%40 % %6 K R FFROE KA F 00 Vol. 40 No. 6
2020 % 11 A Journal of Chang'an University(Natural Science Edition) Nov. 2020

BRI, B R X R, G TR R S 5 R S TAERE B IELT]. K% R 554 . HARARL = 1T, 2020,40(6) : 118-126.
HE Yu-tian, LYE Peng-min, LIU Chun-chao, et al. Modification on working resistance of sand bulldozing based on numerical and empirical

method[ J]. Journal of Chang’an University: Natural Science Edition,2020,40(6) :118-126.

DOI:10. 19721/j. cnki. 1671-8879. 2020. 06. 012

TR 2 5 2 (0 - HEE TARBH A 16 1

|, BB R, NEAN AL, ZE X
(1. VO A MKE VLB TR 24, BV T4 7100655 2. K% K5 8 Bt T 5 AR 5% &2 F
L BRVE P4 7100645 3. IniE TR A RN, LR BT 272073)

W OE.adadF@e IR LIENHESRAFIUTEM, FRAFE I EREE SO T R E
RGBT A TR EIT AR A T/ AT H AR, A TR L ARENF,AFE
FAAELE TR AR QAR RBEREE TR 2B XD @G A S AAE AR A A 4 FRAE
WERET.EDREEHEEZXB 204, RAZIHE SRR L HHM R TAFM SN AL
A0, XTI E R RN T3 AR A A = mAE, - xt B 40X 30 TAR L A 69 3R 1A 55 52l fA 3
4TTX‘fbh/\7Ffr AT RAFEATEGELTAN LR, KA B % Ao 200 0k 27 2 L2 47 T 45 B4t
AR THEBEARFPEBBERABN AL T EZ2AGERAKA AV LMA o o tE LR Ed
é’J WA, FFREREN S MELIREDNT IO mMm B . EAAE EMNEAGE —FE L. 2R BMKT
ML, B TAM ERAS T BELEEHS 120 mm B .2 A L EMEGRERK, LR B/
JE T mAE L F ok BAF LR E A 150 mm B, BAFE LA A T 807, b A L A #Y iR £k B
Foent , AE D TEMNE, ZAFRMNERA TR HMB ELREBHAENE 2B ELERE R
AEMBITEARB BB EERIART A2 E kAt mE, £ BEE P, TARE LR
FERRARRAEEFT ESTFEE IR EAS LG TR RITIHE,
KPR AR A, A F @7 L3RR LB E
FE4S %S U415.512 X AR AR A MER/HS:1671-8879(2020)06-0118-09

Modification on working resistance of sand bulldozing

based on numerical and empirical method

HE Yu-tian', LYE Peng-min*, LIU Chun-chao’®, GUO Long-long', WU Wen®
(1. School of Mechanical Engineering, Xi’an Shiyou University, Xi’an 710065, Shaanxi, China; 2. Key Laboratory of
Road Construction & Equipment of MOE, Chang’an University, Xi’an 710064, Shaanxi, China;
3. Shantui Construction Machinery Co. , Ltd. , Jining 272073, Shandong, China)

Abstract: Based on geometric approximation of the heaped soil profile in front of the flat blade and
calculation model simplification of shear strength between the heaped soil and ground, the theory

calculation model of working resistance without influence of adhesive force was established.
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Twenty groups of soil bulldozing experiment for flat blades under 5 rake angles and 4 operating
depths were completed in self-designed test equipment filled with sand soil. The working
resistances of the bulldozing experiments calculated by the theory calculation model which were
regard as theoretical values, and the average working resistances during bulldozing stabilization
stage of each experiment which were regard as measured values. The comparisons between the
theoretical values and the measured values were carried out. In order to obtain more reliable the
theoretical prediction results, the theoretical values were modified by numerical method and
empirical method. The calculation methods of numerical correction coefficient and empirical
correction coefficient were given, and two correction coefficients are function of the rake angle «
and the operating depth d. The results show that there is a certain errors between the theoretical
values and the measured values when the operating depths less than 90 mm, but the theoretical
values are greater than the measured values, therefore, the theoretical prediction results are
relatively conservative. The errors between the theoretical values and the measured values are
small at different rake angle when the operating depth is 120 mm., and the theoretical values
fluctuated around the measured values. There are significant errors between theoretical values
and measured values when working condition under the operating depth is 150 mm and rake angle
less than 80 degree, at this time, the theoretical values are less than the measured values, and the
theoretical prediction results are unreliable. The numerical modification results are closer to
measured value, but the numerical modification values should be calculated by the measured
values. However, the empirical modification results are more conservative and the calculation
method is relatively simple. Therefore, it is able to use different modified model to calculate
working resistance according to practical requirements during engineering design. 1 tab, 10 figs,
25 refs.

