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On Estimation Methods of Impact Force
at Landing on Lunar and Planetary Sandy Surface

In many countries, the discussion about next lunar mission has already started. China and
India have raised the possibility of a manned lunar mission within the next decade, the United
States has planed to return to the Moon in 2020, and NASA meanwhile has set the ambitious
target of wanting to put a man on Mars with new experimental technology which has devel-
oped in the lunar exploration. In Japan, the discussion about the lunar landing and in-situ
direct exploration using lunar rover has started as the next plan for lunar exploration. It fol-
lows from these situations that the main target of next lunar exploration in many countries
is landing and in-situ direct exploration, and the acquirement of technology for landing or
operation of lunar rover on the lunar surface is important for not only next lunar mission
but also future mission for other planets. To make the lunar or planetary landing mission
successfully and to operate lunar rover in safety, the landing gear and the wheel of the rover
design are important. And to design them reasonably, we must grasp the interaction force
between the machines (the landing gear or the wheel) and the sand on the lunar and planetary
surface. But the methods to predict the interaction force have many unclear problems. The
field of research on the interaction force on the earth is called ”Terramechanics”.  In the
filed of Terramecanics, the interaction force between sand and machines is generally obtained
semi-empirical formula which was made from results of many parametric experiments. The
strength of the granular materials such as sands is influenced by many parameters such as dgn-
sity, grain size, confining pressure and so on, and the properties of granular material change
from continuous system to discontinuous system with the progress of deformation. There-
fore, it is difficult to calculate the behavior of sand with the numerical analyses. For example,
the numerical analysis method which based continuous system such as FEM is difficult to
calculate of the discontinuous property. By contraries, the numerical analysis method which
based discontinuous system such as DEM(Distinct Element Method) is difficult to calculate
of the continuous property. Therefore, if we can represent the stress and deformation of the
sand from continuous to discontinuous system by any numerical analysis method, it is very
useful. Furthermore, we can use the method not only to calculate the interaction force but
also for the simulations such as stability of the landing on lunar or planetary surface. The
purpose of this paper is to investigate the methods of impact force at landing on lunar and
planetary sandy surface. First of all, it is attempted to figure out the impact force through
experiments as same way as Terramechanics filed. The test piece of 1/6 scale foot pad with
the configuration of SELENE-B was made in consideration of 1/6G scale low, performed the

vertical impact test at the test bed filled with lunar Regolith simulant in vacuum chamber.
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The semi-empirical formula which was made in Apollo program was modified for the scale
of SELENE-B, it was confirmed weather the modified semi-empirical formula can be used to
predict the experimental results. Then, it is attempted to calculate with numerical analysis of
sand with SPH(Smoothed Particle Hydrodynamics) method which can be used from continu-
ous to discontinuous system. SPH method was originally invented for modeling astrophysical
phenomena, and later was widely extended for application to problems of continuum solid
and fluid mechanics. But there is no attempt to analyze the impact force to sandy ground
by SPH method. This paper is the first case of numerical calculation of the impact force at
landing on sandy ground by SPH method. By the analytical result, it was confirmed that there
were good agreements between the experimental results and the numerical analysis by SPH
method. Finally, the maximum impact force and penetration at the landing of SELENE-B
was calculated by SPH method.

In Section 1, the survey of existing studies about the impact force at landing was con-
ducted. In the Terramechanics field, there are few studies about landing on sandy surface,
but the similar studies as impact force at landing is the researches about the impact force of
ground in heavy tamping. In those researches, it is shown that the impact acceleration and
penetration increase in proportion as impact velocity, the acceleration curve have one peak
with dense ground and the curve have two peaks with loose ground, the peak value of the
impact acceleration decrease as the impact mass increases. And in this Section, we introduce
two pioneering research activities using lunar Regolith simulant in Terramecanics field and
some researches in Apollo program.

In Section 2, it was attempted to figure out the impact force through examinations as same
way as Terramechanics field. Before the estimation of the impact force at landing on the
moon by experiments, the experimental condition = must be adjusted as the environments of
lunar surface because the interaction force between the sand and the machines is influenced
many environment factor. The three important factors among them are the sand covered lunar
surface, high vacuum condition and 1/6G gravity force. Lunar surface is covered with fine
sand it’s called “"Regolith” which has some unique property as compared to the ordinary sand
on the earth. In the experiment, the test bed was filled with Regolith simulant which simulated
the material characteristics of lunar Regolith. To compensate the high vacuum condition, the
experiments were conducted in vacuum chamber because the behavior of the fine sand such as
Regolith is much influenced the inner air between particles. To compensate 1/6 gravity force,

