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Fig. 12 Damage stress of ILR simulant in variable-angle shear test
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Table 7 Shear strength fitting results of ILR simulant

IR W% P % J1/MPa P EEREfR/ (°)
3.9 1.40+0.10 51.2+1.2
5.7 2.81+0.24 50.5+1.5
8.1 3.92+0.30 52.7+1.1
9.5 5.24+0.44 52.9+1.1

332 BYYIRREERE S KRB R

ANTE] 7K 28R BY V) 0 B 2 BB 2 7K 28 (1) A8 40 5%
RUE 1457w, B AR BRG0P 5B & K2
FARBEMBMRR, 1N EEEE A AN S KR
b, X —HA S SCER[25 A A0, H BRVR L E-5~—-15 C
5L 3 R P 3R AR R e 5 SR AR L

7r

6 o MR S bR 2
MRS
d +
&
4 %
23
: .
2 -
c=—1.05+0.640
[z 3]
1 -
0 . L L s
0 2 4 6 3 10 1
FIKKRo/wt%
(a) WERA5EKERR
60
50 F e & L
: 9=49.36+0380
~ 40t
~
S
&
& 30}
#
=
20 b
101 o WA S bR 2
BPEM S
0 . ; * L L n
0 2 4 6 3 10 "

EKEolwt%
(b) WA 5 EKERR

B 14 IRIER /) PR BRR - B ONRIE 28 E SRR R R
Fig. 14 Relationship between shear strength parameters and water content of
ILR simulant under low normal pressure

H A SO A A [R] R 1) B9 5 K R AT — 5 T
%, HARD. WEHEHRZRZM GRS, 714
—EMIATERE . Bk, XS BT ) 98 R 2 e K

IR REAT LA, R LUK B A2 B A AR
B AN E LA FEAE N IO Y ork ek R A 5035, K&
K AN R i BOAR HE ZE 1 9 % 2 B AN
SERLTHRA A EHL . fEAIRAFTR S HIRE
WHN, WEIIHEKERHIR R UER (5)
BATMAE

¢ (MPa) = —1.05+0.64 X w (1% ) (5)
MmN EE Mo Lz (6) TG
¢ (°) = 49.36 +0.38 X w (W% ) (6)

s ] fE] B = 50° ~ 53°,

5CER[10]H T el AL 25 AR B, AR SCIRTS 1)
B H BRER N B0 RNV, (H P R A R, 1X
AT RE A T A SO RO g8 R R AR R T SE A
RGOK T UKL W) 77 8% B AR LA B S 50 A, R T
HEKERXRRMNE BLSBANNAZ RAE S KE
2 W%, BIE T2 wt% i K R H 3Rk L1 A
EIEMPaZK - R BRAR B30T 770, X5 H4& 5K
HL2 wt%MARFERS, IRFEXE LR (B IGAHTF o LR
PR 0L 3 e K A, K g3 HE AR JBURE () BT
My, ToiE AR EEE M BORLR S E—ilg . BRtk, KT
2 wt% & 7K T S IK N SR AT DA S 2 v S FE TG /K 4
(R FTEUE, REATE1~10 kPam "™ i P BE 18 A1
AV 50042 A5 (R EUAR,  ARTE w2 S B JE /K H 381 P B8
BERBUETEHE

4 % i

AR SO RELH BRVR R BT s R, M BRAR
XK A5 X RS P R, b 7 A BRR 10
Ay RS TEE. SRR, EBESYIESH
BUHE B BURYE . 5t 7 A 3R L Bl 7 vE AR
PIEL SRR 1% DARHC TR X i 2 R 40 H 4%
T S BRI R AR TR A VR R EORE, il T TR R
1.71 glem’ (HRTZESZRE100%) , & 7/KZE3.7~9.5 wt%,
B T-180 CHIABRE HARIREA . R MBI
TR T BN H BRYE LB D) R RS, RARLT
it

