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R, 2 e UL [A] 7K 6T - R S A I R, KR
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BT RS HUR e 1R IS
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1.1 EpREIES

W RVt B BRI R R — 8
MRS . R AR IR A ALy HSCM,  FF7EHE M
WhnLCM, & 1a . HIERFSEMEME 1b Fis.
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b. ZH-HBRFR
a. BURLEAIR R b Relaﬁogh?; gﬁfngforce and
a. Relation of particles contact : .
displacement

e 1o rp SSPUNERL a b AR, ms F, FY RN mEfl AR e
71, Ni F' F* S BUAYIAHER I RIBRE 1, No u NEEBREG Uy N
KL ENER E SR, m: Uy NBRLE AR ERE, m: K, K308 ME
FENERIE, Nm™'. FHE.

Note: r, and 7, are radii of particles @ and b, m, respectively; F, and F”" are
normal contact force and damping force, respectively, N; F' and F! are

tangential contact force and damping force, N; u is friction coefficient; Uy, is
normal overlap between particles, m; U is residual overlap between particles, m;
K, and K; are respectively loading and unloading stiffness, N-m™'. The same below.
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Fig.1 Soil hysteretic spring contact contact (HSCM)
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1.2.1 HEAEARYIELL

JE s o A AR 97 IR T A 80% H MR R AT
0.25 F1 5 mm 2 [8]. HT{ERZE L3S, B Yk 2
5 IR E AR R 95%PA b, B LT AR R A 4
WUORL R R B LR, WL R EEAN 2 600
kg/m?US 10, - S A R ) A PN M, A ) SR
[20-21]2k 3515 H 3R Sk R

T By YR R AL IR AP AR ) RE R, T
P AR RNV BRI B e, anal (15D s

E
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X E NP E, Pa; v ATARMLE.
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MAE, FRIEM LS5 i T SCSH o e A8 v 4 5 R 15 1 38
JE 71 R B I0RA LU AR 56 R, [ B 2 [ AR 5% SOk AT
PoRb, AR ELBUETE R 0.3~0.421220, ka ti@ it
(16) itH.
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A Ko IIIE 71 R 8L

I E ) RHOZTE IR M R A4 1F T 2 IR, U
A] i )5 e m] He 2D EOAE, R IR 560 2 20 58 i oy B8
gAma a7 ERskE®,

K, =1-sing an
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g, Wi (18) il &,
__ ™
T 1+0.01w,
2Rt my A9 R BT A B IR L, ke mo A B
kg wo MEELHIKE, % wi AHIFEELRIEKE, %.

B E T RS R 24 h, K5, HER
IV A3 AR B i, 3R] 2 pr=m/V 1T AT E],
W (19) ARAFE SRR LR LB R
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XA e, NEIILBRE, %: p) ALIERE, kgm’s p A
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WEEHE A . PUBT SR 55 12 S B0 )7 45 REf It
EEIEFEEREM . ASCRARBNAIIE 6 gk
RKAE 3 MEEEE S (7022, 151, 256 kPa) M) 1-%
MOPTBY SR, AR 49 () B V) 5 5 2 B O R AREL
TIEBUBTSRIE . BRSSP R
P IR /Z) TN AR B B BT, 1000N-S 2L K

m x0.01(w —w) (18

JIEIEER, FERE 0.001 g TR 8T R i 7E
0.8 mm/min /47, 3~5 min WEIHK. @I HEIRG A
PR BRI . LB s LA DI =,
mE 1 fir.
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Table 1 Experiment data of soil with 6 kinds of water content

RE RE WEE  MIETIFR ks SRS BYDIRE

Water ~ Bulk E‘Lfﬁ%@ #M %L Lateral o . Modulus of ~ Shear
.., Porosity/ . Poiss; .
content/ density/ N Friction pressure ratio elasticity/ modulus/
%  (kgm™) angle/(°) coefficient 10"°Pa  10'°Pa
1£#1 1320 4923 2131 0.64 0.39 5.3 3.68
41 1315 4942 2180 0.64 0.39 4.7 3.27
8+l 1305 4981 18.78 0.69 0.41 4.1 2.89
12£#1 1280 50.77 18.26 0.70 0.41 35 2.47
16£1 1300 50.00 18.26 0.70 0.41 2.9 2.04
201 1330 4885 1722 0.73 0.42 2.3 1.63

