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Calibration and Verification of Flexible Rice Straw Model by
Discrete Element Method

XIA Junfang'? ZHANG Peng' YUAN Hongwen' DU Jun'? ZHENG Kan'?® LI Yufei'?
(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China
2. Key Laboratory of Agricultural Equipment in Mid-lower Yangize River,
Ministry of Agriculture and Rural Affairs, Wuhan 430070, China)

Abstract: Rice straw in the fields of the middle and lower reaches of the Yangtze River exhibits high
stubble retention and a substantial straw volume. The interaction between straw and tools are complicated
and have a significant impact on the performance of straw incorporation implement. The lack of accurate
rice straw model by discrete element method (DEM) limits the analysis of the interaction between straw
and tools during the design and optimization of key components of straw incorporation implement.
A flexible rice straw model was established by the particle replacement method based on the Hertz —
Mindlin with Bonding contact model in DEM. Calibration of the discrete element model and multi-
condition experimental verification were conducted. The friction coefficients of rice straw were determined
through physical experiments, and the maximum load was measured in the straw bending test as the
calibration index. The Plackett — Burman experiment and the steepest ascent experiment were used to
select significant factors and their optimal value ranges for the flexible model, and the optimal parameter
combinations for significant factors of the straw bonding model were determined by Central — Composite
tests. The result was the normal contact stiffness was 3.040 x 10" N/m’, and the tangential contact
stiffness was 2.296 x 10" N/m’. The relative error between the maximum load obtained from the
simulation with the calibrated parameters and the actual maximum load with the experiment was 1. 82% .

It indicated the effectiveness of the calibration method. To verify the effectiveness of the above calibration
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method under different working conditions, the bending test of blades and the rotating cutting test of the

rotary blade were conducted. The relative error between the maximum load obtained with the simulation

and experiment in the bending test of blades was not more than 4.55% ,

while the relative error of the

maximum torque between the simulation and experiment in the rotating cutting test of the rotary blade was
not more than 7.95% . It indicated that the flexible rice straw model by DEM calibrated using the

bending test was accurate and effective in simulating straw bending test and rotating cutting of the rotary

blade processes and applicable to simulation analysis under the rotary tillage operating conditions. The

research provided an effective model and method to analysis of the interaction between straw and tools for

the optimization design of key components of straw incorporation implement.

Key words: rice straw; discrete element; parameters calibration; cutting; rotary tillage
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Tab.1 Friction coefficients of rice straw

BH Bl
KRR R T 1 B 5 O 0. 146
KRR I 30 A 0.104
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Rice straw bending test

1.4 71EEZHifE

TR T 455 1 2 i S 5% W s 30 T B 28 S )
R 25 AR [ bR v L R R O B, %
WL 245 HRE EHE 7T B M2 ek Ky 60 mm ) T AR
B0 HEAT I L2 R 5, H v O R D A A
ST AR AR , o - T BB A, BB N T K G i
BT AR, TR 339 mm SR E T A 64.32° IR B
2 653 mm, P J] BLE5HI BRI 4 BT AR 5 K
I A PRI 1.3 KRR A AT 25 MR 56, 304F 2 Kb
5E 7 PR R B R AN 2% 45 1 T 1A A b o
1.5 Mesh IRl EIR I

T AT F Al o 2 o, B B 70 5 7 AT 22 1 B 4
E Ry R VI E) R B UE 2 B o 7 SR TE BE BV L T
BT A RO 35 T R ) e VI BRI T A
1.5.1 B BIAREs

e B 70 1 5 1) 0 1 06 1 £ B o A AT R AR
B ORSFRUI RIS B R S R AL, A S
B, B BER ST (K x %8 x &) N 760 mm x
580 mm x 350 mm,

G A b 4] IR e ML 2R BRK 30 2 h PC 3 B
B HLE ) TR T 0 i e i D L S 0 ~
750 v/min {75 %75 WA T L 3 S R A WA K o
e HT 3t 55 Rk 0 4R eb 0 Bl BE B, T R0 E B T 4
Y1 70U VR AT 37, B A AL
1.5.2 FEAFMEAE

Y10 £ IR LB R 1 BT 7 A A IR ) LA K



509 W KR % ARTETEAT & WOt 2 A B 2 40hR 5 5 1l 56 36 E 177

K4 JIRS5H S

Fig.4 Structure parameters diagram of blades
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Fig.5 Schematic of rotating cutting test platform

of rotary blade
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Tab.2 Performance parameters of measurement system
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Fig.7 Bonding contact model
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Tab.3 Simulation parameters of rice straw bonding model
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Fig.8 Rice straw flexible models
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Tab.4 Design and result of Plackett — Burman test

