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Table 1 Scientific targets of subsurface boring exploration
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Table 2 Methods of subsurface boring exploration
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Fig. 1 Sketches of a line-like heat source
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Fig. 2 Thermal conductivity sensors
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Fig. 4 Temperature fluctuations in the lunar regolith as a function of depth

Apollo T RIZRI &5 RATHR iR 22, RN FE
(EEISE a2 DE/RVINIE 4711 P & - €73 T n DS
TR A i ) P o bt T 08 FH AR B T
R L AR i A BEAR K O BRI AR 2k, P LA F 44
AR N TCVE BHPAT R I &5 R . Hefih R AF R
PR Bt (0 S Bt AU AS ST 3843, Hefx
o AR BE R, PR AR SR B A AT Bl S N B
SFREAT AR, T E AT AR INGBE T AN B i 1 [ AR
ke Apolloth Rl i) & HRBARMR K 15 AN B %

Fefid, P LA [R) A VA AF IR A AR AT R MR AR

20087 36 [H « JRURL > BRI 25 1l D A K A2 JE A X
#* . TECP(thermal and electrical conductivity probe) %
FELE RS BRI LR b, LRI A1 % R
i B3k A il 2% BT i X 3k . TECPRE 5¢ il 2 PR IIAT:
%, BR T AT AR I R E A, AT BLSE R
AR AR WA . HAME RS W s P
~, K15 mm. [BIHER I EAR3 mm 4N E A SR e
CATEJRE 7 mm A1 7E Gk e i M

5 JREEMRRIEATE SR ERIIES (TECP)
Fig. 5 Thermal and electrical conductivity probe (TECP) for Phoenix

MR, SREFRIARZ 2, 15 REHE
U KEER 2R3 (IR AR AL, 2 PRI I I 1194 5 T
MBS . RO TECP IR B i A R A1 B
AN A TR B, B DA R b 7 32 AT 200
TRRBEIRI o PV I 7 503 S5 A BeaR
B I I 1] PR P82 73 A AN RAGR % P I v S fY B L P AR
o InFRE BERAT R B AR AL AT (o) (11 22 N

—r2C
AT(t) = — 4%155 ( :W V>
A BORE AR E AR N
_ Q0 (—r’Cy [ —r’Cy
=T [_El ( 4t ) +Ei (41(;-@)]
TRETLE 8 2 R B AR A B AT (1) N
AT = (Tiy— Tay) — (Tio — Tap)

AR AR C R T 3R B 757 B0 1) &
A I A PR A RIS PRI B S 7

20044F BR A Jry R 1« B BRI S E R AR, JF
T2014E R FEHH R4, IFRh & i 5 h67PIF)
HA L CHESS R AN S E R O BRI TR A
IR A Z RS, H P MUPUS(multi-purpose
sensor for surface and subsurface science) T £ B & [
() R e RN ) 27 R PR BRI . MUPUS =373 41
B, AERSKPEN. 22387 5 i b PR Hh S 0k B2 1 21
AMEIEEETM, Sl 3¢ E EILIRASANC, fE8kidas b
A B A E 6T o

AT (¢)



72 AR

24 #3E

¥ ‘,/— 5‘. 5
N PEN
*(7 -“—>*-T.:
» ; L

15//_,\/‘\ /%;/

"T\\ﬂ \_/\,é

6  MUPUSHRIMN ¥ % AL AE X i & E 1A
Fig. 6 Deployment of MUPUS instruments on the Philae lander

K70« 285 EAGKPEN, EMUPUSH
X AR SRR A A . el AR
Fay 306 1) 20 8 ok A K201 miE (R Bb A, 7E b HLA 1)
MEEH A SRR O E TR R
B TVERBEEAREE EMEL, K32em, HAE
10 mm, BEFE1 mm, SHAEECH0.5 mWm?’, XMl
W BE AR AR A AL 0% 1) 53 B e f BT N, HR/INE) 5
BB eIk D WA TRE (R AR 381 RSk EAE T 1)
U AT IR A OGS DOAR 2, 7 2R I WV Jic v e
Bt 20,5 wm B BRI . K A B i L ) AR Ak
P 5 P T 1000AH 3T, I BH {7 Fif 9 i 52 28 1 A%
o ZAR B LR E T164N G, WRIEEOK, fREas
B C RS ik, KB AT emiZ 7  K $14 cm. X
A2 DALk 0 b 3 P Il PR AR ARG R R, BB SR A Al
POIR 3 o 118 R L I A S8 638 mT AR — A4
B HT SRR LS . XM R AL B s e
PRI BT 1) SR BEIE I N I 2 A R e S

