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10.30%~22.65%- 15.45%~20.05%. % 7 21 3% H ¢
HL 6 44 20 7 4k 8 oF 8 #F Cagricultural discrete element
method, Agri-DEM) , SZHL T X [ 3% 3h %A HL A 1E
R E. XIN 207 £ ADAMS F3E47 SRR A L
PEREDT L, &5 2 WA L1tk B G 45 % B A S AN Rl 3 R 1)
BN AR 2. eSS B R s e Rk )3 AT 0
i Tk A ARG 75 R 8 JY 300 r/min I, BH AR B
g LRk, Hrst TR LA 5| B IR R, Tt
TR AN ThFEJ7 TH I TR XA, 22 5] B AR RE B8R
WRIRFA HEE, DRI 75 T R A ThAE 5 T BRI 7T

Gl X R 2 2 AR R AEAEBEAE B k. Thke i il
B, ARSCIRH T — R TR RS IR E T, IR
BRAA 5 2 H A 48 B A R s s 20 A8 0 R 3 R s i =X
PR SR R R SR AR R Se DI . R RS IHA £
B, HIRARTEER LT, AT ASSHRLRT
AR IR DAL E, RIRSF SRS s £, PR 11
BEL 7 488 s = 90 BB R e - 250 SR A A0 B A T R 3 e B 1
THFE.

1 ENSERSUIRMETIERE

1.1 SFMRARETE

sE R B A IR, GRS RE 5 E iR TR AR
BUEATHRS); M HBARS A FRIE, FEREEL
IF -F 35 BH 77 ()28 Ak 5| R BRI AR SN, RS2 %R
B ok, R iaE. BEIR3IIRSIRIANL
T BH AR R 2, M CLORUERFR — 2k, Ak H AT sebr
BN AE R M, R 4R sURF B E AL
2, BA RUFHERFAPERCR, (H B IR 3R AR TR
3N, ThFetadt—0 B, DR IE F S22 R ),
AL PR LR RN, 26 F R ERE, K
WFFAE I siiE PR 20 =X ) St 52 H DI HR SR AE 5 5K
1.2 EHEHERARESH

VIRILAEIR AL LA WE 1 s WIAT i€
FERPR NG o ek, B I E i, AR MR R ET
PLORFEAN LA T AR A B RSN T e85 77,
FESE TR LI AT H RIS JT . RSV O L AT IR
kst FEAR A IEEE 7 IR RS L AR AR, ]
AR FFCHHER I RE B FE. RSN IR B 7 o)
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PIRsh3EE, YLK T EMERESE IR 1 Fir.

VIR ILAE RN 32 22 AR B 2% B S AR B sk BHL, A
#EHi AL PTO (power take off) fir i ah 1/ N EIRIE, H
g 2 FirzR . PTO 3l 77 % H 4l 5 45 32 B R O b
Y, 5B T RS RO B A R S
FREEES), dimarshiRS AT, JR3hE R E S
BT E ARG ECHS .  IRBHBLAT 7 B4R 2 BAR SR 47 AW 1
Feabiel, TR A LAk H A
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Vibrating mechanism
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Fig.1 Shear and vibration subsoiler

® 1 UHRBERBIEEZMESH
Table 1 Main technical parameters of shear and vibration
subsoiler

24 Parameter {H Value
BHLRT (KxTExm 712x1 023
Overall dimension (lengthxwidthxheight)/mmxmmxmm %1069
TARIE 3% Working width/mm 368
fic 23l /1 Supporting power/kW 42
BNV B Working depth/mm 300
HEHLF it Weight of whole machine/kg 150

i LB \ LHIEES
Eccentric shaft Bii]}fiﬁ:lg
\¢|
Rk
Cross couplings
WAL PN

2SS

Power input shaft :
Link block

IRBPHLAT

sk Vibrating pull rod

Fixed shovel

PR3
Vibrating shovel

B2 #kHELE
Fig.2 Vibrating device
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HRE - 3850 Iy AL, IRAR T (152 D138 o B HE 7R
G RREE U0, B  A R AR BE T i BRI,
TR R, AT LR INRAA LB B R RE T
I A 4 ik sh 3RO R B HOR R ] 65Mn,  3F
BEAT A BRI A SR, FE S RN S R, TR AR
N 2 MRS EAR, IRBNER GRS, g
f LI R

