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Discrete Element Double-layer Bonding Model Building and
Parameter Calibration of Rapeseed Stalk

WANG Xiaomin'? ZHANG Jiahe'
(1. College of Engineering , Huazhong Agricultural University, Wuhan 430070, China
2. Key Laboratory of Agricultural Equipment in Mid-lower Yangize River, Ministry of Agricultural and Rural Affairs, Wuhan 430070, China)

Abstract; Accurate simulation of the stalk-tool interaction during mechanized rapeseed harvesting is
limited by the lack of accurate and reliable bonding parameters for discrete element stalk models. To
address this issue, rapeseed stalks of the cultivar “Huayouza 62”7 at the optimal harvest stage were used.
The intrinsic and contact parameters of the stalks were systematically determined through physical tests. A
double-layer bonded model of the rapeseed stalk was developed in EDEM by using the Hertz — Mindlin
with Bonding V2 contact model. Using the measured maximum bending failure force 43.02 N and
maximum shear force 186.22 N as the dual response values, a Plackett — Burman design was firstly
employed to identify significant factors, followed by a steepest ascent experiment to approach the optimal
range, finally, a Box — Behnken design was used to optimize the solution. The results showed that the
skin-skin normal stiffness per unit area X, , skin-core shear stiffness per unit area X, ,and core-core normal
stiffness per unit area X, had significant effects on the model. In the optimal parameter combination, X,
was 6.80 x 10° N/m’, X, was 5.93 x 10° N/m’ and X, was 3.18 x 10° N/m’. Based on this
combination, a double-layer bonded discrete element model of the rapeseed stalk was established.
Simulations demonstrated that the relative errors between the simulated maximum bending failure force
and maximum shear force and the measured averages were 2.11% and 2.39% , respectively. The
mechanical behavior of the model was consistent with that of actual stalks. The research result can provide
a reference for the discrete element modeling of rapeseed plants and the design of harvesting machinery.
Key words: rapeseed stalk; double-layer bonding model; discrete element method; double response

value; parameter calibration
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Tab.1 Intrinsic parameters and contact parameters

of rapeseed stalks and steel plate
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Tab.2 Bonding parameters encoding for stalks
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Tab.3 Plackett — Burman experimental scheme and results

e Lk Y, /N Y,/N
Xy Y2 X3 Xq Xs X6 xg X9 X10 1 Y12
1 1 1 -1 1 1 -1 -1 1 1 1 1 -1 59.23  203.38
2 1 -1 1 1 -1 -1 1 1 1 -1 1 52.40 165.83
3 1 1 -1 -1 1 1 1 -1 1 -1 1 49.81 253.68
4 -1 -1 1 1 1 1 -1 1 -1 1 -1 -1 30.05 126.83
5 -1 1 -1 -1 -1 -1 1 -1 1 1 -1 23.76  138.11
6 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 19.27  106. 30
7 1 1 1 -1 1 -1 -1 -1 -1 -1 1 37.20 161.40
8 -1 -1 -1 1 1 -1 1 -1 -1 1 1 20.91 86. 14
9 1 1 -1 1 -1 1 -1 -1 -1 1 1 39.71  171.76
10 1 -1 1 -1 -1 -1 1 1 -1 1 1 44.41  145.55
11 1 -1 -1 1 1 1 -1 1 -1 1 -1 53.51 352.11
12 1 -1 1 -1 1 -1 -1 -1 1 1 -1 43.53  154.27
13 -1 1 1 -1 -1 1 1 1 -1 1 -1 38.93  189.67
14 -1 1 1 -1 1 1 -1 1 1 1 1 44.84  237.99
15 1 -1 -1 -1 -1 1 -1 1 1 -1 -1 55.25 355.12
16 -1 -1 1 1 -1 1 -1 -1 1 1 1 28.54  137.12
17 1 1 1 1 -1 1 1 -1 -1 -1 -1 37.55 164.12
18 -1 -1 -1 -1 1 1 1 1 -1 -1 1 38.68 183.30
19 -1 1 1 1 1 -1 -1 1 -1 -1 -1 36.75 155.83
20 -1 1 -1 1 -1 -1 -1 1 1 -1 1 39.61 125.08
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BRE 100 W X X6 5 R 25 R O 0 09 5 Wi Al 3%, 3R

