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MPa 2T 56 —41 3 H FE 32 R B0 0.52~0.84 B EEE R K0 0.13~0.29, L1 e BUM — B Bt 2 B 56 R AT p
0.002, 1 B iR 36 5 4 PRI A ME R A AT IR 22 AL 2.13% . Sk R—B B S E 6 R 2R 1A, 15 Bk I
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Discrete Element Parameter Calibration for Red Soil with Different
Moisture Contents in Fujian Tobacco-growing Areas

ZHENG Wenxin', LIU Hao', CHEN Xianyong®, QIAN Qinzhi',
PENG Yufeng', LUO Hao', HE Jincheng'

(1.College of Mechanical and Electrical Engineering/Fujian Provincial Engineering Research Center for Modern Agricultural Equipment, Fujian

Agriculture and Forestry University, Fuzhou 350100, China;2.China Tobacco Fujian Provincial Corporation, Fuzhou 350003,China)

Abstract: This paper aims to establish a discrete element parameter model of red soil with different moisture contents, and
explore the calibration methods suitable for red soil with different moisture contents. Firstly, the physical experiments of red
soil with different moisture contents were carried out by using the cylinder lifting method, the repose angle were measured
and the regression equation of moisture content and repose angle was established. Secondly, the EDEM discrete element
software was used to simulate the repose angle of red soil with different moisture contents. Then, taking the repose angle as
the response value, the Plackett-Burman experiment was used to screen out 3 significant factors from 10, and the optimal
ranges of the significant factors was determined by the steepest ascent experiment. Finally, the Box—Behnken experiment

was used to establish the quadratic regression model of repose angle and significant factors, and the relationship model of
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moisture content and discrete element parameters was obtained. In order to verify the validity of the model, comparative
analysis was carried out using the Lang method experiment. The model of moisture content-repose angle of red soil in the
range of 10%-35% was established, and the correlation coefficient of the model was 0.992. The significant factors and their
optimal ranges are: red soil shear modulus of 4.6-8.2 MPa, red soil-red soil static friction coefficient of 0.52-0.84,
dynamic friction coefficient of 0.13-0.29. The P-value of the relationship model of repose angle and discrete element
parameters of red soil is 0.002, and the relative error of repose angle between simulation experiment and physical
experiment is not more than 2.13%. The relationship model of moisture content and discrete element parameters was
verified by experiment, and the relative error between the simulation experiment and the physical experiment results was
not more than 4.25%, indicating that the model is consistent with the actual situation, and the discrete element parameters
calibrated by the model are reliable and effective, which can provide theoretical support for the research and development
and simulation optimization of tobacco machinery under the red soil geological conditions in Fujian tobacco area.

Key words: red soil; moisture content; discrete element; repose angle
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4. Control mechanism

Jai , FIHIHUA J7 e B REROR H HERU A BO(EL (7 2b), Bl THEERANTREREE

R[4k ) R IE VMBS R A B o % g i (LR i 7 Figure 1 A device for determining real repose angle of
{F!'Jf&‘?FE é}%'JESL?i’J{E,YEj\Jﬁ%@}%%O ﬁf%%ﬂ?ﬁ particulate materials
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Figure 2 Process and results of image digitization tool
1223 BEAHH R s P A2 A R SR 7 25 R R 3R R 2R R e A
L JKR 3R 181 E {55545 308 JUA JBURERE A2 119 5 28, 1 AN 304 AN B AR ASE S B2 1, S 2 20
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Table 1 The intrinsic parameters of red soil and 304 stainless steel

R (kg m™) MEL/N:A B A /M Pa
Material Density Poisson’s ratio Shear modulus
ZT4E Red soil (1.3~2)x10? 0.2~0.5 1~10
304 £ 304 stainless steel 7.93x10° 0.3 7.72 x 10*

R2 AESIARFENEMRSHRIKRER S EHTEE

Table 2 The contact parameters and JKR model parameters range of soil and 304 stainless steel

2R A¢IE
Parameters Numerical value
CL-LUR RIS R A 1505
Red soil-red soil collision coefficient of restitution ’ :
LTR-LURM R R E 0.2~1.0
Static friction coefficient of red soil-red soil -
LI LTS R R AP 0.05~0.45
Dynamic friction coefficient of red soil-red soil ’ ’
LTHE-304 TR IR R LG -y
Coefficient of restitution of red so0il-304 stainless steel collision -
2T HE-304 HUHFEE Y R A H 0.5-1.2
Static friction coefficient of red soil-304 stainless steel -
LTHE-304 T Sl BE S R B 0.05-0.35
Dynamic friction coefficient of red soil-304 stainless steel ’ ’