22 JB/T 9788-2020 (IRAA " FIIRAAH W) iz
ARSI . URAA AL A S E AT AR B,
Bl 3 fias, Hd, 5 mERZE S, HIRIET N
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SRR, WS B=38 mm, 4”95 B,=110 mm,
TRRAS R H=535 mm, A 7 /b 355 1E A 7,
WS B B v =M I e, U]
B Hy=260 mm, IRAAGHBIRLA 0=60°, N 7 30
LA A, Wk B L=170 mm, 5 EKE
L,=290 mm, %" Iff 0=52°.

Sh;rr:rzlaft ﬁﬂ

§7) /]

Edge of shovel H'//’/

et ] N
Vibrating wing ~ //// :

FENIRNS -

Shapeti{(/f” o !
L B

o, BRI b. R

a. Overall structure diagram b. Cross-sectional of share shaft

1
<

d. FRA TR AL

d. Top view of subsoiling shovel

RVR N IEES
c. Side view of subsoiling shovel

e By WERE, mm; B, AYRTERE, mm; oy AEIIIA, (0
H ORI &, mms H, W70 @ B, mm; 6 IR 5™ W8 R

s BRIERANGIMIf, () LN R, mm: L, AT RKE,
mm; Ly AR5, mm; 0 AFEIM ().
Note: B, is the thickness of the shovel handle, mm; B, is the width of the shovel
handle, mm; y is the angle of the cutting edge, (°); H, is the height of the
subsoiling shovel, mm; H, is the height of the cutting edge, mm; ¢ is the tilt
angle of the handle of the subsoiling shovel handle, (°); J is the tip inclination
angle of the subsoiling shovel, (°); L, is the width of the blade, mm; L, is the
length of the shovel wing, mm; L; is the tip width, mm; 6 is the angle of the
blade, (°).

B3 R®gahTsl
Fig.3 Schematic diagram of subsoiling shovel structure
1.4 RFERRRGTFZ 74
PZJESE (B VS TR Y (S4B 61 = KT/ NG o/ 1 7
WA L, DRI 43 R 57 O R A7 0 38 43 64T 52 J1 03 A,
K4, El5Fs.

T LATRKE, mm: o AIANLBAH, ) FAFRIZAEL I, Ns
So N ESREITEAR: Ny W RTZIERST, No o ALIERYIHI7T,
N-mm™'s LSRG, mm: p AR T, Nomm s p 8 BE
Note: L is the length of the shovel tip, mm;a denotes the soil clearance angle (°);
F, stands for the traction of the shovel tip, N; L; is the tip width, mm; N is the
positive pressure applied on the shovel tip, N; ¢ is the cutting force of soil,
N-mm'; S, is the area of the upper end face of the shade tip, mm?; p is the
adhesion force of the soil, N-mm % 4 is the friction coefficient.

B4 PREAMTEEE

Fig.4 Schematic diagram of shovel tip force analysis

S

pS, uN,

N,

T N N, BB BRI A, Ns S, BN O iR, m*s S, A%
WM, m* £ 95AR24251 /1, N.

Note: Ny, N, is the normal force on the cutting edge, N; S, is the side area of the

shank cutting edge, m%; S, is the side area of the handle, m% F, is the traction
force exerted on the shovel handle.

BS5 #RzAsHrEA
Fig.5 Stress analysis diagram of shovel shaft
RYEE 4 210 el 15
F,=NysinB+uN ,cosf+tL;+pS,cosf (1
il (1D "R, ARG RWUA pRHRRA TR AL
12 5] 7 BB, Wi pid Ka 3 BRI Y
N WHE, (R RTEERE e g s A A g,
BIRNEHORGT . BUBERL 2 sy, HERFA ROR
RAF . ZHERNH GO TR &V R R AL
bk, BRI MU p=29°, ALK =182
RIEE 5 %210 Hrel 5
Fo=tLA2[N;sin(y/2)+uN,+(pS,+uN,)cos(y/2)+pS,]

(2
N1=K15| (3)
N2=K2S2 (4)

Arh K, AT EAR LI, Pa; K, N HIELLE, Pa. —
MAFOLR, HIEERAEDIEI AR/, AT RSN, A (2D
~ (4 "5, F, 5K K ps p %, BTFARLE
K\~ Ky UL p S A AH A, R 75 22 38 0o el /N 57 7]
oy KRB ST, R, Jefid e T80 LAk
fIX, RG220k, SR R . S F L
W F M4 A T R R, WY &
5719y =60°.