745 = - s R # AT F/N
%, X, 23/(N-m™") x4/(N-m™") x5/Pa x4/ Pa

1 0.5 0.5 1.0 x10" 4.0 x10" 1.0 x10° 1.0 x10° 1.23
2 0.1 0.5 4.0x10" 1.0 x10" 1.0 x10° 1.0 x10° 2.92
3 0.5 0.1 4.0x10" 4.0x10" 1.0 x 108 1.0 x10° 3.83
4 0.1 0.5 1.0 x10" 4.0 x10" 1.0 x10° 1.0 x10% 1.22
5 0.1 0.1 4.0 x10" 1.0x10" 1.0 x10° 1.0 x10° 2.95
6 0.1 0.1 1.0x10" 4.0 x10" 1.0 x10* 1.0 x10° 1.21
7 0.5 0.1 1.0 x10" 1.0x10" 1.0 x10° 1.0 x10% 0.96
8 0.5 0.5 1.0 x10" 1.0x10" 1.0 x10® 1.0 x10° 0.96
9 0.5 0.5 4.0 x10" 1.0 x10" 1.0 x10% 1.0 x10* 2.94
10 0.1 0.5 4.0 %10 4.0 x10" 1.0 x10* 1.0 x10* 3.81
11 0.5 0.1 4.0 x10" 4.0 x10" 1.0 x10° 1.0 x10% 3.83
12 0.1 0.1 1.0 x10" 1.0 x10" 1.0 x10® 1.0x10% 0.96
13 0.3 0.3 2.5 x10" 2.5%x10" 5.5 x10% 5.5 x10% 2.40

% 5 Plackett — Burman {6 £ R B Z M ST
Tab.5 Analysis of significance of parameters in

Plackett — Burman test

M P B HEE F P
Jiil 16. 86 2.810 6 91.74 <0.000 1"
x, 0.039 0.039 1 1.26 0.304 8
X, 0. 036 0.036 1 1.19 0.3180
X3 15.73 15.73 1 513.76  <0.0001
Xy 0.990 0.990 1 32.20 0.001 3™
xs 0. 030 0.030 1 0.98 0.3605
X 0.032 0.032 1 1.05 0.3459

Hoeows RREZERMEF(P<0.01), FH,

1.0 2
2 o LRV

L5

P10 A v AL 00T 21 1 25 A 258 30 ]
Fig. 10  Half — normal probability effect diagram of

standardized effect
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Tab.6 Design and results of the steepest ascent test

L R %% e KA A 5 22
s v/ (Nem™®) %,/ (N'm™®)  F/N /%
1 1.0x10" 1.0x10" 0.96 65.09
2 1.6 x10" 1.6 x10" 1.54 44. 00
3 2.2x10"  2.2x10" 2. 11 23.27
4 2.8x10" 2.8 x10" 2.68 2.55
5 3.4 x10" 3.4x10" 3.23 17.45
6 4.0x10"  4.0x10" 3.82 38.91

3.4 Central — Composite I iz B izt I8 1% it

MR 4l A BE NC 3 1 35 SR 3 1) 4 ik M B8 40 1) 4
ikt W0 A ) B L R AR 3 S KR i 4T Central —
Composite iR % . BWHEREEmIBUNE T Piw, Lkt 13
YR Y T3 36, Central — Composite 1256 J5 %8 M 45
Wk 8 i , X, X, N R i {H .
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Tab.7 Central — Composite test factors and coding

T — Ak -
x3/(N-m~™7) x4/ (N+m™")

-1.414 1.952 x 10" 1.952 x 10"
-1 2.200 x 10" 2.200 x 10"
0 2.800 x 10" 2.800 x 10"

1 3.400 x 10" 3.400 x 10"
1.414 3. 648 x 10" 3.648 x 10"

% 8 Central — Composite iXIE T REZE R
Tab.8 Design scheme and results of

Central — Composite test

e EES B F/ MXTIRE 9/
X, X, N %
1 -1 -1 2.11 23.27
2 1 -1 2.99 8.73
3 -1 1 2.32 15. 64
4 1 1 3.23 17.45
5 -1.414 0 2.10 23. 64
6 1.414 0 3.38 22.91
7 0 -1.414 2.50 9.09
8 0 1.414 2.82 2.55
9 0 0 2.68 2.55
10 0 0 2.68 2.55
11 0 0 2.68 2.55
12 0 0 2.68 2.55
13 0 0 2.68 2.55
Central — Composite & % 2 2 M4 73 Hr W 5% 9 Fir
No HIFR9 ATHL, JFFEBIAL P <0.000 1, 54 % 1k

(P<0.01), e &% R =0.998 3,12 i g i 3K
R, =0.997 2, i F#aiE T 1, H R, =0.9972 5
R, =0.988 2 {2 {f/NF 0.2, KR & M e df,
REIE T WL KA F 5 Z v, v, 2]

