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Optimization of discrete element model of corn stalk based on
Plackett-Burman design and response surface methodology

ZHU Huibin', QIAN Cheng', BAI Lizhen'* , LI Hui?, MU Danlei', LI Junjie'
(1. Faculty of Agriculture and Food, Kunming University of Science and Technology, Kunming 650500, China;
2. Shandong Academy of Agricultural Machinery Science, Jinan 250010, China)

Abstract In order to improve the accuracy of the numerical simulation of the anti-blocking device. the discrete element
parameters of corn stalk were calibrated by combining with physical and simulation experiments. The model of the
simulated compression test was established based on Hertz-Mindlin with bonding contact model. Simulation
experiments were designed by using the relative error of critical load between physical and simulation experiments as
the experimental index. Factors that have positive effects to the experimental index were screened by Plackett-Burman
design. The experiments were designed by Box-Behnken experimental design to optimize the discrete element model of
corn stalk. The experiment result shows that contact radius and shear stiffness per unit area had an extremely
significant influence on the index (P<C0.01), and the normal stiffness per unit area had a significant influence on the
index (0.01<CP<C0.05). Statistical analysis was carried out to obtain optimum parameters of discrete element model
of corn stalk, which were contact radius of 1.2 mm, normal stiffness per unit area of 9.361 x 10’ N/m®, and shear
stiffness per unit area of 9.845 x 10’7 N/m?. Under this condition, the critical load of corn stalk was 950.2 N in the
simulated experiment. The critical load of corn stalk was 935.4 N in physical uniaxial compression experiments. The

relative error between simulated and physical experiments was 1.58% . In coclusion, this study showes that the
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discrete element model of corn stalk is reliable and can be used to simulate the operation of the anti-blocking device of

the no-tillage seeder.

Keywords corn stalk; discrete element; critical load; Plackett-Burman design; response surface methodology
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t;, tangent direction; n;, normal direction.

M, tangential moment; M,, normal moment; F;, bonding
force; Ry, radius of bond; Ly, length of bond.
B 1 The Hertz-Mindlin with bonding #Z fi 4% &Y

Fig.1 The Hertz-Mindlin with bonding contact model
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Process of building discrete element model
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Table 1  Simulation parameters of particle and geometric model

ZH A dEN SR BAE SR BE
Parameters Value Parameters Value Parameters Value
T oK il ) 7 R 4 R A 0.078
FORFEAFIR 1L 0.4 || 45 H I/ (kg/m®) 7 800 " -
Coefficient of rolling friction
Poisson’s ratio of corn stalk Density of steel
between corn stalks
FRFEFT-45 B R EL 0. 663
FORAFF 3/ (kg/m®) 470 | 45 BT VIBLRL/Pa 8.0 10" "
Coefficient of restitution
Density of corn stalk Shear modulus of steel
between corn stalk and steel
KRR FF AR 2 R BR . L K FGFE- 5 .22
K R B Pa L 7% 10° TORBEAF KRR AL 0.485 || FORMEAT-45 Y 5E 45 DN 0. 226
Coefficient of restitution Coefficient of static friction
Shear modulus of corn stalk )
between corn stalks between particle and 45 steel
e 0.3 T oK R T e R 42 R B 0.142 || FEKRFEFF-45 1K 3h B 45 F 4L 0.119
Poi ’A o 1 ' Coefficient of static friction Coefficient of restitution between
olsson’s ratio of st
seom s T e between corn stalks corn stalk and 45 steel

() PARLEE (b) K54S
(a) Particle form (b) Bonded form
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Fig. 3 Discrete element model of corn stalk
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1. Compression; 2. Corn stalk; 3. Support base
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Fig. 4 Model of simulated compression test
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Ee=1""F,..