2 FRMERETE S

N T RIS TR P FE B S 4L, 2 B U
BAF I RAA GRS FE AT B AT, 8 A AR
73 HH S AR M 3R X 1) RN IR S AT X [, 3l i 1 22 356
B R ES .

2.1 EBLIEEFH

75 T DX R B DL Ry, B H R
45, MRAE GB/T5262—2008 AR L 2618 Wl & J5
R R 38 FH IR T3S [F) R FE L R AT BURE
BURE J5 1 8 T AR e 48 5 . 398 IR S T SC900 33
URSEREAY (HRPRIEE: 450 mm: e KAFE: 10 MPa) Wl
B, ZAER AT UL SR, I I O 2 B v i
AL e RIS K ER A SL237-003-1999-2 Mt
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% MARAES A = R K M EC (B FBS-760A; &
fE: 0.0001 g; KA MEH: 0.001%), MR 4E Rk 2
Fi7R o

®2 DRBESIIESEAR

Table 2 Soil firmness and moisture content

SRR, m’s R AFREAE, mm.

®3 BHRTMESH

Table 3 Parameters of discrete element simulation

Ul Values

24 Parameters

TR TR TR
Soil depth/mm Soil compaction/kPa Soil moisture content/%
=0~100 379.21 12.59
=100~200 1910.83 18.12
=200~300 2267.88 19.41

2.2 TIEFRFNIEAAEEY

TR, 7RG Hh X R - 78 H JR) ) 3 U TR 4
EEAFEERIE . HOIRFIECR . 7 A, A 5 R R 45 4
fEr B EDEM2022 B fFrh LA O RURL 54, K BRTE Hoe
V2 2H Rl 3B AORL R 2 B PR TG, ST B T S R AR
B, fEEHOCEEF, B R 5 15 O 42 R
FEEAIRANRR, Bk /eS8 BN ETK, &
M RPN, S5 kPP R, N T AR
], ASCIE HERIE T A2 5 mm;: B 78 R X
HE R IER E R, %A Bonding AR AR T
AR, BondingHz il A A 3# i bonding B 1] LLKE
BRI JUORL AL 45 76 — 2, Remg A4 LI B 451 s
bonding It 52 B /732 2| g K22 W%, ATHR#E bonding
) W SR USRS RO A Tt A - ST R IR 0
2.3 HEERESH

Tt DR A L VR T 2 ) DX B 7 T ) T A 100 )7 S 28 A
WEMKSE . WIEAT 5, 1L 65Mn 1E IR S
AR, i B S %R [24) E, LIESHo@EE %
Prill e 345, AR s E ), Hat sl

1= Ko/ (14Ko) (5)

Ky=1-sing (6)
b p AR Ky NSRS REG o NI R
., ()

MRYE 1.3 W %o al 4, e B2 R N
TER 77, BHATERRARY, LIRS B, 0 H
I 75 B B i S A AT B ARG L E 3 P
SRR (BHEZR . REEALGE)E), 3 ) 32 i
SHSH R [26] WE, HIESHEMRTRKEMSHS
HOCHR [27]) BB BARWIEE 3 iR

PiER, NT RS e EEME R, Rk
AW F, Bonding H2 il A5 Y of Ak 45 W B 2 £ 1) A2 AL 3
AR, BAABUES RS 5k (28] WE, TEANEERE
K4 PR, MigsAe R EETHERH, HEACN

R, =+(3/4v, +7R3) /1 @D
V= (4/3)nR? €D)
v, = wpvy/p, (1 —w) (€D)

Kb o LS KE, % p NTEHE, kgm’s p, N
IKGTEE, kgim®s v ALEEERLT AR, m’s v, K

TR Rl

(2 000x800%450)
/ (mmxmmxmm )

