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Design and Experiment of Combined Operation Device for Hoeing, Root
Cutting and Topdressing of Winter Wheat Based on Discrete Element Method

WU Guangwei'> HAN Yalei' AN Xiaofei'> WEI Xueli® MENG Zhijun> CHEN Liping’
(1. College of Mechanical and Electrical Engineering, Xinjiang Agricultural University, Urumqi 830052, China
2. Intelligent Equipment Research Center, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097, China)

Abstract; Aiming to meet the agronomic requirements for hoeing, root-cutting, and deep fertilization
during the winter wheat greening stage, and address the need for integrated inter-row root-cutting and
fertilizer application, an integrated hoeing, root-cutting, and topdressing device was designed. With the
objectives of reducing draft force, increasing the root-cutting rate, and ensuring fertilization depth,
structural design and parameter optimization were systematically conducted. Firstly, based on operation
mechanism analysis and mechanical modeling, key components, including the furrow opener, root-cutting
shovel, and fertilizer tube were designed. A design scheme was proposed, featuring an exponential curve
for the leading edge of the furrow opener and a brachistochrone curve for the fertilizer tube. Secondly, a
discrete element method ( DEM) simulation model for the “integrated device — soil — root — fertilizer”
system was established. Using the root-cutting rate and draft force as evaluation indicators, key
parameters such as the shovel blade profile, penetration angle, and wing angle were analyzed, and
reasonable parameter ranges were determined based on wheat agronomic requirements. Subsequently, a
Box — Behnken design simulation experiment was employed for parameter optimization. The optimal
structural combination for the root-cutting shovel was determined to be an Archimedes spiral blade
profile, a penetration angle of 6.43°, and a wing angle of 54.99°, The optimized structural parameters

effectively increased the root-cutting rate and reduced draft force. Simulation results for the
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brachistochrone fertilizer tube showed a maximum fertilization depth qualification rate of 94% with a

stable discharging process. Field comparative experiments indicated that at an operating speed of 4 km/h,

the integrated device performed well, achieving an average root-cutting depth of 117 mm, a root-cutting

rate of 82.9% , and a fertilization depth qualification rate of 90.6% . The results confirmed that the

designed device successfully fulfilled the functions of hoeing, root-cutting, and deep fertilizer

application.

Key words: winter wheat; hoeing and root-cutting; topdressing device; discrete element method;

structural optimization
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Fig.1  Structural diagram of hoeing, root-cutting

and topdressing device
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Fig.3 Schematic of front blade curve of trenching tool
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Fig.7 Schematic of hoeing and root-cutting shovel
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YIm s, m/s
K, ——BAo7 1 AL 1 422 i W )%, N/m®
K, —— {37 1 AU 1f) 42 Ak B9 73, N/m?

wﬂ

7.)”

v,
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BT A ST R HOT IR I A /DN 2 30 8 W AR B IR IR 5 R 2 i 5 K 153

A, — 0k 2 fik i AR, m
J—BKIE BT B AR, m
R,—Hi 4512 ,mm
8, ] 2B, s
LR 25 B A7 B 1Y g e R R 1) ALY 1] N
BF, RG2S A T R W SRy
-F, 2MR

bohr

a-ma‘,( < +
A, J

a

(34)
-F, 2M!R

b tr
Qur < +
tA J

A o, —— WM, Pa
Q,..——VIE B J), Pa
F,——J5URi It 32 3% 0] J7 N
F——50k; fir 3z Y] a1 J3 ,N
AR AT 300 32K 56 1T ) S 00 2 75 21 A /N 22 AR R
FRAESHNFR 1 R, /NER R EHOTE A Bond
MBI 2 R,

x1 WEZ2L2SREEBRSH
Tab.1 Root system modeling parameters of JD 22
Mk HFE/mm AT IREE/mm A ABEE/(°)
) A R 0.8 4.0 168.8 0
WA 1.0 15.0 112.8 45.0

®2 /NEBond EEBY

Tab.2 Bond model parameters of wheat

FALTHIAR A A AR G BRI s
B HEENE YIm R EE :jj ) :jj ) ”::
wm EBECK/  BEK, o Tmel Qun/ H42/
Pa Pa mm

(N'm~3)  (N-m~?)