1.2.2 HEAHFAK

17 ELORL KN SZ IR FIH S RE S, A B ) 2 B
A R ) R B R B N AR, AT S S B R EUR K
ANV BRIAR R A e . R R TR 80% 1) kL R~ AT 0.25
S mm 2 (8] @A TR AT AT, JEIR IR AT
P R 2 ORDIR AN B, RIR 2R . BTl L
JRIA, AR R 4 0 L TR), A SCR A 2424 5 mm
BRAAE N A, IR RIS RN 0.95~1.05. A
{5477 B AR RIS 25 R, FaX 48 5 mm A7 FLRURL )45
fil Z AT A -

TEHHT S HRAZ Z AT TR IE 6 e /K2R T
1 o K TCIR A HLIE S R 2 (P9 42 54 mmx 3/ 270 mm)
RS e EE, FEHEREG, fHEgm
FasE g, EHEMME, SN CAD BAFhbraE iR
AREE KR LR A 2 fron. HE 2 w4, Bt
EEKERE 1%E1%I KE 20%+1%, 3SR M H
341404 % 21.2°,

34.14° I. 33.51°
B ey e o [ |

b. 4%=1%8 KR
b. 4%+1% water content

a. 1%=1% &K%
a. 1%+1% water content

c. 8%+1% KR
c. 8%+1% water content

d. 12%+1%F K%
d. 12%=1% water content

e. 16%+1% &K%
e. 16%+1% water content

£. 20%+1% 77K 3
f. 20%+1% water content

B2 RKId 6 fa/KELIEERA

Fig.2 Repose angle of 6 kinds of soil water content in experiment
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T HOR A% 4 LCM Al HSCM #5781 + 358 ks
PIHERR RIS, X HERRUS T2 B A 5 0045 1) P JBE 8 A 3t
TR BORLEAR /N 5 mm, UKL AE AR S T S
BRI EI TR, WK N 13107 s, fE—ANEE
PPN A RORE, 58 B JE AR B A A, LESBURL AR MER
WK 3 AR EEERE BB R ECRPUEY 5 5 25 1

2 38°

17 08°

a. 40.23 B0.23 C3.47

b. 40.38 B0.3 C3.47

0 250 30, egi

. 40.23 B0.16 C11.03

31. 07°i

k. 40.38 B0.23 C11.03

ii 22.25°
[ ] 0

0.40.38 B0.3 C18.58

g. 40.38 B0.23 C11.03

. e

1. 40.53 B0.3 C11.03

WE: A0.23 B0.23 C3.47 A HEYE A4 0.23-3h BEHE A H 0.23-FU 858 ¥ 3.47 kPa.

c. 40.38 BO. 16C347

30 01°

h. 40.38 B0.23 C11.03

p. A0.38 B0.16 C18.58

25 13

m. 40.53 B0.16 C11.03

TR R ERERN A . B 3 AT, B EERE R4 0.23
WA 0.53, SHEEEEARKAPIE RS XM A
TIEMERUA IO, BEBEEE R EH 0.16 S INE 0.30, #
JEE 45 2R R0 BY 5 B 0 AH S5 2 F TR 0 B HE A A 3
K BEHUBTSRES HH 3.47 kPa H/N% 18.58 kPa, #HEEMER
HORN 2 BE P R EAEAR S5 261 T 07 B R G OK

i s .

d. 40.53 B0.23 C3.47 e. 40.23 B0.3 C11.03

A. o ._ikmo .

i.40.38 B0.23 C11.03 j.40.38 B0.23 C11.03

ii 22.58°
o oo o

n. 40.23 B0.23 C18.58

q. 40.53 B0.16 C18.58

Note: 40.23 B0.23 C3.47 means that static friction coefficient is 0.23, dynamic friction coefficient is 0.23, and shear strength is 3.47 kPa.