7 MUPUS PENFFIHUBAS P HRI S
Fig. 7 MUPUS PEN thermal and mechanical properties probe

20045, HAKRZFAT R0 58 FTISASEAS H
A FH WU TE RAHTAX AT R — e 6 3 Bkei

FILunar-A¥ A #% . Lunar-A¥EHF =06 A H 2hi#
AN, ISR B )G, o i ek, m
W5 H Bk e 5 B 29 285 m/s, WANIREL N
1~3me — HRGI D, R4 DT Bede (it i) £ ks b
B 35z 2 8 N6 H TR At R s B ok, (R H il
IV A 1) A B AR B O o BRI ]
BRA 2 (P P 6 B R0 H 8 1) 5 FA R U Lunnar-A ¥ —
T M H bro 5 Apollotl XIANFIAYJE, Lunar-ASK
HTEN AR T 38, A 7484 o BHAR I A\ 2%
WL, JFAEAM e BB 1IN KA AR H T 40
PRESUR ERI o v SN H i fH38 m DA AE #3238 (1 R
W, BEASAR BN AT AN R AR A E
DL AE—A s AR B S5 40— R R AR 2
BIBRE RIE G AR, de e AR5t
PRI AR T o A R SR A R A, oy — I
WS N G5 HIEE . Lunar-A 1) UG K28 %
TIPS T B2 0 H e R = 4, WA bl
BBAE 317 A2 A4 MM A% 3] A BT A A i o7 H 38 ) #h 2
FEPE,

il 2 A
o TR B P
= _j; cx/jg%;—

I TTXTHE*DAHMT*

o 41 o HE L K 2004
B8 Lunar-A# S REHRIT %

Fig. 8 Measurement scheme of thermal conductivity on Lunar-A penetrator

4 EBIERMOFSEIERMBZA

Apollovh il 52t 51 R A I 0l 1 JJ3EREAS, JF H
SR AR T JT I ) Iy 2 ket o R 2 Wi “Luna 175 H1
“Luna 215 400 #5845 417 11 H B4 “Lunokhod 1571
“Lunokhod 2573 i +=F A 8y Y 280 1 2% )] 4%
FIPUBY SR AL o ok 25 (01 2 4F AT ) s b R A RS T
CLEES W7 SF S NASAE’J BTN SR LF A
FREEM LS WK R RS R “Rosetta 5 2 A M
N ﬂ%;{éuﬁNASAE’»JlnslghtfrtlﬁnESAE’JExoMars 3
STRWTERI . ST AT 5 2 — w2 BRI H A h R Ak
SRIER 2R, InSightil R AR osetta v X34 4 F v
NS PATIX—RMATSS
4.1 2EFMNHESEIRNIEE

T A R 9 0 27 e 1 T LR S50
E: Bp. fLEEp. WEE Mo, WER e PLETIR



1]

LA MM AR N SR R S 451 3 A B e 73

JER R B RIERARBEE S BB EME. BB
TEPE o DS ERI AR 5 1) P JRE 45 £ R P B ) A R N
FUIS G o JURLAR 1) 22 38 1) Bt BY 58 [ 38 5 ] Mohr-
Coulomb /5 K 5& X
T = c+ otang

b ONPUBTIREL: o WIEN ) cHNETT: o AN
FES A . T LU BT SR A P A, ST TR
N 3 ER) 9 58 03843 RS T Hs 0 e b9 5% 2 ) JRE 4% 05 348
Oy RIEJFERINITVEA Z M, KRET AR =2k
HERPY B TTVE S SR ALERI T 3%« SRAE AR 1] 3 A R0
BEXS M A R AR B Dy 2 R, BL b Tk AR A
Fs 40 56 R b kA 3105 o0t B2 3R R AT TR
T8 PR FE A I PR DU M AT R ERIDCE 3R A = B 45 1 0
BERIA () B SR A SE B BFT