2.9x107  0.65
2.9x107  0.65

0.8 4.73x10"™ 6.05x10° 3.52x10°
1.0 6.15x10" 8.55x10° 5.04 x10°

) 80 DR AR 3 IS 2 S b R AR B KL 45 5
BARRE o AR i A ik e 2 SR O 45 5 SCk [ 28 -
30, BEE 5 K R4 3 mm, 0.3 ~ 1.7 f5EEAL
A, A KR BRI R RE R 1. 12 J/m’, A B8
k3.4 frs.

3.1.2 /PNEM R T IENERH B R

iy TR A A5E B T 3 T ELRCRE, H A AR AR A L I
20 AR, AR B T R RS R, R A
Solidworks ## . HyperWorks [ #% % 73 #1 EDEM 5
WL S8 1 AR Ty i < i T S I S B g = A AR R
Rl 3 A%, 90 A MR 5 AR 43 5 16 0.8 1.0 mm
SORE LA XS 07 i 0 RUST o 38 s o 0K S 78 2 A% 3 A
AR I S Bond BHORN 45 1% 4, e AIE N /N IR &
BROTB AL 15 R,

AAIEFE LA [ A 3 R AR AR A A BR 2 R AR 7 1Y
B TR 28 o i R, A7 e Uk S A i L

x3 RAYESY

Tab.3 Physical parameters of model

ZH THA L R/ (kgom 7*) BYYIMEEL/kPa
+ 4 0.38 2750 1.15 x 10*
1583 0.25 1337 3.4 x10*
# 0.3 7 865 7.9 x 107
INFZ AR 0.3 358.6 2.96 x 10°
x4 HBEEMSH
Tab.4 Contact parameters of model

ZH X T EE 4 A B B R 52 IR £
4 B4 0. 40 0.38 0.21
+ -4 0.33 0.47 0.26
+E-E R 0. 46 0.52 0.36
JRE-IRE 0.35 0.32 0.22
PR Z-H 0.43 0.41 0.10
RE-+ 45 0.45 0. 40 0.15
Y~ f 0.36 0.48 0.32
FEMR-ER 0.51 0.53 0.33

\\

i IREEAR
\ \
A\

VIR

15 /NEMZEE
Fig. 15

i 1000 A7 R 2 0K, {5 B 1 3 A R R
FHALEHBURL AP 2 RF 2 ¢ 3. 81 mm, 9 2. 79 mm, /&
4.32 mm, BRIE AR AN

Ba=%x100% (35)

Wheat root system model

Hor D= /LWT, (36)
A L—ERHBOR K, mm
W——E R 58 B, mm
T, ——NERHBURE 55 B, mm
D—— e R} ks 25 %% B 4%, mm
B, ——NEEHBURL BRE %, %
THE 0 R R OB A5 2L B AR R 3. 58 mm , BKE
9 93.98% , NERHBURL {7 EAL AR ] H A2 0 3. 6 mm
[ RO Jokr 2E 17 4 B .
ST EDEM #9785 #oc i AR 4 & 16 BF
TN o BRI E /N AT HE R 150 mm, A= % 10 #k /)
FHIRER AN 3759 992 AN R AR B ROk .
AR 2 DB B EfE 0 ~0.5 s WA
B/NZE AR R RE HARUE JE B A R R 5 2
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2025 4

SRR AE 5 WG #E T RS I, R Al i SE .
TR A AR I, MR AR A R R BB A R
Ao e Ja R A BN AR A - AR S H O [ E R
i pRAT FLASR S URE SR 7 Al 1 45 8 A 2 o
A, TR AE AR 0 T B, B Tt AR AR P 1Y
15 % A 8 S A

-
0\
o

16 AR L BT R

Fig. 16  Root-soil discrete element model

3.2 NEEREBEEESHMKELRE
3.2.1 56 R KOE#

BT oA Fak M BT ARG TT LY o, AN
AT e g oCHER M R 2R . AR 4 it 4R A BH D B
o6 O 35 DK 7 MR iy 28 R [5R] SIC o £ ARY 2 R
AT LB IR R 86, 5 A £ A 1.5° ~ 15.5°
LK B 8 ff 9 R 300 ~ 60°0° R 3 B 2 g A WL
R S5 SHICHR32 ], AF M 3 B 5 2 4 4 km/h,
JEE T W7 AR S 5 1 BE T 1 AE S R BN, T A R0k
B TS U 2 % i 50 45 R 0 T, i AR A S 8 1k
F1%) Y Aff A

