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Hysteretic Spring #EMMAAY, 5001 1 HIBIEA R4

TGRS 710G LT IR ROR K B AR S R f . T S
#1285 H] Hertz-Mindlin with Bonding #8237 7 &tk
IKFG LI RIABHE RS BT . B4R Hertz-Mindlin with
Bonding 425 84w DAFH SRASAURG 25 Fkr, {H 2 2 A
MBI/ “IRORE ) Ri4h, & T HARE L
FUE A SRR T kB HR T —Flbs 2 ¥ - Bk
MEAEASHRI T, &5 EAE AR ER A R AR i Bk
Vo LRI R R AR R AL IRE RS SHO TR E,
Vb L RURL ) B8 BT AR Y S Hoh e R AL T IME Y
B%, FRRBSEWRE TP T, A The
Edinburgh Elasto-Plastic Cohesion Model (ECM) ¥ {%
P fb A Y 2 R IR R Al AR, AR IS I s HEAR

KBTS B S B B o IR, i E T
B SRR, S5 BURESECN R &, DLE
E8 B A AR A I AT 240k, ECM B2 —
Fioks IR SV N R RaE AR 1 E T EAE N
AL AR, & THEC I8 AR 0 4 )
AR SR A SE SR A5 (hysteretic spring contact
model, HSCM) FIZ AN 5 7188 (liner cohesion model,
LCM) %4, @57 7 Padb 5 Xk Ay, X 30
WL [ ()0 PE AR R B TR B BE M S O 1 B i P 4 O
ZHOIAT B HUTHRE

_E3& EDEM A Hh Bl RS R 22 3 F T R IR 55 &
IKFER A EIEERL, b+, BREEEEAZE, WXt
TARIEH X ARG B A 1, ORI () R0 1 28 1
EIZE KT e URL 2 [ () SRR AR, L 3RSURL 2 AR 45
JIECR, IR A G A .

RSP T L BRI 45 R, RAHE
Wk A k45 716 “Hertz-Mindlin with JKR Cohesion” $fih
R AT IR 7 BRSO 25 ROk 45 ) 1) - 33
Koz RIS E N JKR RINAES . KB RE. HiE
BERB SR BEE R BOT MR M 2 8hr e, W5
BOUE 7 JKR 84 R] DUR SRR B /K S s i i e 7 L
B RS BRIAT R IL, XFTARICHLIX () B R L,
TIEFLIR R, k2, WHER GRS, LIBENRER,
PR AL = EAEYIBOR AR B 7K 2 —RAE 10%~20%
Z I8, Fenl TR AR R, HE/KEE R, R
VR AT AR, ik b 50 ) LRGP ™ 8, B
YERE IR, ™ BRI A 7 2R .

ASCHTAT ORI, TR RE TR 58, & KE
R 20%)5, FHE SRR TRV, R I
PERIR R, 7ESEbRif it FE b R I, & /KR 12%
e, HIERURLZ A K ARBCATEE R FIERM SR, Hik
AT, 0T REE R, RN ) B RG 2 ) a2 0 A
MEEME R B, ASCHRYE ARG X P 5= 8 LR
PE, BCE 2 MEKENFER L, 78 EDEM2.7 iF-F &
b, BE TR )RS 45 77 1) “ Hertz-Mindlin with JKR
Cohesion” AR, RHYERIE 507 BRI AH 45 511
JiiEs A RIRE KRN 12.46% 1% 17.15%+ 1%HI %

BB BT R A ER56, 3T Box-Behnken HMWi N
AL T7 7%, KA A5 7K 28 50 E B - O  [] [ B2 A A
R ESHA TR e, St 4 FE/KRPBELE L5 3 F
fih AR (B AR B I S e SRR 65Mn B2 2 FRIG
K AEMEHE S 2 T 2% LM% (UHMW-PE) FIR DI 4
1% (PTFE) ) IR EEE RECHAT IO 2, FEAE b EEA
R B AR T, S KR T (KR
17.15% £ 1%) FIZEEE 5 2 Zdu A o -+ 54 44 )
(65Mn A PTFE ) HIEAER S8 ThRE, U
WAk — DA T AR AL X 2 2l S K R 1 B
T 358 5 ik S 2 1) AR LA PSR B B O BT R
WIFERE S, I fih A 3 A Yol B BEL A7 A 15 T $ 22
T ESH .

1 HIRFRE] AR B S AR E

1.1 BERARBIAYIEEL

Hertz-Mindlin with JKR Cohesion #HY 2 — N5 77
FEMOBEAY, iR AE Hertz #EMFRIGHOREA E45 4G
JKR #i, eIk DR &5 S iRz s e, &
FH RSOOSR R e s 7K 20 58 D DR R 2 A S i 4 0 ]
BWel, R EyAane &P 5 S KRB mE
FEEA, BT A E g i SRR 2 TR
KEB A7k, A SC%EHL Hertz-Mindlin with JKR Cohesion
MER RS AR IR 2R 1, AR AT B Al T S 5 b
€. I Hertz-Mindlin with JKR Cohesion f2 /il B F LR
WURLIN, 4 2 ANRORLA T P 75 10 Bk TR AR R T 5k
1y AEE A, (D .