2T 35 fie ‘m2

ZLEJKR RMREJ/(J-m™?) 0.1~1.0

JKR surface energy of red soil

1224 SERAG A X BWEELE SYRHAEHAAAR], 550 K BIE E AR BOE 80 mm-s™,
IFLA600 g- s~ R BE ™ AR - HEORL, S 300 go SRR, fEHIGPU CUDA SolverifEATHELL , A4 [#] 5 iof
] 20K hy Rayleigh i [H] 20K 1920% . FERBLALL AR b, BRR0.1 sPRAF 1B , BT 12 s 1B 1Y
BB NIA3

1.2.3 KI&t

1.2.3.1  Plackett—BurmaniX s M5 S BRIALE FSCHRPEORHZ 1T Plackett-Burmani® 3 . v F Design—ex-
pert AR S , UHERR AR AR A e WA, DA b JE A AS IR 22 B50RI 4 fih 2 5 s 2 s %o ME AR A A 8 35 52 el 1) 3
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1232 mMERILIX I TF Plackett—Burman i I&
SRR AL b, P4 T e BE TR B , #E— 2D Hi E i
TR BUE O R o AR PR A RSO, BERRIE
Pewy 5 1w, d 2k HER AR R/ 4R 5 SR RN 20%
1Y 1 18 3 R A e AH 3T ) — 41, 4 M Box—Behnkenix,

Rriy R K
1.2.3.3 Box—BehnkeniX ¥  7F % i € 3 ik 56 2% B3 (ERAKRE
HAIERE |, 317 Box—Behnkeni® B , @57 & A T 5 Figure 3 Simulation experiment setup
%3 Plackett-Burmanit i F & 4519
Table 3 The factor coding of Plackett-Burman experiment
2 it Code
Parameters -1 0 1
LTIEAR
VI.;&{HT/A H:.A . 0.2 0.35 0.5
Poisson's ratio of red soil
LU B IREE B/MPa | 55 10
Shear modulus of red soil ’
LTERE C/ (kg m™
,IJ%'IJJJ;_ C/(kg,.m ) 1300 1650 2000
Density of red soil
oo HE R
— ﬁ%ﬁ]ﬁfiﬁi%ﬁD _ . 0.15 0.45 0.75
Red soil-red soil collision coefficient of restitution
LTSI R E 02 06 |
Static friction coefficient of red soil-red soil : ’
U727 SRR R R
2L ,Lf%ljlﬁ«ffl;%gﬂ(F . . 0.05 0.25 0.45
Dynamic friction coefficient of red soil-red soil
LTHE-304 MR IR R E G 0.3 045 0.6
Coefficient of restitution of red soil-304 stainless steel . : :
LLHE-304 MR R B H . e 15
Static friction coefficient of red soil-304 stainless steel ’ ' ’
L1304 B EEAE R A
Dynamic friction coefficient of red soil-304 stainless steel 0.05 02 0:35
o1 358 SR BE ‘m~>
ZIHEJKR R THAE J/(J m™?) 0.1 0.55 1

JKR surface energy of red soil

P EAR R AR . EEB (LI DT IR ) (E (LD — 2R FE R R A0 (F (L — 2 Sh BRI A
BOMERE T, DA LE PPN 845 , 8 F Design—Expert X A3 TSR 1T, /K P Qg4

#4 Box-Behnkenit &% it EF 7k

Table 4 The factor level of Box-Behnken experimental design

KV

T : 2 ’
-1 4.6 0.52 0.13
0 6.4 0.68 0.21
1 8.2 0.84 0.29

124 BIERE  AHARAE HIEFRA e I [ 2R AL e 0 S AR 3
e (M 1 75 PR T B £ TR B EARBLIC SR . R B 0 215 52
BRI T LT

2 FER545H

21 AESHNERLLER
211 XEWFE LS mARE A RER T DA T [R] SR AR ) S S KR 2
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Ranges. hRSAIAL, HEERAE M 5P 85 KR K 27.5% %W % 5 R1.629 g em ™ 7£23.6%~31.2%
WP, Sk SRR B

