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Establishment of Discrete Element Model and Parameter Calibration
of Alfalfa Stem in Budding Stage

CHEN Tao'  YI Shujuan' LI Yifei' TAO Guixiang' QU Shanmin® LI Rui’
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Abstract: In view of lack of accurate models for discrete element simulation in the current research and
development process of forage harvesting, crushing, processing equipment transportation and cutting, the
alfalfa budding stem with high moisture content and complex physical and mechanical characteristics was
taken as the research object. With the aid of EDEM simulation software, the physical parameters and
bonding parameters were calibrated based on Hertz — Mindlin (no slip) and Hertz — Mindlin with bonding
contact models respectively. Based on angle of repose and shear test, physical parameters such as
Poisson’s ratio, shear modulus, impact recovery coefficient, static friction coefficient, rolling friction
coefficient and bonding parameters such as normal contact stiffness, tangential contact stiffness, critical
normal stress, critical tangential stress and bonding radius of alfalfa stem were determined through
Plackett — Burman test, the Steepest ascent test and Box — Behnken test. The relative error between the
simulated angle of repose and the physical angle of repose was 0.52% . The results showed that the
relative error between the simulated shear failure force and the physical test simulation failure force was
0.86% , which indicated that the calibrated parameters can truly reflect the physical and mechanical
characteristics of alfalfa stems at the budding stage. It provided a reliable model and parameter calibration
method for the discrete element simulation in the research and development process of forage machinery,
and also provided a reference for the research and development, optimization design and power matching
of the conveying and cutting mechanisms of forage harvesting and crushing processing equipment.
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Fig. 1 Measuring device for static friction coefficient

of alfalfa stem
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Fig.2  Alfalfa rolling friction coefficient measurement

device and force analysis diagram
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Fig.3 Motion analysis of alfalfa stem collision
recovery coefficient
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Fig.5 Alfalfa stem compression test
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Fig.9 Simulation model of alfalfa stem shearing
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Tab.1 Physical parameters Plackett — Burman test level

- i
-1 1
H G ZFFAM L %, 0.3 0.6
15 25 FF Y UIA &t v, /MPa 5 30
Y ZE AT T T R R R B 0.3 0.5
Y ST R AT R AR B 0.3 0.5
T 78 5T 18 AR Bl B 4 R R s 0.05 0.25
T TE ZEFF 5RO 18 R SRR B 0.4 0.6
T 2R AR T R 4 R AN 0.4 0.6
A 2R SRR VR Bl BE 45 TR R g 0.1 0.3
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Tab.2 Physical parameters Plackett — Burman test

scheme and results

Gk PR AL #

¥ 5 X,/
X X3 x4 x5 Xy Xy Xg 0,/(°)

MPa
1 0.6 30 0.3 0.5 0.25 0.6 0.4 0.1 34.73
2 0.3 30 0.5 0.3 0.25 0.6 0.6 0.1 34.34
3 0.6 5 0.5 0.5 0.05 0.6 0.6 0.3 35. 46
4 0.3 30 0.3 0.5 0.25 0.4 0.6 0.3 36.05
5 0.3 5 0.5 0.3 0.25 0.6 0.4 0.3 29.87
6 0.3 5 0.3 0.5 0.05 0.6 0.6 0.1 35.93
7 0.6 5 0.3 0.3 0.25 0.4 0.6 0.3 29.95
8 0.6 30 0.3 0.3 0.05 0.6 0.4 0.3 22.72
9 0.6 30 0.5 0.3 0.05 0.4 0.6 0.1 27.11
10 0.3 30 0.5 0.5 0.05 0.4 0.4 0.3 32.83
11 0.6 5 0.5 0.5 0.25 0.4 0.4 0.1 39.94
12 0.3 5 0.3 0.3 0.05 0.4 0.4 0.1 25.05