% 2 Hertz-Mindlin with bonding # fif % Y £ #§
Table 2 Parameters contact model of

Hertz-Mindlin with bonding

SR HAE
Parameter Value
Mk 42 X, /mm Contact radius 1.0~1.3
BT BRI R X, /(N/m*) 1~15X 10
Normal stiffness per unit area
HALE Y] [ W X, /(N/m*) 1~15X 107

Shear stiffness per unit area

s BL ik 1) W /1 X, /Pa Critical normal stress 10°~10°

I F4) 10 W F1 X5 /Pa Critical shear stress 100 ~10°
ki 4542 X /mm Bonded disk radius 1.8~2.1
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R H5 e I TE 33 3K 5 38 3 ) 48 2R o DA 42 i o A%
P TR ) W RE A B T AR D) ) R R AR
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R, It 3 BWER 3 KA 17 Yy e 1 1A i 5
PRI AL 1 X8 ) o7 1) 52 e, DR 2R K 0 PR R R K
Wk 3.

#& 3 Box-Behnken X3 F & 57k F

Table 3

Experimental factors and levels of Box-Behnken

K& Factor

KA
Level Xy Hefil 242/ mm Xo o BT AL WML EE /(107 N/m®) X, B 1 ARLD) ) W8 / (107 N/m®)
Contact radius Normal stiffness per unit area Shear stiffness per unit area
1 1. 20 10.0 10.0
0 1.19 9.5 9.5
—1 1. 18 9.0 9.0
JEE 18 A AURE 22 6] A 25 3 18 s DTG 3 1 K S
) EREHF PR SRR = TR IS i
TS B R BT A8 T RN IR B BE ) e A B S
2.1 BREFRRAE oG K FA T AR [ W 12X 10° N/m® B,

1) Bifi 5 22 o A28 398 O, R R 1R 25 SE /N AR R 1
R 3R F T A Ml A2 Rl 2 B ) B L &
s AR AT R (B 5 (a)) . $EEAE N 1.2 mm
A AR R 22 B/

2) Fifi 25 PR TR FR % ) D) JEE I, AE X6 a5 22 5
ANBRJE BRI 5(b)) o 3 2 i B T R ) W
R ity A 0K =2 [ G 45 g 38 o, 5 B0 SR 1 R
B T RR V1A W EE R 1 <108 N/m® B, AR A R 22
/N,

3) i A A T AR Y 1 ) S, R KT 15 25 S8 Uk
ANBR TG B R (R 5 (o)) o 33X g2 B Sk A7 1 AR ) 1) M1

AHX 158 28 e /N

4) Bifi 25 WG S 1) 0L 7 38 s AH X iR 25 1 AR AR
KE S5, G FE 1\ W 3 R 12X 10° Pa B, AHXT
W/,

5) Wi e 5010 1) N2 3 3, A X 5% 22 S S
R AHAR AR AN K 5 (e I 1 8 ok
1X10° Pa B o A X352 22 e /N o

6) i 5 Rl 45 B > A 3G, AR X R 22 JE /N S 1
R 5CH) o 3% 2 PR A Rl 25 B > A2 15 R (1 J00RE K
ZENR S BURF BT LR, KiZE B2 H2 mm
B o FH X5 22 J /D
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W E 60} < 301 W e o60f
o 2 2
EE 40t Z = 201 =3 401
=T =T = T
4= 4= +<
20 10 201
0 0 l | 0 L
1.0 1.1 1.2 1.3 1 5 10 15 1 5 10 15
X /mm X,/(107 N/m?) X,/(107 N/m?)
(a) Fefim A2 (b) SRS I A ) A JEE (c) FAL i AR 1o W EE
(a) Contact radius (b) Normal stiffness per unit area (c) Shear stiffness per unit area
70 7 25 ¢
i ] } or L 20}
e gt T4t oS 15k
w2 w2 = 2
=E 31 =3 3T ZE 10p
m T =T m T
e 2r e 2F ==
516
Ir Ly
0 10° 108 10° 10 0 10° 103 10° 10 0 1.8 1.9 2.0 2.1
X /Pa X/Pa X /mm
(d) Ml 32 ) g () i Ao 1m) )i 7 () KhZsHE A2
(d) Critical normal siress (e) Critical shear stress (f) Bondeddisk radius
X]yXZy"'yXﬁ E@ﬁlﬂ%sz%‘:{\ﬁlﬁlo
The meanings of X7, X5, =+, X5 are shown in Table 2, and the following Tables and Figures are the same.
5 EEEMNYERESHEXEBENRENZIN
Fig.5 Effect of factors on relative error of physical test and simulation test
2.2 Plackett-Burman iz & AT HESN L EERILFEL S, AT IRERMR N
Plackett-Burman {50 45 2R UL 4, X5 45 0. 97, BB RYE FI T 97. 44 %0 MR I 40 s X, 1 X,