1) ARFEREILH BRI 150 S5 iR L S A O
PEAHT, AR SCHE H IR IR i 2% 5 e 7 v e % S A
FEVIHE S B AER ), B ol a0 i &

2) HEHH BRI AR R R R B D R s = B BY
WrTiD i R e ROy, BRI R, B A BRR
MOMEPEREAG . AEPERG I, IR 2 A O M Ak s B Al
IR, R N b



%2 W &=, S A BRI BT 9 R IG  Hr 209

3) AR K Z R A BRUR L AEARE N A A
BT WEE MG E A SRS HEN AT 7 At
B, 5RO N S D S K A T A A 2k vk 1
W EEE A BEAANBE &K AL, BUE 950°~53°,

2 % x W

[11 R, TEZ, Tk, 8 H BRI RN K 3 2R 5 BOR F St
T R BRI EAR (1 FE30, 2020, 7(3) : 223-231.

WU W R, YU D Y, WANG C, et al. Research on the main scientific
and technological issues on lunar polar exploration[J]. Journal of Deep
Space Exploration, 2020, 7(3) : 223-231.

[2]  ATRREL, 20 I A FROK ORI S IR AT TE SR SO BERE[D]. 2L
7S 51K, 2021, 27(6) : 589-600.

HE C D,LIY S, WEN Z,et al. Research progress of lunar surface
waterice detection and occurrence form[J]. Vacuum and Cryogenics,
2021,27(6) : 589-600.

[3] WILLIAMS J P, GREENHAGEN B T, PAIGE D A, et al. Seasonal
polar temperatures on the Moon[J]. Journal of Geophysical Research:
Planets, 2019, 124(10) : 2505-2521.

[4] GERTSCH L S,ROSTAMI J, GUSTAFSON R. Review of lunar
regolith properties for design of low power lunar excavators[C]//Procee-
dings of the 6th International Conference on Case Histories in
Geotechnical Engineering. Arlington, VA: [s. n. ]: 2008.

[5] ATKINSON J,ZACNY K. Mechanical properties of icy lunar regolith:
Application to ISRU on the moon and mars[C]//Proceedings of Earth
and Space 2018: Engineering for Extreme Environments. Reston, VA:
[s.n.]:2018.

[6] PITCHER C,KOMLE N, LEIBNIZ O,et al. Investigation of the
properties of icy lunar polar regolith simulants[J]. Advances in Space
Research,2016,57(5): 1197-1208.

[71 LIUJ,ZHANG W, TIAN Y, et al. Analysis and prediction of uniaxial
compressive strength of icy lunar regolith under extreme
temperature[J]. Advances in Space Research, 2022, 69(12) : 4391-4407.

[8]  Zde, FIEE, 5k, 5. VR LU I B HLER RO S ERE D). VKR
1:,2021,43(2): 638-649.

LI L,ZHOU Q,ZHANG K, et al. Research progress on mechanical
cutting fracture mechanism of frozen soil[J]. Journal of Glaciology and
Geocryology,2021,43(2) : 638-649.

[91 AR, A%, 5k, &5 Bk Bl U1 ) A R B Jeat e (], 1
24,2018, 43(S2) : 573-580.

ZHENG G J,ZHOU Q,ZHANG K, et al. Advances and trends in the
study on rotary cutting mechanical model of single cutter[J]. Journal of
China Coal Society,2018,43(S2): 573-580.

[10] XUF &, FER R, HEF, 8. H 3K K H A I 7 2R 43 A
(0] VRE M AR (R P30 , 2022, 9(2) £ 134-140.

LIU J, WANG E, TIAN Y, et al. Fabric simulation and mechanical
characteristics test and analysis of icy lunar regolith[J]. Journal of Deep
Space Exploration, 2022,9(2) : 134-140.

[11] BASU A, RIEGSECKER S. Modal mineralogic distribution in the
regolith at Apollo landing sites[J]. Journal of Geophysical Research:
Planets, 2000, 105(E2) : 4361-4368.

