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Experimental Evaluation of Ice-regolith Mixture Settlement
Caused by Lunar Ice Extraction
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Abstract

Lunar ice is a resource available for future human exploration in deep space and long-term extraterrestrial habitat.
However, the origin and nature of lunar ice remains unclear. In addition to remote sensing, international space agencies
are competitively planning and conducting missions for lunar surface exploration to determine the existence and resource
extent of lunar ice. If a sufficient amount of lunar ice is confirmed, its future in-situ resource utilization is expected
to be greatly beneficial. However, due to ice extraction, settlement may occur, which should be taken into account from
a geotechnical engineering perspective. Herein, experimental investigations of the potential settlement caused by lunar
ice extraction were conducted and different textures of lunar ice were simulated. Consequently, it was confirmed that

significant settlement occurs even at the initial water content of ~10% in lunar regolith simulant-ice-mixed soil.
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1998 NASA= Hofl do] Qlrhs AHS sk,
20059 = 29 7‘]’ 1S -85k AR AL Z-E(In-Situ
Resource Utilization, ISRU) S 2F# 5} th(Jayathilake et
al., 2022). AXAHAZ-E(ISRU) 7id 2] 2 ol &
A5t B2 olgslo] frelglel Bast Aast %,
Tel3 A9 Ealel Wagh FAREA) ARE A
A¥sh=d] 9ItHAnand et al., 2012). @A7A] ZARE 2}
g0ty @ QL Pl o efo] £, o

29 X% (Permanent Shadowed Regions, PSRs) U]+

® offe} FHlol ZEAJshe A0R 2ALE|RITHCocks
et al.,, 2002; Duke, 2002; Hodges, 2002; Anand, 2010;
Cannon and Britt, 2020).
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Hip= 2o 7|95 g 28l 7|3tof| A 3714] 71 o]
A or 2hgotn AT Hal @It Anand,
2010). & 2ol et 5 T2 9ol 93k ¥4
Tr=(remote sensing)o] &J&3s}FaL Qo] o}F X9 A
o ZxEo] A=Al ZHo| o]2o]R]X| ko JL o]
A AHE FEst7 ol AZE UTH(Cocks et al.,
2002). A|A -F=ollA= ol2Rt 2o o5 i
ZA AHE AHA o7 2HstuA} & FH A A=
= Atk 42 B = EAE v_ﬁ.Oh_ HFE A
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Aerospace Exploration Agency)®} Q1= 5 A+ 7|+
ISRO(Indian Space Research Organization)+= & =+X| <
o] FT=BAIA(PSRs) LA 0| 2H55k0] = H(rover)
B 5 9 A3t AolelE wlstel Ul £l
=3Il A|ES 23519t Ogishima and Saiki, 2021).
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Fig. 1. Physical texture of ice—regolith mixtures that may exist in
lunar cold traps (Murnane et al., 2022)
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Fig. 2. Particle size distribution of real lunar regolith, lunar simulants
(JSC—1 & FJS-1), and KLS—1 (Ryu et al., 2015)

Y E(Korean Lunar Simulant, KLS-1)E A} o}
(Ryu et al., 2015). KLS-1-& & E9Fo] #&E U 3}st %
A} AR QT s A AolN A A
Qe wafste] & wobe] Qmiael fASHA A2
Shoick. Ak Eok} ulisle] WRAS JHkeR 3 &
Fo BTGy A ez FAE 2901 r Ay
olom, KLS-12 2942 ZA 5|t} Fig, 204 Rt v}
9} Zro] KLS-12 u=to| A A4kt Q1-5-d ™ E(Johnson
Space Center, JSC-1), Yol A AAkRE Q15U HE(Fuji
Japanese Simulant, FIS-1), 12|31 o}Z 2 u|XofA| A
et AlZ(Lunar soil 14163)e} Y87} FAFSIT)
KLS-1 2lafsby 24 487} 9 ofahy SAE