W
w

138 S # Plackett — Burman X 16 B & M
Tab.3 Results of significance test of physical parameters

Plackett — Burman test results

FrERBE FHM HEE ¥5or F P
R 282.07 8 35.26 19.30  0.0167
x, 1. 44 1 1. 44 0.79 0.4397
x, 5.91 1 5.91 3.23 0.1700
2 19.05 1 19.05 10.43  0.0482°
x4 175.57 1 175.57  96.11  0.0023*
P 55.38 1 55.38 30.32 0.0118"
xg 0.37 1 0.37 0.21 0.681 4
x, 15. 64 1 15. 64 8.56 0.061 2
xg 8.70 1 8.70 4.76 0.1170
k2% 5.48 3 1.83

s RREFRHE(0.01 <P <0.05); #+ RRERBEHE
(P<0.01), TR,
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Tab.4 Steepest ascent test scheme and results for

physical parameters

o W Rikf MR 2
x5 x, x5 6,/(°) 8/ %
1 0. 30 0. 30 0.05 25.02 19.30
2 0.35 0.35 0.10 29.15 6.03
3 0. 40 0. 40 0.15 31.76 2.39
4 0.45 0. 45 0. 20 34.73 11.96
5 0. 50 0. 50 0.25 36. 94 19.08

4.3 YI2S# Box — Behnken X I R 5 451

Tr Design-Expert 12. 0 #{4-+ , Ll Steepest ascent
WGP 3 SOk AR R FIKE,2 54 S K2 )
1 0 AR K S v K F, AT =R =K P Box —
Behnken {50 ¥t , /K08 5 S, M gEAT
17 4L g 22 AT IRk AR 0 B, O AR B S
5 ¥ ¥ 28 Steepest ascent iR 0K E — ., B EME
W SE R IEL S i, B Ir RS54/ WE6
FIR o

x5 BEMWESHRD

Tab.5 Significant physical parameter coding

i 1 %
X3 Xy x5
-1 0.35 0.35 0.10
0 0. 40 0. 40 0.15
1 0.45 0.45 0.20

K6 YIES% Box - Behnken X HFRS5HER
Tab.6 Experimental design and results of contact

parameter response surface

S RIEf AR
K
X3 Xy Xs 6,/(%) 8/ %
1 0.35 0.40 0.10 29.59 4.61
2 0.35 0.40 0.20 31.77 2.42
3 0.45 0.40 0.10 31.32 0.97
4 0.45 0.40 0.20 33.45 7.83
5 0.40 0.35 0.10 29.17 5.96
6 0.40 0.35 0.20 30. 47 1.77
7 0.40 0.45 0.10 31.47 1.45
8 0.40 0.45 0.20 32.98 6.32
9 0.35 0.35 0.15 27.58 11.09
10 0.45 0.35 0.15 28.34 8. 64
11 0.35 0.45 0.15 29.47 4.99
12 0.45 0.45 0.15 34.13 10. 03
13 0.40 0.40 0.15 31.28 0.84
14 0.40 0.40 0.15 31.87 2.74
15 0.40 0.40 0.15 31.48 1.48
16 0.40 0.40 0.15 31.40 1.23
17 0.40 0.40 0.15 31.59 1.84
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0, = —29. 14 +48. 27x, +216. 72x, - 57. 66x; +
390x,x, — S5x,x, +21x,x, —226. 8x° —
430. 8x; +230. 2x; (13)
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Tab.7 Variance analysis of Box — Behnken test for

physical parameters

TR CEHM O AWmE B F P

LAY 46.92 9 5.21 18.09  0.0005*
s 9.75 1 9.75 33.83  0.0007*

x, 19. 50 1 19. 50 67.68  0.0001*

X 6. 34 1 6. 34 21.99  0.0022*
3%, 3.80 1 3.80 13.20  0.0084*
3% 6.3 x10 I 6.3x107*2.2x107% 0.9642