Fyou = =217, c0s(0)[R R, (1

K Fouton K 2 AR FF TR 171, N 0 REfb s,
(°); R AMRLF-AE, mm.
1.2 RBSHABRIRE

WFE KRR EAFEE L, Pkl mRR4E e
R ol 3R RL 2 TR R &5 ) % B S FERT R,
7t EDEM JKR A5 7 v F 3% [ e R R A BURL 2 8] 5k 5
fish AR Z TR BE S 7
1.2.1 RIEMHA L AR A4

TG R SR B A R R, s
RUONSA A AE 2 4, IR MERR SN 1.07 kg/m®, N
7 AR I S W SEBRAE Y R, RN S IS
KRG SESRE R NS KR ER, DL 2 By
K ZR ()3 R O SRR AT B O S URL A A5 R [
SRR E, BIIA SCR I ECE 15 KA 12.46% £ 1%A0
17.15% + 1% 36 5 2 o9 Rt AT HER i Eikes . +
B AMESHOEE B 1 B SLB-1 B 778 AF$ ) 5
ARG, R IR 1 PR,
12,2 BIEERAMIERE

ARG AD IR 2 AlICH SRR 12.46%+
1%M117.15% £ 1%MF 24, Bk 2 skt e,
FIFH TR AMRIFE{Y (Leica DISTO D3a /0.1yl &84
PR IIMER A, BEHLIERZ) 5 AT S SR A, BCF
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PIEAERGER, SRS 3 R, TS 2 B KR,
S (HERUAR A ) 40.92°+0.11° F144.15°+0.11° &

=ik A

Triaxial tester

A1 BRAROK
Fig.1 Soil parameter test

Stacked shape

B2 HIEMEARA N
Fig.2 Soil repose angle test

1.2.3 3R AGARBAEN &S

2% HR[221/1 1%, {E EDEM 2.7 844 rp 3 57 HEAR
AGEBET ., KT ERN 150mm, JKHEEN
30 mm, =4 200 mm, BEENEMRCA 400 mmx400 mm 1]
TTTEAR o IR HIR S HORHECAR R #E 85 2 400 mm. K FH i
ML A 5 A R 3 ok, k2 E N 2~4 mm,
i A ZHRE TN 1.

F 1 TIEHEFMA EDEM HESH

Table 1 EDEM simulation parameters of soil repose angle

okt e A SR
Materials Parameters Values Source
. P kg-m 15164 M
Jh :)4 \g m ;JJE
Soi HEE /NG 0.46 e
oil O R
B E/MPa 1 SCHR[24]
kg m 2.1x10° SCHR[25]
PTFE AL 0.4 SCHR[25]
By P R/ MPa 100 SCHR[26]
P kgom 7 861 CHR[27]
65Mn THRA L 0.29 SCHR[28]
B i/ MPa 7.9x10* SCHR[27-28]

1.3 FREREE T

HR A AN 7] 55 7K 26 14 1) 6 B 28 0k 2 [A) FRORG 45 14
BT, MWOERURLZ (A JKR RIERESH. WKIE RE. P
Vi RBONTR BN BEARE R B R Febr € MR 25, R
F e BT AG Ak J7 v, BAHERR A O i B fe bR, AR
Design-expert # & L, iZH Box-Behnken J7i%iE4T
I & it, 2% EDEM @ AR B 5 R 2 GEMM
( generic EDEM material model database, GEMM)H -3
WORLIAH R 3L, 456 07 FUIAES 1 45 R % SCHR[22], HE
R FOAES R R KR B WK 2 Fr.

*2 tEERANERRERRKF

Table 2 Factors and levels of simulation test for soil repose angle

KR Hiife WHEARY e N
o OKRERE WEEM e aw mammRN
K JKR surface  Restitution RS A

. Static friction  Rolling friction
Level energy coefficient . .
) coefficient x3 coefficient x4
xl/(J'm ) X2
fiAcr 4.00 0.35 0.40 0.05
Low level
LK 7.00 0.57 0.70 0.17
Central level
7K
High level 10.00 0.80 1.00 0.30

£ EDEM2.7 A 67N, 735 INETH ) X 77 R A Y
J7 A HE Fr, F N CAD B bRy 3R A P, Sk
W 4 DR, BCFSE, TRRREIRINE 3 Pror.
#*3 HRERAMTERAREHTRER
Table 3 Results and simulation test design for soil repose angle

oo JKR EFIRE MERE . ¢ e P %
ey KR surface Restitution R RE  REEERE R

Test . Static friction Rolling friction ~ Repose
No. energ)fz coefficient coefficientx;  coefficientx,  angle/(°)
x1/(J-m™)
1 7.00 0.57 1.00 0.05 24.36
2 4.00 0.80 0.70 0.17 36.23
3 4.00 0.57 0.70 0.30 43.07
4 7.00 0.57 0.40 0.05 23.85
5 7.00 0.35 1.00 0.17 40.7
6 7.00 0.57 0.70 0.17 29.94
7 7.00 0.35 0.40 0.17 43.59
8 10.00 0.57 0.70 0.30 52.95
9 10.00 0.57 1.00 0.17 36.00
10 7.00 0.57 0.70 0.17 30.82
11 4.00 0.57 0.40 0.17 30.37
12 10.00 0.80 0.70 0.17 27.99
13 4.00 0.57 1.00 0.17 28.81
14 4.00 0.57 0.70 0.05 20.39
15 7.00 0.57 0.70 0.17 31.41
16 7.00 0.80 0.70 0.30 31.75
17 7.00 0.57 0.70 0.17 32.88
18 7.00 0.80 1.00 0.17 22.57
19 4.00 0.35 0.70 0.17 33.12
20 7.00 0.35 0.70 0.05 28.58
21 7.00 0.80 0.70 0.05 12.73
22 7.00 0.57 1.00 0.30 39.44
23 7.00 0.80 0.40 0.17 24.64
24 7.00 0.57 0.40 0.30 49.48
25 10.00 0.57 0.70 0.05 26.33
26 10.00 0.57 0.40 0.17 42.08
27 7.00 0.35 0.70 0.30 48.64
28 10.00 0.35 0.70 0.17 47.8
29 7.00 0.57 0.70 0.17 32.58
1.4 TEERAHERBERS O
1.4.1 3gRAEEER

7 2 BATHERR A 05 SR, o e Rt AT el
A2, SRR 4 PR, 8 EdE 1 2 oo
[, 7530 28 J0 Rk R L A HERR A [l Dy

y=31.53+3.96x, —8.18x, —2.38x; +10.18x,

=5.73x,x, —1.13x,x; + 0.99x,x, +0.21x,x,

—0.26x,x, —2.64x,x, +4.01x7 —1.25x +2.60x;

+0.15x; +4.01x7x, +0.47x]x, +2.15x7x, —2.35x,x]

+0.77x,x7 +1.14x;x, —0.41x;x, —1.09x,x;

+2.01xx; —3.82x/x;

FHTFE (2) HIE 2B R = 09977, KIEURE 230

(2)
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Adj-R*=0.983 8.