1/6 scale law was used. For example, 1/6 scale footpad model of the SELENE-B was used
in the experiment. The footpad model was dropped down vertically on the test bed with the
Regolith simulant in vacuum chamber. The impact acceleration and the penetration into the

test bed of the footpad model were measured. These experiments conducted that the impact



acceleration and penetration to the test bed of footpad model increased as the impact velocity
increase same as the results of the experiments about the impact force and penetration of
ground in heavy tamping in Terramecanics filed, but the influence of the impact mass was
invisible in experimental results. It was thought that the experimental results were scattered
by uncontrolled change of the density of lunar Regolith simulant in test bed at vacuuming
operation. Added to this, in spite of the density of test bed was very high, the acceleration
curve had two peaks which were shown in existing studies with the impact test to loose
ground.

In Section3, the semi-empirical formula which was made in Apollo program modified as
the scale of our experiments and the predictions of the acceleration and the penetration were
calculated by this formula. These calculations conducted that the impact acceleration and
penetration to the test bed of the test piece increased as the impact velocity increase same as
the results of vertical impact test and the influence of the impact mass which wasn’t shown
in the experimental results was visible clearly. And the peak value of the impact acceleration
and the penetration was almost same as the experimental results. But the deference between
experimental results and calculated results by the semi-empirical formula of Apollo program
increased after the peak points of the acceleration and the penetration. Thus it was clear that
we were able to use the semi-empirical formula only the prediction of the peak value of the
impact acceleration and penetration of the landing on lunar surface.

In Section 4, the applicability of SPH method which was developed as analytic method of
compressible fluid flow to the analysis of the impact problem on sandy surface was inves-
tigated. SPH method, as a meshfree and particle method, was originally invented for mod-
eling astrophysical phenomena, and later was widely extended for applications to problem
of continuum solid and fluid mechanics because it does not suffer from the mesh distortion
problems as simulating large deformations. In this study, the test bed of lunar simulant was
modeled as Bingham fluid which had Mohr-Coulomb’s failure criteria and the 1/6-scale foot-
pad was modeled as elastic body. The pressure-density relationship which was necessary for
SPH analysis, the compressibility measurement of the lunar soil samples from Apollo 12 was
used. And the interaction force between soil and footpad model, boundary force according
to Monagham equation was used, and the impact force and the penetration of footpad model
to the test bed mode was calculated The calculation conducted that the impact acceleration
and penetration increased as the impact velocity increace same as experimental results, the
influence of the impact mass which wasn’t shown in the experimental results was appeared
clearly. The transitions of the impact acceleration and the penetration after their peaks were in
good agreement with the experimental results. And it was shown that the impact acceleration

curve has two peaks. This is the feature which was not able to express by the semi-experience
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formula of Apollo program. Furthermore, by analytical examination of inner situation of the
test bed from the result of the calculation with SPH method, it was confirmed that the increase
of density and the shock wave reflected from bottom of the test bed caused the second peak
in acceleration curve. Therefore it should be concluded, from what has been said above, that
the numerical analysis with SPH method is able to simulate the vertical impact experiment
to sandy ground adequately. And it should be concluded that this method is applicable to
predict of the impact acceleration and the penetration at landing not only on the moon but
also on the other planets.

In Section 5, the maximum impact force and penetration at the landing of SELENE-B were
calculated by SPH method. The acceleration and penetration were calculated when the Lunar
Lander touched down on sandy surface on the moon vertically with 3 m/s that is the limit of
vertical velocity of SELENE-B. And the results of calculation was modified by 1/6 scale law
to predict the impact acieration and penetration on the moon. It was indicated the maximum
impact acceleration was about 21G at landing with all legs, and the maximum penetration
is abut 12 cm at landing with one leg. And if the impact velocity of Lunar Lander can be
limited under 1.25m/s, it was indicated that Lunar Lander can touch down on lunar sandy
surface softly for on-board equipment without any system to absorb the kinetic energy of
landing because all the energy of landing could be absorbed by the deformation of the sand
on lunar surface.