5 RBEAZHD

Tab.5 Experimental factors codes

%
it IR a, Axfe/(°)  BHikfin/(°)
-1 HE&R 1.5 30
0 nf e A 2 A e ot 2k 8.5 45
1 [53] I 7Y 15.5 60

3.2.2 Box — Behnken 0 )i/ i i B 3% 11

PLWTAR 57 VR B 7 Y, B Wi iR 58 Y, S P 46 45
K F Box — Behnken Wi 17 1A 28 95 77 125 Xof W7 A 47 485 4
ZRGHEATI BT U7 Bl AR, AR IR R
110 mm {5 B K H 4. 65 x 10 77 s, B4 42 17 B [a) R
0.001 s, A [ 4™ 7] £ AL 05 HAR S 4 18] 17 Fos .
3.2.3 e it AT A 0 L5

P URE T BT iR B 7 150 mm,
Az BGHE A 8 000 /s, 7 pE F S BR AR Ml 8 I B
Ko i by T BUIL RHE FE 150 70 A RS 4 km/h B
filh b, 972 5 km/h 16 km/h, XXM TR
9136 M VG L, 5 75 4 T 90 U B AR A W] T
G M, D LA S, R T Analyst 5% 80 4 HUEL
i, U A 0 R 43 DX R) 8 T ORE 53 A1 o AR B8 it
JIES R 35 AR 2B, 3 T UK = 2 A R O S 7 TR SIS

|

l |
(] (] 9
17 ARG 71 2R Hik
Fig. 17 DEM simulation setup for shovel blades with
different edge profiles

FEL PN B SR, T B0 A TR E S M R S iR R
K18 fro .

R

18 i e A it P A 7

Fig. 18 Simulation of brachistochrone fertilizing pipe
3.3 FERBRERSSH

BET B WOoT Oy FLAE R S 1 RO, R G
B IR N A B EE 5K AR VR B T 5 AR 2R
AR KA B o 38 2o b [ R R SR i fe A S
K A, n] Ry e B AL 5 T ) 0 TE AR A e S
3.3.1 Box — Behnken i 5 45 5

P19 R 1 /N2 R S W AR A i EDEM {5
Aid A . BEAE AR B R R AR RO R T B ) il A
T REAASE . 38 o J5 Ak 28 R+ 1 R, AN AT %
T RAMSIEAT N, [FEEE T 5 BB A WA
Rtk

19l 0 T AR 26y i

Fig. 19  Simulation process of cultivation and root

severing device

DI D 2 A BrBL: i 0, Wi AR B 1 AR &, (i
Hm A 25 i A2 TS 5 0085 , e B BeAR 52 N Bond 52
Ty BHIIN s RS AR AR AR 2 7] B ) i DR TR
ZEN Y AE 5 20 Bond ik B 8 5K H) B 1M 67
2000 T AR B STRUE YA (2B ST B
DI HLBEAT R
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BT A ST R HOT IR I A /DN 2 30 8 W AR B IR IR 5 R 2 i 5 K 155

AIH EDEM J& 4k B Analyst #5358 Tt #9 B AR 57
PRV B T3 18 20 Fr 7, Jit 46 BEL ) i 52 B ek 14 B
BLI B, B 8 R R HL A B s e (B, 3 = 22U
T AR A v S BORE AR AR L ik b AR 2 1) A B
BLEE fih Alf 43 S BESRAT O, #E 55 1 BHL 728 1 A4 B R L
Ho ] Origin B X R L BH Ty ot #E 4T 18 3 Ak
B KRB 0 £ AL Ak A 0 T e, A B T
8 R AR B T 9 LS AR A R

607 — qbsy

— e

INTARBELS1/N
&

30

OEZ 014 016 0;8 le 112
PR /s
P20 BT ARG iy ECBH J i ] il 2%
Fig. 20  Simulated resistance — time curve of

root-cutting shovel

Py B GE it /N A2 AL R b Bond B i WY L1 B0
THR BT AR 22 0 /22 AR AR S DT R4 1% O T 181 21 B
K 1Y Bond B , DL H 45 R E Bond i
RAE 5 e /IME 2 2278 o W 2L 58 B0hE , T3/ &2
R AR B AR

