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Abstract. The principal stress rotation will be involved in
these activities such as establishing lunar bases, exploring
mineral resource and operating vehicles on Moon surface.
Two sets of tests were performed using the hollow cylinder
apparatus (HCA) at Tongji University, China to investigate
the effects of principal stress rotation on the deformation
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behavior and non-coaxiality of dry TJ—1 lunar soil simulant.
One set of tests enabled pure principal stress rotation at
different constant levels of the intermediate stress parameter,
while the deviatoric stress ratio and the intermediate stress
parameter were maintained as constant with a variation of
mean stress in the other set. The test results show that the
intermediate stress parameter and mean stress have
significant influence on deformation behavior of TJ—1 lunar
soil simulant under the principal stress rotation. Their effects
on the development of strain components and the volumetric
strain, and the non-coaxiality of TJ—1 lunar soil simulant were
studied.
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Fig.5 Strain components and principal stress directions (Series ] )
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Fig.6 Strain components and principal stress directions (Series] )

3.3 ETHTHAE

B 7 AZRF T o R R i 3 2 ok 3R Y
RIBENL. & 7 WA, BN 750~ — 75 e
A& TI-1 B8 A AR 2 KR ; Hik
NiAR R SR RS S R R ) R B & O 2 S/
Jat RS, b€ [0. 2,0 9 JFEE N BT IKA R E B 5
AEH,0=0. 2 BFBY AR M EA B, 6=0. 9 BYBY AR IR
55, X5 3. 1 W ERAESBEHNEREEHEY
I

=.

_0.5 1 1 1 1 J
75 45 15 =15  -45 =75

RERATT W)
T BEESERAFTABXREBLE(RN])

Fig.7 Volumetric strain and principal stress
directions (Series] )

B 8 RF I b TI-1 4300 HeE i Ay O [l 7
0°~90° % AR B 5 R UL 1 8 1, B
IR TR B R R R B 8., E R 28 30°
2R TG BTG, L BRI f B R K, DU LR
ARG 5. ELEAE 8 AT LRI, BV 7.
0 BB b AR, R ST R e -1
3509 SRR B B 4 B B A7 Bt
.

0.5 —* p=50kPa
—— p=100 kPa
04r o =200 kP2

R/ %
fo
3]

0 ll5 3I0 4IS 6IO 7I5 9IO
RKENATTHI()
8 HEESTMAFTEANXEHZ(RIIT)
Fig.8 Volumetric strain and principal stress
directions (Series] )



488 ¥ K% ¥EHRAERBER

HaE

4 E N AERE X dE B R R0

B SCER(8-91m] 40, 32 B 7 il e s B A AR B R B
HIESE R, B 20 e i I R RN AR B B O
w5 R8N A —3. JES R R h AT
HARPRIAH N —FEAER, ENFESSFEL
PRB R W2 M g AR R 5 2 B X — e TR
o Y0 AT TR, L TRERAR
E o 7 NUE B L Gl o s VR
a 5 FER 07 R f ge fy GESER A p10D Fom, |

B=da—a (16)

a= %arctan( &, d}’zgs)

B 9 AR RS 1 # 6=0. 2 i TR 7 Rl e
AR R R AR BT [ B NTE R ) B B AR
& 10 AR A R R B b 1R o0 FARSL Rl g 7E T
R 1 RhE RS S AR o A AR ALAE L. SCERL8 146 i Ab it
T BYARTE 2 R o D BB YRR AR , B AR BT DL 28
WA, B 9 F SR R AR B T [ A A
FERAPERI AR BT ). B 9 AT, 58 AR ER
WEH TI-1 A REA U B A R Gt
b, DU 7 AR 3 B 7 7 B T IRER) , 2Ry AR B U7 1 2
RHEFEM IS ENHHETT MZIE, BREEHE
B Bt : o 7E 45"~ O RS I, 3F ILh f B 78 ¥ sl
/I, OB I B B/ IMEL (B #E3 — 457) , 7E 0°~— 45"}
T 23 Ak E; H oy & 10 AT, 78 b€ [0. 2,0. 9 JH,
e 3Tl A1 58 32 1y e e F) AR AL AR AR » 3l
i B HIZEACE B B A Oy [ — 457, —20°]. pi Bk AT AL,
b€10.2,0. 91,6 {E%F TI-1 &4 H RAYFE IR it
SR/

an

jg | — REAEH B ) ey
20} :
10+
0
_10 L
_20 L
=301

g, /kPa

~40 1 1 1 i 1 1 1 ]
-40 -30 -20 -10 0 10 20 30 40
(0~ 0'9)