BN BB A T AR BT DD I E X % e R BT YT g B R
PR o AR A% DR OGS A o L {4 BT R R 2 RS
25 R AT 0 3 PEHE Y, e B B3R B S oz i Bk
T W RE X, 2 Bz — PN S8z T AR BT DT I B2 X 1 A -
PN OIS T AR i 1) W X, 4T A BE TE 33

& 4 Plackett - Burman B SH EZH S

Tab.4 Significance analysis of Plackett — Burman test parameters

22 25 il @R 55011 LFE
p 20 B ¥ 75 A DUk % P EYUmAEN ¥ 75 A TR/ % HER
% <0.000 1" 15.126 1143.98 47.376 1 0.000 2 ** 64. 085 20534.4 21.1174 1
X 0.0480" 2.084 21.7153 0. 899 303 0.8999 -1.155 6.670 13 0. 006 859 48 12
X3 0.5451 -0.554 1.534 58 0.063 5522 0.006 7 ** -33.637 5657.24 5.817 84 7
Xy 0.7757 0.258 0.33282 0.013 7832 0.0316" -23.719 2812.95 2.892 81 11
xs 0.0050 3.508 61.5303 2.548 18 0.044 6" 21. 627 2 338. 64 2.405 02 9
X6 0.002 6 3.98 79.202 3.28002 <0.000 1" 72.981 26 631. 1 27.3871 3
xq 0.984 1 0.018 0.001 62 6.70897 x10~° 0.003 8 ** 37.643 7084.98 7.286 11 5
xg 0.784 2 -0.248 0.307 52 0.012735 4 0.0116" -30. 037 4511.11 4.639 17 8
Xy <0.000 1" 13.328 888. 178 36.7825 0.000 2 ** 61.413 18 857.8 19.393 1 2
X109 0.0002 " 6.01 180. 601 7.479 28 0.0799 18.123 1642.22 1.688 83 4
Xy 0.9294 0.08 0.032 0.001 325 23 0.8395 1. 861 17.316 6 0.017 808 2 6
Xy 0.849 1 -0.172 0. 14792 0. 006 125 87 0.0164" -27.789 3861.14 3.97075 10

e x R 3 (0.01<P <0.05), #+ RARZMWMKRF(P<0.01), T,

2.3.2 bR g5 R

R P& Plackett — Burman i 46 45 R, X, . X, . X, X
e K2 IR ) AT U0 g ¥ R B R IE RO =
Brig gy Lot e KA K., HREREER
Rl K, B X, =7 x10° N/m’ X, =5 x 10° N/m’ |
X, =3x10" N/m’ X, =X, =X, =X, =X,, =X,, =
5.5 x10° N/m’ i g6 45 R W B X, (X, X, (8
AT B RS i YR ) A BY U ) 4 B S S bR i 5
B B4 AR R 358 22 55 90 50 9/ J5 1 KA A8 A ke 3 i
TEMEERMNZES P, 54 X0 SEA A
X2 BN, Al 4.56% (3. 15% , A, B 5E LA
o5 4 HiRK I 280k Box — Behnken %56 1t 8] /K OF-
SR A 3 A S 4K 58 2 800 ) b AR K F F
Ko

x5 ERERERBAREER
Tab.5 Steepest climb test plan and results

? Yl YZ

5

o X,/ Xe/ Xy/ g XTI AR
7 (N'm™3) (Nom™®) (N-m™?) /N 2/% /N 2%/%
1 4.0x10° 1.0x10° 1.0x10° 23.69 44.93 104.79 43.73
2 5.2x10° 2.6x10° 1.8 x10° 32.26 25.01 131.10 29.60
3 6.4x10° 4.2x10° 2.6 x10° 38.43 10.67 162.81 12.57
4 7.6x10° 5.8x10° 3.4 x10° 44.98 4.56 192.08 3.15
5 8.8x10° 7.4x10° 4.2 x10° 48.86 13.58 227.90 22.38
6 1.0x10' 9.0x10° 5.0x10° 55.42 28.82 262.09 40.74