1.48x10°F
1.46x10°F

B 1 44x10°F

Bond 5=

1.42x10°F

1.40x10°E 1 ]
0 0.5 1.0
LRI
21 /NZEAR AR Bond HEAS LK I
Fig.21 Bond failure evolution of wheat root system

during root-cutting process

Pi R g R LR 6, R X, X, X, 500K a,
e MgASME . R Design-Expert #4% i 5 25
HEAT 5 M 5 A H0A 40 ) 2 57 T AR 4= VAL BEL 7 Y,
FBTAR 2 Y, (1 1] S ASE TR | Sy G AR ™ O B 245 4 S 48010
TR AL P AR 4
3.3.2 LS

(1) WA 47 V5 i BHL 77 53 #r

Xof T AR B A b BHL g 147 22 0 S 35 M o AT, 4
RN 7 Piow T WA B I [nl 9 AL A0 Y, A5 G 2
(P<0.05) KM pra R X P A B &2 m.
BRI RN 0.924 0, 53 46 45 B A 4 4 .
TEARIIIR R X, X, F X,/ P {EY/NTF 0,05, Ui B

x6 KBARSER

Tab.6 Experimental design scheme and results

A k= Gk Y, /N Y,/ %
X, X, X,
1 1 0 1 38.13 68.56
2 -1 -1 0 72.31 42.18
3 -1 0 -1 70. 32 55. 64
4 0 1 -1 72.56 82.63
5 0 0 0 55.48 82.16
6 0 -1 1 38.65 63.43
7 0 0 0 59.32 84.35
8 0 -1 -1 55.46 50.13
9 0 0 0 58.55 84.29
10 0 1 1 63. 15 92.39
11 -1 1 0 72.63 65. 44
12 1 -1 0 45.78 45.36
13 1 0 -1 59.98 69.72
14 0 0 0 57.43 83. 68
15 1 1 0 59. 44 93.56
16 -1 0 1 75.26 70. 26
17 0 0 0 51.03 83.16

X W ARG e B3 . R E I X, X, 1 P A/ T
0. 05, it B T W A 47 BEL ) A7 1 2 52 e, IR LI AN I
FH(P>0.05), i@ 7 B o A vl A, 52 o W AR
G PN EES N P NE AN X DA S S NN o LA S
1, AT AR AT W7 R M BEL g (8105 7 72

Y, =56.36 —10.9X, +6.95X, —5.39X, +

3.33X,X, -6.70X, X, +1.85X,X, +
4.82X7 +1.63X; —0.262 3X; (37)

(2) WA 3531y

FH22 7 T, AR R ] I A Y, A R A I 3
(P <0.000 1), #5718 A 20 Wl r A S8 48 4k, 7Y
9 R* M 0.982 6, 545 A Bl &. Hib
X, 89 P {E/NF 0.000 1, 358 BH X B AR 2R 52 i # L 5
X R X0 PAE /N T 0,05, 35 B %k W7 AR 58 5
83 2 H I X, X, F X, X B8 P AE/NT 0.05, X Wi AR
REA W ER . RI X B P {E/NT 0.000 1, %
Wi A SR AR L 25 . XS 1 P {8/ F 0,05, %
) 17 A% it 52 W) G, LA IE N 3, WA R T
B A3 BT AT AL, 52 e T AR R A R R BN R A
A )RR 5K A, R 3R AS W AR SRR [ )5
LRV

Y, =83.53 +5.46X, +16. 62X, +4.57X, +

6.24X,X, -3.95X,X, —0. 885 0X,X, -
14.00X; —7.90X; —3.49X; (38)

3.3.3 4 AR B AR A N TE 4 BT

R itE— 20 oy B 25 R 2R 2 1 A B AR X W AR
PERE IS DEAN F8 A 09 52 o JL A, 0 i 58 B s iF — 2P
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Tab.7 Analysis of variance for operational resistance and root-cutting rate of root-cutting shovel
- W7 AR 57 L 7 AR 4
-7 A 1 F r -5 SEEES F r
AL 1915.43 9 9.45 0.003 6 4067.77 9 43.91 <0.000 1
X, 950. 26 1 42.21 0.000 3 238.49 1 3.17 0.0019
X, 386. 14 1 17.15 0.004 3 2208. 47 1 214.56 <0.000 1
X 232.52 1 10. 33 0.014 8 166. 71 1 16. 20 0.0050
X, X, 44.49 1 1.98 0.202 6 155.50 1 15.11 0.006 0
X, X5 179. 43 1 7.97 0.0257 62.25 1 6. 05 0.0435
X, X, 13. 69 1 0. 608 1 0.4610 3.13 1 0.304 4 0.5983
X3 97.93 1 4.35 0.0754 824.85 1 80. 14 <0.000 1
X; 7.73 1 0.3435 0.576 2 262.55 1 25.51 0.001 5
X§ 0.289 6 1 0.0129 0.9129 51.18 1 4.97 0.0610
52 157.59 7 72.05 7
AU 113.70 3 3.45 0.1311 68.77 3 27.90 0.003 8
2 43.89 4 3.29 4
B 2073.01 16 4139.82 16