HH# 4 "%, A P=0.000 4<<0.01, BiRHiZHER
RSB 2 2 AT DAARE 12 AR 0] HER A 1EAT Tt -
754 MRIBNERF, x x~ x50 x, BIRHHER A SO0 2%
BEMRERKK A x, > x, >x, > x, s HF x x x XHER

SEMAR s xo, WTHERURSUIRA 2, xp o, XY HERR A
B RE, HRERWNZHHEBIALE: xS HER
ARG, x]SR, ORI X7 B A
B3 x)x, WHERUREIR R, HREEN K75 —
DT HAE RS RSE . xx] R, HRERM
ZRITHIE HAE AN

F4 TEERAEIERNHESH

Table4 Variance analysis of regression model of soil repose angle

T3 2R A R ¥
Variance Sum of Degree of Mean F P
source squares freedom square
Wi Model 2 573.47 24 107.23 71.83  0.000 4
x, 62.57 1 62.57 4191  0.0029
x, 267.98 1 267.98 179.50  0.000 2
X 22.71 1 2271 1521 0.0175
X, 414.33 1 414.33 277.53  <0.000 1
X%, 131.33 1 131.33 87.97  0.0007
XX 5.11 1 5.11 342 0.1380
X%, 3.88 1 3.88 260  0.1822
X, %, 0.17 1 0.17 0.11  0.7541
x,%, 0.27 1 0.27 0.18  0.6923
XX, 27.83 1 27.83 18.64  0.0125
X 3291 1 3291 2205  0.0093
x? 6.62 1 6.62 444 01029
x? 28.53 1 28.53 19.11  0.0120
x2 0.099 1 0.099 0.066  0.809 6
x'x, 32.16 1 32.16 21.54  0.0097
x1x, 0.45 1 0.45 030 06135
xx, 9.22 1 9.22 6.18  0.0678
x 12 11.00 1 11.00 737 0.0533
X1 1.19 1 1.19 079 04232
x2x, 261 1 261 175 02566
x2x, 0.33 1 0.33 022  0.6617
x,x2 2.35 1 2.35 158 02775
xix? 4.03 1 4.03 270 01757
x7x; 14.59 1 14.59 9.77  0.0353
P,
Pu':);fo ) 5.97 4 1.49
JEAT Sum 2579.44 28
1.4.2 FRRIAKENFEZ LKA SHMALIRIE

81T Design-expert FAFFIARAGEEL, DL 12.46%+1%
KRR E R LR HER A 40.92°08 H bR HER
SRR AT T4, SR AR i, R 1 K
R IEUF X LA, IS PRI 15 B 1 T 3R
AL 1 A, B (Al TKR 21 fg
746 Jm’, WK F%00.56, FHEEERE0.78, RBNEHR
#00.22, MAUALME T RIMERR MR R N 4031°, H5Y)

FRARIG 25 B AR 25N 1.49%. B 3 yHERR M5 B 56
Y ot th. B 3 aTRUEH, TS
B Bk, MR 5 R A 2 4 R A
FARIE . 7E RIEEURIER AR E I 4 NSRS, ¥
W) 5 ik 2 AR VR B B 2 4, LR MK R 40 R T RE
SR WTEKE 12.46%1% B E L+, (fESHLE
— RE YO [ P B 24 e SRS AR B G HE AN A R E VU 2
PIZE SR, 15 B4 IR SR04 I A X IR ZE1E 2.5% AN,
RIVRZh EE#E R BUE 0.2~0.24 2 7], JKR 2% [ g 6 [ 7 6~
8 I/m> 2 I8, PKE ZBAE 0.45~0.6 2 [a], B R
0.65~0.9 [l [FRIEE, XF T 7/KZ 17.15%+1%M 5 H B
+, UL 4415 MER AR B bR, B 2849 3 H 3R] JKR
RIMAESEON 8.41 Im?, HIRFR KR RECN 0.5, B
EEVR ZEURECN 0.8, LR RSN EHR R ECN 0.23, F)
Iz 2 BORAS I HERR £ 07 00 45 SR 5 P ik 56 45
RAE M ERAMEE EY AR A . FIEE, 1931
IR 17.15%=1%55 B L ESENEHE, RSIEER
HAE 0.22~0.24 2 [A], JKR FIHRETERETE 7~9 J/m® 2 |,
RE ZHUAE 0.45~0.6 2 [H], B PEHE R EAE 0.65~0.9 Z[A],

1§ iR Simulation test W) FERIE Physical test
a. 7KE 12.46%
a. Moisture content 12.46%

By
(R,

> N
Wb adsrd 20y SELG]
A A el

o SFETATIC T

~gw.f»:;
P)FEIRIE Physical test

1§ AR5 Simulation test
b. FIKFE 17.15%
b. Moisture content 17.15%
B3 FEAKELRTLEERAG ALY R GEH 1L
Fig.3 Stacked shape comparison between simulation and physical
test of repose angle for clayey soil under different moisture content