A 3

TR &t T A L3RR A

Fig.3 Simulation repose angle at different conditions

NJEEERT IR, it kg it Uik, dart
S AR R Z A A R . SR Box-Behnken it
R e Y0 AR B8 O Bt AT 4 i R 20 AT T e DA R
BAREL SIEBEERBNGII R O R R R, TR
T IEHERR A WA NIAEL, R A R AP AT S S, R
Wi [ T 2R B 22 L St 17 20007 F k6 I3 2.

x2 MEARARERER

Table 2 Test scheme and results of simulation

FEEE R A BB AR B HUITRRSE C
., Static friction  Dynamic friction ~ Shear strength WA
EI: Y coefficient 4 coefficient B c Repose
TKF min kT #E AF gE aelel©)
Level Value Level Value Level Value/kPa
1 0 0.38 0 0.23 0 11.03 30.69
2 0 0.38 +1 0.3 -1 3.47 41.90
3 +1 0.53 0 0.16 +1 18.58 42.88
4 +1 0.53 -1 0.16 0 11.03 25.13
5 0 0.38 0 0.23 11.03 30.01
6 0 0.38 -1 0.16  +1 18.58 17.78
7 0 0.38 -1 0.16 -1 3.47 17.08
8 -1 0.23 +1 0.3 0 11.03 28.10
9 0 0.38 0 0.23 11.03 31.11
10 +1 0.53 0 023 -1 3.47 42.64
11 -1 0.23 0 0.23 +1 18.58 22.58
12 -1 0.23 0 0.23 -1 3.47 22.38
13 +1 0.53 +1 0.3 0 11.03 46.54
14 0 0.38 +1 0.3 +1 18.58 22.25
15 0 0.38 0 0.23 11.03 29.52
16 0 0.38 0 0.23 0 11.03 31.07
17 -1 0.23 -1 0.16 0 11.03 20.35

% ] Design-Expert.8.06 #4547 HAR G0 45 Rttt —
RN, SRR, HEERN. SIEHERE. 3)
JEE 45 22 BRI B0 BY 538 B 1R A2 LI ) BE 5 AR A0 — IR Ut
PiEHERSA Y Mm% (P<0.05) ; FHEEE R AR
BN EE R RN AT LI R R A IR U {7 L HE A
MR (0.05<P<<0.1) ; PUBISREE. EREEHE R
AT Y 5 (1458 B IGURT 470 BY 98 52 1) — IR 00 {7 B HE A

AL E (P>0.1) o HIRAEEI, SAFAEME

A EE TR
Y=-30.84—146.674+478.02B+324.294B—
9.62BC+164.614°-849.74B> 20

b A NFEBRBIKTHE: B NS EEE R EKT
1E; CONPUBTRIERIACTHE; Y MRS, (9.

PSR I HER M (181 20 ARG E s, e PRET 5
AR HUBT SR CRIME, ARAE[EIAEERY (1) FTAH
I (¥ JEE 4 AR ORI RV R K, 5 RNER 3 o

R3OMA LIRS EEREAEE R

Table 3 Predicted static and dynamic friction coefficient of soil

S L S S e
Water Test repose Shear Static frlptlon friction
content/% angle/(°) strength/kPa coefficient coefficient
1+1 34.14 5.80 0.392 0.15
4+1 33.51 5.06 0.387 0.16
81 31.72 8.15 0.390 0.11
12+1 30.90 8.41 0.326 0.12
16+1 27.36 11.22 0.156 0.11
20+1 21.2 24.99 0.020 0.001
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1.2.3 Asthdx _—

S5t BB 477 2006 T 0 - MR B E 4 R BN ) B e
FERE ZAI TR . B ORI 4 B, MR 035
BORM I, @RI R, LA, FaA B o= £
A, E&. FEAAMEN 62 mm, & 10 mm, &b 2 % 0.20
NFF. FOM, b b F O8I, i kAR 2] %o
AN L) VSV SR AR . SRR 4 T 0 g = oos -
Y AP N 1 mms, R AP R Ko Loosl0 F 10 53035 30 55 0 45 5
153 6 mm BT 073, 7E S R SR /R A BT s R a HHER ARG TR b. R ARRE SV LR