2.3.3 Box — Behnken i K25 51
DIt BETE 3 3 5 3. 4.5 ik 58 2= B AE N

i LKA 4T = R =K F 1) Box — Behnken
R, W% g0 R 6 BT R R B E A R
£ T . XU AT 07 22 07, gk 8 T
TN o PN TR N AE X N Y [l 05 B R P OE B N T
0.01, LI P AE 4514 0. 409 6 .0. 698 7, ¥k F
0.05, I AU H g 2 HARM M B A FE ., RE R
$ R4y 51 40. 998 2.,0. 995 6, 8 iF p i & &k R2, 4>
A 0.9958.0.990 0, WEHHL & H A B X, &
KB MBEIR MK Y 5 3 A KR ZH
) By ] 09 5
Y, =45.37 +2.58x, +0. 788 7x, +2. 42x, +
0. 605 0x,x, —0.302 5x,x, +0. 482 5x,x, +
0.167 0x; —1.70x; +0. 164 5x; (5)

Y, =207.24 +15. 76x, +3. 54x, +19. 10x, +
2.32x,x, —4.63x,x, +8. 46x,x, —
9. 84x? -5. 49x2 +0.996 Oxg (6)

% 6 Box — Behnken X 1§ F & % 75

Tab.6 Box — Behnken experimental factors coding

%
-1 0 1

e e Bz B T ARk 1) W
. 6.4 x10°
X, /(N-m™3)
& — P9 B0 A T AR B 1 W
4.2 x10°
B Xﬁ/(N~m’3)
PA B PN G B A7 T R 9 1) )
2.6 x10°
BE Xo/(Nem™?)

7.6 x10° 8.8 x10°

5.8x10° 7.4 x10°

3.4%x10° 4.2x10°
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Tab.7 Box — Behnken experimental scheme and results

S

SR (IO DI VR NS A oL o A TR
K 8 it X Fae K& BN Sy Y, B 31
A7 TT RIS 1) M B2 X oA 8 (L, 3 7 — 3 Bz P T AR

5 Y,/N Y,/N
R RN ey I X, 52 6 Y, Aot W AR
N N T I S R
3 7.6 x10° 5.8 x10° 3.4x10°  45.40 205.80 JI K Xﬁﬂq%ﬁ,xl—%ﬁrj‘,ﬁ%xgﬁ’giﬁnﬁﬁ
4 6.4x10° 4.2x10°  3.4x10° 41.10 176.10 HER M X, — W, Y bl X, 93 g K. X, o8 E
5 6.4x10°  5.8x10°  4.2x10° 45.97 206.33 fE,X,—En, Y, B X, 038 hn B K X, — & 0, Y,
6 7.6x10°  5.8x10°  3.4x10° 4542 205.11 BE X, 09338 KGN . R TFHRRE A Y, X,
9 9 9

b enar e ooy v VEELX VB X, T AKX,
9 6.4 x 10’ 5.8 x10° 2.6 x10°  40.33 158.24 i, Yo B X 3 8800 58 5 KR W o X R e fEL X, —
10 7.6x10°  7.4x10°  2.6x10° 41.87 179.88 SERT, Y, BE X, B3 g oK X, — e mt, Y, Bl X, 13
11 8.8x10°  7.4x10°  3.4x10° 47.78 212.37 mmse R, X, hEME, X, —En, Y, B X, )3 0
12 7.6x10° 7.4x10°  4.2x10°  47.48 234.35 RS2 X, BN, Y, BE X B0 N 24X, R
13 . o . o . O 45.10 202.28 X N

14 jziigg :2129 :z:gg 44.83 208.70 j:H#,I:%ngﬂ’\Ji?nﬁﬁijto . .