65Mn % ¥ /(kg'm ) 7830
65Mn A EL 0.35
65Mn By I H E/Pa 7.27x10"
P2 L35 B/ (kg-m™) 1490
BHEE HHEARA L 0.40
HHE)Z LIEA V) & /Pa 1x107
B2 38 (kg m ) 1670
R JE AL 0.42
AR JZE LI R/ Pa 5.5%10’
Ot )2 I (kgm ) 1770
O JZ AR L 0.43
Lo 7 IR BT Y] R/ Pa 7x10’
AR R 0.3
4 e ) B R R IR 0.2
g e e A R R DR 0.4
+-3E-65Mn AKX 2 R 5L 0.35
+-3-65Mn [H] i EEFE R 3 0.5
+-35-65Mn (7] 3] BEE R £ 0.2

T4 OMIERMTESH

Table 4 Sticky bond simulation parameters

2% Parameters #UE Values
LS BRI, (N-m ™) 5%x10°
FEEEEY)ERIE/ (N-m™) 5x10°
RSl ) I SR /Pa 1.5x10*
S B D) [ I 8 7 /Pa 1.5x10*

45242 /mm 5

2.4 TIEFURGTIERIME

TR R A U X K IR, N
BHEE (0~150 mm) . AJKZE (150~300 mm) FlL> -+
Z (300~450 mm), %R 3 FE4ERSHNE)E,
R L) i B Eh AR E R, HARVE R,
HERRUA: ORG24 . LR BHE 2 S m B kL, AL ZE A0
O E 35 B FEAZCR RO R SRR o A By R A7 L 119 HE
P, 12 SolidWorks2022 3 {4 i 37 il 56 FH [P ERFA 57 1 4L
SRR, Il HARAE & T EDEM A% P, ) Ep
R 6 i

W R

/ Subsoiler Direction of travel

B6 15yAMER

Fig.6 Simulation model

2.5 BHETHE

R T RITEVIRILAETRAAMUAEAS [RIE bk FE R 4R 3 4
RPMRRER, WE T 3 UM E, #HAN 325 mm.
EREBERDTEL T, A EBEEE N 0.6 m/s
(0~0.55). 0.7 m/s(0.5~1.0s). 0.8m/s(1.0~1.55), %
HILBEHHEHEE N 0.9 m/s(1.5~2.08). 1.0 m/s(2.0~2.5 s)-
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2024 4

B AR EMHEREE AN 1.1 m/s(2.5~3.0s). 1.2 m/s(3.0~
3.55), EHUGEAMEMV G F AL E, X B AR AT
THIARFE, 38T AN )38 T % J2 3R VR A 1 R
B, B R (.

Bl 7a AT, % )2 R EBUREL [A] R G 1 L BE 5 1R k3R
FEE PRI 38 T ek > e T AeE « PRI B 0.6~
0.8 m/s I % /= ORI (B R BV &, AN 0.9~1.0 m/s
i, %2 HEBRR S R RN, HEN 1L1~1.2m/s
W, %2 TIEERE A AT E. HE 7o A, 7Rk
N 0.6~0.7 m/s B, LEFREALIS); HEHN 0.8~
0.9 m/s i, LJEHFME B I EIF); HEXF 1.0 m/s
&, MehBlgaTRE.

6ms! 07ms' 08ms' 09m-s! 1Oms! Llms' 12m-s
0.6 t07 1038 109 ' 1.0 oL 112 !
a. % J2= L UBRLIR A 15 L

a. Mixing between soil particles in each layer

1.2ms!

0.6m's' 07ms' 08mss' 09ms!' 1.Oms' 1.1ms’
b. IR

b. Soil disturbance effect

B 7 RRHERE T RAAERG AR
Fig.7 Simulation results of subsoiling effect under different tillage
speeds

T R FCFRATAEAFAE MY 8 R OB B 71500
i G B e BrE LI FE , (5 B g8 R 8 frw,
Hoh i E AR 0.5 s M 0.6 m/s M1

1600 -

1400 F ."\./ \o
v
W

1200 -

A
.