Key words: mechanical engineering; working resistance; flat blade; soil bulldozing; sand; modifi-

cation

WAE, 5 .k THRMAFREHFHA LE TFMAHEE 119

0 51 §

TETE B8 T 77 42 4 L 9 JROT 2R LT g U
Lo AP L 25 T rp s ALK 38 A9 A B A e AN
AP o, 2% S HLRUER X B i AR VR L Ay
UL T A LR T R AR I VR i B R BLAR 2 —
i ALAE R Pl B b R LABLAR A 5 254 1Y
PEREVCIC it B b » 1811 25 200 52 PR A Mk A it B4
SN RO AN P b AR R R Y B LA
PRAUEAEA [F] 3 2% AR AR 38 N R o A B 33T
2 P EOME L LR LR AR RE IR BCR M SLPRRE T
AR AL E R GEIRIR B . IR BT XS 45 10
SRS ARG TT S5 K L BE 0% SR FH BE I8 R R A5 h o 1) 191
03 3 5 e A A B T x4 LS B A A B

T S PR ff a2 A v B 0k B A L 9 AR R
7132 31 22 3R W L Hevh S ) B PR S Tk 2R
F o B T S 2H R A S PN K R e S

GAATEZ N 2B R R R 28, X
B T - 8 i) 4 iz i g AE SR AR BE A ok —
TEWXE . TR AR L A TR R SR I &6 1k
- BUHORE By 1 AT B A S B 5T 2 A AR AT I
. Obermayr 85857 1 H 2% 18 7% WU T 20 W
WL 14 52 0 1) 3 6 P JOURE B B O A A L 7 i 6 1)
SR F A RV B hy 4 3 A JHEAT T R UE- . Shmu-
levich &% 4 AR g5 #0957 1, LLab + A i
TF e 1 56 A 53 0 SR 8 HC PR o0 vk E AT T B4 )
Bt Agui S DL —E 9 i Tk FHED AR 01 &
PR BR 8 A A BT, T 8 T 4 iz 42 48 i 4
WFFESY . SR TG R D + S Uk 4 ok #E 12 A T, T
LR G 42 1) 0 S5 B9 A % 1 o A AS ) 3 6 1) 7T 0
VPR3 5 T EL I 2R 4 12 A i S M A TAERE )
(14 728 A AR R E

A0 E T L BTSRRI
TR AR Ml 3 B8 55 2 52 Wi 47 0 A BE g 1 A 7 A
FUE B ) 25 AR ek A S A2 1R M 4 5 e, 36 [



120 ¥ RFFHROARXFFR

2020 #

FE Z 23 0 K SR (NASA) B BF 58 BoAT — AR 1k,
SFLAIF A ) K R A A R DA U0 RN - HEAH VR T
AV BB H . Johnson %8 4f 5 1)
B BE S R B TR R AT R e i L OF
Xt A 15 0 AT W 0 B AR L R SR AT T AR
B4 T fi A3t iz R b o R A9 B8 20 BT A 58 AF 5T
W2 AN R DA S0 o8 T H 3 T35 TR
BH 7 809 A ] B3 AL R0 King 25 R ] 1 8 Fil B
VAL T 47 ) 7E 3 R 3 T skab M i TAERH
JIHEAT TR O R 2 R 5 g A5 R AT T I
GBS T A A A A B B S T RR ALL
H AT DA 3 H 5 T AR BH 7 09 AS T3] 21 0 455 A 0 2L
AW IE e . Bk, AT RE T B A B
YT 45 2R 5 S B A A2 Rk 0 I S5 R AR W) A L
AR A AL LR AR S

AR SCHE X+ HEHEZ TR BH g e T A R i 4k
Ay AL b ST T N5 AL B 0 ) T B T Bt
TRERL; LURY + O k38 A 5T, DASF I 0 AR T
H FEAS TR VRl A A RS [) VR b R B I i 4 1 4
12 I RS TAERL S ik e il i 25 R S
HS 1 25 AT B s [ 48 - HE Ak A2 TR B B
WIS T i X B R B I A& vk i A7 18
1E 45 21 5 S0 A B Sk $2 50 BR X6 PR S A 2 e S
EE

1 IEpiER

1.1 $HiEEE

TE eIz o A b B CE 5 00 60 B 1 3G L 5
ARG o N T AN | BYNSS = VA - 410 e {5
JUIE B EEARTR & . T AR 1 r9 48 1k o 5 30 [A) #
YRR RIS AN W 386, J5 B ks TR e . Wk,
A DL A 3R 12 i R A S AR BH AN W 3 i A
TAE 2 A B B, A S e i AR B i SR A
FE R A X TAERR 2 B Be s it . Mckyes 4
ST WAL RS R R ) L 2 1) B B R
4 AR R %R R A 3 Tz g A
LRV