Xy % 0.01 1 0.01 0. 04 0.850 5

2 1.35 1 1.35 4.70 0.065 8

x; 4.88 1 4.88 16.95  0.004 5"
2 1.39 1 1.39 4.84 0.063 7

B 2% 2.02 7 0.29

2k 481 551 1.82 3 0.61 12. 05 0.18

ali iR 2% 0.20 4 0.05

¥l 48.93 16
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Tab.8 Physical parameters of alfalfa stem repose

angle verified by simulation of discrete element

S8 B fE
LR E L RIEE /A 0.45
AIA AL o 0.30
H A5 25 FF 5T YA &/ MPa 17.5
4t 35 DI A A/ Pa 7.94 x 10"
B LR E/ (kgem ) 996
AR/ (kg-m ™) 7 850
ER-EN IS E R0 E LS E S 0. 44
T 15 ZE R 0 25 e 4 TR 0.39
G 2T T 2R AT VR B R R 0.13
TG 2SR 1 R S R 0.5
7 25 FF AR EE 12 PR L 0.5
T 15 ZE R4 R g B 5 TN 0.2

5 MESHRE

5.1 BYIRIR N 7S 8 iHiE

VB 25 e kB g L D) 1) i W
o S W Y xS R ) x, RS SR AR
x5 1K BB fE 25 0 E 7 28 R PR AL 45 2 B
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Plackett — Burman 125 , 57 & i X5 55 U7 % IR 07 52 i) I
FZSE, R ® A N =11 [ Plackett — Burman 1%
T, B 6 AR 2200 S5 S Kk
A0 FL A I — 3, 6 ) 42 ol W0 BE w10 1) 2 ik Y 2
%y M S T e FEED RE T) w, 2 2 S AR
ZERT AW IG5 A VA N T S AF 5 SR A B
TR A B Re R B 8 0 ORG 45 AR L 0. 48 ~
0.52 mm, JUEVE R NZE 9 i, K RS54
W10 s, Jr 2250 sk 11 s .
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Tab.9 Bond parameters Plackett — Burman test

value range

. — %l :
W AR %o/ (Nom ™) 1.2x10°  5.8x10°
DI i B2l R 0/ (N-m ™) 1.4x10° 6.6 x10°
I #3518 )3 77 %,/ Pa 1 x10° 6 x10°
It 91 1l 137 ) x,,/Pa 9 x10° 5x10°
H 45242 x,5/mm 0.48 0.52

5.2 #4445 Steepest ascent iR 1§ 1% it
AR P8 XKL 45 2 40 Plackett — Burman 3, 56 25 51 i
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Tab.10 Plackett — Burman test protocol and results for

bonding parameters

5= xg/ X0/ xy,/ X,/ x5/
71 Fo/N
(Nem™") (Nm™") Pa Pa mm
1 5.8x10° 6.6x10% 1x10° 5x10° 0.48 48.83
2 1.2x10° 6.6x10% 6x10° 9x10° 0.52 42.81
3 5.8x10° 1.4x10%° 6x10° 5x10° 0.48 39.52
4 1.2x10° 6.6x10% 1x10° 5x10° 0.48 47.54
5 1.2x10° 1.4x10° 6x10° 9x10° 0.48 48.48
6 1.2x10° 1.4x10% 1x10° 5x10° 0.52 35.51
7 5.8x10° 1.4x10%° 1x10° 9x10° 0.48 52.14
8 5.8x10° 6.6x10° 1x10° 9x10° 0.48 34.86
9  5.8x10° 6.6x10° 6x10° 9x10° 0.52 34.87
10 1.2x10° 6.6x10° 6x10° 5x10° 0.48 36.33
11 5.8x10° 1.4x10° 6x10° 5x10° 0.52 53.21
12 1.2x10° 1.4x10% 1x10° 9x10° 0.52 35.76

& 11 ¥4 5 % Plackett — Burman {3 R %
Tab.11 Results of significance test of Plackett — Burman

test results of bonding parameters

JiEKIE M AmE Oy F P

HE A 550. 81 5 110.16  41.39 0. 000 1
%o 24.08 1 24.08 9.05 0.023"
Xy 31.30 1 31.30 11.76 0.014 "
X, 0. 028 1 0. 028 0.011 0.921
X 12. 04 1 12. 04 4.52 0.077
X 483. 36 1 483.36  181.6  <0.0001**
2 15.97 6 2. 66