71E ASEYHESH FASIEHRyu et al., 2018).
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Fig. 3. Schematic diagram for ice extraction testing apparatus
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Table 1, Specimen initial conditions

Overburden pressure | Specimen weight | Water content Height (mm) Soil weight Water weight | Unit dry weight
(P, kPa) (W, g) (wo, %) Ho Hi (Ws, g) (W, @) (Yo, kN/m°)
CASE | 4927.3 1.3 120.7 119.1 44151 4989 1.6
4350.0 10.6 115.3 114.2 3933.1 416.9 10.8
CASE I 3.1
4288.3 10.6 118.7 116.1 3887.9 4121 10.5
CASE Il 49415 10.0 111.0 110.7 4496.4 449.6 12.7
A=mE vt o] wf ARGE A2 HEo] AEA o[H)E 7|2 oR At o 2=l AA =
oAl 47 HEHHE o]§sto] Attt 48 s 2O ASAA Alm Sl A sk sk
A o] Lwol P Has) s FHRE T & BIeA
Ao}a shRoA] AR R m—% o] 7Hsatch of 48 Case T YEAHY] LES AR08 {5} KLS I-
ARZE S AAS] 19 BAS Bol B st ) R4 EHEES Case H’Jr e} %OE@ Hohﬂ = @@%

oA S/ Wi 71:‘55 Z|tet A At a2
A ZSFATHTn et al., 2020). Case II+= KLS 1-g-2-90]
E Aoz AgE &E|(Ice Coating or Ice-Cemented
TR Sk mEbA KLS 13} SR48
Easha WEANOA 14 FANT T, oh) Bafe
o] 917 0225mm ol5k2 AEste] RS %—HB}%.
Case Il KLS 1-5F42 S35 A % QoA 2
vlste] A8 =E(Fig. 3)of Af-a A4
o= T, 1Y Ao R A4S A3 3?3'1‘3}- e}
A B3 e 234t SR 28 2HA WA
=3 ofefg TolH ZHiet Weldce
A7 F0)7} Fhsa.
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BE -10°CY] WEMH o)A 5157} vl Alejo] Al

£ ETof Skgo] AAEEC & 3| Uio] HHTHY
% ol olH] =0l(Hy) 9] AlRE Fulshlet. Al mEH]
7} ¢kRE T 3.1kPal] AR (P)S AtetaL
eE2A AX R oF 5°CE GA5lo] oY F AR U
o] ex By} 9AVsHA 2AEFYT) ARt o] uln]

ofr

E
1]k 0.03 mm7} ‘**E(H = 110.7mm)3}go0, el
A= Ao YEAH Y| 25 -10°CE W5

of WS FHE BEok FATE 0ldmm
Aegs] ululsh) BEE|E B4l $RE AHAR
2wt °Colat SR Bk w2 A

(ool 7HFEA S S 53], Case 119
HE-A8 0] AstE g elj(Ice Coating or Ice-Cemented
regolith) 2 280 A7 5h2 Aol A= FAHA 715
e AZTSFFS HelFm Sk

3. 212N

ol BEs} ARl WAR AR vl sl g Fig 4= Al ZuabgolA 3 Hol7ial 248 v
2 213t AslEke Z-e A|7to] 1.1~2.6mm Y5t Q(displacement)@} A]& 3}HE(0mm), SE(40mm), Atk
AR W5 =71 fAfstaL ofdo] dh=E AR = F80mm)2] LTS Hojg=al Q) Table 2+= AF
Table 2. Measured initial and final results with estimated settlements
Water content (%) Specimen height (mm) | Measured settlement | *Calculated settlement va (KN/m?)
Wo Final H; Final (mm) (mm) Initial Final
CASE | 1.3 1.6 119.1 11.2 7.95 143 1.6 124
10.6 10.6 114.2 101.6 12.6 1.19 10.8 121
CASE I
10.6 10.3 116.1 101.3 14.8 118 10.5 12.0
CASE Il 10.0 9.9 10.7 110.7 0.17 1.29 12.7 127

*Calculated by Equation (1)
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