P=(ygd’N,+cdN,+qdN,+C,dN ., Dw (1)
Xrp P Ny TAER sy o RIEA & gy Jy
BEsd RAVEMLTRBE s REER J15q Sy 38 107 2 ) R
F15C, B 15w NEITSE)E N, . N.. N,, N, 1J
RN S

A A i — A0 2 8 M B 5 ) DB A L B )
TRIEE d 57 J1 98 B w M5 ASHH S A BE B i 1T 3

AT
N, = o[+ 2 sinCp Jeot(at )+
sin(a+8) cot(Bt¢) ] (2)
N.=[1+cot(Beos(gte) J[1+=sin(p] «
[cot(a+8) +sin(a+6)cot(‘8+gﬁ>)]71 (3
N, =21+ Zsin(pILeot(ato) +
w

sin(a+8) cot(Bt¢) ] 1)
N.=[1—cotla)cos(f+¢) ][ cotla+d) +
sin(a+5)cot(ﬁ+go)] ! (5)

Ao M FR R B AR . H o r=d (cota) +cot(B));
a HAENAEUF 5 3 o 4 M 2R 0BT U0 1 5 4 S 3L 52 el
BB A 0 - 15 B T1 O BE B i s o O B 1Y BE

McKyes 5 8 {12 8 57 J1 B 3t 47 76 BB 2% 2L X
B X T A O BIE BT 2 A 3 Sk A% IX e
SN R B AE TR 5 O B B il 2k kG
ST P K DR O R I R Y R T HE A
SEAE % Y HE R I IS T H 2 AR - B S B E .
Ji T HME AR B 0000 19 2 s i B oy B 2k WA 1
B

K1 McKyes &%
Fig.1 McKyes model

1.2 JLfaiE Bl

BT McKyes B8, 18 2 45 1 1 1 57 ) 78 +
Hedfe iz i B b TARRSE B BEry — BRI 3 . K 2
SRR SIS R AR (SR AR LI & S A K (B A
B oo VRN EE o h S 47 0 il A e B

M2 af LU e 5 TIE T & i ) — 38
A TR AR B L T v A AT
— >3 BT %53 BT M ) R ST L K AT
B 70 Z [a) 1) - 5838 3l X SR PR O R AIX . 7 T A



KA, F A THMEAER LN LIEE T/EM G IE 121

W v
\/ifﬁfﬁ»}@ﬁ&

DI 2% 2% 7 T

B2 b e ok Ak X

Fig. 2 Failure zone of soil cutting

& AN TR 184 Tt 2 8 D IRAS W RS L 7 0 i i - g M
TR i AN W BG A, 22 0 1, - 3B ME BRI P 1R 24 HE A W
A AH LSNP 1R BRI A S —E 1, H L FR R
LB AT Pl 2. T HE b4 R4 T
Jo R R TR A T] 5 A K P T A2 i b R
BiE 7 1A% AT AR R R HERT T 2
AN 1 2f AR Al 2 Bl 2 9 AR M D 1) R T
[AEAS PN RS ST

N TR ST R B — 2D A AL R M T E
L My, R HERTE WA U 1A EA A R
RO 5 HEWT AR R 1 A 2 A E LA
2% It 2 PRl RS ) = A DX R 5 2 28 b T ) it 4 L
RSk . 8 2 Ak . mT RAXT A HE LA B A R
A4 DX SR AT JLART S AL, AR I 47 0 R A HE TR A5 0 LA
FEAE AT LT ACA B 1A =R AR 2 S XK B =4 4k
F IS 20 5 AR = b A A 1 0 0 Ay vt HE AR DX, G
TER T Ay S B A M AR O e T BT A S D DR TR BT TR
SR T fil A m B b WIS BE 0 Sy b HE SRR T A%
PRBT . = S A O ) 9 R A%k DX O M BT T
A = HER IS T AR S50 e th 57 JT 31 % 5 b T 28
B A M T 00 1 e AU R BE A E . A5 B A LA
VT RA AT AL TN 18] 3 s o 2l 36 ik JLAR] 3T
T AR Y Y 1 M VAR PO A5 R 5 IR T 2
AR 22 29 2 5 00 5 PR 32 3 AR v 76 TR S B
AT
1.3 RhtifEEa

TE VD 55T X RE Hby DX R 5 il A it T, X
> T AT R ez M. 24 DL = 0 R BT
20D B Co B 52 M Al L2 ) T AR
RH 3 1153 05 R fa A

P.=(ygd’N,+cdN.+qdN,)w (6)

Arfa Py oy Z00 R B 05 1) T AERH T

MRAE TAEBE ) B9 3H 507 72, Al 457K F B BB

3 RIS X LA 3T B

Fig.3 Geometric approximation of soli failure zone
i H fitEm s
H=P.sin(a+8 +F, D)
Krp o Fo 47 70w HE AR A58 55 b T8 A 55 DI RH ) .