Ab PR A5 B 56 N 2R 5 HAR X P 45 A 64w R

12
(a) 7=45°, WA

T, A0 &l 22 frs

(b) e=8.5° AR

i 130
() e=8.5° , WitR G ffllBH F1

P22 A% PR ER I = 5 W) S8 L T0NF P R A 194 o S I T

Fig.22  Response surfaces of significant factors and their interaction terms on performance indicators

Pl 22a Sy Bk M — 2 W, 57 TT LR 5 A A X
Wit Y, B9 SE B MR . A b A T AR Y, 5
Fo MY IILRE E R BEE A T AR EOC, W R R
Y, BRI TV R T 0k B T2 A A [
SE I, 57 70 28 0 4R R ] B IR AR Ak T AR R Y
(NS Eh

K 22b S A Al — g I, 7 70 2R 5 3 9K AR 58
AR AR R Y, SR e N T R 2 A B
PP THTRRAL o Bt SR A RSO, TR R Y, BBLE
T A B e R R R RSBk A
/NG RIS AT T AR o [R5 70 26 7\ FL 2K
li] [ A AL e i — 4R THT AR R Y,

Bl 22¢ A A — s I, 7 91 48 5 35K A 52
GARE IR W AR B AL B T Y (R TR AR
BUARRR o 57 70 42 B Xk BEL ) 9 52 e O R 3 Bl
2 00 D\ R ) [ IR e 9, AR AT VR R ) Y
FH B AL AR, Uk 1 DI B SR T BE A 3 K
B3GR Al BH 7 B2 P B T

h AR R 45 # 2 80, BT Design-Expert
WA, DAWAR R B ORI BE ) e/ Ry B AR, %k o] 5 462
PEAT 22 H bR R it
minY, (X,,X,,X,)
maxY, (X, ,X,,X,)
o1, —l<X <1

(39)

-1<X,<1

-1<X, <1
15 0 B ARG S 50N « W AR ™ ) Y Sy B 35 oK 7 0B e
g ATl 6.43° Tk ik 54.99°, FELS A
4K, Design-Expert 4 3 I Wr 42 7E b 555 BH 7 K
50.39 N, Wik %k 79. 58%
3.3.4  EEPELOENCE J7 B A5 R

P Bk BN & 23 B, ff A Origin 24 25 il
RHBURL 2> A AN 24 FT7Rs o R IE R B A ks R
DA - FE AR AR b 3 1 T A9 O Dby A b R IO K
x J7 I AR AR IX ] 5 - A B — 3, 2 - 500 ~ 500 mm,
Yo JE y 7 A KR IX RN - 25 ~ 25 mm, PRI 2 J5 ) Ak
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Fig. 23

P 23 e it AL A 0 o AR

DEM simulation process of brachistochrone fertilizer tube

Lo 20k 3./NAEMRAR 4 dR ol e it AL &

R JE /mm
=50
=55

—60
-65
=70
=75

—40 ~

z/mm

() ¥50~250 mm

z/mm

z/mm

1 )
R JE /mm
-50
=301~ :
-50 :
-70 :
90 |
L 4o l-75
g — -80
.)(/mm ; s Y,mm
(b) x4/~250~0 mm
TR o
-301 E
. n s
o
ok e s
-90_
300 = i

500 230 -20

(d) x4250~500 mm

.’(/mm y,“‘m

P24 REREIR EE 23 A K]
Fig.24  Fertilizer depth distributions

B X ] R = 120 ~ 0 mm , JE A} 950K 5% B 7E - 80 ~
=50 mm JE Bl 5 & /) A IR 5 08 I8 IR Ak L EOKR
—H

IR A5 R R W] FEAR L 4.5 .6 km/h (9 T
DL i IE TR A RS R i 94.0% 91, 2% il
87. 5% o Jiti M T4 & 5 A% 25 B 25 A . 1o J38 00 o Bt B
Wi R, AR IR T T A 5 3 e 2 i
T REA S PRI AT TR B 19 — ECE 6 A2 /N 22 0 AE 1
WEER