ToUE{E B 4 mm AbME .

iﬁﬁ Soil particles
il J:T:jJ X Pressure plate

v‘\w‘d_‘/ k£ Upper box

B4 HIT 5 AR

Fig.4 Direct shear simulation test

6 FhE K AT T P H B 5 55 2
FRY N RS A NPT BT s EEHEAT X EE . 1R 4 FTAL, K
N 1%~20%HF, 173056 5 4T B 5 B AR 2208
1.18%~9.31%, 17 35 B8 [A] (1) P JBE 45 4 AR R 22
Mﬂw4m%,ﬂuMﬁi%%ﬁE¥ﬁE%%5ﬁ%
ah R — 5.
x4 oMBKEMAFELIENRTRESEER
Table 4 Shear strength and friction angle of simulated
soil under 6 kinds of water content

EK# HUBTHARE Shear strength/kPa A EEYZE ) Internal friction angle/(°)
Water

Do WM (iR AR ORI (P HIXHRE
tent/ Experimental Simulated Relative Experimental Simulated Relative
% value value  error/% value value error/%
1£1 5.80 5.26 9.31 21.31 21.68 1.71
4+1 5.06 5.19 2.50 21.80 22.39 2.64
8+1 8.15 8.92 8.63 18.78 18.89 0.58
12+1 8.41 8.51 1.18 18.26 18.91 3.44
16x1 11.22 12.14 7.58 18.26 18.16 0.55
20+1 24.99 25.84 3.29 17.22 16.52 4.07

N IREUE KN 1% 358 AR s, @t A
3 BT NAR G 2 B RO T RS0 R Sy-Di R i 2R, 13
FATHEWME 52 froc. g0 B T HLL
1 mm/s B TEN 3. 43301 g8 51N R -Uika h
L sb . WEFTR, 75 x f77 M 0~12 mm [X ],
BT AR RS BE 0, RA R BEE THASIRN,
Y R EAL T x Fl5 ] 12~26 mm X A R ) 5478 &
EARBTHZLRR; S ElT x #iJ7H 26~40 mm
X[alEf, MRS TEER; Y BEESIEN,
TIERA I, BLIIRGE TR, T 552 B 18
{54 0.23 MPa, fJaaT F%. Hik, HSCM fEfilfs i
) Jee M B2 2400 0.23 MPa.

RN LIRS HUCEN BB S5, -
HEEIKE, ARt BYDIBLE AR 1, IR EE R B
BERFNEK 3, HMMSHENES.

a.Test tool of soil penetration b. Pressure-sinkage curve of soil penetration test

A5 THRFARETEKE AT
Fig.5 Tools and pressure-sinkage curve of soil penetration test

x5 BRUKHEENSH
Table 5 Parameters of discrete element method simulation

Z ¥ Parameter HUE Value KR Source

IR E Soil particle density/(kg-m ™) 2600 SCHER[10]
UKL AR Soil yield strength/MPa 0.23 e

ki PK 2 R Soil coefficient of restitution 0.6 SCHR[30]

HA# T Steel density/(kg-m ™) 7850  SCHR[10]

EXFA L Steel poisson ratio 0.3 SCHR[10]

WA BI IR Steel shear modulus/MPa 7.9x10°  SCHK[10]

g BLERBEHE R EL Coefficient of static friction 0.5 SCHR[10]