TAEBR ) 0 B R Tz A U AT . X
o Ag . TR ) A T e B BT
A M A8 #8878 I Ay 70 S VR M A A 5 R g A A i
A7 A — AT B R 0% i A b A9 #3857
67.5°Ze A . T AR 4% 28 0y 3 E ) X AR B S
(18 5 328 /N F- 7K S F10 . BRI AR ST AT ) T4
RH 1358 DA AKSE T AR B 7 2 % 42, 0F 38 i 3 9e 1 5
AR ST X A B 28 A A AT 05T

WHEBRIGE A 3 NS48 p.q . F. T EH
JE . 0E J7 % Swick-Perumpral 25t T — 14
oA B AT 7 XTI B % B g
TAERR 7 0 5 ma IF A KL BRIk, 25 A iR 0 %
Xt BT [ 457,

XF g Fo #EAT IR E R B 3 rh = 4R LB A&
1) e R T T 3R R AE — 4B F T, il 4 fros, Horp
OA 3 hsOB H b,0D Ky r . q R KA X L J5 B
2 B A e ) FE S ) B2 R X
TR 57 7 B B w A 3 R B - A TR AL, SR
P OAFD i B, % i BURe LA™ JT 58 )% w fifl )
79 B2 Ak 4 e PR 38 a0 e g Y % R i mT LA
IR g, 1D

q:pg(l—%)h (8)
Krpo b HEEE,

F. R 48 A 5 U)o B2 AT A6 5 % = P
OAB Wi T JE 5 1 = A IX B + g & a3 ok
HR A T XA DA 5504 2l 1% Xl - 338 Pl 5 9 55 YT BH. )

F.=tnbw (9
Tw=ctpg %tan(gp) (10)

ez, HPHHRE .



122 ¥ RFFHROARXFFR

2020

Pl A4 o 2 A DX T 1 3% A1 ) 7R R

Fig.4 Uniform pressure on section of soil failure zone

2 R EE
2.1 #ht#prEdEid

Tz R I0 7E W Bl TR 52 8 U F TP s 5
90 2 1) Al S0 = AT AR LA BN ED £ B K R A
WEAS T, | T 0B R b s 1. 52
g/cm’ . XIRP AT T 0 43 5. 15 B D 0 R AR
AR R B M 2R L W E 5 TR .
100
80

60

40

B R/ %

20

A7) 9 #L R ~F (mm) T 1)

0 2 4
% LR ~F/mm

5 bk ih £k

Fig.5 Grading curve of sand soil

it TAER 7, 30 B 2 5K (2) ~ 5 (5)
FR R 56 S50 AR IR 6 00 4 A 4 BB 1 L G - AR A
BYY MR Bk 25°, RIENEESE A o R 30°, HHE 5]
[ BESE AR 0 oA 157 AN TRV M U B T ) 38 52 iy X3 £
g WL 45° B E ) ¢ 499 1 700 Pa,
2.2 HWEE

ez iR I AE A AT IO BRI B E TR R
PEEERNIERESR 5] R A R E B
TR FVBE SR 4R R G0 LR o A . WP AE 248 [ a2
FERD + BB )RR RV R S5 K i AAE
RS Bk RS IS sh T R s O TR T
IR K BHL g 7R IR 50 4% B B R T K425
(7 2t N HE 2 A FH 0 L 22 51 26 8 g B R s B A%
TR T 2 AE R P AR 22 B N ) B AR R IR 2 T

B s % 5 R ] Dewesoft [ 1 F7 W A8 {0 55 4k 31, H
BARZE WA 6 Fixs,

710N

': FASIIRIE
] =811 | LI

[ 6 el
Fig. 6 Testing apparatus

2.3 SR

Vet 5 PR LB (90°,80°.70°,60°F1 50°) . 43
SAE 4 FPAEL R B (60,90,120,150 mm) T FF J& +
Btz 50, B A I8 A AR EE R 0. 12 m/s,
iz B 0 A AR 4 m A . (8 BT s iR R
A KPR £ FE AT 5788 FE S0, IR DU 4= 8 2% 1, 76 i 50
S UG FEAD 4 SR 5 7 R 52 7 i 4 i 1
6 1 A RD 5 B L R IE HE 32 3K 56 B Y D 9 R SO
Y% AR

7 Ry Hop 1 A58 5 5 . 5 ) Ri e i £
BARTE O . T e s o R D AN W HE B B
HAEHE T AT R T A R E LA A, WL
7(a) s B £ S S R R L A ) 5 G TR A R
B 7o) Pron . 38 i EOE R R g B 5 R
A BRI SR AR il SR IS TVE BE 7 i AR Akl 6
JEAR s T AR R E By B i A8 fb i Ze o TAE B 1 i
S .