2 IRSTRMEBHERIEMRESRIRE

2.1 MR5E%

N T LR 2k E B R X ik S 1 ek B BB AR AL
R AR BT R AR AT S0 B4, AE 1.1 W R
A F, Bt 78 fod L3RR KL 65Mn AT 2 Aokl A4
G T8 8 2.0% UHMW-PE A JU4 2.0 PTFE)
K FH i BE ARG 4 Fh 7K S 1) 286 2 2 ko i A i
AR R R R R A, PR TR RIS R, RA
FHEIRIFR E R KR (FKEN17.15%+1%) HIZHE
A 2 PR Y fid AR (65Mn A PTFE) B HK
Tl B4
2.1.1 BIEHBEERE

T IERTAS [F) AR i R 4 R AU I3 A
BEZ ERREA R, AN TR R, H2
-3 (B K R L B A R R R0,

NT AT ERRE, $Em i BRI 58,
TS AR B R At A 4 BTN IR EE R
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AWM. AT kAR E S KRS HA 0, 12.46%,
17.15%F1 23.5%[1) 4 FiZE2E 1, #l 1 cmx1 cmx1 cm
B, BEUORIGRT, ARUE B &K R A S, iR
FEPEHITEE Yo . BEFR /KR I R H 2R 3 E K 20 K,
IR AR TH S B A R b BN W B AR R, JE R
X (3 ~ () HHESBIX NI EREEE R, BCFE
VRN

F =Gsiné
F, =Gsiné
FE-f=0 (3
F,-N=0
S =uF,
f . Gsind

tan @ 4>

ﬂ:E:E: GcosH:

X FARS), No E,REDL, N5 GRET, Ns f R
JE¥ED), N: NASHET), No oy NREHERE: 0RK
JES R, (°)e

s fuh - b e

Inclinometer Soil contact material

ey
AT

Test bench

a. ARG b. S R
a. Static friction test bench b. Principle of static friction test
W PRI, N: BT, No GAET), Ny fAREET, No N AL
#71, Ny 0 RRBESRTRSA, (). BNREKE, mm; HARTARG
f£, mm.
Note: F;is tension, N. F; is pressure, N. G is gravity, N. fis friction, N. N is

support force, N; 6 is angle between base and slope, (°). B is the base length, mm.

H is the height of the slope end, mm.
B4 #EERESALNERE

Fig.4 Static friction test bench and its measuring principle
2.1.2 #m\ikiE

XFARE KRR ER A, SRR (GKE
ANT IR RRAE D 5 X o AR AR A B R
KP4y B3E 2 P AR (65Mny PTFED 44
I s PR R 6 RS KEAN 17.15% 1%
RN R X R, bRE & /KR T R E R X AN A
i = FRAT AR AR T S8 b - 3ORLE L 3D 4T
EPFERTEAE AL AIS, LB =5 mm. R HFE A
POy LERAERHE L B AR A MRS, B RERSELL,
F B R & BRI K7 1) B RRBIERES S, A UL Bk
W HZRANA R B B &Rk, R 10k, BFY
1 S MENBARI M. [N, 75 EDEM2.7 kit AT 4
T IRE . MBI & 5 07 Bl F 6 1 R 25
R S = . H SRR L) — 2. N 7 ET528L,
RHIALE G 1) 2 MRS EATER LI F, #0
okt BATBOE, BT LERA B IR NAT KL,
HLRECRUE/KT- T L A RS BER T LBk B SRR B &
fFIEMER R . E TS M EEAE b, A ORISR & 24

2019 4
BOEMWER 5 PR, EBEMSHIE 1.
x5 HEREaEH

Table 5 Parameters of slope bench

R R AR A 3t 1 B
Material Slope length L/mm Height of slope end //mm

65Mn 202.00 20.00
PTFE 140.00 20.00

FI| FH§ Desin-expert 244 71 1] Box-Behnken ¥ 3547 &L
I B S5 € k5 % 1h, 2% EDEM i A ETkitt
Bl F i F GEMM ( generic EDEM material model
database, GEMM) Xk S BRI AH S5, AR PR B Tl
e S B S (1) 45 SR R SCmR[25], L€ R 5
65Mn J PTFE #0284 11 R I8 R 3 5 7K1, Wik 6
Fse

Lok
Soil ball(5 mm)

TEAR R

Contact material

a. AT

a. Principle of slope test

b. 65Mn R 5
b. Slope test of 65Mn plate

LBk
Soil ball(5 mm)

c. PTFE H R i 56
c. Slope test of PTFE plate

et
Soil ball(5 mm)

d. EDEM {jj JUR}H 1R 56
d. EDEM simulation slope test
E: SHEIRARESIEER, mm.
Note: S is the natural rolling distance of earth ball, mm.

B 5 LSRR M A4 &R

Fig 5 Slope test of soil and different contact materials

xo6 MEMERKERRKATE
Table 6 Factors and levels of slope simulation test
Hf JKR EAE WE AN wrEmay ROVERRN

K EE - JKR surface Restitution Static friction Rf)ll}ng
Level  Contact  energy x, coefficient x, coefficient x friction
material /(J-m?) 2 3 coefficient x4
fEKF  65Mn 2.00 0.20 0.20 0.03
Low level PTFE 1.00 0.10 0.10 0.03
i KE 65Mn 7.00 0.45 0.45 0.055
Clemral PTFE 5.50 0.40 0.40 0.055
evel

ZAFE 65Mn 12.00 0.70 0.70 0.08
High level PTFE 10.00 0.70 0.70 0.08
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2.2 HR54H5R
2.2.1 HEFRILERE NN

