & V3> ARBOHS ASH O 1 K0T BT — DB EE LT,
$5 A0 1 RIIERT 585 MEROBEEFo /s, OFBs — B[
BES AEHARIE S S A0, B5 AREOEM OB 5 300mm PRI
MO, ZOBS AEBIZESY K54 TRTHO, #5AENLImA
DT, #5AEBEMOBS ARROEIER I B B AR RS S
N5 EITRD.

$5 ABIEEAR, BREEEI Y FERWTHE LR, RS A0
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DEEHNPORD, O—FVBHKEMBIZELEERERA0 &Lk, #
DADBHDHER, ZOHRLERIDIZ MHENBENTYS,

DHEFIIEES D ARBOH D ADDFRERMBREE L,

TEEHIT, R22ITRTRIIC” LEEE k), HS” &” i
[Ny, LS” OZEDEHEL &,

2.6 H D ARBRRORESEZRT. WIEmOEHEZHSALT, V&
DOXRBXET S, ROERX X THBREZ40cm A FRERL, HFilic#> Az
72, COERRZI0K, HEEE [K) EHBEE (/N ORTEEETT
ZTNENRET S, VEDOERRANTIE, O—F VIiZ50EEM LT3 i
1%, #OAEHOT IR, FERXTOH S ABRBERN20cmETL
FBOEEHD ARETTITS,

#2.2 IBEH

Table 2.2 Experimental conditions of tested soils

| TIEEE Gk
£ 113; AP

TERE~5cm - 2 MPa 28 % d.b.
5cm~ 1 MPa 30 % d.b.
TIEAEE [/
TIRRE~ 5cm 1 MPa 25 % d.b.
5cm~ . 0.5 MPa 25 % d.b.
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Plot No. ; i, total 10 plots

':"'.- plot 3 & . " e C
Clayey soil bin
1.5m 4m

50 times rotations of blade

o2 SNSRI
/JJJJJJJJJJ/JJJJ

Trajectories of rotary blade

A set of tillage resistance of
8 or 9 sequential rotations

Soil surface

Tilling area

X2.6 ERXOREHIE

Fig. 2.6 Design of experiment
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WO AR, BHRW30cm, EFEEMNScm/sTHS. NIy EBEEER
$2,800rpm, PTOWCIX 1 #ZBIRLUADT, #>5 ABIEEREEIZH160pm
L%, HOAEYFIR, K0.9cmTHo 7z,

BSOS ABHT—5 O8> 7)) T OEHIIZ400 s TH 5,

2.3.2 #OABHANORE

R2.7ZH 500DV THS —DEBROMIBZRT, $I5AD0OE
ENRTRO) 2 ER—RMEICMI U258, SFEICO TR —U2EE L
7zo x1-x1 BTH &Ex2-x2 BIED 535 A DD OEESE OTOT S, 2z ki
HTREDOTHIFRTE S,

S AEHIN FIRT < WHEHBPREBIERL, ZOSEFHRY Fuvick Dit
SADDITHITPREONET 2 LRET 5. #SAEHH FIL, x1x1 W
H &Ex2x2 BEOVTHENSEHTHIENTES, ZOROAE LI, #H
SAHDHMNEERILI THolz. x1-x1 Bil, x2-x2EEENEIICIERT
BHTE— A2 M,

My =E(D-4) =
M, = E{D_ (dl td, )} (2.2)

Lizb. DK, Fy=Fcosf, D=225mm, d;=110 mm, ds=40 mm
THD. TLUT, x1-x1 WiH, x2-x2 BimicBI 3R HE, 2hahigR
DEDIT5,