In this paper, the methods of impact force at landing on lunar and planetary sandy surface
was investigated. The experimental method with semi-empirical formula which was made
in Apollo program can simulate the peak values of impact acceleration and penetration, but
it can’t simulate the two peaks on the impact acceleration curve which was observed in the
experiments. In this point, the analytical calculation by SPH method showed almost same
results as experiments. And by the transition of the density and shock wave in the test bed
which was indicated by calculated results of SPH method, it was indicated that the second
peak caused by the increase of density in test bed and the shock wave reflected from the
bottom of test bed. All these things make it clear that the numerical analysis by SPH method
is able to simulate the vertical impact experiment adequately. And it can be thought that this
method is applicable to predict of impact acceleration and penetration at landing not only on

the moon but also on the other planets.
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% 2.3 Scale Relationshops for Earth Model of Lunar Landing Moudule [22]

Quantity Lunar full scale  Scale factor Eath model scale
Length l A Al
Stress(energy strap) o l o
Acceleration a B Ba
Area A A2 2a
Force cA A2 F
Mass Fla A2/B %m
Velocity Val \BA VB
Ineritia m/> 2B Llm
Angular velocity it \/[m BAw
Angular acceleration 1/¢ B/ e

A = Geometric modele scale

B = Gravitational ratio,6(earth/monn)

24 7ROFETHVWLNE 1/6 A7 —IVETIV (23]
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o« EHROHEM: F 1. 2EEDOER L ZELD ., EREZALERRKIC, BZEFET
ICREEL. BRMEESLUCNTRICNT 2R TER, BREEOTE. HEE
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DB H R HICEBREITY, 4 V) —XDRBRITV. 1, 20 33 U—X
Tl OBENEHVIRER, 4 2 —XE TRHBOEEMEVIRETOHER S
fTo 72,

ERHBOFEEHEICDOWVT:

SR TIE. B R, HZEEL I, WEETORREOKELZB D,
EEMEICHIR  —EBEI/ED ABTREND o1z, TODed, EREBICAZFO
Wr—EREEL. FORRARAmMEN\Y—TMNE, ZOMN EHE—EILT S
T LT, HIBEEOEER T/, MBOBEIX, MBEEIBZASBIN—E
PMTERBRE T Ui, N— B AMTRBIC X BT, BT DIy [ 21T
38, EEHEOM, Fi. KR, B TFRICKKECR LRIC, E%EE
FELD E o B DE FHIS DG 4 SOEIRITo 2o N—2EABRBRTEONT
& x LHBEEOBGIE. FMORAEICLD. UTOXTEINS,

SREE (g/em’) = 0.2938 x log(x x 9.8 x 1000) + 1.54 (2.84)

HIAEDEEIZ. 1. 2. 3 YU —XTCRHIBOBENGRET, HBFEE 1.9 gom?
%, 43 —XETOEEMEVIRET, HEFHE 1.6 gem® 2 5 L THEZ(F
U EELZLIYRAYI a5y FOWkiED 5 BRIGEIIHENEE 08, &
EAVENESIIHEEE 0.3 ICHYT 3, INOOHEZ. 7 RAFETOERRD
SIERE Nz AEOHIEREE T IVIC I NUE., BENEVIRE FEMEE 0.8) AE
T 7~8 cm 3. BEMEVIRE FHXEE 0.3) TAE T 1~2 cm HEICHEET
%, X26ICAEOHMBEREETTIVZRY,

ERAEDE TEEICDWT:

WERDH T LN, 530 g 824 g, 1065 g & LTz, FAtDE#ZERY 5728,
1:1.52 e B KD ICB/E LT, 1065 g L EOERTHRICKZERIE, EREBED
KEXMSEEMND B LHIET L. 1065g & EIREE Uiz, TOETHEER. 1/6G
LA ERTE. AmCERELZEA. 1 IS/ ZnZhn, 114k, 118 kg,
230kg DETFEERZEHELTVA T LICHET 3, ANEREBIERRERS
(SELENE-B) [5] It & B &, RSAEEMN 520 kg ATZBEFEEL LTSz,
B x5 P4 HERED S 2 HEFREREEOSEERICHEYT %,
FEAEMH—E: £ 2.7 ICERFHBIUR— B AKAIEE-EZRT,
EEER:

X 221~ [X2.88 ICEEBROERIMEES XTI TEEZ R, K221~ K254 &
TREFILz2AERL. K255~ X 2.88 £ TRERMMERILRLIZE DR
3, EERANEERE T EAE & ERIEIC 1000 Hz TO—8A T 1 )L R 2D I{Ef 75
PR, KFOMEIT MMEE (LPF)] %% &DHT—INRAT 1 )V X 72T IR
EXS I RET, WWFRIEL—YEMEOY TV TABN T —Z L a—Z0Yy
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YT THEIE D BV, FMBRTR UL S IcARR ThIUEREERIC %
B, AEBROFEE. FHIBO T — X B CBEBOR SR EET TS v b
LTS T7HA LTz, ZLUTEBEEICDWVWTE., 75v MCLIEINEET— X%
b O EZREFRIZEI D H L, ZOREN S 250 us BRIFTE TOME T — 2 OE(LE
ZINNTEH Lz, ‘
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#25 ERFHA-HEGE1EREER