1000 . /o \./Oj v./.

o

HHERE )
Tillage resistance/N

‘. ad
200 \{. | | | | | | )
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
)i HL I 8] Simulation time/s

B8 #kr 1y A4

Fig.8 Tillage resistance simulation data

HIE 7. B 8 W R, BEEMFRAMEE RN, &)=+
B2 RIR GO TRE, TR HOERIZHTIY
KFaTiaE, PHE7ZE R, XeEHTLZEAA
—EMREN, URKEYCSEUIRE, RS MRk
AN S B N R S B IR RO . AT R
f£0.9~1.1 m/s IiF, IRFABUERBSF, BHEFHIBAR, H
HHEBL/J3ME ) 1244.35 N, AIA R ERIA T A S AR ML
HREIXA] o

176 B 5t A T 30 5 Y L PN P R I 1.0 m/s, BEFE TR
B 325 mm, BB AR FIARSIBRIR T ARSI TE .
7t EDEM ™, ik i N2k 14 e i 12 3l % B AN [F 1 PR 3h
WA, e B AR SR E A e A, T A e B
(1 Hz=6.28 rad/s) , 7t EDEM H % & Jig #% ff 1 & X B
WRANBE; T HE s NG -3, @l
7t EDEM H & BB (G 38, SCELEhe™ 3Rsh, il 9wl
A, BHE D TESR SN 9~15 Hz BRI, 7EHR3)
RN 12 Hz I, BHERE D ik, HBHER I R
705.62 N.

1200 850
% 1000 %13
RE 800 R g 800
2Z 00 =2z
&8 AR Frequency/Hz & & 750
=5 40 e
£ 200 =5 = 700
E L. . " E
0 04 08 12 16 6 9 12 15 18 21

M Frequency/Hz
b. A FERENSE BT
VAR LA
b. Average tillage resistance at
different vibration frequencies

)i B [A] Simulation time/s
a. RS HHE
RE 7Bt 1] 324k [
a. Plot of tillage resistance with different
vibration frequencies over time

B9 FREHRFNAETeGHAIEIL S

Fig.9 Tillage resistance at different vibration frequencies

2.6 EXRBWRERS

FRYE VD IR ILAETRAA NI TAE JSEE A LA Hr, e HL
TRRA SR FE VR TR B AR BN A5 R A S TR A8 6 1) 32 ZE A
=, HETSCATAL, mAEE R S FLCY 0.9~ 1.1 m/s,
PRENIRIG N 9~15 Hz, (R 38 1 M 38 15 7K 5143 31)
90.9. 1.0 1.1 m/s, $RBNINZKF5358 9. 12 F1 15
Hz, M4, ZK)ZE FEEALFH#E LF 150~ 300 mm,
[R] L B R A TR /K SF 43 31 9 300, 325 A1 350 mm, H
&g 5 fim.

#=5 MEERKEE
Table 5 Test factor level table

K PV TRIAIR L i
Level Working speed X,/(m's™') Subsoiling depth X,/mm Frequency X:/Hz
1 0.9 300 9
0 1.0 325 12
-1 1.1 350 15

27 EXRBERS SR

RILE AR 6 Frn. XEE 6 HEERIEAT 7 25T,
R WE 7 .

HE 7 0 A, BHE B 77 MR R R A O AR B 3
(P<0.01), FKEEIEBEMEME, Hb XX, f XX X
BHE AR ZE (P>0.05), H AT HHE /#8888
Fk M, SRR P=0.3057, AP, FHRTRER
HF. B XX FXX, 5 R Ry

Y, =780.55 + 19.85X,+117.64X,+5.42X;+9.68X, X, +

6.37X>+39.35X2+28.64X> (10)

2 )R A TR FE AR b 3 B o R A BEL 7 #1871
T 10 s
ABHERR 1N Hbw, BRIRESHAEN: E
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MV FEA 0.96 m/s, BEEIRFEA 300.24 mm, 3 40 %K
11.43 Hz, MEHHER DA%, v 704.65N