A8 FH ¥ N s BRI S8 1) ) 27 2 80 — Fh IS AL 2R
ik, HEFRRA T A ARG b T
Fo AT DA R AN R EAT RN, 3R S R A S MR R
ACAN FAR TR P 1T 5 RS 0 xof A2 338 g 2 o P 1) A8 o 1) O
Fo BEXS TR T AL JZ AR BOBURARFEAS, A LE T-4%
eI RAE IR R, SR AR L LA . A
TR ATl mh A3 e 1 D A7 R DN 77 VAT R D kA
(cone penetrometer test, CPT). Bl JJfiliiRik. AR
VAT VLS A AT LR 1 T4 Sk DA G I AR AN T3
I AN SR 77 0% LI E R g o I A AR T HEETE
PRk BRI BTNy, mT BAOR R Y R T .
Apollo Tt RIFHHT FRIBE H BRA= 15 F ) BRA=2-5 2R H
e R MRS B T 0 0 Rk o Bl ) bR mr LK
HH 22 58 (1) 0 M K 2 L. CBR (california bearing ratio), it
TR R I 1K) ) 22 24, FaR X SRR 75 2k K &
A TR RUR M TG VE B4 N A AP T AK ) B2 38 ) 7y
PESHARM o phidi BN AN B AR 7 2N 3 )i
PRUEARALL,  m DS 400 B2 g R 28 e g ) 4
4.2 ERNFESEIRNABIZ B34

94 “Apollo 155 F1“Apollo 1654145 HL H £ 1)
F AR T, B B Zd s I AR EE R B NBL ) . 5
L DR e b s I, HE S s N T . i 1)
2RO e BRI, Il AL AR %10 % BTN IR FE AT
JE 5 AU E1028 Apolloth &I F5R Bk« F BK 25151
 FIBRZE2555 D R - 1510 53N BH ) B

SAFTINBE S Ht J5 w2 2R IR 3%
(AL BY 5 B 4 2 A

q=cNle+ pgnBN,y€,q

ZHE R

LN
9 Apolloit %I FH (¥ISRPE i fil bR T
Fig. 9 Self-recording penetrometer

Fids  Apollo 15
N
;Lunokhod | & 2

20
£
2
{}ﬁ( 40
E Apollo 14
K 60 / —_—

1500 2000 2500 3000
FNLA1/kPa

B 10 «ERAE1S7 F 3R 4225 Ml Apollott-Rili o b 547 400 B

Fig. 10 Penetration resistance of lunar regolith measured by the Lunokhod 1

500 1000

and 2 automated rovers and Apollo self-recording penetrometer

Robte gRFFABLI: B TT: po MR
gy FUERTE S s BRI THHE SR EL R s N,
N MRIRAE D R R RAER A IR &,
EITHARINZE . BRI/ R 51540 5
V1o R B ELBEH LI, B TR 1 L kit
TR SE. P Lo 2 R BRAE 150 ) i
VBB B I A R e R R B A
1 P BB A R A B S R o I L R )
A 786 552 B 19 PR A R SR 2 D R
R RN 050 S I B 5 A

! HHZ3  Bipibibge Mgkl
WU BB\ s
20 ' mhy %
fMizk2
= 17 BB
0,
T 0%,
‘ BUAGEE e
,@5 04l S
i JKVTH
= D=50% o~
020 A s
@ D=0;d=4.4 cm Z A B
0.1 . ) ‘
20 25 30 35 20 i
WEER A 0/(°)