FEPER

A 5E R, o — I w5 ORI ) B, K
Iﬁ x3 ﬂk%aﬁcEIﬁKﬂA%o
x99 WEEISRKRBEESH

Tab.9 Significance analysis of response surface

optimization test

= B HmE F P

o 8

[ 1.73 0.35 5  844.92 <0.0001*
s 1. 62 1. 62 1 3959.53 <0.0001*
0y 0.10 0.10 1 248.85 <0.0001*
Xy 2,250 x107* 2,250 x107¢ 1 0.55 0.4825
% 2.959 1077 2.959 x10°> 1 7.23  0.0311°
I 2.611 x1073 2.611 x10°3 1 6.38  0.003 94

2% 2.864 x107° 4.092x107* 7
AU 2. 864 x 10 7> 9.548 x 10~ 3
afi iR 2% 0 0 4
B 1.73 12

= RRZEREH(0.01 <P<0.05),

¥ M Design-Expert 804 X7 12 5 45 R #17 £ oC
WHEAL G50 B, 19 B B K Efar F 53k w42 i W EE
Y 1o 422 ok W BE 1% [0 15 7 7R Ry
F=2.68+0.45X, +0. 11X, +0. 0075X,X, +
0.02X: -0.02X; (4)
A 150 0 7y A 3] 3 1o 22 fh O 22 DD 1) 42 ik 1)
JEE XoF e KA AT % 1) W2 TRT L AT 12 ok, H L 12 AT
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Fig. 12 Response surface view of maximum load
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Fig. 13 Comparison of straw bending simulation

test with physical test
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Fig. 14 Comparisons of bending test simulation process under different loading conditions
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Tab.10 Blades bending test results

S H Fe K@ F/N
B AL i RSk 245 BEHF T W 7T
S B 2.75 2. 64 2.70
{5 218 2.80 2.76 2.77
AHX 1R 25/ % 1.82 4.55 2.59

H1 2 10 ], 5 B0 AR MR R R 3 AT 5 S AL FY) 1%
ZEARRT 4.55% , KR E LR 55 i & 14 7]

R TR] B[] SR S il T Sk (245 g #if T 5 R i
BTN 28N B RS A T 52 2 4 I BA . 22 5, HL A A
BAE N SCARAL 32 3R . d 3 10 nl g, Bk A il
i3k 245 Jié Bk 1 55 R A JT BT 32 25 i f R 44 I
L, 70 M i 25 2R, It PR A ] 8 2 il AT B AR DN i
B 1 FHE T 9 45 K il 4 e 3 A BAARRS AT X L oE 4
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4.2 EMTIEETERR
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Fig. 15 Simulation test of rotating cutting test of
rotary blade
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Tab.11 Maximum torque for rotary blade cutting

measurement results

e/ g/ W RAHAE T/(N-m) AR

T8

(remin~") mm S A i BEAE /%
1 280 150 1.52 1.57 3.29
2 300 165 1.76 1.90 7.95
3 320 180 2.13 2.02 5.16

i 11 AL, B 5 B e A T8 00 38, e #F 0
JIt 3% foe KA 72 0 48 0, e AR R AE 3 F A [a] 00
NI S B AR A DR 25 4 i R 3.29%

7.95% \5. 16% o X %6 3 BIAS AL RUAR 5 45 R HEHf
IR 25 0 R ARG AT TR A AU A A Lk A5 0 T A
52 v 1 OR300 A A A O S
MRS JH T e B 0 Jie e D) 10 3k 7% 05 B2 B, 25 b
TR 2 b R J7 kA T A

5 it

(1) 356 0 A5 7K 8 s AT F- 25 ELAR O 6. 93 mm -
IREJEL S 0. 79 mm , 7K A5G AT (] 2 458 A2 K A
1] VR B JEE 458 DX B30 7K R il A — 0 e 2 458 DR 7K
T AT AR 3l BE $52 £ 43 5] ol 0. 146 ,0. 104 ,0. 164
0. 088, il =f A% AT 25 ith 12X 46 , I 45 o 44 A Jr 32 - 34 fc
Rafar 7 2. 75 N,

(2) 3L F EDEM {5 H.4k 4, 1% Bl Hertz — Mindlin
with Bonding 4 fil #5 Y , 38 3 Rz 5 48 1) 7 5K, A
IKAERE AT VRIS DU de KRBT H ARAE, X KA
AT R BT R MR R EAT S 805 € o i i Plackett —
Burman X 55 i 35 H1 52 W 5 K2y A9 B 25 1 P R 2k
T 5 fih D J52 R 470 1) 5 fh I B2 5 08 i e I TG 48 1 5 i
— L E R E N R R E R E . AR ¥E Central -
Composite JR 8 37 T 5 K ff A1 5 2 PR & 2 1)
(Y [l A58, 3 5o Design-Expert {4 >R fift 75 5 0 {6
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(3) J1 B A5 i i 56 A5 245 T I R iE ks )
JIt 3% Fi R A 52 0 (EL -5 05 5 (E AR X 1R 22 23 0
4.55% \2.59% ; ERF J1 e U H K 46 0 45 3 A [+
BN ER T BT 52 d KA S EL -5 0 FLEAE X 15
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