R 566.78 11

7 0 35 PEAS 6 T, A A 22 AT BT U0y FL e, 1k
T 22 fih DO B8 g (U0 ) 2 SRR JBE o R 2 AR w0 B
DI A . s, e S HeE w B, L3
R FEESHO R R, DL DIk R g #0555
ISR 71 55 Wy 3159 U1 0 3R T 19 R X % 22 O P A0 45
b, #EAT Steepest ascent R4 o H B W H/INY S HL
IRy B 56 0 2 (e DK CSF B, 3.5 % 10° Pa
%, 2. 95 x 10° Pa, K 455 %0 Steepest ascent if, 56 J7
LML RWNFE 12 Fir,

R 12 th45 S ¥ Steepest ascent iR HFESER
Tab.12 Bonding parameters of the steepest ascent

test plan and results

HE
o DIREIR  AHX) %22
Fe X9/ X0/ x5/ |
Ji Fy/N /%
(N-m™") (N-m™") mm
1 1.20 x10° 1.4 x10® 0.48 39.21 9.34
2 2.35x10° 2.7 x10% 0.49 41.84 3.26
3 3.50 x10° 4.0 x10* 0.50 43.82 1.31
4 4.65x10° 5.3x10° 0.51 45.56 5.34
5  5.80x10° 6.6x10° 0.52 47.72 10. 34

4G 25 280 Steepest ascent iR 56 25 B2 0] 1, 7 3
GRS AR R 22 B /)N, BT DA ARG IXC 0] LA 3 45
KB R 3 Sk Pl s 2 SR 4 5
K3 B R AR ST K R AT I S RS 25 280
Box — Behnken &% .

5.3 #4455 %] Box — Behnken i I§

1E Design-Expert 12. 0 #f4:r1, LL Steepest ascent
WGP 3 ZKPAE R 0 K ,2 5 4 5 K2
1 0 IR K S v K F, AT =B R =K P Box —
Behnken {5 Bt , 0K E S R, LG
A7 17 £ A6 AT BT DR g 0 e, AR i 3
P2 B 5 K 45 2 5 Steepest ascent 18 55 B 5E — .
WERSE S B RmSNE 13 iR, R R54%
RUNE 14 s,

K13 BEUNESHRT

Tab.13 Significant bond parameter coding

i Gk
xg/(Nem™") x0/(N-m™") X3/ mm
-1 2.35x10° 2.7 x10* 0.49
0 3.50 x 10° 4.0x10" 0.50
1 4.65 x 10’ 5.3 x10° 0.51

* 14 thZ55 % Box — Behnken i Is AR 54 R
Tab.14 Scheme and results of Box — Behnken test for

bond parameters

Ak WUIREIR AN 2

75 X9/ X107/ X3
J3 Fo/N a/%

(N'm™")  (N-m™") mm
I 2.35x10°  4.0x10° 0.49 38.32 11. 40
2 2.35x10°  4.0x10° 0.51 42.65 1.39
3 4.65x10° 4.0x10° 0.49 40.79 5.69
4 4.65x10° 4.0x10° 0.51 44. 05 1.85
5 3.50x10° 2.7 x10" 0.49 39.12 9.55
6  3.50x10° 2.7 x10° 0.51 41.51 4.02
7 3.50 x10° 5.3 x10% 0. 49 40.27 6.90
8  3.50x10° 5.3x10° 0.51 42.94 0.72
9  2.35x10° 2.7 x10" 0.50 41.56 3.91
10 4.65x10°  2.7x10° 0.50 42.38 2.01
11 2.35x10°  5.3x10° 0.50 41.91 3.10
12 4.65x10°  5.3x10° 0.50 44.51 2.91
13 3.50x10°  4.0x10° 0.50 42.42 1.92
14 3.50x10° 4.0x10° 0.50 42. 68 1.32
15 3.50x10° 4.0x10* 0.50 43. 64 0.90
16 3.50x10° 4.0 x10* 0.50 43.78 1.23
17 3.50x10°  4.0x10° 0.50 42.17 2.50