% 4 Plackett-Burman if 1§ 5 R

Table 4 Test result of Plackett-Burman

)if X, /mm  X,/(10" N/m’) X,/(10" N/m’) X,/Pa X;/Pa X /mm Izﬁe?ifeie:ry;
1 1.1 5 10 10* 10® 2.0 52.33
2 1.2 10 5 10° 108 2.0 37.98
3 1.1 10 5 107 108 1.9 70. 54
4 1.2 5 5 108 10° 1.9 60. 61
5 1.2 5 10 10° 107 2.0 17.55
6 1.1 10 10 10° 10° 2.0 42.57
7 1.2 10 10 108 107 1.9 8.25
8 1.2 10 5 108 107 2.0 38. 26
9 1.1 5 5 10® 107 1.9 77.30

10 1.1 5 5 10° 107 2.0 74.22

11 1.2 5 10 10° 10° 1.9 28.57

12 1.1 10 10 107 107 1.9 49.51
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REOH S . T Plackett-Burman R 58 358 315 Wi 7 1 25 £ b 35 K A FF 825 1o #52 #1 227

% 5 Plackett-Burman i 1§ /57 2 9t
Table 5 ANOVA for the Plackett-Burman design

kU5 AR R PR iR 22 T1E P 1A
Source Effect Coefficient  Standard error T-value P-value
iR Model 46. 47 1.51 30. 87 <C0. 001
X, —29.21 —14. 60 1.51 —9.70 <<0. 001
X, —10.58 —5.29 1.51 —3.51 0.017
X, —26.69 —13.34 1.51 —38.86 <<0.001
X, —0.16 —0.08 1.51 —0.05 0. 960
X, 4,59 2.29 1.51 1.52 0. 188
X, —5.31 —2.66 1.51 —1.76 0.138

[y P<0. 01, % B 422 fish ~F 42 0 B A7 17 ARLUTD ) ) 2 %ot
FHRT 5 22 1) 52 Wi e i 2% 5 X, () P<<0. 05, RIFBALA i
R ) T e A G R 22 S B XL X AT X
[ P=>0. 05, & RN I S5 3 1a) 17 g L 500 ) 7 g
R 45 B A XA N IR 25 B SE AN B 3 . PRI, 2R R
WE X, X, 1 X, 17 & BE RS 58 Flrp o 416
YA TR o <8l W a7 (8 AR | L AN e T
T 56 R AR B PR 2GR G A SR UK I 3 TR R K
S T R F7 1 X 10° Pa I ST [ R 1 10X

10° Pa AR 4588142 2 mm,
2.3 EBEMEHIKE

e BE P B0 i 25 R 0L 2% 6, v 0 . 380 5 5k
I 6 I AL A Sk 775. 73 i 986. 85 N, E oK
Fili FF 0 33 B 0 e 44 306 1 i A 3 A R 935, 4 NLFE
R 5 5K 6 AL R IX A 2 L i HikE 5 5k
55 6 (A X IR 2ZE RN, L S B 5 5 Al Ee 6 1Y
K K 4 5l A Box-Behnken i 5 Ik 7K “F Fi &
K-