6 A EE R R BRI MRS, B . i i A,
MEEKERNO (F1) | 12.46% 1% 17.15%+1%.
23.5%+ 1%MAE B -5 PTFE M ] ()5 B R 50K
N 0.44740.075. 0.33240.034. 0.522+0.11. 0.633+
0.16; 5 UHMW-PE . [H] i BE 38 R B 0.351 £
0.09. 0.43540.069. 0.593+0.17. 0.83+0.25; Z/KERH
0CT+).12.46%+ 1% 17.15%+ 1% % E 2+ 5 65Mn
B 2 a] O BE 4 R B 0.197£0.03. 0.35140.075.
0.571+0.16. HE 6 iTH1, XFFfitF8 65Mn, BEE L
BEEIKEMBE N, HFR B R AU R B RIR R,

0.447

M*%HT PTFE 5 UHMW-PE R, B IS /K14
o, FREEEE R B M AR, ME KRR 23.5%
B, TIRUREA TR, BEEREGFLREE LK.
B 7 RS KER 23.5%M R0 B TR FHERE (90°)

) 65Mn MR o Wi 7 fras, BIKER 23.5% T
FRAED B, A58 1B O & AR HTE 65Mn iR |, 586G
FHH>90° J5 TR TE , X ULIA/E I B /K N R R H B
15 65Mn B filt LT RGO T H A S E ) TERR
[l BE /) PTFE # f1 UHMW-PE AR _I 35 7K % R 23.5% ) %l
HAAE— AR N E B, VKR T fE fh 150
1 B YRR, X R A DR ik - SR R R AL T
B

H0.8- o 0.593 H{é
,§0'7_ 0.52 8ol
20.6f 2nof
=] 3%51:0-8-
80.5} = 20.7f
£ 8006t
804 BEost
503 2504}
£ mEY
202} .283'
S0.1¢ o1t
00 0.0

65Mn _ PTFE UHMW-PE

c. 17.15%+1%

PTFE UHMW-PE
d. 23.50%+1%

KRR ARFFE E L5 RF ik LA 693 45 A 4K

Static friction coefficient between clayey black soil with different moisture content and different contact materials

£ AKE 17.15%KTIBE 65Mn R EHNEHEIRIELER
Table 7 Slope simulation test results of soil with moisture content
of 17.15% on 65Mn plate

43

=05 =0.5] WaEB

2 0351 .2 0351

204l 204k T
féaq:s . #5" 0.331 5

<903 203t o

R G- g #
8 : ¥F ¥

502} 2500 -
BE HE & b

Q o

201 201}

& &

0.0 s 0.0 .
65Mn  PTFE UHMW-PE 65Mn PTFE UHMW-PE
a.0 b. 12.46%+1%
A6
Fig.6
/ 65Mn
iAo

Inclinometer
Clayey black soil

B 7 AKE23.5%45E 2 LM AR A 65Mn AR £
Fig.7 Clayey black soil with moisture content 23.5% adhere to
vertical 65Mn plate

2.2.2 #HEAREE RS 547
1) 35 65Mn AR 4RI FOR B ZE RS b
FKEN 17.15%+1%¥ EERAE 65Mn AR _EFIRHE
FORIR A5 R IR 7, iR BB ES [ AR ) 7 22 70 A IR 8.
Xt 7 R EE AT Z oA, 19 8] R
£ 65Mn B L RSN EEE VAR, Lm0 R
y=155.74+2.40x, —5.31x, + 0.71x; —208.90x,
—1.29x,x, +1.28x,x; —14.0x,x, —0.53x,x; —2.53x,x,
~1.19x,x, +2.09x +2.01x; —0.98x; +94.79x;
+4.94x7x, +0.32x7 x, —5.29x] x, — 6.87x,x;
—8.51x,x7 —1.17x)x, +4.25x,x, +5.95x,x;
—5.49x}x2 +0.67x x;
FIATFE (5) HIRE RELR® =1.000 0, KIEYE R
H Adj-R=0.999 9.

(5

R JKR KHifE W AH T RANEE A5 VRN

V]

Test JKR surface Restitu:nion Static friction Rt')ll.ing Rplling
No. energyzx 1 coefficient coefficient xs frlct}on distance
/(J-m™) ° coefficient x4 /mm
1 2.00 0.20 0.45 0.055 157.9
2 7.00 0.20 0.45 0.08 55.74
3 12.00 0.45 0.20 0.055 149.09
4 2.00 0.70 0.45 0.055 159.73
5 12.00 0.45 0.45 0.08 26.83
6 7.00 0.45 0.45 0.055 156.29
7 7.00 0.45 0.45 0.055 156.37
8 7.00 0.70 0.70 0.055 156.42
9 7.00 0.45 0.70 0.03 460.36
10 12.00 0.45 0.45 0.03 483.21
11 7.00 0.20 0.20 0.055 156.06
12 7.00 0.45 0.45 0.055 153.76
13 12.00 0.20 0.45 0.055 151.53
14 7.00 0.45 0.70 0.08 40.18
15 7.00 0.45 0.45 0.055 155.83
16 7.00 0.45 0.20 0.08 41.14
17 7.00 0.70 0.45 0.03 454.40
18 2.00 0.45 0.20 0.055 163.88
19 12.00 0.45 0.70 0.055 153.73
20 2.00 0.45 0.70 0.055 163.39
21 7.00 0.70 0.20 0.055 158.39
22 12.00 0.70 0.45 0.055 148.20
23 2.00 0.45 0.45 0.03 450.41
24 2.00 0.45 0.45 0.08 50.04
25 7.00 0.70 0.45 0.08 40.06
26 7.00 0.45 0.45 0.055 156.46
27 7.00 0.20 0.70 0.055 156.20
28 7.00 0.45 0.20 0.03 456.54
29 7.00 0.20 0.45 0.03 459.97
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8 TIRTE 65SMn R EIRFNEEREIAREHFEST
Table 8 Variance analysis of regression model of soil rolling
distance on 65Mn plate