11 PABREE SR Y Al 8 T 7

Fig. 11  Solutions of calculate the shear strength parameters for lunar soil



74 AR

24 #3E

K124 3 ) fulR ot 5 by SN I A iz g i 1
Pt B ) R (DPT) A A H A A — 5 = BE 1 P
R HE BRI A R BN I s T R ER
— B RS ) b A B b s, R L Ok
D T IRE R BENIREE, AT LA SR AE 22 35 1) R 2
AEJ) o el BEN UM NS R TH b o e R bl o s 4
MK RE, 1K BRI S ok T VR o AR T N
by G h R A AR kb, SRR
T ey YN A e /R F R 1 BTN SR BE A s 1)
(9K 28 [FIRE AT LUSE P Hbf e Hh R 1R SRk BiRe ™
AR H ER BRI AT B PRI 55 S I Ak e e —
T B TR R E, a0 H 3R 5K H BRES M AR e Hb
SCHELE A BRI AN R A DORE S ) S, teAh, ph ot
NI W] AR Ay B B o R () A AR B 4% o B B PR AFDRT
B, R E R BENIRER N, EI130h
K. zanny %5 (2013)"F) s BEN S R0 AL 98 2 B (1) 5K
Wi R, B3 EIR R R EES AN AR
TR BE TG B ph i e b s IR R G R o R R % A
SIS ] DLHAE S AR B .

Rosetta vl ki) orSE 365 [ifi 25 1 B [ 2 B o —
SRR 2R R R o R 14k 3R [ 4 110 A ]
2, HA15mm, K154 mm, JEEO0.1kg, k60
mm K[ [ HE 123 22 A 300

T 1 2 3
stEt I
sk

ERES l % ,

PN

AX

K12 shsfbRet. shli AU NS IZ shid R xt L

Fig. 12 Comparison of the dynamic cone penetration and hammer-driven

mole
70 .f
50 [
N

%)
(=1
T

BT R HL/(Blows/inch)

#H BYN /A # L/ (Tbs/inch)

Tk BE
=
:

1.6 1.7 1.8 1.9
¥/ (g/ec)
P13 8 BENBE R N B R T A b i R ) A 2 AR
Fig. 13 The data showing required push force gradient and number of
hammer blows/inch, as a function of regolith density

. {24

R

P 14 JESRER L 4% A [0 e
Fig. 14  Anchor harpoon of the Rosetta lander

i K TAREE R IR B R R R,
B A AR AR R ARSI R, b iaw] LA
VRN D 25 PRI e o, e b2 m o P A%
iR MR IR AN TE L o 3 I I A5 0 T P A
P, TERIHI I 2 BRI W AT AL SR ) S 4 E S 4
P 15 2 0L S 6 T 2 A Sk i DU 45 11 S 56 Mol 5
U RIth CRiO ) IBUY R ES A TBUR T k2 it
IR 2 B (i o 5 A R R AR e DUBY
SR oy R FREL Cp) (3 HER 23 BT Il 5 i e T S 5
PR e iheke, Hemmsk 2R A28 WK 16
AULVE L, ) S HORCER A B N, s ook 2 2
W NTHE S SR ERE R 5, RISk, TBLE
T A S S A 10 o S e ok A R I ) 2 B AT 5
INEZRTIESEr 32

1400 : : :
3 /4 et 2k T T Gy 7
j R T Ry
1000} /1 |/ / / 1101 2 133x10° {
_ | // il 2001 4 124x10° |
% Al / 300110 9.83x10°
£ 600p e, 410.120 640x10° ]
5 4
o]
= 200f
200
0 01 02 03 04 05 06

R%/m
[ 15 oot BE AR s s 5 B AR R L

Fig. 15 Comparison of acceleration data with theoretical results
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Typical Cases Analysis and Prospects for Extraterrestrial Subsurface Boring

Exploration

JIANG Shengyuan, PIAO Songjie, ZHANG Weiwei, SHEN Yi, HOU Xuyan, QUAN Qiquan, DENG
Zongquan

(State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150080, China)

Abstract: For the mission of extraterrestrial subsurface boring exploration, the basic principles, implementation schemes and typical

cases of the scientific targets investigations such as heat flow and mechanical properties of the regolith profile were studied and

analyzed. The significance of the exploration was clarified, therefore the expanding scheme for the regolith sampling of China’s 3

rd

lunar exploration mission and research plan in advance of extraterrestrial subsurface boring exploration were further proposed.

Besides, the basic principles and application prospects were analyzed for the creepy-boring scheme and the impact type penetrating

scheme.

Key words: extraterrestrial body; regolith profile; subsurface boring exploration; scientific targets; heat flow; regolith mechanical

properties
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