between soil and implements

o HE-Ak BB RS Coefficient of dynamic friction

between soil and implements
gk B R 3

Coefficient of restitution between soil and implements

0.05 SCHA[10]

0.6 SCHR[10]

2 R

2.1 FBEEFRNLIEMRBUGE

FLE 7 TAE 2 s 5 IR i, EEZ )
SEMSME R THE AT ¢i%%maﬁ%%%ﬁﬁi%%l
PR AR ORI, W 6a Fan. FYMEHIALE
smmeﬁ#Lﬁ,%%EEQWRﬁml@ﬁﬁu
FHGMERIA 5 N EDEM 3t BEM R 45123 & 1
SR, i RS KRN 1% B 39 2 B o - s
R, SRR KN S mm, BRABE R AN 0.95~
1.05, 1 E - FERARZ 100 mm. 5 100 mm, ARTEZ
B E SR PR 4 T 2 mm, 45 A ISME R B iGN+
FEE 2N 1 mo/s, I 8] 25 4.17x107 s, 45 BR8] 50 s,
A8 R AR e 52 T3 RS FLFLRR R 49.23%, TRAREZR
1 mm/se RIGHT, RS HE AL T [E T A v A L,
TR HGHER S 2 mm, 5 MR B AN LIEEOR N
1 mm/s, 4TEBEIIE N+ 5 s FH{E1HEE), BiE RS
B\ PH ) AT A0 FE . R I3E B HDV-1K H
BIRERLE SR & HAh 53R — 80 15 E
TG A7 B IR K R R 7y, PSRN AR
50 mm AMMEIEFSHEZES) . EE AR IR ANl 6c
FiRo
2.2 HER55H

T P B U0 A R N IR RN - FH
SRIGUE AT 2 TS HI TS . BT Oe AL g s 25 44 ]
P S MEN BRI R AE, 8 AN [ S5
JRUST G () N - BE A ki e e i g 44, Rk, ARSCHE
P AE [ 2 26 O B IS R BN H iR 2, 3
22 2L B AT 0 HAR RV S 000 E . PO 4 O\ 4%
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Parameter calibration of soil particles contact model of farmland soil in

northwest arid region based on discrete element method

Shi Linrong, Zhao Wuyun™, Sun Wei
(School of Mechanical and Electrical Engineering, Gansu Agricultural University, Lanzhou 730070, China)

Abstract: In order to solve simulation distortion problems of soil resistance and dynamic movement with discrete element
method, the hysteretic spring contact model (HSCM) and the liner cohesion model (LCM) were used to simulate farmland soils
in order to investigate their soil plasticity behavior and dynamics, which could be used for predicting the resistance of farm
tools. To achieve better simulation results, soil basic physical parameters, contact mechanical parameters and contact model
parameters of HSCM and LCM were needed. Soil basic physical parameters included particle size distribution, soil particle
density, elasticity modulus, shear modulus, poisson's ratio and bulk density. Among them, the elasticity modulus was obtained
by the related literature. Soil contact mechanical parameters included cohesion between soil particles formed due to the action
of the water liquid bridge, cohesive strength and internal friction angle obtained from soil shear test with 6 kinds of different
soil moisture. Contact model parameters were composed of coefficient of restitution, static friction coefficient and dynamic
friction coefficient. The soil particles were 5 mm so that the simulation time could be shortened. Because soil simulation
particles were larger than actual ones, additionally in order to achieve better simulation results, a simulation model of soil
contact parameter prediction model was established according to central experimental design method (Box-Behnken) used for
a comprehensive analysis of fewer trial times. Taking static friction coefficient, dynamic friction coefficient and shear strength
as test factors, and soil accumulation angle as response value, 17 sets of simulation tests were carried out according to response
surface method test arrangement. The results showed that the influence of static friction coefficient, dynamic friction
coefficient and the interaction between dynamic friction coefficient and cohesion strength on repose angle were significant.
Interaction between static friction coefficient and dynamic friction coefficient, quadratic term of static friction coefficient had a
significant effect on repose angle. Taking repose angle of soil with moisture of 1%, 4%, 8%, 12%, 16% and 20% as the
response value, fixing the cohesion strength, we predicted the static friction coefficient and dynamic friction coefficient using
the established regression model. Then, the results were validated by soil shear test. The results showed that the relative error
of shear strength was 1.18%-9.31%, and the relative error of internal friction angle was 0.55%-4.07%. In order to verify the
feasibility of the proposed soil contact model, a test by using duckbill opening hole test device in soil was carried out and the
results showed that when the displacement was 0-50 mm the deviation of simulation and test was big. But when the
displacemtn was 50 mm, the relative error was 0.928%, which could be used for design of duckbill structure in the future.
Keywords: soils; discrete element method; friction coefficient; parameters; calibration