/kPa,de.-de,

9 b=02HETWEFE(RFI)
Fig.9 Directions of strain increments, b=0.2
(Series ] )

B 11 3 ZR50 1 p& s R AR BT [ &

&'
g
H
T —=— b=0.2
| ——b=05
-10 —— =09
0 1 1 1 1 J
75 45 15 =15 -45 =75
KENIFH /)

10 EHEBEERAFREXFHE(RI])

Fig.10 Non-coaxial angle and principal stress directions

InFERL B B RIES R R 11 T, RS0+ T
—1 BE4ULA SRAE 32 0 T b e it RV 22 B B A R S
AR, B E RN B I7 m AT RS J5 105 ER S
WEIFmZE. B p=100 kPa 54, LM f B FE
ESVRIL) e s N PN A <R
=45 MHE A B R/ ME. EARBL T L 9. o RN R E
b fEsE Y, 3 B 3 i e % 2 A o S 3 B ) B AR AL X
TI-1 A R AR E A8, AR
g A3 i A A B AR AL AL TP .

1501 .
oo | BRI o,

m

O I 1 ]
=120 —80 —40 0 40 80 120
(0.~ ‘76

90+

a.g/kPa

601
30+

)/I<P&dg -deg

11 EEEEFE(RIIL)

Fig.11 Directions of strain increments (Series] )

5 #it

A TJ-1 BE3UUA N EAA B, SR 28 00 B A BY
AT T R BBERE R BT R REG Y
L4 TI-1 B3 H R Rtk S AR SE v R
M BT SE, 18 H A BRI

(L) 2R 3 e AT B TI-1 ALHDLA 7= A
BT, BRI R A0 R RBO AR
B B R SRR SR .

(2) 0L Sy B IS Be g mI i TI-1 A48 A
H BB K AE S, T o1 e S By i 3, X 5
S 1 Pl R ok 32 B2 3 O 1 B 3 R e A A o
IS 1 AR AR D B IR K.



4 HEHIBE, 5 DL RERE X RIS — Sl A AR TR R X B 489

(DRBLST L | o R H REE R OL T ERL
BBERE PR X T-1 M40 SR IR LR B R
SN B, S [R)SF 3 8 i AR Stk F 5 32 R O
1] B AR AL LR TP A A

(DOEIIRE ST AL A7 HoAE RE i 3 7 Pl e e i
R, R R E X TI-1 B4LA ER SRSl i
SR/

&30k

C1] BREHAZE. ARBHEESSIM]. JbaT: B H iR, 2005.
QUYANG Ziyuan. Introduction of lunar sciences [M]. Beijing:
China Astronautic Publishing House, 2005.

[2] Ishihare K, Towhata I. Sand response to cyclic ration of
principal stress direction as induced by wave loads [J]. Soils
and Foundations, 1983, 23(4). 11.

[3] Miura K, Miura S, Toki S. Deformation behavior of anisotropic
sand under principal stress axes rotation [J]. Soils and
Foundations, 1986, 26(1): 36.

[4] Wijewickreme D, Vaid YP. Behavior of loose sand under
simultaneous increase in stress ratio and principal stress
rotation [J]. Canadian Geotechnical Journal, 1993, 30: 953.

[5] NakataY, Hyodo M, Murata H, et al. Flow deformation of
sands subjected to principal stress rotation [J]. Soils and
Foundations, 1998, 38(2). 115.