(a) HHEBES (b) B> LV TE 25

B 7 ez i g v S B B A LT S

Fig. 7 Geometry situations of sand soil after bulldozing test

3 HEER

P8 i th T A [ Al AT A T AR B g i 52 0
IS ME BEAE L R A2 AL Ry xF He it 2k . A 8 W] LA



% 64

KA, F A THMEAER LN LIEE T/EM G IE 123

F YR AR R 90° B, T [V b VR BE R TR B
30 B AE Y R T SR 2 1Rl A R 807,707,
60 A1 50°HY L FEAE MV IR EE R 60,90 mm &K 1F T, H#ig

(EE R T SR s FE AR ML R B O 120 mm B9 2614 T
b2 Loy [ i1 B 1 W S R T ¢ = /87
JE 3 150 mm Z&AFF  BISE B /N T 52 0{E

250 25 25
= 5 —8— SEE —a— SEME
_.Q_igjg -=<- HifE - - HiIRME
2.0r 20 2.0
Zust Sist Sist
R R R
= = =
£ &0 S5 L
e 1.0 H 1.0 e 1.0
<
0.5 0.5 0.5¢
C [
0 1 1 J 0 1 1 J 0 1 1 J
60 90 120 150 60 90 120 150 60 90 120 150
k7% B/ mm B M 7 FE/ mm B MV VR ¥/ mm
(a) a =90° (b) o« =80° (c) a =70°
2.5r¢ 2.5¢
—=— SEME —=— SEME
-0 - B - HigfH
2.01 2.0F
Z1. Z1st
X <
R R
= =
B L
H H
0 1 1 J 0 1 1 J
60 90 120 150 60 90 120 150
E k7R B/ mm b B/ mm
(d) a =60° (e) @ =50°

P8 ASTE] AT A T T A EL g S A s L A ol 2 ) 72 i 5

Fig. 8 Changes curves of cutting resistance of measured values and theoretical values with cutting depths under different rake angles

MIEL 8 W] LA Hh o ZEVE ML TR B A /N BRI (A R
TSR 240 VR R A KR B /N T S I
£ 80°.70°,60°F1 5075 4 PR B T L 2 Aot 5 g
S0 i 2 s 1k B AL, FLZE AR L IR BE 90 ~ 150
mm [X [ 38 [N AR BH D 0 B8 E 5 52 00 E 1 A2
o & A — A (A

FEFTA 20 B E RS LS R A 14 4
SERMHEISE K T ICmE, A4 6 A g Rl
ANT S . RS AE B EE Dy 150 mm B, 7EAE
b K 80°.70°,60° 1 50°HY AR L BB AE 1L
S B AR T 3R 25 3 BN T 7. 2%6.9.4%.21. 7%
M 21.8% , FERXFPAEL G40 T . 6+ 38 38 HL A
VeI & o B F A X 52 00 (R 9 A X R 22 A g
20 Ah R 25 AR AL SR L AR AR L R B R
B HE a5 2 B A ol A6 A 1 8 /0 S 0 A R
PRI 38 aet % 338 (6 3 A7 18 0E . AT LUE T4 BH D

RS S Eisis e A Wil ST

. 7ot — 2D B S S E R R 2E S
Je S48 T 25 2R 55 S0 A A 5% 22 R AT P A X B B
VS EAR X T S DA Y 4% 22 HEAT e i E o i, e P Y
Y 0 1R 25 (Viae) - S X 15 25 (Vige) AT J5 AR 1R

2 (Vs ) X85 REATPPAL L7 HSE 0T
Ve = %Z | H—H,, | an
i=1
Ve = =) (H= H,)100 (12)

H,

n -
i=

(13

Aorfen B 8 Ho, i S .