xS NWEMAEHNSKERSBELYE

Table 5 Determination of the moisture content and density data of the red soil

Wi H FEAF 5 Sample number SEIE
Item 1 2 3 4 5 Average
Ak %

= 7.J< Hi% 27.6 25.8 31.2 29.2 23.6 27.5
Moisture content

BRAE /(o -3

B/ (g om™) 1.632 1.598 1.711 1.617 1.587 1.629

Density

212 EEERELMEARA Y EEN A TR RS KSR LI R HERR M, S5 R A5k
HIZRO R T, 24 5 /K A AE10%~35% Z A1, - HEHERR fy 22 Bl 6 5 KR B T g R . e —Fh ok
PRYPRL, B oK A Ry , SRR 8] B4 285 BE MR , i sh Pl , DR HE AR A ok o

®6 AREIEKELFNHERA

Table 6 The repose angle of red soil with different moisture contents

WiH FEAT 5 Sample number
Item 1 2 3 4 5 6
49k %9

KA/ 10 15 20 25 30 35
Moisture content

R
HEBUA/C) 35.953 37.933 39.073 40.203 41157 42,078
Repose angle

146 o YE 92

SR b2 1.483 1.191 1.187 0.496 2.827 1.631

Standard deviation of repose angle

I 6 g A SRR B |

T2 PG, T F KR —HE B A AR .
R,=-0.004x*+0.433x+32.164 (4)

Ao g IS KRR, O IEHERUA

HE ST B RN A R O 2R BK B 0.992, U A il £k
HER I 4. d1 4 7T, B A S KRG, HEAR
AL g
213 RREMEZESH 5 LT A5iHTE Ny
Je B SR BRI AE - ERRAR S0 A QN7 . R TR, 1012 14 16 18 20 22 24 26 28 30 32 34 36
i bk 3 B8 K B OB B4R R 0~0.25 mm, b s PR

Moisture content
- SLUES 1 A —ks
43%,7%0 1 mm F AL 5 LG AL 80% , 75 & — R 4L 4 AR R
R S A

Figure 4 The relationship curve between moisture

FET 5 FLSE PR A (BRI - AL 25 B O content and repose angle of red soil
ZRChr e 8 A R A AR A BROE DR U
FLSL R A EMORE , BRAE JURL B4R RS AG - SEI0RL A2 8 10~50 457 141 ASBIFFE 8 % BRI WURLAT
- SEBUR (A | AR EA T A S P a0 5 1) SR P A G R T 0, 24 ST o - RO A
PRI B 104054 0 015 FCAYORE B4R , FLACDs B HERIORE EL A% M /0 BN 26 8.
2.2 Plackett-Burmanit 3 & R 55

T Design—Expert BAF BRI , A~ R R R HASE , 06 B 545 R ko, B &Mk iras B an
210, AR 9 AT, (i FA K AR 5 RALFIE 9.75~50.38 *Z ], 5 EMERUA S50/ T 25 * 918
LR GYOIBL R B SR - 1KY LU T YR B 255008 H 0 K1 it B 4 HL 0 B BUFR 245
WRT45°,
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xR71 BRNES RS LIIEHAIEE
Table 7 Particle size distribution Table 8 The particle model of red soil
WURL B A2 /mm JE A K% 15 BRLAR /mm SRR S Fl/mm S K%
Particle size Mass fraction Simulation particle size ~ Actual particle size range  Mass fraction
<0.25 43.11 1 0~0.25 43.11
0.25~0.5 20.50 4 0.25-0.5 20.50
0.5~1 17.32
12 8.97 7.5 0.5~1 17.32
>2 10.10 10 > 1 19.07

%R 9 Plackett-Burmanit i FES &R

Table 9 The scheme and results of Plackett-Burman experiment

EEES

o pan HERLSR/C)
Experiment number Repose angle
A B C D E F G H 1 J
1 -1 1 -1 1 1 -1 1 1 1 -1 34.45
2 1 1 -1 -1 -1 1 -1 1 1 -1 48.42
3 -1 1 -1 1 1 1 -1 -1 -1 44.84
4 0 0 0 0 0 0 0 0 0 0 50.22
5 0 0 0 0 0 0 0 0 0 0 47.33
6 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 24.25
7 1 -1 1 1 1 -1 -1 -1 1 -1 19.34
8 1 -1 -1 -1 1 -1 1 1 -1 1 9.75
9 0 0 0 0 0 0 0 0 0 0 50.38
10 -1 1 1 1 -1 -1 -1 1 -1 1 48.14
11 1 1 1 -1 -1 -1 1 -1 1 1 42.44
12 -1 -1 1 -1 1 1 -1 1 1 1 13.25
13 1 1 -1 1 1 1 -1 -1 -1 1 50.08
14 1 -1 1 1 -1 1 1 1 -1 -1 45.03
15 -1 -1 -1 1 -1 1 1 -1 1 1 48.49