Op1 = ‘ (2.3)
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1

Z DR, z,,=gb,,h,,2, bp=9mm, hp=25mmTH5,

x1-x1 W, x2-x2BiEOHEONT AT EFNEh,

—_ le

x1 E

£ = 0x2
x2

E

Lidd. IN&D, T<WEKIERTSH Fvid,

Fv — EZb(le - 8x2)
d

2

THY, #5AEHH FII,

1 Ez,,
COSﬂ d2 (Exl Ex2)'

LRDHE5NB,

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

zzZ BTHICBI B 0RT -2tk y, BEARMREICBITI2RCDE—
A IBRESIND. HDADDREEF LD S22z RO THAY —ORiBEE

TOERE, dz=130mmTdh5.
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D

d X1 d X2 . .
1 v 2 y Strain gages Centerline of

vertical portion

Center of rotation
of rotary axle

Tillage resistance
force, F

. ._._\\_ .\‘

Angle of | } kBlade edge
rotation q | '

Radius of blade rotation, R=250 mm Rotation direction

2.7 #H5ADDOVTHS —INB

Fig. 2.7 Locations of strain gages on tested blade

2.3.3 fBTHE

1 EEOHS AMER DT — 5 2RI NKROLEE T, 2LT, 1EESD
5 AERSKOTHE E 50T, HBHS AMERAICST 555 A
EROBIZONT, MOEEDHS MENNEOBEERMNT 5, Jiud, 2
723 2 DOB S AGIHIOH > AMEFOR OAR B BN 5 = & Th 5.
ELEAFI BT BI0EOERENS, 1 DOEBRKICDNT 8 ~ 9 [EEH
O S MEFBERAEE NS, TLT, SERERUSERIEFCESED
Tz IO AEDREAZ 0 LT 5L,
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{Xg(a)} @ 1 EEROHS AEFHT—4
ERRER ;i=1,2,3,...10,
O—%F U EREEDORS ;j=1,2,3,...80r9

NEFINS.

B2.8ICHBT DRI DH D ABFIOBRERT. (@ KT, HEEREKAD
B U BBl O S MBS OHEBEROmMD FERL TS, kEBD
EBRXIZBTEHHEEIEE, ZZTES5EEEE—DOEEEELL, 5EER
EED1IDHDOEETH S 4EHH, SEEEHEZD 2 DRIOEERTH S 3[HE
EH, T5IC3DHDEERTSH S 2 BlERH O 5 AEHIOM DI EHEE % fF#HT
T3, |

(b) [i, REZERXEOH—MEIEEM (hZEOEE) OH D AEH
DOAHEIBIROWMD FZRL TS, Zuddka< &b l.ombl LRENA, HEi
LTWEWHS AEFIOMEAEEEZ L2 ZETHS. ZORITBWTIE, EBR
X1020EE%EEROERX THBERKX 2 D 2EEE, 522 DROER
X THBHERX 3D 2[EEREOHOHEMBEERL TS,
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Xjj (@) :Tillage resistance data

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

1 @&%E
(b) Xin (@) :j=constant h

K2.8 #5AEFOHEDEZ S

Fig. 2.8 Underlying principle in analysis of tillage resistance
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2.3.4 RRRUBEZE

1) #5 AEFIERE &8RP

[2.91Z 1 [EER5) OF S ADD DEFEHO—FlERT. LB, x1-x1 M
EIZBTEMTE—AS FERT. PRIZ, zzHETHEINZRC0E—
ACNTHB, TRIZ, @7), (2.8) RickoTxlx1 Wi &x2-x2 %‘fﬁ
DOTHEDENSEHEINGHIABN NI TH S, $5 AEES TI00~
205° ORIVUIHIBRICHELT 5. RIMUIBIREOH S AERICHNS T2 RE
IREKBEROB D VEFRR SN, THNHMANZERNER D EERS /2o
TWB I ERDND. DD, #5AENERII R &S 2BEMU EORH
ZFoTn3,

Rz D HBRERTH D ABRERZERS &, 1BEE (K] OoFR, +
B [N KDY, HOAERS, AL PEBHITTORKMEIIN 2 55
EEBIIREVWIEDDN D, LEORBTIBIOH S AlhEERAIX, TIBE

TIEREEE [N TR (K]