*o ENHIEER

Table 6 Orthogonal experimental results

[P A VRN Bk BHERL
No Working speed Subsoiling depth ~ Frequency Tillage resistance
: X/(m-s™) X,/mm X,/Hz Y/N
1 1.0 325 12 780.077
2 1.0 300 15 734.001
3 1.0 325 12 782.263
4 0.9 350 12 915.359
5 0.9 325 15 798.895
6 1.0 325 12 779.056
7 1.0 325 12 778.085
8 0.9 325 9 789.316
9 0.9 300 12 700.647
10 1.1 325 15 843.592
11 1.0 350 9 960.186
12 1.0 350 15 973.359
13 1.1 300 12 717.804
14 1.0 325 12 783.256
15 1.0 300 9 726.574
16 1.1 325 9 830.398
17 1.1 350 12 971.235
=7 RRERAFENN
Table 7 Variance analysis of test results
T5 7 RUR Rl ¥175 F1ii P
Sources of variance Sum of squares Mean square F values P values
7 Model 125400  13935.73 2289.94 <0.000 1
X, 3152.65 3152.65 518.05 <0.0001
X, 110700 110700 18192.38 <0.0001
X; 235.15 235.15 38.64 0.000 4
XX, 374.79 374.79 61.59 0.000 1
XX 3.27 3.27 0.5369 0.4875
XX 8.25 8.25 1.36 0.2824
X12 170.69 170.69 28.05 0.001 1
Xz2 6518.62 6518.62 1071.15 <0.0001
Xzz 3452.68 3452.68 567.35 <0.0001
5% % Residual errors 42.6 6.09
KAUIR Lack of fit 23.81 7.94 1.69 0.3057
4% % Pure errors 18.79 4.7
KU Total 125500

e Xy Xov X SR IRLEEE . AR TR . SRR AIKCEE, P<<0.000 1 3£
NIARILE . 0.0001<P<0.001 F/REEME L&, 0.001<P<0.05 &R
AR, P>0.05 RRHIMAEE.

Note: X, X, X; are the level values of working speed, subsoiling depth and
frequency, P<0.000 1 indicated that the impact was extremely significant, 0.0001<
P<0.001 indicated that the impact was highly significant, 0.001 <P<0.05 indicated
significant impact, and P>0.05 indicated that the impact was not significant.
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THATSHEMALZERA, BT &E )R ILER AP
SRR IBHERL 3, #EVEBE 73 it o 2R B0 B R R
(EM9118B5-6) i il AHM (K 11). TR
BN B S B 45 & SEPRTE DL, K AL 1) i
WEN1.0m/s, TENIREAN 300 mm, IRSMFEEN 9.
12 #1115 Hz o RIGFFEEHT, F bR 29 il 78 i ARk X
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B, ] 30 m SPARAT B BOH T S IR REE, 5 Sm
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Fig.12 Tillage resistance test results
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Fig.13 Power consumption test results

322 LHEREE

12 FH SC900 138 % S BE A 43 Sl Wil & AN [RI A6 T VR A
BB R SR, W E LS Rk 8. M 8 WA,
0~10 cm (HHEJZ) A 1 0 S B R IR AN 7T T 25 BRI R
N 66.44%, 10~20 cm (ALCJZE) 1 1458 % SR AR P
B EI AR F N 77.27%, 20~30 cm (Ot JE) (11
R S RERCURAA BT - R BR (R 3R 78.63%. 5 )= T8 1) 1%
WS RE P B R AR T 65%, HOPRIBREEN 74.11%.

F8 HIRBSEREER

Table 8 Reduction rate of soil hardness

Depth/cm Frequency/Hz Compaction/kPa Reduction rate/%
0 172.369 54.51
=0~10 9 112.04 70.45
CBHE)Z Cultivated layer) 12 103.42 72.72
15 120.89 68.1
0 482.63 74.73
=10~20 9 420.15 78.01
(ZYJ&JZ Plough pan) 12 413.68 78.34
15 420.25 78.01
0 586.05 74.15
=20~30 9 443.85 80.44
(>4 JZ Subsoil layer) 12 448.16 80.23
15 460.56 79.71

323 RHEMEHHER
AT HYIVHRRFER T8 (B 142, REHER

DR IRAER (& 14b) FrE BRI B s B im0, #il
AR S Origin HAFAF, M Origin 2E L 3h 58 2T
HiZk, i 14c fios.