FH 2% 10 A AT, AR 104~ BR300 g 1Y p (B B /DB KA T HER Y , BOLLIE Y Ul it ) (B (18 —41
FEIE BN F (L1 3E—21 38 B R 22 850 W g0 245 S 052 i HEZE 1T 3 407, X b i g A8y - (1) 38 B DA
WO, R HIRIRPUR AR I RE R, SR A HE R A AR R 5 (2) ) sl EE 45 AR BRI
JZ A A A XHE S I 8 KT BY 7 TR, A 4980 2 R R X, PRI - S AR A R 5 (3) 0 E
P45 i i EE A R S HE AR AR 0 RN R LG DG 2R TKR 2 18T B G HEFRUAR A s e oA Bk 2, Pl R A i
PUEFEARIRIE I AT S /KR AR L, 5 7K RN HERRUA )52 1) 32 B30 2o ) By DI & 2% | o) i g
PERE KR R RE L5 G R0, X BT YR (1952 ) e R, H & /K SR R85 DI/ )N, Bepy Hal5e v, 5y
VIR IGE KA 56 7 & /K 38X TKR MG A 520 , [F]B o 5 56 1 i EE 482 R AR AR | (Ao e e 4
FHOTHERLA 2 ) RBON 1 HLIKR R B AR . 8 T bt —2R08 , 78 J5 25 v,
B E F PR A5, A R R O RO B A B0.35 . CHU1 650 D HL0.45 .G HL0.45 \H L

10 Plackett-Burmani® 3§ 45 R B Z M S

Table 10 The significance analysis of Plackett-Burman experimental results

i ZEA W R Loyl BEMFS
Sources of variance Effect Mean sum of squares P Significance rank

A 0.137 0.22 0.967 10

B 9.020 976.74 0.043%* 1

C -0.200 0.48 0.951 9

D 5.220 326.37 0.166 4

E -7.090 603.17 0.083 2

F 5.980 428.74 0.125 3

G 1.790 38.63 0.592 6

H -2.530 71.03 0.458 5

1 -1.310 20.59 0.693 7

J -0.348 1.45 0.916 8

RN 5 WL (p<0.05) , F RN 2 A 3 (p<0.01) . R,

Note: * indicates significant difference (p<0.05), ** indicates extremely significant difference (p<0.01). The same below.
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0.85.7H20.2.JHL0.55,
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WG 10 5, B(LLHEBT IR ) | F (LT E—4T HEah e 482 22 800 DN T X MERR A A TE 1) 52, DXLt
W NCI 0 S E B B B AL N, B (20— TS B4 3R 850 DR - X ME AR A A 1) 2 e, DR K I 35
RIS EOE B NBEL D o VA Z AL IEATHERRUA (04 07 BLSE 56, D 0 B3R AR A A3 36 (A A H o0 0
IR (20% 7K R - SEHERU) (AR 220 TEAIADIRIE S OSSR ANk 11, m 3 11 n] A1, 05 B
55 S BRI ) 158 2 S AN e B O A FLER 4 43 A AR XHR 25 B AR (2% ) , R I I 2230 DA 4 41
RIS S ECEE R 0 0, B E F N e R DX ] 43531 R [4.6,8.2].[0.52,0.841£01[0.13,0.29] .

&1 RFRBATREER

Table 11 The scheme and results of climbing test

L s ORI B2z
Experiment number Simulated repose angle Error
B E F

1 1 0.2 0.45 50.488 29

2 2.8 0.36 0.37 46.768 20

3 4.6 0.52 0.29 39.198 3

4 6.4 0.68 0.21 38.310 2

5 8.2 0.84 0.13 36.034 8

6 10 1 0.05 24.449 37

2.4 Box-BehnkenitI& &R 545
42 1 Box—Behnken F A T 7K - F B HAL , 0 AP E & 5k, b7 17 40405 Bl 56, ik 56 % 1 5 4%
RNk 12, B 12075, 05 B IR A 45 1 7E 35.015~44.156° Z [A] .