: DHEE THET uiEsE | GEIET

\ Y

~ g L N 1/"\'\_"_5_ 0

| [ 8 r

W /\ alty /\\ ' ney ‘

]

= 0 Yoo A APV Va ﬁ !
;EE 500 [ v 500 )(
év
Eu_ 0 %M&#AA_M 0 A“q“w;g;f g Ly iM i

<>

180 360 0 180 360

H&s () ggg ()

(2.9 #t> AEFEIE O —BF

Fig. 2.9 Measured tillage resistance curves
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B TR OBAG110° 151700 ETOK60° BITH 52, LHMEE /7
TIZHI0° H5R10° ETORI00° ERLIEER ST, T, PEHETE
BT, TEEE (K] OHABENICHS AERINERT BB S5 0
THL, LEEBE TN TIRIEBERT LANSRA I8 S AERAED LT
VWo iz, HEEENAE VI Sk THS ADHIIZERI /) AER T 5
A, LEBEINS WHE, BRI OBENALE - B S N )
R R RT SRBEN D,

RIC, HUNZBET ORI ET S 720, REIEIERICELT 385 A
SIEEAT0~205°  GREBEEINIIEEAL00~180° ) ORIOH S AEHZE
B OEBRORE LTS,

K2.101, #5 ABEHEEOREERS & 7 — 1) TR X D BT L
FRERTHB. KL — RS MVEET, BAEE 1 &L TEELL~,
$5 AERESTN 3 ~150Hz £ TOMICEREKICE— 2 2B 5 h 5. B
3HzI, #5AMRICERET SERKTHS. #5 ABFAEHOLBR I,

—_
T

TIRRERE TR
- TR T/

I A \\\ : O TN A
0 100 200 300 400

Power spectrum density

Frequency of tillage resistance (Hz)

K2.10 # D AEHBEHO T — 1 AT

Fig. 2.10 Frequency distributions of tillage resistance curves by FFT
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%23  FOABBBEOE—JARKEEE

Table 2.3 Peak frequencies and wavelength of tillage resistance curves

A (Hz) #E (mm)
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40 111
60 73
80 55
100 44
150 29
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40 111
70 63
90 49
120 37
160 27
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Fig. 2.11 Crack intervals of tilled clod
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Fig. 2.12 Correlation of torsional moment in each order of rotations
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Fig. 2.13 Correlation of torsional moment in each order of experimental
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Fig. 2.14 Cross—correlation between sequential rotations within same
plot
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Fig. 2.15 Cross—correlation between different experimental plots at

same order of rotation
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Fig. 2.16 Concept of soil cutting using reverse-rotational rotary tiller
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X3.1 T PRBBEOHS AT ORITRES

Fig. 3.1 Outline image of tilled clod after edge treatment

3.2 BHEEMEFLIHS ALBES

Fig. 3.2°  Enhanced image of crack areas of tilled clod
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Fig. 3.3 Method of Fractal analysis on outline of tilled clod
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Fig. 3.4 Method of Fractal analysis on crack curve of tilled clod
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Table 3.1 Analyzed Fractal dimensions
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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. 3.13 Simulation of crack occurrence based on percolation model
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Fig. 5.6 Torque of rotary axle between different blade scoop surface
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Fig. 5.7 Torque of rotary blade between different blade scoop surface
configurations
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B5.8 F#H D ADDICLDH D ATIOF TEHHF

Fig. 5.8 Continuous images of backward throwing of tilled clod
between different blade scoop surface configurations
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Fig. 5.9 Backward throwing trajectories of center of gravity of clod
between different blade scoop surface configurations
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Fig. 5.10 Model of scoop surface on horizontal portion of test blade
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Voyy= P sin®|—-w |+ta,w sin¥
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_ 2 2
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(5.11 #HIADDIMERETICH 2HOBER/BEFRTEETN

(5.1)

(5.2)

(5.3)

(5.4)

Fig. 5.11 Particle kinetic model for backwérd throwing of tilled clods

below ground surface
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B5.12 #HOIADDNMRE LICHD L EDERABFRTEETI