T7 2208 RV H i

Variance Sum of Degree of M ol P
source squares freedom can square
HUE 5.910E+005 24 2462406 1913931 <0.0001
Model ' ' ’ '
X, 22.99 1 22.99 17.87 0.0134
X, 112.89 1 112.89 87.75 0.000 7
X3 2.04 1 2.04 1.59 02759
x, 1.745E+005 1 1.745E+005 1'35075E+0 <0000 1
XX, 6.66 1 6.66 5.17 0.0853
XXy 6.58 1 6.58 5.11 0.0865
XX, 784.28 1 784.28 609.59 <0.000 1
X, 1.11 1 1.11 0.87 0.4050
X,X, 25.55 1 25.55 19.86 0.0112
X3, 5.71 1 5.71 444 0.1028
xlZ 8.93 1 8.93 6.94 0.0579
x; 16.95 1 16.95 13.18 0.0222
X 4,05 1 4.05 3.15 0.150 6
x; 37835.38 1 3783538 29407.94 <0.000 1
x7x, 4876 1 4876 3790  0.0035
x2x, 021 1 021 0.16 07082
*2x, 56.02 1 56.02 4354 00027
XX 94.46 1 94.46 7342 0.0010
x,x; 144.84 1 144.84 112.58  0.0004
xx, 275 1 275 214 02176
xIx, 36.17 1 36.17 28.11 0.006 1
x,x2 70.81 1 70.81 5503 0.0018
x2x 3020 1 30.20 2347 00084
x2x? 046 1 046 035 05838
Pﬁféir 5.15 4 129
B Sum 5.910E+005 28

HiF% 8 W, BRI P<0.000 1, Ti B i BEAAR 225,
A 2R A 65Mn AL KL RV ) R B AT TR o 72 12K
BHREZSEETEEN, x. x, x, EENIEHE BEE
Wi, S VKT i BUIRAR O x, > x, > x,, BRI REL
x, WRBNE S R AN R 2 s X, X R BN PR B R RS £l
F xx, IR B AL, HR R R A B
IR x) WIRANFER IR % . x) xRS EE B
M2, HAR D ER IR IR B ER B (R R e 38 AN 2 2
XPXy N XX N XTX, N XXs s XoX, s X, WVRBNFE BRI
B, HRERN RIS —R07 2 AR i A
B HH xx) MIRSIEEE IR, HREIRK =X
TS HAF AR

BHA RIS M 7K Z 17.15% £ 1% - ERAE 65Mn #R
FRESNE N 155.934+12.41 mm. i#id Design-expert
WAL, DL BRE SR B A B bR [ AR g
17900, S ERTE 65Mn MR IR BNEE B AT ALk

fift, 256 A0 SCHRBEEEAIGES R, EFR B RECN 057 .
RS RERYTIES 65Mn WK TKR #HAEA
5.5)1m*. WKE REUN 0.61. HEEZRKN 0.57. RHNEE
BERHBCN 0.056 B, WANFEE (i B 45N 153.56 mm, 5
VRIS TS B VR BN P B P IME 155.93 mm i, AHXE
RZEN 1.52%.
2) 35 PTFE MR R HAR I 45 R i
ERYE PTFE R ERIRME 07 kIR 25 R WL 9, B4
MRS 5 22 i LR 10,
T 9 BIKE 17.15%B9TIE7 PTFE i EMRIEHEIRIELER

Table 9 Slope simulation test results of soil with moisture content
of 17.15% on PTFE plate

JKR KTRE  hERE N RN RBNEBRM KB

X% JKR surface Restitution Static friction Rolling Rolling
Test No. energy x;  coefficient fficient friction distance
/(J~m'2) X2 coethicient xs o efficient X4 /mm
1 5.50 0.70 0.10 0.055 148.32
2 1.00 0.10 0.40 0.055 218.84
3 10.00 0.40 0.10 0.055 97.15
4 5.50 0.10 0.40 0.03 415.04
5 5.50 0.10 0.70 0.055 157.93
6 10.00 0.40 0.40 0.03 333.45
7 1.00 0.40 0.40 0.03 523.11
8 1.00 0.70 0.40 0.055 206.90
9 5.50 0.70 0.40 0.03 408.58
10 10.00 0.40 0.70 0.055 96.42
11 5.50 0.70 0.70 0.055 158.17
12 1.00 0.40 0.10 0.055 218.41
13 5.50 0.40 0.70 0.08 64.88
14 5.50 0.10 0.10 0.055 157.96
15 1.00 0.40 0.70 0.055 218.23
16 5.50 0.40 0.40 0.055 165.28
17 10.00 0.70 0.40 0.055 90.06
18 10.00 0.40 0.40 0.08 11.95
19 5.50 0.40 0.40 0.055 167.18
20 5.50 0.40 0.40 0.055 164.22
21 5.50 0.40 0.40 0.055 161.98
22 5.50 0.40 0.10 0.08 65.97
23 5.50 0.40 0.40 0.055 173.39
24 10.00 0.10 0.40 0.055 76.34
25 5.50 0.40 0.10 0.03 438.44
26 5.50 0.10 0.40 0.08 65.46
27 5.50 0.40 0.70 0.03 424.52
28 5.50 0.70 0.40 0.08 66.05
29 1.00 0.40 0.40 0.08 104.60

X 9 IR EE AT 2 IeRA, 15 3] LRk

£ PTFE AR _E MRS B A, JLmA 5 FE N

y=166.41-70.58x, —1.47x, —3.75x,

—183.03x, + 6.42x,x, —0.14x,x; +24.25x,x,

+2.47x,x, +1.76x,x, +3.21x,x, —5.75x]