HHEZ Tillage layer
= ZK/Z Plow pan layer
>+ )7 Subsoil layer

a. LIRS

a. Soil disturbance section

> b s
b. R
b. Soil profile measurement
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c. ANRRBNIZE T Lg% th 28

c. Soil profile curves at different vibration frequencies

A 14 REHH AR &
Fig.14 Soil disturbance profile curve
WRIERAA TR ARAERY, LB RAN B AR T 10%
HAET 40%, HIRME RENAMET 50%. HAATH
KF:

P=(A,-A,)/A,x100% (1)

y=A,/A,x100% (12)
X PATIEEIAE, %: A, A, RIRFSHT)E 2R 2%
BRI AN R 2 MR AL, em®s y N3RS R
B % A, HURAA T HL R i 2R B 52 bRy A (8] R4y T
B, em’e A, Ay A, 38 Origin B R Dhigrd i,
iR 9PN . MR 9N, LI B IE N
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19.7%, LI3EIDN RBCPIIME N 60.99% .

®9 TEEMERTIRMNAREY
Table 9 Soil fluffy degree and disturbance coefficient

S Frequency/Hz A,/em? Ajem’  Ajem®  ppy W
0 2 009.65 1305.6 688.9 2442  52.77

9 1942.85 1380 932.5 22.53  67.57

12 1756.05 1375 774.5 18.69  56.32

15 174.25 1324.8 891.9 13.15  67.32

#4118 Average value 1470.7 1346.35 821.95 19.7 60.99

FE: A, URFAR M 2 eV A 4 2 M AN A, em®s A, NERAR
JE R 2k BRI T B 2 [ IRUN I BL, om®s A, STRKA A MR 4 9
PR B Z BB, om®s PONLIRIIATE, %: y LA R, %.
Note: 4, is the integrated area between the surface curve before subsoiling and the
theoretical gully curve, cm?; 4,, is the integral area between the surface curve after
subsoiling and the theoretical gully curve, cm?; 4, is the integral area between the
surface curve before subsoiling and the actual gully, cm?; P is the soil bulk, %; y is
the soil disturbance coefficient, %.

FANAG R M

73 N AS FR SR N R FAR T, 7 A —
TEEL S AN E R BCPIME, SRR TR IR BIR
A5 AHONAE ML R T

V=s/ax100%

324

13

U=1-V (14)
L VRARIIREE A B REL % s AR IREEARIEZ,
cm; a NIRRT, em: U NIRIMIREREME R
B, %. ZRIWNFE 10, HFE 10050, B REFHE
N 2.13%, FeE M RECEFIE N 97.87%.

R 10 FAREFREM
Table 10  Subsoiling depth and stability
BE RRNAREET A NG B E FoE It R
Frequenc Average subsoiling Standard Variation Stability
y/Hz depth/cm deviation/cm  coefficient/%  coefficient/%
0 30.5 0.82 2.69 97.31
9 31 0.64 2.06 97.94
12 30.9 0.57 1.84 98.16
15 30.6 0.59 1.93 98.07
FHMHE
Average 30.75 0.655 2.13 97.87
value
4 B B

1D RET X g IR R SRR
Rtk Wt T UMRIEAEIRIANL, ARSCIEE T —FiE Tom
BRI VIR ILAE R 77, SRBIRAS T 2 A G s AR
B A AR JR R B AR K

2) 1B H S4BT UIR AR R A HL A B 2 AR Y
2 EHOT AR N FE AT by, T
AFE IR RS, BRAVIIRIEAERAAHULE F — R T %
B EIEERRAE O LRI BCRABHE S, SR
BAEVEEEVEE 0.9~1.1 m/s, FETAERIREN A,
IOV IRILAETRAANLAE F —BHR N IHHER 71, 19815
FEARENIE X 8] 9~15 Hz; @i IEAZ 645 R FA 1
WiRtESECN: EGERE 0.96 m/s. FHERE 300.24 mm.
PRBNINR 11.43 Hzo S5ALFrEOL, ML % B E
W 1.0 m/s. BHMEIRE 300 mm. PREHHIZER 12 Hz.