[12] SUN X, ZHANG R, LI X, et al. JLU-H: a novel lunar highland regolith

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

simulant for use in large-scale engineering experiments[J]. Planetary
and Space Science,2022,221:105562.
A, A, TR, S, T T 22490 70 2 R0 IR R, S e 0],
%1 73%%,2008,29(6) : 1557-1561.
LI J Q,ZOU M,JIA Y,et al. Lunar soil simulant for vehicle-
terramechanics research in labtory[J]. Rock and Soil Mechanics, 2008,
29(6):1557-1561.
HE X, XIAO L,HUANG J,et al. Lunar regolith simulant CUG-
1A[C]//Proceedings of the 41st Annual Lunar and Planetary Science
Conference. The Woodlands, Texas: [s. n]: 2010.
ZENG X, HE C, WILKINSON A. Geotechnical properties of NT-
LHT-2M lunar highland simulant[J]. Journal of Aerospace
Engineering,2010,23(4):213-218.
BUTLER J C, GREENE G M, KING JR E A. Grain size frequency
distributions and modal analyses of Apollo 16 fines[C]//Porceedings of
the Fourth Lunar Science Conference (LSC 1973). Houston, Texas:
1973.
HEIKEN G H, VANIMAN D T, FRENCH B M. Lunar Sourcebook: a
user’s guide to the Moon[M]. Cambrideg: Cambridge University Press.
1991.
4T, BRAR A, BE, S A BRI OK KRR AR ZRIR [1]. IR 28R
2R P PE30,2022,9(2): 101-113.
JIJ,ZHANG W W, YANG X, et al. Overview of water ice sampling
and detection techniques in the lunar polar region[J]. Journal of Deep
Space Exploration, 2022,9(2): 101-113.
COLAPRETE A, SCHULTZ P, HELDMANN 1J, et al. Detection of
water in the LCROSS ejecta plume[J]. Science, 2010,330(6003) : 463-
468.
ANDREAS E L. New estimates for the sublimation rate for ice on the
Moon[J]. Icarus, 2007, 186 (1) : 24-30.
PAIGE D A,SIEGLER M A,ZHANG J A,et al. Diviner lunar
radiometer observations of cold traps in the Moon’s south polar
region[J]. Science, 2010, 330(6003) : 479-482.
DU K, LI X, WANG S, et al. Compression-shear failure properties and
acoustic emission (AE) characteristics of rocks in variable angle shear
and direct shear tests[J]. Measurement, 2021, 183: 109814.
ASUERO A G,SAYAGO A,GONZALEZ A G. The correlation
coefficient: an overview[J]. Critical Reviews in Analytical Chemistry,
2006,36(1):41-59.

G, TR, . R R AR I AT S, [ A2
4R, 2006(3) : 307-310.
ZHU Z W,NING J G,MA W. Study on yield surface and yield
criterion of frozen soil[J]. Acta Mechanica Solida Sinica, 2006(3) : 307-
310.
JAIRIE, Bk, ol AR 35 = R4 e 5 A 0], S IR R
R EGEE IR 2022,39(2) : 26-31.
ZHOU Z X,MA Q Y. Triaxial compression test and analysis of
simulated lunar soil at negative temperature[J]. Journal of Hefei
University (Comprehensive Edition). 2022,39(2):26-31.
WANG Y, FENG W K, LI C H, et al. An investigation into the effects
of block size on the mechanical behaviors of bimsoils using variable-
angle shear experiments[J]. Environmental Earth Sciences, 2020,

79(3):1-13.