Ze vt KT BH 7 B A X T S 1S 3
Xt iR 2E R 124, 8, F MR Ky 21, 3%, ¥ R
RN 154, 4,



124 ¥ RFFHROARXFFR

2020 #

4 BERE

4.1 HEMBIEITEITLEE
R T ARAS T AR O T E A AR X B A AT AR
EAEIE B AR ) BB A (EAE 8 H., B TERECH
Ry UEEBE IETH T
H, =k H (149
T g i o R AR 2 AR, S
SEAEM AT A o FVENL TR BE o 5 X I L P08 TE R AL £,
FAEMAT A o FVENLERBE o B 25 50 2 bR 55, D
k= fla,d) (15)
X LT X 22 T bR R 2 A AR S Y R U E
A8 aE . SCHRL24 148 1 T AEBH J7 B ARl 1 £ 522 9
T AR O s T B AR T A o BN IR R
#. Luth Z7EXH0 + B #Eiz b 58 b %A [ 58 B2 5
JIBEAE Y B B2 0 28 A6 B 64T T A5 A T 9
53 R/NT 254 mm B S ARCFTFE R 508 mm (1 5E
M. WEFERBL, 5] T2 126 mm W), TAEFH
TIBEVE AP TR S BV 7 B &R M T SR Ny
508 mm B, 57 77 #E - BH 7 BE R BE A A8 AR 3T L 5 4R
PR R R A4 ) 55 8 300 mm, A F
AR R GERME R RN T A2 00K
B AL T AR BEL 7 i R B 1 A8 Ak R 2 O 3R TR
YEMVIRBE d 38 Ry — R RE WALG RE R 9 2 T
ESIw I
ki =m, tmiatm,d+msa* +m,ad (16)
R omg omy oy omy omy ¥R FE BB
PL 20 2H SEIAE 5 B (E 22 Lo L5 8E ok
MATLAB 844w (% sfrool il #4451 B 46 . X £,
AT Z WG 15 B0 4 E BB TR AR, L
*x1,
1 BERBUTEER

Tab. 1 Calculation results of undetermined coefficients

EAIEEY§ mg m my ms my

2.211X 1 9.029X | 1.523X | —7.780X

EX e 0.343 1

1073 1073 1075 107°

PRIk s ol VR L AT R oL R A i 2R 1
Y FR B Ry ] R i 2 ST SR A AT AR 4 X
(ISR TAEE D BUEB LR . B9 Al T
TR 26 T AR BE 7 0 5 f 18 1E 45 51 45 52 A
IS E BT

M9 mf LU 5 B (A AR L R T B(E 2 1E
JE SRR AR BH 45 2R D e S e
R (12) ~ N AD T BAE B 1453 -5 S AE 1Y

2200 o SL{E

PO T B O (A 5 006 9 £ 0
Fig. 9 Comparisons of cutting resistances for numerical correction
values with measured values and theoretical values
R 25 19 B BUE A& 15 45 A T T 52 W0 {5 A 7 2 46 %
W 64. 7, FIAHXT IR 2N 10. 6%, ¥ MR 2%

Jy 88.4,

V- BSOME A LE 45 S R B (AR R T S A Y 3 22
HEAT LO A W] DA R B < B3O A8 T TSR0 45 SR 1 g R
JEE AR X /0N o S A X 5 22 08/ T — 2, BAUE B IE
TR SE 5 5 I 2 18] 7 i 22 o pE T 3 (E .
b, SR FHEUE A IE 19 A X HEAT T3 mT LA A B 5o
F2 300 SN AR A T 25 SR . X B LS R B
16 1E 153 25 SR B L S A S MK AR 25 Al A I i R
F L LA HARE & &AL B G 23020 %8
Je i (DX C17)) o T B e 22 30 2 11 5= D
A HEAT B A I T I b A T T TR A
A AE 1E 45 R ATy /N T S0 AE A6 3 1T A TR R R
e TR AS 7] 8 FH 2 SRR A A N Y EE 4 R A AT
PRAE BT AT S
4.2 ZWEIEITEITEE

PAIR 5 5R T, 2 R AR LR fi £
k1 50°.60°,70°F1 8O AT, FHIE (E ¥y /N T AL MAE . 1
HEEBEHESERTEREMN M EERE. A
RB PRI T TS . O T — 20 B R AR Y
THEGE B IE 7 A B A TR S PRIV L R 48 86 vk
SRS E AT — LB R TRE TN
PP BT AR, RERBIEHE RN H . 255
E R ko I R BT AR o FIAENLUREE d 1 bR
BLATHE L AAIBEIE R b, =31+ cos’ (a))/d
K2 R B KRR ) i B E AT T & IE .