F6 HRERKFRBER

Table 6 The path of steepest ascent design and results

WIS . , llfs S 15 /N XTI 22/ %
Test number X /mm X fQOTN/mD X /0T N/mD Critical load Relative error

1 1.10 5 5 240.93 74,24

2 1.12 6 6 339.12 63.75

3 1. 14 7 7 459. 09 50. 92

4 1.16 8 8 606. 78 35.13

5 1. 18 9 9 775.73 17.07

6 1. 20 10 10 986. 85 5.50

2.4 Box-Behnken i I

FAF B EROTE A S B R ILA G 1T Box-
Behnken 155, 25 2R WL3& 7. XF il 5 45 R k47 101 14
PG5 A5 3 DUAR G54 22 S e WA X R ~f 7))
X, CBASE TG AR 1) W BE D AT X, CRAA7 T AR 1) o) Y E )
Ry AR A ] H 5 R

Y =5.82—3.64X, —0.98X, —2.92X; +

0.93X, X, +1.66X,X; +0.43X, X, +
1.18X%1 4 0. 46 X3 + X§ (8)

Xt [ YA AR Y HE AT J5 22 on A SR IL AR 8. WAL
o] 5 77 P A P GE RO R =0. 97, KW 7 P L& JE
B B P<<0. 01, U B [l U1 7 R A 2 35, RE 6
IR P 25w B A 2 6] R G AR s A A 4 Y
P=>0. 05, R AUTUA 225 . DLW A7 78 ot E 2R
S M W) SO (L s AR A9 — TR I X, A X B R — K
X, W, ORI XT BT XX B

AR [T 051 777 e A 81 % DR 3R 5 B A 0 Ay B
5 07 SR A X 5% 22 5 i 1) ) TR P (L 6D
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& 7 Box-Behnken i1 % 8

Table 7 Experimental results of Box-Behnken

=] K 2 7K A Factor level value FEAF IR 2/ Y
No. X, X, X, Relative error
1 0 0 0 5. 88
2 0 1 —1 9.35
3 1 0 1 3. 88
4 1 0 —1 5.48
5 —1 1 0 9.39
6 0 0 0 6.97
7 0 —1 1 4. 34
8 0 0 0 4.13
9 —1 0 —1 15.45
10 0 1 1 3.46
11 —1 —1 0 13.43
12 0 0 0 5. 65
13 0 0 0 6.48
14 —1 0 1 7.19
15 0 —1 —1 11.97
16 1 —1 0 3.66
17 1 1 0 3. 36
% 8 Box-Behnken B |3 & 975 %= 53 17
Table 8 ANOVA for Box-Behnken quadratic model
KU V-5 H i ¥1J5 F 18 PH
Source Sum of Squares Degree of freedom Mean square F-value P-value
7 Model 209.03 9 23.23 22. 67 0. 000 2
X, 105.73 1 105.73 103.19 <C0.000 1
X, 7.66 1 7.66 7.48 0.029 2
X; 68. 28 1 68. 28 66. 64 < 0. 000 1
X1 X, 3.48 1 3.48 3.40 0.107 7
X1 X 11.09 1 11.09 10. 82 0.0133
X, X; 0.754 5 1 0.75 0.734 0.419 3
Xt 5.84 1 5.84 5.70 0.048 3
X3 0. 89 1 0. 89 0. 87 0.380 9
X; 4. 20 1 4. 20 4.10 0.082 4
2% Residual 7.17 7 1.02
LI Lack of Fit 2.54 3 0. 85 0.73 0.584 8
2R 2= Pure error 4.63 4 1.16

it Total 216. 21 16
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9.0 1.180

(b) Y=(X ,0.X,)

Y g SRR AT I S A A 1 {5 0 A TR A AR X 3 2%

Y was relative error between the critical load test value and simulation value of corn stalk.
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Fig. 6 Effect of interaction factors on relative error of physical test and simulation test
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