% F Design-Expert 12. 0 {4 %) Kl 45 250 Box —
Behnken 350 25 R iE 17 7 22 43 07, 4r B 4 R 3k 15
N T S I TS [ DN E 2
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Tab.15 Analysis of variance of Box — Behnken test

for bonding parameters

JrEKI PR HRE ¥r F P
] 40. 58 9 4.51 13.44  0.0012*
%o 6. 64 1 6. 64 19.79  0.0030 "
%0 3.2 1 3.2 9.54  0.0176"™
X3 20 1 20 59.6  0.0001"
X1y 0.79 1 0.79 2.36 0.1683
XX )3 0.29 1 0.29 0.85 0.3865
X10% 3 0.02 1 0.02 0. 058 0.8160
x5 0.12 1 0.12 0.37 0.561 1
e 0.43 1 0.43 1.29 0.294 0
P 8.95 1 8.95 26.66  0.0013"
5% 2.35 7 0.34

Je 4930 0.83 3 0.28 0.72 0.5883
afi iR %% 1.52 4 0.38

Jo¥ii] 42.93 16
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560, W LA T 85 Ui SR Oy g w45 B E fE 2
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F,= -3964.3 +10. 85x, — 1. 26x,, + 15 795. 5x,, +
0. 3x,2,, —23.26x,x,;, +5.38x,,x,, +0.05x, —
0.25x, —15577. 5x., (14)
DLy S50 B ) 6 )1 #4941 (43.25 N) S H
PRAE, 0 Design-Expert 12. 0 #1F B 48 AL B2 3, %f
TR BNEAR K (14) SEAT AR R A 75 B0k ) ik
WIEE g U Il 422 Ml NI BE ) DRSS 2142 o, B B I 228K
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Tab.16 Experiment parameters verified by discrete

element shear simulation of alfalfa stem in budding stage

28 B

W B R/ (N-m ") 3.57 x 10°
) 4 R/ (N-m = ") 4.01 x10®
Il 53 1w 13 J) / Pa 3.50 x 10°
Il 551 1w )3 71 / Pa 2.95 x10°
K424 /mm 0.5

6 ZEig

(1) 38 20 Wy 380 0 45 4 I 78 01 25 AP 3
%K 3 mm, % BE R 996 kg/m’ | K Z K 78. 4% |, L),
KB & R BT ORI IR L CE TS A E A AT
ill 5 A 52 2% 00 L R A TR B TR Bl R A TR B, A 22
Tl 8 5 7 0 e B 4% DR B IR Bl B 4 DR K
O A D = o 5[ = = S S O N =
31.02°, ZEFF i KRBT UTREIR 17 1Ml hy 43. 25 N,

(2)IAMS LG 5 YIS 6 | A 25 FF 89 B Al 4 4K
O FR K00 TR A TR BSUR TR 3 g 458 TR BSORT AR LR A 5% il
BN, HH EAE 4> Wk 0.45 17.5 MPa 0.5 .0.5 .
0. 25 1 1 Z5FF — 1 £ 25 FF 0l 188 WK &2 3 8K, e R 452 T
B TR B EE A RO R R S A W S T AR
1E A W TR A AR LR Ok A PR T
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0.44.0.39.0. 13, F FH 15 31 i 4 B 2 500 57 (7 HO A5
R AT R A £ 05 B, £ 45 R 5 S0 (B X R
250 0.52% . VWA B9 B S E0E s T A5, Pr g
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2%,

(3) I 5470 ) 37 Sy I S92 1) R g %o B 4] 1 3R

SR &, R EH 4 5N 3.5 x 10° Pa Al
2.95 x 10° Pa, 2 [in 42 il Wi B | 110 i) 2% fok 1 38 R0 4%
AN B YRR ) A B s, ST B DR 3K ) )
W WA AR R DL BT ) R ) B 3 5 T (E
(43.25 MPa) Jy H AR AR, D010 oK il 45 3 5 18 2251 1%
li 422 fish W B8 R 3.57 x 10° N/m 5] i) 2 fish Wi 2 oy
4.01 x10° N/m K§ 45242 0.5 mm, ] A4k 2R
il T A 0 (0 RG 45 2 O B A ZE AT 3R AT S 80bR 8,
T8 U105 B, 52 br 85 U1k 96 5 0 285 U1 56 19
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