15 7.6 x10° 4.2 x10° 2.6x10° 41.15 188.06 2.4 RUEMESHAGHHERARWIE

16 6.4x10° 7.4 x10° 3.4x10° 41.36 176.89 M Box — Behnken {50 25 5, L5 P fie K25
17 7.6x10°  5.8x10°  3.4x10° 45.44 210.71 WY IR J143.02 N Fl & K574 F1 186.22 N K1k H

#& 8 Box - Behnken i3 5= S
Tab.8 Variance analysis of Box — Behnken experiment
- R LIRI|
S5 i Hr F P Sy A i Hr F P

i 119. 88 9 13.32 422.09  <0.0001* 5959.04 9 662. 12 176.97  <0.000 1 *
X, 53.10 1 53.10 1682.59 <0.0001* 1987.34 1 1 987. 34 531.16  <0.0001*
X 4.98 1 4.98 157.72  <0.0001*  100.47 1 100. 47 26. 85 0.0013*
X, 46.85 1 46. 85 1484.68 <0.0001 2917.72 1 2917.72 779.83  <0.000 1 **
X, X, 1.46 1 1.46 46.40  0.0003* 21.62 1 21.62 5.78 0.0472"
X, X, 0.366 0 1 0.366 0 11. 60 0.0114° 85. 66 1 85. 66 22.89 0.002 0 **
XX, 0.9312 1 0.9312 29. 51 0.001 0 286. 12 1 286. 12 76.47  <0.0001**
X2 0.117 4 1 0.117 4 3.72 0.095 1 407. 81 1 407. 81 109.00  <0.000 1 **
X2 12. 14 1 12. 14 384.70  0.0001* 126. 74 1 126. 74 33.88 0.000 6 **
X2 0.1139 1 0.1139 3.61 0.099 2 4.18 1 4.18 1.12 0.3258
5% 2 0.2209 7 0.0316 26. 19 7 3.74
AT 0.1058 3 0.035 3 1.23 0.409 6 7.21 3 2.40 0.506 2 0.698 7
a2 0.1151 4 0.028 8 18.98 4 4.75

p<g 120. 10 16 5985.23 16

FiE , ff F Design-Expert 13 % {4 /7 ) Optimization
BREXT X, X H X AT 05 0 2 80 & SR i, 29 R 5%
(G

max¥, (X, ,X,,X,)

max¥, (X, ,X,,X,)

s 1. (6.4 x10° N/m* <X, <8.8 x10” N/m’(7)
4.2x10° N/m’ <X, <7.4 x10° N/m’

2.6 x10° N/m’ <X, <4.2 x10° N/m’
KL RPN, X, 6.80 x10° N/m’ X,k
5.93 x10° N/m’ X,24 3. 18 x 10° N/m’ it , &% K 25 i

Wk 3 A0 59 4] J3 55 52 PR e fH AR 55

WX, XA X BN RRESEASG, KRR
WENPEE, T ERIEE, K9 MRS
SEBRBEIR XS L B o g i BEAT S W g, A5 B Bk
Rk IR 4 W 41.63 41,81 42.41 42.71
42.00 N, & K 85 ¥ J1 4% 9 R 179.18, 179.24
179. 81 .187.35 .183.25 N, {8 4> 5 K 42. 11,
181.77 N, - 34 #1 %} % 22 43 %~ 2.11% A
2.39% LS B G T B ZEF RS IR 1
R BT 05 B 5 S bRk 00 (8 25 5 500N, 30 B =
EHEBOTAUZ K 25 B A A 4E
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Fig.8 Response surface plots of interaction among various factors
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Fig.9 Comparison between simulation and actual
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