6] BimP, e . mah Ry =M RHRBHE]. 7

TRFRE KR FFR, 1996, 28(2): 129.
YAO Yangping, XIE Dingyi. Extension-compression and
torsion vibrating triaxial apparatus and experimental
investigation[J]. Journal of Xi’an University of Architecture &
Technology, 1996, 28(2): 129.

[7] W%, REH, 5, 5. ENHFEERELIMABRDA
Hok s RrEm ], 5L TESEMH, 2005, 27(4): 403.
GUO Ying, LUAN Maotian, HE Yang, et al. Effect of variation
of principal stress orientation during cyclic loading on
undrained dynamic behavior of saturated loose sands [ J].
Chinese Journal of Geotechnical Engineering, 2005, 27 (4):
403.

[ 8] Gutierrez M, Ishihara K, Towhata I. Flow theory for sand
during rotation of principal stress directions [J]. Soils and
Foundations, 1991, 31(4). 121.

[9] EWE,KER, FEMK.F. P ENHREOS BN HIET
BEGTRH LR wE]. &L TEREIR, 2009, 31
(6): 946.

TONG Zhaoxia, ZHANG Jianmin, YU Yilin, et al. Effects of
intermediate principal stress parameter on deformation
behavior of sands under cyclic rotation of principal stress axes
[J]. Chinese Journal of Geotechnical Engineering, 2009, 31

[Lo]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(6): 946.

Yang Z X. Investigation of fabric anisotropic effects on
granular soil behavior [D]. Hong Kong: The Hong Kong
University of Science and Technology, 2005.

AR BT ETFH S A SR sE D). b
= P ERERE, 2005.

ZHENG Yongchun. Development of lunar soil simulants and
characteristic of microwave radiation of lunar regolith [ D].
Beijing: Chinese Academy of Sciences, 2005.

BNG,Z=rF. TI-1 YA ENFHI]. L TEER,
2011, 33(2): 209.

JIANG Mingjing, LI Liging. TJ— 1 lunar soil simulant [J].
Chinese Journal of Geotechnical Engineering, 2012. 33(2):
209.

JIANG Mingjing, LI Liging, SUN Yugang. Properties of TJ—1
lunar soil simulant[J]. Journal of Aerospace Engineering,
2012, 25(3): 463.

Carrier WD. Particle size distribution of lunar soil[J]. Journal
of Geotechnical and Geoenvironmental Engineering. 2003, 129
(10): 956.

Nakashima H, Shioji Y, Tatayama K, et al. Specific cutting
resistance of lunar regolith simulant under low gravity
conditions [J]. Journal of Space Engineering. 2008, 1(1):
58.

M. RARIRES 18 etk B S B 7 b e % 30ni 9 (D .
¥ FHRF AR T RSB, 2010.

LIU Yanhua. On yielding characteristics and principal stress
rotation in natural soft clay[D]. Shanghai: College of Civil
Engineering in Tongji University, 2010.

JIANG Mingjing, SHEN Zhifu, LI Liging, et al. A novel
specimen preparation method for TJ—1 lunar soil simulant in
hollow cylinder apparatus [J]. Journal of Rock Mechanics and
Geotechnical Engineering, 2012, 4(4): 312.
B, 2 F XI5, BRI T AR bex TI-1 #E
BHBEEmRENREI]. B 5%, 2013, 34(D:6.
JIANG Mingjing, LI Liging, LIU Fang, et al. Effects of
principal stress direction and deviatoric stress ratio on
deformation behavior of TJ—1 lunar soil simulant[J]. Soil and
Rock Mechanics. 2013, 34(1):6.

Yu HS, Yuan X. The importance of accounting for non-coaxial
behavior in modeling soil-structure interaction [ CJ//
Prediction, Analysis and Design in Geomechanical Applications,
Bolognia: Patron Editore, 2005 709—718.
SR O E R, PEME AT B ML e E
BIRARLT]. B TREHR, 2001, 23(2): 162.

SHI Hongyan, XIE Dingyi, WANG Wenshao. Strain due to
rotation of principal stress axes under plane strain condition
[J]1. Chinese Journal of Geotechnical Engineering, 2001, 23
(2): 162.