4 HEHRE

BT B S S5 AR R 05 AR AT AR T A
+ A K ST ) 2R R AR OGS R S B B A A
G o (B07 EALRIEL T X5 4 3 MR Z R0 AR R 0k 1) T
b, M DL 58 4 B e FH TRp AR Y iR 52 4% T . 75 T
() 350 DA 36 I foe L S 800 S0 & 2% T T Y Al g
S ik I R el - B U Ol s s = R R e
B aE L R m BT R K A .
4.1 KB a5RKEAR

B0 M AT b 5T /N L ORGSRV AT 5T R
i H (40. 18°N,116. 44°E) . i ¥ T 2025 4¢3 A
2 /NF R IAEAT M 50 s A KRN
12.53% , IR T K H A& 22 57 &N

gt o 0 AT S 00 DT AR S M B, 3% o A /s 2 e A
BTG, K — B, bR A BER 3 4, 45 A ik g
PR,

R A 5 0B HE 29 58 R 904 45 13 ML
Ak S F Sl 480 D AR T IR IR 5 1l 2 R A
SEMAS ] 100 m B HE R 500 mm B R LK
Hr ] 9 R R AR A RS T A 7 A B iR 2
BLAE IR A 1 25 22 A /N 2 XU 458t A
BUHLAE b, I35 B U5 45 6 AT WL A Xof B 28

Sy T A O X AT O B S R AR 6 T SR
TR R A SR /N 2 R R
JETE T A B R AL S 11 3 T 2R G 0 SR o v
2, I W AR i AR AE L B, bl 5 2R RS B B 3 A &R
Loy R 904 BRI HLAE S/ . % R SR L
A M Al 2 47 1 706 JEEL K 2, BTS2 IR Y o AT B AR
TR o RIS AL R B I 5 2 4 km/h, H
FR IE B 150 kg/hm®, H AR W AR 110 mm, 4R 2
BER AL E 50 ~ 80 mm , F AR HE AL A EE 65 mm, iz
H &l 25 FT 7R .

4.2 ENERSHE

SHy IE 25 ()5 P, M T LT AR R 2y
AT AR TS 3 R P O 45 A RO A BRI R R . %
PR Z S RAR LR, B R A 4 B e S bR T
0 U AR e AR
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W
1

C, _EKS x 100% (43)

L C—REAHR, %

= K——& M i

25 & ot b 10

25 /A2 a0 O O L bl Yo ()
Fig.25 Field trial of winter wheat root-cutting and t10 &
fertilizer application machine W H, VR E  mm

(1) Wi %

FEAE Y X 8] P9 25 R BE 6 B 10 5 4E L 25717, 4 4%
PEAE A BE L 10 AN SRAE A o MRS, 76 500 400 7 AR 38 A
e B AR S5 RS SR FE S TR E — AN FE 50 em | IR
20 em A B8 . R H A0 R S A T R 4 0, 58
He A b T AR VR N R I A N 2R R
SE T SR BB, A G B IR BT A T 22 AR
AR S FE SRR B L P9 AR B, T 24 T 7 AR B A
TR s 75 & B3R 5 AF 1 U W AR T A BUBTAR 2K
Witk R C AN

N,
C, =MX1OO% (40)

L N —AH BB
N, —— H e BB AR 8 8 0 BT P /N 22 4R R R BES

R FANE B GE T 0 R 5 T AR B 5T TR I 45
W AR 3 1 95 % AT X IA] (15 ) , I3 T 10053 415 T
WIHEAT 5T o AR 56 AS B 52 1 30 0o B v 3R 25 ()
HEAT AL, b o 158 2 S WAL T AR 38 A3k (1 1) 8 150
Hitsma=h

c(1-c,)
N (41)
Kb N —REEAEASHL
95% A KA A 2R
Iops = C, £1.96r,, (42)

(2) it RE R & s R

BIF 5 LA G S Y% 52 45 9% 23 A1 Sy o 0 B R 3 M R 5
AR 26 9 it A SR AT 8 4 o FEAR M DX 0] 1N 52 5
BRI 10 ANHE AL A, 78 4 A I A B 5 me 2B B
— SRR KR 10 A SRBE o R B — R A
Jit JIES 52 1 75 ¥4 3 L5 R D)0 AR LA R AR D
i L T AR TR )2 B A AR M R Y T
LIRS MO8 R R A Tt S TR o R A% SR A
PRI A TR B2 55 AR TR VI B 47 X6 L, 9 A H AR
90 L DAY A SR A A 5