WAE, 5 .k THRMAFREHFHA LE TFMAHEE 125

% 6
N 2 56546 1E 75N
H.,=3(1+cos*(e))WdH (17

Bl 10 A Al 2 B AR B ) B BUi 42 1k
S5 R 5 LME A BB A A X LE

2200 o LA
BRE maPE

2000
1800
1600
Z 1400
R
= 1200
©«
11000 -
800
600

990N

B10 TRy 2 B d6s OF (1 L 500 (A 0 B 9 0 1 %
ig. 10 Comparisons of cutting resistances for empirical correction
values with measured values and theoretical values

XEISHETERBIEE .U 2 445 1EIE
FFRAE RN T SEAE 3 2 20 B0 7 b & 1 4 o) 2
YEMLABE M 70 FAE ML IR B 60 mm A, LA B AR b A8 £
80" FIAE Mk T FE 90 mm I . H:AH X 5% 22 43 5l hy
—0.4% M —0.31%, /] LA H X 2 LR BIET
SEE 5 SO AR 25 A8 K Ay 18 A BB IE T3
SRR T LA LB R FE S 150 mm Ry ], 24
ML A S 90°,80°,70°,60° A1 50° i, Bl S (K 5 5L
R A X R 22 o 8.8% . —T7.2%. —9.4%,
—21. 7% M —21. 80 s i R & A& IE 7 ki85
22005 IE 5 AR X T S8 DU AE (9 A X R 22 43 00 R
26.4%.11.1%.,17.5%.13. 7% 1 28. 5%, ik,
AT F RS TR LS R 2 E AR TR )

HRAE X (12) ~ X AD TR R A 45 2R 5 9
{H 1R 22, 45 B 28 36 5 1F 25 5 AH X5 1 S 19 °F- 1
YR 250 159, 3, M X R 258 21, 6 %0 . B AR
BRZEH 200. 5, 5 BRI AR G T S0 (9 1% 22 4 L
B BOR O Ja 2t Xof 1 2 TN B8 O MR 25 BT 4 K L (H
PRI R 22 AR — B, WX i g5 SRk E , T8
2t F 15 2 R34 AR 15 25 e DR 3R WY R R O 2 A T
B8 18 2 B 9 A X R 22 O IEAE X R &
BB IETHRZ IR A SR, gl e Bai R R

W AT A B m LU B e 4 N 2 e 1
IR S5 R B SR dE X

5 & &

(1) 38 32 X6~ 11 47 0 i HE AR 4 38 OB 8 347 )L
Al 3 AR I 187 A 5™ 70 i ok AR A 18 5 1 1 55 U0 FH 7 Y
PRSI vk L TN R ) 0 TAERE g B
WItHE AR,

(2) K H S TR 20 23850 19 T/ERH )
HEAT IR O 5 SEME LA, Y VR B B B/ i, B
VS AE R T SR o 2 Ml TR B A R ) BB /N T 52
DA

g5 Y T BUE B 1E R BUF 28 5615 1F F 500 1
FEITHE 2 M IE R B AT A o FIVELIRE d
10 R ER, P AUEAE TE R B AR A o S R
AWML IRE d R — RN —on 20, &5 & E R
BN cos’ (o) Fil/d 1 R Y.

(DOXF 2 FEIELS RS HISEMRERT T4
TR BB BT O S e AR B RS R T
T SN AH 28 9648 0E SRR G ] B (H TSR A R
PRSP, TE TR, AT DR R 55 B 757 2k FH AN ()
A IE T R AT 5

S & k-

References:

[1] KIMY B,HAJY.KANG H,et al. Dynamically opti-
mal trajectories for earthmoving excavators[ J]. Auto-
mation in Construction,2013,35:568-578.

(2] BT, BER. AT TS5 T ARG s 00
HIBEL SRS LT ], v B R 24 4 AR B2 A, 2016, 47
(12):4056-4061.

HE Yu-tian, LU Peng-min. Study on cutting resist-
ance of different blade structures in condition of simi-
lar blade-edge[J]. Journal of Central South Universi-
ty:Science and Technology,2016,47(12) :4056-4061.

[3] ZHUY O,ZHOU Q,LIU B L, et al. Finite element
analysis on interaction between lunar regolith and cut-
ter[J]. Procedia Engineering,2014,73:194-203.

[ 4] MIEDEMA S A. The cutting of water saturated sand
at large cutting angles [ C]//ASCE. Proceedings of
Specialty Conference on Dredging and Dredged Mate-
rial Disposal. Reston: ASCE,2002:1-16.

(5] SPaEZE 6 T2 R, 4. fl 4 il e 200 4 8
ok BEL 14 R 52 o f) IE S i LT . ARl AL 2 4 . 2015,
46(7) .372-378.