%12 Box-Behnkeni®Bt FESER

Table 12 The scheme and results of Box-Behnken experimental

e g P TR )
Experiment number Simulated repose angle
B E F
1 0 1 1 40.646
2 1 -1 0 41.596
3 0 0 0 42.524
4 -1 -1 0 41.069
5 -1 0 -1 40.659
6 -1 0 1 41.779
7 0 0 0 41.063
8 0 0 0 42.755
9 -1 1 0 41.957
10 1 1 0 42.425
11 0 0 0 44.156
12 1 0 1 42.159
13 0 0 0 42.930
14 0 -1 -1 39.300
15 0 1 -1 36.730
16 1 0 -1 35.015
17 0 -1 1 41.167

X & 12 R B HEA T IR A 4B, AR AR AR 3] T HERR A — B BT S EOR A 1) Z2 50 ik 1A 7 R an =X
(5), HorZathas Rk 13,
R,=42.27-0.534B-0.171E+1.75F+1.51BF-2.59F (5)
i 13 R0, A58 F (B R 8.49,p (BN 0.002, p {HE/INT 0.01, F/n AR Al 22 Sk by 2, R A i3t
BONG B, I p(E N 0.395, KT 0.05, UL RIS #5047, 44 R ()58 HMEAT . F e IR 3
(p<0.01) ,BF I3 (p<0.05) , HARTIA W 2 . HiRIFEME L (Adeq Precosion) 4 9.669, KT 3, F WL
RUES58 , AT LU S4T30
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%13 Box-BehnkeniXIE# B 77 £ 517
Table 13 ANOVA for Box-Behnken model

TR R i . [T
Sources of variance Sum of squares Degree of freedom P Significance
e .

Model 64.66 5 8.49 0.002
B 2.28 1 1.50 0.247
E 0.233 1 0.153 0.703
F 24.62 1 16.16 0.002 ok
BF 9.07 1 5.95 0.033 *
F? 28.45 1 18.67 0.001 sk
B s
Residual 16:76 1
AT ENTE
Lack of fit 11.88 7 1.39 0.395 Not significant
ey
PR 4.88 4
Pure error
pER i
Cor total 81.42 16
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Figure 5 Normal probability of residuals Figure 6 Response surface of B, F and repose angle
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Table 14 Optimal values and verification test results of discrete element parameters for red soil with different

moisture contents

FIKRI% IR MPa HERRAIL BRI DiEUHERSAC) /%
. Coefficient of static Coefficient of dynamic .
Moisture content Shear modulus - o Simulated repose angle Error
friction friction

10 8.114 0.832 0.139 36.341 1.08
15 5.690 0.836 0.131 37.770 0.43
20 7.839 0.649 0.157 39.518 1.14
25 7.655 0.550 0.172 39.881 0.80
30 6.138 0.552 0.288 41.923 1.86
35 6.614 0.673 0.288 42.974 2.13

TLIRE R B HOCSEUE & o MK IR, 155 3 ARl S OK R LB HOT S MR EH &
FHWI L STy B 7 G, D0 o I RO ME R o BRI A 3 0k, RO, &5 R ANk 15, ik 15
AT X A 30 4 7 RN Ay PR R 1] RN DR 25 AN 4.25% , SR TR B AT EEE . il T
S0 VE 1238 (07 B PR T A 180 £ 48 T A7 B, 5 /K 38— B BT S B R (4 AF X 5 22 A s 1 HE AR
—REHOCS BT . PSR A R DR 2EARAR /D, W S7 AL a] AT 25 O S8

R15 BAREBIERIEER
Table 15 Verification test results of lang's method

R 1 2R KL SR AL PIEHERAIC)  SEBRHERUAC)

Ak By P R : N=|
o 7k$/% 5{5 YIBLAL/MPa Coefficient of Coefficient of Simulated Simulated 22 1%
Moisture content Shear modulus Lo R Error
static friction dynamic friction repose angle repose angle
16.38 6.646 0.718 0.132 36.11 37.26 3.09
22.98 4.722 0.521 0.289 43.18 41.42 4.25
28.76 8.091 0.524 0.198 41.96 43.17 2.8
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