-10.24x; —0.57x; +82.61x; +1.91x]x, (6)

+3.53x7x, =1.97x7x, +5.74x,x; +9.81x,x;

+6.21x5 x, +10x;x, —0.88x,x7

—0.88x,x; —2.38x/x; —2.54x7x;
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10 3% PTFE R BRSNS EIER 5 E ST

Table 10 Variance analysis of regression model of soil rolling

distance on PTFE plate
/Jfﬁ Rt H e
Variance  Sumof  Degree of Mean square F P

source squares  freedom

LR

Model 4.979E+005 24 20 746.33 1106.31 <0.000 1
X, 19 924.73 1 19 924.73 1062.49 <0.000 1
X, 8.61 1 8.61 0.46 0.5351
X, 56.33 1 56.33 3.00 0.158 1
X, 1.340E+005 1 1.340E+005 7145.40 <0.000 1
XX, 164.61 1 164.61 8.78 0.041 4
XXy 0.076 1 0.076 4.033E-003 0.952 4
XX, 2352.74 1 2352.74 125.46 0.000 4
XXy 24.40 1 24.40 1.30 0.3176
X,X, 12.43 1 12.43 0.66 0.461 3
XX, 41.15 1 41.15 2.19 0.2126
x 67.76 1 67.76 3.61 0.130 1
x; 441.72 1 441.72 23.55 0.008 3
X32 1.38 1 1.38 0.074 0.799 6
x; 28 737.85 1 28 737.85 1532.46 <0.000 1
xix, 7.32 1 7.32 0.39 0.566 1
x2x, 24.85 1 24.85 1.33 03138
x7x, 7.80 1 7.80 0.42 0.554 1
x,X3 65.95 1 65.95 3.52 0.1340
)cl)532 192.47 1 192.47 10.26 0.032 8
xx, 77.07 1 77.07 411 0.1126
xIx, 200.00 1 200.00 10.67 0.0309
xpx2 1.56 1 1.56 0.083 0.7875
xx2 5.69 1 5.69 030 0.6111
xfx}2 6.44 1 6.44 0.34 0.589 4

Pi?fil%or 75.01 4 18.75
SE}UTE 4.980E+005 28

TR (6) MIvE RECR =0.999 8, KIEWRTE &
# Adj-R*=0.998 9.,

® 10 AR T Z0IT AR, WK 10 vk, B
1) P<<0.000 1, 15 B A B4R 2 2, v] IARAE A% PTFE
PR ERAR SR B AT T o xn x, SR BH IR B 1 R
PIEE, x, . x SNRSIEE MR RS, xx, R
PHES ISR 3, xox, WRBIPE S B %, HREE
— IR HAE AR ] x]RS R RS 5
W, WIFA X > x2, HERRER KT ERY
WA EE; xx) « xix, WWRSNEEEmEE, HANK
FWM R 5 — IR HAERmIARE: SHEEMN
TR TR HAR SR

X IKEN 17.15% 1% M 1Bk, M43 3LAE PTFE #R

RSB N 269.55+11.25 mm. F|F] Design-expert
AT R A, DLRSIEE B 269.55 mm Ay H Frx [E]
MR AT SO0, RECS R ERVR B IE B AR A 1 4L
filg, BT EIGAUE, 45600 R BRI R, ik
WEHE B+ 5 PTFE IR BUFBEE RECH 0.52, 1iH4

Bon M+ PTFE HRZ A1) JKR R fEH 4.08 J/m’,
WERE 0.6 BEBERECN 0.52. RENEHEREN
0.045 B, RENFE B B A5 RN 269.35 mm, S5
B HESIE R 269.55 mm 2T, HXIRZEN
0.07%.

3 &

D e RIB X m S KR FEE 1, TS
J7%, KM Hertz-Mindlin with JKR Cohesion #7544y 51 %
FIKFEN 12.46%F1%5 FIKFE 17.15% £ 1%[1) 2 PP+ 1%
HATEBUCE, EIHERA G E IR E 2 FhEKE
TR E B R AR R S A, 5
IOHEAT R, 1S BIMER A A RS, A e S TR AL T
PAFH] 2 S KRB E B A B (S H0 R
TR 12.46% + 1% F T3 FORL 2 (0] 78 3 BE 48 R BN
0.22, JKR EHAEN 7.46 Im?, E RZECH 0.56, #iEEH
ZH0.78; B /KEE 17.15% + 1% HIEFikL JKR 2 1 g A
8.41J/m?, WHERZHCN 0.5, HIEEAKAR N 0.8, i
Z IR B B 2 A 023, ML ATE, X FEKERAE
10%~20% 13 B 2+, FEET A S HOT 7 BEAREG T,
B35 I8 2 H A AT YR PR 2 TR R

2) WRE T 4 FPASR] S /K2R 0 2 B 2 L6 A (] i 35
PERPRL BB BRI R AL, BKEN 0 (F ) | 12.46% £ 1%,
17.15%+ 1% 23.5%+ 1% 15 HEE 5 65Mn HRZ [AI#E:
PERE ZEKYCN 0.1974+0.03. 0.351+0.075. 0.571+0.16
ATERRK; 5 PTFE MR A BEEE REUK N 0.447 +
0.075. 0.332+£0.034. 0.5224+0.11. 0.633+0.16;: 5
UHMW-PE 2 [8] i) 5 BE 48 R 30 9 0.35140.09,
0.4354+0.069. 0.593+0.17. 0.83+0.25, X Ffil 44k}
65Mn, Ffi#E LIEE/KAERIER, HiBEE R KA
BORIE R 2, [ KRB 23.5% LA, i
X 65Mn AR IR B 7 L K FAE L NI I BE S g, L3
FEFAE 65Mn WX _E, X T PTFE #'5 UHMW-PE #%,
BEE TS KR MG, AR R AR S B AR,
M E KRR 23.5%, LIESR A FIE ML, B
REOF LR ZE KR, JHX T PTFE MR, T H R ALK
UHMW-PE B REA%, R ELFHERHERE, kit
ISR T e fid L0 EAA IRORS R, D AR IR fih - 3 A
MR AL %