3) STUMRILAERAAHLEEAT T eSS, 9G4 Rk

B, DIIRILAERAANLIRBE B FERCR A ., AT LR Sh
RS, UIRIAEIRIAERSHIZ 9 9. 12 1 15 Hz B #f
VEBH 120 WIFEAR T 21.58%. 37.56%- 15.43%, IhFE7 5
FEAR T 17.65%- 32.32 %+ 8.87 %o VAFAJG T IH RS
BIBRARRN 74.11%, T HEBARA T 1H N 19.7%, T3
W RECTHMEN 60.99%, B 7 RECFIIMEN 2.13%,
FasE Mk RECPEIME N 97.87%; & IHE AR i L IR FAHLIE
MR ELR o

(& & 3 #K]
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Simulation analysis and test of the operation performance of shear
vibration co-operation subsoiler based on discrete element method

LI Mingsheng™*? , WANG Yuanjun®? , XIE Shouyong’*** , LIU Fanyi**?,
CHEN Xingzheng'?* , LI Xiang'? , LIU Wei'?

(1. College of Engineering and Technology, Southwest University, Chongqing 400715, China; 2. Southwest Agricultural Equipment
Innovation Center, Chongqing 400715, China; 3. Chongqing Key Laboratory of Intelligent Agricultural Equipment in
Hilly and Mountainous Areas, Chongging 400715, China)

Abstract: Deep-pine operation is often required for the high-power tractor for traction at present, leading to low operating
efficiency. More importantly, the total power consumption of vibratory deep-pine operation is ever-increasing with the increase
of vibration frequency. Therefore, there is an urgent need to carry out research on the high-efficiency vibratory deep-pine
machine for high operational efficiency and low energy loss. In this study, a deep loosening machine was designed to cooperate
with the cutting and local vibration. The loosening mode was adopted for the cutting first and vibration second, i.e. the front
deep loosening shovel was fixed to break the soil. The angle of entry was always in the position of the lowest soil resistance.
The rear shovel was vibrated around the shaft to loosen the soil. The soil resistance was reduced to increase the range of
loosening for less crushing of soil, in order to effectively reduce the consumption of vibration energy. The discrete element
method (DEM) was used to analyze the effect of cut-and-vibrate deep loosening on soil disturbance. Hertz Mindlin with
Bonding model in EDEM was used to establish the contact model among soil particles. The cut-and-vibrate and traditional deep
loosening were simulated to compare at the same time. The experimental model of the deep-pine shovel was established using
SolidWorks2022 software and then saved in a format suitable for EDEM. The model was also imported into EDEM for
constraining, driving, and simulation. The motion state of the simulation model was divided into two strokes of breaking and
vibratory deep loosening, according to the actual vibratory during deep loosening. The cut-and-vibrate co-operative mode
effectively reduced the tillage resistance of the deep-pine machine; The one-factor test showed that the optimal intervals
operating speed and vibration frequency were 0.9-1.1 m/s, and 9-15 Hz, respectively; The orthogonal test demonstrated that the
optimal parameters were obtained for the deep-pine operation: operating speed 0.96 m/s, tillage depth 300.24 mm, and
vibration frequency 11.43 Hz. The actual performance of drag reduction was tested on the cut-and-vibrate deep-threader. The
simulation was also combined with the best operating parameters of deep-threading. The field tests were conducted, where the
forward speed of the tractor was set at 1.0 m/s, the operating depth was 300 mm, and the vibration frequency was set at 9, 12,
and 15 Hz. The field test showed that the cut-and-vibrate deep pine machine shared the outstanding drag reduction under the
same speed and plowing depth, compared with the non-vibrating deep pine machine. The plowing resistance was reduced by
15.43%-37.56%; The power consumption was reduced by 8.87%-32.32%. The drag reduction was the most significant when
the vibration frequency was 12 Hz. The plowing resistance was reduced by 37.56%, the power consumption was reduced by
32.32%, the solidity of the soil was reduced by 74.11%, and the soil disturbance coefficient was 56.32%, and the deep pine
depth of 309 mm, deep pine was reduced by 15 Hz. The stability coefficient for the deep pine depth of 309 mm was 98.16%.
The deep pine depth and its stability were in line with the industry standard. The cutting and vibration co-production deep pine
machine shared outstanding performance to reduce the resistance and consumption. The finding can provide a new reference to
optimize the vibration deep pine machine.

Keywords: agricultural machinery; simulation; hilly and mountainous areas; subsoiler; EDEM
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