Fig. 5.12 Particle kinetic model for backward throwing of tilled clods
over ground surface
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Fig. 5.13 Experimental and simulated trajectories of backward throwing
of tilled clod by Particle kinetic model
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Fig. 5.14 Patterns of backward throwing of tilled clods on clayey soil
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Fig. 5.15 Rigid body kinetics model for backward throwing of tilled

clods
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Fig. 5.16 Simulated trajectoories of backward throwing of tilled clod by
rigid body kinetics model
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Fig. 6.1 Angular momentum of cut soil on scoop surface
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Fig. 6.2 Torque and angular momentum, P; around center of rotation
of blades
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Fig. 6.3 Rotary tillage torque and angular momentum around center of

rotation of blades under variations of tilling velocity, tilling
pitch and tillage axle revolution speed '
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Fig. 6.5 Angular momentums of tilled clod against center of rotation of
blade, Lsand due to its self-rotation, L,
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Summary

Kinematic Study of Tilled Clods under a High-speed Rotational

Tilling Process for Soil

The objectives of this paper are to clarify the high-speed rotational tilling process
for soil which has the properties of heterogeneity and non-linearity, and to clarify the
process of producing clods and the characteristics of the tilled clod's movements based
on class patterns and structure. The class patterns and structure are based on a fractal
analysis. It has a free scale from a microscopic level to a macroscopic level. In order to
analyze time and spatial class patterns and structure, clod size is defined as a criterion
and the microscopic and macroscopic clod movements are observed in detail.

Tilled clods maintain the histories 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
which are under such conditions.

The minute vibrations of the rotary blade were studied to evaluate the machine-side
properties. A new analysis method for rotary tillage resistance, including the
characteristics of blade vibrations, was suggested.

As for the microscopic clod movement, it was clarified that the frequencies of the
crack intervals of a tilled clod's surface is 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 a fractal geometry. Furthermore, the

occurrence and the development process of cracks were simulated based on a
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mathematical probability model and a fractal analysis. In addition, the mechanical
strength of the cracks of a tilled clod's surface was analyzed. As for the evaluation of the
soil-side properties the effects of cracks were clarified in the clod bending failure and clod
drying.

The throwing characteristics of the tilled clods during tilling are discussed based on
the macroscopic clod movement. A limitation of the particle kinetics model for clod
throwing was clarified in the clay soil field which makes clods, and a new model for
clod throwing based on rigid body kinetics was suggested. This new model includes the
influence of a clod's rotation and the moment of inertia during clod throwing. The model
leads to a theoretical analysis of clod throwing characteristics in clay soil. If proper use is
made of these two models, the optimum design for the rotary tillage blade can be carried
out for different types of soil. The tillage process was analyzed using the angular
momentum theory. The tillage resistance was defined as the angular momentum around
the tillage axle. The tilling process refers to the process of the development of angular
momentum, and the clod throwing process is the process of the consumption of angular
momentum. The ratio of both angular momentums leads to the optimum tillage
conditions.

The clarification of the tilling process and the movement of tilled clods with class
patterns and structure yields the optimum guidelines for the design of rotary blades and

rotary tillage conditions.

1. Clod formation by high speed rotational soil cutting (Chapter 2)

The high-speed soil cutting process using a reverse-rotational rotary tiller was
observed. Clay soil was used in this test b;:causc tilled clods from clay soil can maintain
the history of tilling, and thus, the interaction between the soil and the blade can be

analyzed. As the rotary tiller which was used in this study throws the clods backwards
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right after tilling, the tilled clods maintain their histories.

'A typical feature of the tilled clods was the appearance of cracks on their surfaces.
Cracks were formed at regular intervals. The frequencies of these intervals were almost
of the same order as the frequencies of the rotary blade vibrations. The formation of
cracks is related to the vibration of blades.