GUO Zhi-jun,DU Gan, LI Zhong-li, et al. Orthogonal



126 ¥ KFFHRARAAF R 2020 %
experiment on resistance reduction by soil-engaging search,2011(47) :20-29.
surfaces of bulldozer blade[]]. Transactions of the [15] JOHNSON K,CREAGER C,IZADNEGAHDAR A,
Chinese Society for Agricultural Machinery, 2015, 46 et al. Development of field excavator with embedded
(7):372-378. force measurement[ C|//ZACNY K, MALLA R B,

[ 6] SKONIECZNY K, WETTERGREEN D S, WHIT- BINIENDA W. Proceedings of Earth and Space 2012
TAKER W. Advantages of continuous excavation in Engineering, Science, Construction. and Operations in
lightweight planetary robotic operations[ J]. The In- Challenging Environments. Reston: ASCE, 2012.
ternational Journal of Robotics Research, 2016, 35 365-374.

(9):1121-1139. [16] JAYASURIYA H P W,SALOKHE V M. A review

L7145 WM. BRBER . =R, 5. BRNRA 3 il 6L of soil-tine models for a range of soil conditions[J].

R &R 2 BCUC e BE [T, ALAR T 2 2% ), 2014, 50 Journal of Agricultural Engineering Research, 2001,
(1) :70-75. 79(1).1-13.
ZOU Yuan, CHEN Xiao-ling, LI Dong-ge, et al. Pa- [17] ZHANG L B,CAI Z X,LIU H F. A novel approach
rameter matching design and control optimization for for simulation of soil-tool interaction based on an ar-
series hybrid tracked bulldozer [J]. Journal of Me- bitrary Lagrangian-Eulerian description [ J]. Soil &
chanical Engineering,2014,50(1) ;70-75. Tillage Research,2018,178:41-49.

[8] MUELLER R, WILKINSON R A, GALLO C A, [18] KING R H,VAN SUSANTE P.GEFREH M A. An-
et al. Lightweight bulldozer attachment for construc- alytical models and laboratory measurements of the
tion and excavation on the lunar surface[ C|//AIAA. soil-tool interaction force to push a narrow tool
Proceedings of AIAA Space Conference &. Exposi- through JSC-1A lunar simulant and Ottawa sand at
tion. Pasadena; AIAA,2009:1-16. different cutting depths[J]. Journal of Terramechan-

[9] OBERMAYR M,DRESSLER K,VRETTOS C,et al. ics,2011,48:85-95.

Prediction of draft forces in cohesionless soil with the [19] ANI O A,UZOEJINWA B B,EZEAMA A O,et al.
discrete element method[ ] ]. Journal of Terramechan- Overview of soil-machine interaction studies in soil
ics,2011,48(5) ;347-358. bins[J]. Soil & Tillage Research,2018,175,13-27.

[10] SHMULEVICH I,ASAF Z,RUBINSTEIN D. Inter- [20] MCKYES E,ALI O S. The cutting of soil by narrow
action between soil and a wide cutting blade using the blades[ J]. Journal of Terramechanics, 1977, 14 (2)
discrete element method[J]. Soil &. Tillage Rescarch, 43-58.

2007,97(1) :37-50. [21] GODWIN R J. A review of the effect of implement geom-

[11] AGUIJ H,WILKINSON R A. Granular flow and dy- etry on soil failure and implement forces[]]. Soil &
namics of lunar simulants in excavating implements Tillage Research,2007,97(2) :331-340.

[C]//SONG G B,MALLA R B. Proceedings of Earth [22] GODWIN R J, O DOGHERTY M J. Integrated soil
and Space 2010; Engineering, Science, Construction, tillage force prediction models[J]. Journal of Terra-
and Operations in Challenging Environments. Reston: mechanics,2007,44(1) :3-14.

ASCE,2010:84-94. [23] ASHRAFIZADEH S R,KUSHWAHA R L. Soil fail-

[12] ZHANG L,CAI Z,WANG L,et al. Coupled Eulerian- ure model in front of a tillage tool action— A review
Lagrangian finite element method for simulating soil- [C]//CSAE. Proceedings of SCGR 2003 Meeting.
tool interaction [ J ]. Biosystems Engineering, 2018, Montreal : CSAE, 2003 :1-28.

175.:96-105. [24] ONO I,NAKASHIMA H,SHIMIZU H,et al. Inves-

[13] WILKINSON A,DEGENNARO A. Digging and pushing tigation of elemental shape for 3D DEM modeling of
lunar regolith; Classical soil mechanics and the forces nee- interaction between soil and a narrow cutting tool[ ] ].
ded for excavation and traction[ ] |. Journal of Terrame- Journal of Terramechanics,2013,50:265-276.
chanics ,2007,44 :133-152. [25] LUTH H J,WISMER R D. Performance of plane soil

[14] SANDERS G B,LARSON W E. Integration of in-situ cutting blades in sand[J]. Transactions of the ASAE,

resource utilization into lunar/mars exploration

through field analogs [J]. Advances in Space Re-

1971,14:255-259,262.