http://dx.doi.org/10.3969/j.issn.1006-7086.2021.06.011
http://dx.doi.org/10.3969/j.issn.1006-7086.2021.06.011
http://dx.doi.org/10.3969/j.issn.1006-7086.2021.06.011
http://dx.doi.org/10.1016/j.asr.2015.12.030
http://dx.doi.org/10.1016/j.asr.2015.12.030
http://dx.doi.org/10.1016/j.asr.2022.03.042
http://dx.doi.org/10.13225/j.cnki.jccs.2018.0713
http://dx.doi.org/10.13225/j.cnki.jccs.2018.0713
http://dx.doi.org/10.13225/j.cnki.jccs.2018.0713
http://dx.doi.org/10.13225/j.cnki.jccs.2018.0713
http://dx.doi.org/10.1029/1999JE001084
http://dx.doi.org/10.1029/1999JE001084
http://dx.doi.org/10.1029/1999JE001084
http://dx.doi.org/10.1016/j.pss.2022.105562
http://dx.doi.org/10.1016/j.pss.2022.105562
http://dx.doi.org/10.3969/j.issn.1000-7598.2008.06.023
http://dx.doi.org/10.3969/j.issn.1000-7598.2008.06.023
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000026
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000026
http://dx.doi.org/10.1126/science.1186986
http://dx.doi.org/10.1016/j.icarus.2006.08.024
http://dx.doi.org/10.1126/science.1187726
http://dx.doi.org/10.1016/j.measurement.2021.109814
http://dx.doi.org/10.1080/10408340500526766
http://dx.doi.org/10.3969/j.issn.0254-7805.2006.03.016
http://dx.doi.org/10.3969/j.issn.0254-7805.2006.03.016
http://dx.doi.org/10.3969/j.issn.0254-7805.2006.03.016

210 PRI 2 (R3S 20234F

TR i A XUTEFS (1986 ), 42, B LRI, FBEBFIE 77 140 HAh T b RREHR
-, 5, ik, EHERTE I AN AR RN \ .

iﬁuws)5%@tﬁﬁﬁ:£§ﬁnﬁf}ﬂﬁ%%r#%ﬂ& 2 R L2 A SO

S M 50 T X A 1045 5 (100094) IB{EHEAE: LR TR DA 1045 5 (100094)

i (010068745726 i (010068746741

E-mail: jijie2849@163.com E-mail: 234281099@qq.com

Simulation of Icy Lunar Regolith and Experiment on Its Shear Strength

J1Jie', WANG Xiaoguang', XIAO Junxiao’, XIAO Tao’, ZHANG Weiwei’, WANG Chu', MA Jinan',
LIU Yafang', SUN Jing', JIANG Shengyuan’

(1. Beijing Institute of Spacecraft System Engineering, Beijing 100094, China;
2. State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150001, China;
3. Institute of Remote Sensing Satellite, China Academy of Space Technology, Beijing 100094, China;
4. China Satellite Communications Co., Ltd., Beijing 100190, China)

Abstract: In order to obtain the shear strength of Icy Lunar Regolith (ILR) in the Permanently Shadowed Region (PSR) of the
Moon, the physical properties of ILR such as mineral composition, particle size distribution, dry density, water content and
deposition temperature were analyzed, and a method for ILR simulant preparing and parameters testing was proposed. Based on the
Variable-Angle Shear Test (VAST) method, shear strength tests of ILR simulant were conducted with a mixed raw material made of
anorthosite and basalt, dry density of 1.71g/cm’ (i.e. 100% relative density), water content from 3.7 wt% to 9.5 wt%, and temperature
below —180°C. The result shows that the shear damage mode of the ILR simulant under low confining pressure is dominated by
brittle fracture on the shear surface, but with the increase of the confining pressure, the brittleness of the ILR decreases and the
ductility increases. In this case, its damage mode changes to compression-shear damage, and the shear strength decreases. The shear
strength parameters of the ILR simulant under low confining pressure were calculated according to the linear Mohr-Coulomb
criterion. The results show that the cohesion increases linearly with the increase of water content, but the internal friction angle
hardly varies with water content, with values between 50° and 53°.

Keywords: Icy Lunar Regolith (ILR); Lunar Regolith Simulant (LRS); Variable-Angle Shear Test (VAST); shear
strength; Mohr-Coulomb theory

Highlights:

e A preparation method for simulant of icy lunar regolith is proposed.

e Shear strength tests of icy lunar regolith simulant under extreme low temperature are carried out.

e The cohesion of icy lunar regolith increases linearly with increasing water content, with an internal friction angle of 50°~53°.
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