The characteristics of the perturbations of the tillage resistance curves were
analyzed specifically on the angles of rotation. The correlation between the sequential
tillage resistance curves within two rotations was accepted. This was at intervals of 40
mm. However, there were no correlations between the non-sequential tillage resistance
curves. It is summarized that tillage resistance is 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 movement of tilled

clods.

2. Geometry of tilled clods (Chapter 3)

The microscopic movement of tilled clods, such as the configuration of clods and
the simulation of crack occurrences and their development process, were studied through
a fractal analysis. |

The outline of clods, crack curves and the crack distribution on the clods have
similar characteristics, and each has constant fractal dimensions. The fractal dimensions
of the outline of a clod, a crackcurve, a crack distribution on a clod were calculated as
1.06, 1.20, and 0.31, respectively.

The irreversible process of crack occurrence and development was simulated using
the fractal dimensions of a crack distribution on a clod as the probability of crack
existence. The occurrence of cracks was explained by a probability model, and crack

development was explained by a random walk model. Furthermore, the crack formation
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process is said to be a phase inversion process which is like percolation.

3. Dynamics of cracks on clod surfaces (Chapter 4)

The dynamics of cracks on clod surfaces, caused by the inner strain of clods, was
quantitatively evaluated with clod failure and clod failure patterns.

Most of the cracked clods failed along a crack on the clod surface when the clod
was subjected to bending action. The bending moment of the cracked clods for failure
was approximately 20% of the bending moment of the uncracked clods. The value of the
stress intensity factor of the Modal I deformation decreased at the cracked part. The crack
was the failure plane. However, the value of the energy release rate increased at the
cracked part. The strength of the clod was quantitatively evaluated regarding the crack
conditions.

During the period of the decreasing rate drying, the cracked clods showed a higher
potential than the uncracked clods. The development of cracks accelerated the drying of
the clods. The moisture content of the pretilled soil influenced crack size, specifically the
width and the depth. The depth and the width of the cracks increased under a constant
ratio, and the ratios varied linearly according to the moisture content. The water
permeation induced other new cracks and failures.

If a clod has cracks on its surface, a weak force or rainfall can cause its natural

failure.

4. Kinetics of clod throwing (Chapter 5)

Concerning reverse-rotational rotary tillage, a very important point is not only the
performance of the soil cutting, but also the performance of the throwing of the tilled
clods. This is an important factor in the design theory of rotary blades. Because the soil

cutting process of the reverse-rotational rotary tillage is different from the rotary (positive
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direction rotary) tillage, new kinetic parameters and models are needed to analyze its
performance. The macroscopic clod movement, which is the phenomenon of clod
throwing, was precisely observed and analyzed using the scale down experimental
apparatus of the rotary tiller with blades of different designs.

The shorter length of the scoop surface of the rotary blade reduced tillage
resistance. Different shaped blades produced different throwing patterns of tilled clods.
A new model, based on rigid body kinetics, was shown to explain the throwing pattern
of the thinly sliced tilled clods. The model includes the clod's rotation and the moment of
inertia during the throwing process. This new model improves the design theory of

rotary blades.

5. Momentum of reverse-rotational rotary tillage (Chapter 6)

The energy of the reverse-rotational rotary tillage, based on the performance of
tilled clod throwing, was discussed using the theory of momentum. The tillage
resistance was defined as the integral of the tillage resistance curve, that is, the angular
momentum around the tillage axle. The soil cutting process is the process of the
development of angular momentum, while the clod throwing process is the process of
the consumption of angular momentum. The value of the angular momentum around the
tillage axle increased with the speed of the tillage axle. The ratio of both angular
momentums Jed to the energy of the soil cutting being transferred to the clod throwing at
a higher angular speed condition of the tillage axle. The peripheral speed of the rotary
blade was calculated at approximately 5.5 to 6.0 m/s based on the results of the
trajectories of thrown clods and the torque of tillage axle. This rotary axle revolution
speed is 40% more than that of the prcséntly marketed reverse-rotational rotary tiller.
This analysis yielded optimum operating conditions for the revere-rotational rotary tiller

in energy.
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