R RO O I SRR BB B, E A
il FES TR B2 s R, TR EE 6 s R A vy, 0 U S Y ) e
IES T8 B8ORS T o X it S R 8 45 s SR R AT IR, T

H,—55 i DR SR, mm
4.3 HERXBERSSH
4.3.1 Wit &4 5504t
nE 26 FE 27 fs, % H ] 8 5o 0 17 R
LHGI M, SR KW TEAE L EE 4 km/h T,
INAE S SRR R BE O 117 mm 3 2 A 25 25K 5 BT AR
Ik 82.9% (95% EAFIX W H[75.5% ,90.3% ]) .

i/ by

P26 AR R S
Fig.26 Field test data collection

P27 W AR R
Fig.27 Measurement of root-cutting depth

P B 5 R 45 R0 22 5 E 2R T LU B
2o ] S B 1 R R A ORI 22 S s LA
Pl b 3 2 AN -5 8 3 3 51 K 4R 205 AR 1) &2
A BE A5 S R S5 AR e B A T AL o 28 [ = 3
[F 5 250 552 o 1 o 0 35 7 2% 1 T O B2 24, s 15 )
7 B A LS AR T R B A B Y TS A
4.3.2  JACEREE S HE R 0

Nl 28 FroR % e o 4 it S A I ] 360 56 i
GERMATGA o Mo THIT A R AR WY AR L Oy
4 km/h (8 0T doe ik e 2 it N A5 1 i S R B2 5 A%
5790.6% ,

M) 507 BA5 R 25 EE Ky BSHEE
P S PR e LT v 007 B 5 HILE A Mk i 52 i ke R
5 B ARAG T, 5 1R it AT A D 75 ; 4 v AR UKL
55 b S A LA B A T A) e P g e R B 5
BRAE M v I 98 BE it FE £ R 2 S RO e F AR U8l .
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P 28 it I O B 0
Fig. 28 Measurement of fertilizer depth

4.3.3 R

Shy iR — 20 6 ) S0 DA AR BB 5 1 oM B B
22 PR I R A BIF 5 A AR ) X B AR T it s A Ak
PR 5 R £ AL 36 L 2 B B2 AT 10 X b .
A Ao R SRR 2 S 2R IR 5 2R X R 2 SR A
ML m® RN AR B /NS HEAT IR A B 8
THEE I (AR 30 ke K 1 ) AL o, i
B AP 29 fron o g R R W, Ak PR /N 1Y

Ao PN R TR T 3R T 3 B AR R R A
N T B A A YRR AR Al BE A

5 it

(1) BFXF 2 /N2 3R 35 J0 A 1) 0BT AR A5 3 JES 9% e R
AR TR, B T — 4] 8 T AR B AT K A AR b 2
BLRGEN TR E R LIS 52 S R
TR, S8 T T I8 i L WIAR A At I 4 45 G B
TR SSRGS 57 JT 2 A L A R
5K A 2 O B2 HOM AR PR RE A S

() FETHEHOTEME TRE-L-RA-T
R O ECRERL, LUK AR S A0 ML B3 D W 15 45
X AR B TT L B N R B K A S B AT T
AT, 1€ B L 25 A 2 RO & O « BT R B IR 2 57~
TV A 6.43° FEaK A 54.99°, 7R MR IE W7 AR BOR
) IR i 5 (A o 45 A O a3 N S S o ¢
R AL T TN A 25, A [ ARl 3 R T A0
AT H AR R W - HEAL i A i AR Tt AL TR 5 2y

B RO IR AR v T 5. 2% (P <0.05)

07 a0 245 R R W A AR T V)l i 82.9%

A S b, 0 B 8 B2 O 4 km/he i HE TR B2 5 6 R
5% 94.0% .

(3) M [8] X b ik 56 &5 2R 2 B, A A ol 38 %
4 km/h Z50FF AR AR E . % E TR W LR
SFIGWIARTRIZ D9 117 mm , Wi AR R 82. 9% , it AL 7K
JEG RN 90. 6% , WAk I 7= 45 5 R, AR
Ab PR B /N A P R IR PR T T 5. 2% o iR
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