3) EE AR S 0 A S A Tk, 12
BN 17.15% £ 1% %6 5 2 406} 2 K = B4 8}
IS EOCi ES %, MEEE L5 PTFE MK JKR
RIHEN 4.08 I/m?, KE RECH 0.6, BEEEERECH 0.52,
TRENEEE Z BN 0.045; 5 65Mn MR A TKR I fE A
5.5Im?, KEREN 0.61, FREEERECN 0.57, RHhEE
BEZRHCH 0.056,
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4) JEId 2 Fhe K AR R L HERUA Y RSB Ty
ZEor AT AL 3R 2 Fifd A4S B 65Mn. PTFE B}
T 6 O (B AR AR T 22 93, 459 B AR b [X b 5 28
KLz 18] CERURL S fid AR AT RE 2 18] RIVR 3h BE 4 R 3L
AR RSURL 2 8] CBORURL N fish L 5 AR A4 RED 1R 3R T RE 2 4L
XA S IR R 2, X SR I G5 .

ASCHIEFT 25 Aot 2R AL Rl R DR AR = B —
ERR TR BKEME, FE BRI EREE, X
fik = PR ORGP E, DR, X TR E R X
AT R, W] LR R IBORG A D ik - A B B0
AL JCRG fik = FR A, A AT R R R RAE
PRI AR, T DUR Bk e —teif 1, BL
FEAR 5K, b LIRS SRS, HR &
WG RY Je Aol
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Calibration of parameters of interaction between clayey black soil with
different moisture content and soil-engaging component in northeast
China

Li Junwei***, Tong Jin'?, Hu Bin?>*, Wang Hubiao'”, Mao Chunyu'*®, Ma Yunhai'?*

(1. Key Laboratory of Bionic Engineering, Ministry of Education, Jilin University, Changchun 130022, China;
2. College of Mechanical and Electrical Engineering, Shihezi University, Shihezi 832003, China
3. College of Biological and Agricultural Engineering, Jilin University, Changchun 130022, China
4. Key Laboratory of Northwest Agricultural Equipment, Ministry of Agriculture, Shihezi University, Shihezi 832003, China
5. Jilin Engineering Normal University, Changchun 130022, China;)

Abstract: In order to obtain the interaction parameters which can be used for discrete element simulation between the
soil-engaging components and clayey black soil in northeast China, the Hertz-Mindlin with JKR Cohesion contact model in
EDEM2.7 was used to simulate the clayey black soil. Aiming at the actual working environment with moisture content of
10%-20%, 2 kinds of clayey black soil with moisture content of 12.46%+1% and 17.15%+1% were prepared respectively. The
rolling friction coefficient, recovery coefficient, JKR surface energy parameter and the static friction coefficient between the
soil particles were used as the model calibrated parameters. The soil repose angle simulated under the simulation parameters
was set as the response value. The regression model of the soil repose angle was established based on the Box-Behnken
response surface method, and the regression model was optimized by using the soil repose angles under 2 moisture contents
obtained by physical experiments. The optimal solution of the contact model parameters of the clayey black soil particles with
2 moisture contents was obtained. The parameter range of the discrete element contact model of clayey black soil with
moisture content between 10%-20% were given. The soil repose angle and stacked shape obtained by the simulation
experiment with the optimized solution had a high similarity with that of the physical test. At the same time, the static friction
coefficients of 3 kinds of soil contact materials such as 65Mn plate, UHMW-PE plate and PTFE plate were tested under the
conditions of 4 kinds of moisture content, which were 0, 12.46%, 17.15% and 23.5% respectively. Then for the 2 typical soil
contact materials such as 65Mn and PTFE, the slope physical test bench were constructed for the clayey black soil with
moisture content of 17.15% =+ 1%. The slope simulation models of 65Mn and PTFE materials were established under the
EDEM2.7 software platform. Based on the critical simulation parameters such as JKR surface energy parameter, static friction
coefficient, rolling friction coefficient and recovery coefficient between soil particle and soil contact material, the simulated
rolling distance of the soil ball on different soil contact materials was set as the response value. The excellent fit regression
model of rolling distance for the 2 kinds of typical soil contact materials were established based on the response surface
optimization method of Box-Behnkende. The 2 regression models were optimized by the sliding distance obtained by the
physical experiment. Then the optimized solution of the contact model parameters of different materials was obtained. The
simulation results showed that when the surface energy of JKR between soil and 65Mn was 5.5 J/m’, the recovery coefficient
was 0.61, the static friction coefficient was 0.57 and the rolling friction coefficient was 0.056, the rolling distance simulation
result was 153.56 mm, which was close to the average rolling distance obtained from physical experiments of 155.93 mm, and
the relative error was 1.52%; When the surface energy of JKR between soil and PTFE was 4.08 J/m?, the recovery coefficient
was 0.6, the static friction coefficient was 0.52 and the rolling friction coefficient was 0.045, the simulation result of rolling
distance was 269.35 mm, which was close to the average rolling distance of 269.55 mm obtained from physical experiment,
and the relative error was 0.07%. And the optimized parameters can be used to simulate the discrete parameters between the
clayey black soil and the soil-engaging components. The study provides credible basic data for the design and simulation of
agricultural machinery under clayey black soil conditions.

Keywords: soils; water content; discrete element method; clayey black soil; calibration of simulation parameter
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