ABES V. HREOBRK HE (9 BETEE (m) KKF/HEZEF

1-1 Pt 530 560 =
FIAE 530 560 R&EH
BRIE 530 560 Bz

1-2 At 530 560 Bz
A 530 560 REH
P 530 560 Hze

1-3% FIkE 530 560 HzE
FIAE 530 560 K&
Pk 530 560 B2
FfE 530 530 K&

D R IaF Ciig e AV - C L 2B,
D) HRERF (1-3) ZFIREDRDEK FRBE 4 1145 7,

26 KEFMF—H(E2HEER)

ABRES D HREOER HE(Q) EFES (m) AK/EZEH

2-1 Pk 723 550
Mk 723 550 KA
BRI 723 550 =L
2-2 Pk 723 550 Hze
Mk 723 550 R
mi 723 550 e
2-3 Pk 723 460 1z
FE 723 460 RKAF
BRI 723 460 =K
2-4 MR 723 460 Hze
FaRE 723 460 pcls
m#d 723 460 Bz

D HER R I3 CHAS R\ 2 2 & 2 5Rd,
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RELATIVE DENSITY. Dy (%)

0 20 40 60 8 100
0'_‘1"‘5__.4__4\1__ T T

Loose Medium Dense

-~ Fitted Curve:

— 189 2169
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. 601 N
W
a

80 1 Il 5 1 i 1 1 1
oo = 110) 12 14 16 18

BULK DENSITY. p (g/cm®) ™ 189

K 2.6 7RoF—ZRicksHOHBREEET ) [26]
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£27T EBEEBLIUR—VEAWAIEER—E (53 AEHER)

e HE #Te N—EAME HHAREREE (g/cm?)
ARES e ST
&) (cm) |W1 FR 2 ETR | BTAEE(FHE) BMREE
3-1-1 530 176 430 460 490 320 1.98 1.88
3-1-2 530 350 410 490 460 310 1.98 1.87
3-1-3 530 495 380 330 400 270 1.92 1.83
3-1-4 824 495 410 320 400 270 1.92 1.83
3-1-5 824 350 450 390 500 270 1.97 1.83
3-1-6 824 163 440 410 440 440 1.96 1.97
3-1-7 1065 155 430 370 420 270 1.95 1.83
3-1-8 1065 324 390 290 350 290 1.90 1.85
3-1-9 1065 487 330 290 340 230 1.88 1.78
3-2-1 1065 487 330 260 260 170 1.84 1.96
3-2-2 1065 342 400 320 430 250 1.93 1.80
3-2-3 824 155 430 410 440 330 1.96 1.89
3-2-4 1065 342 410 340 400 170 1.96 1.83
3-2-5 824 161 370 340 400 170 1.93 1.83
3-2-6 824 350 360 360 440 250 1.93 1.80
3-2-7 824 500 420 350 320 200 1.91 1.74
3-2-8 824 500 410 300 390 160 1.92 1.67
3-2-10 530 500 350 360 380 300 1.91 1.86
3-2-11 530 360 420 460 400 350 1.96 1.90
3-2-12 530 176 490 510 480 330 2.00 1.89
3-2-13 823 501 420 300 350 160 1.91 1.67
3-3-1 824 501 390 410 370 150 1.93 1.65
3-3-2 824 501 370 400 430 170 1.94 1.69
3-3-3 824 501 410 330 390 160 1.92 1.67
3-3-4 1065 334 330 360 380 160 1.91 1.67
3-3-5 824 523 320 320 360 160 1.89 1.67
3-3-7 824 378 410 320 340 220 1.91 1.77
3-3-8 824 189 340 310 340 300 1.89 1.86
3-4-1 824 523 340 320 250 210 1.86 1.75
3-4-2 824 523 130 130 100 150 1.59 1.65
3-4-3 824 373 120 90 110 220 1.55 1.77
3-4-4 824 190 130 140 150 120 1.63 1.59
3-4-5 1065 523 120 110 100 150 1.56 1.65
3-4-6 530 523 140 150 120 130 1.63 1.61
—48 - RESFRERBAERT,
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BEtLic, EBINEELILTRYE— 7 OEZEIER TRE L2 O%, HEE D,=0.8
DFHICDVT K293 12, HXHEE D,=03 DFF/ICDNT K294 1TRF, £z, MH
IR ERE, EBINEEBITILTEE -7 DEUERZRT, WINORMLE, &
BINEEL XL TERIC, BREEICREIKETEI ENbN B,

2.6.4 HEBEEORE ARBER)

KR 3 ICBIAERINEEB ST TRY -2, #il#OHNEE D,=0.8 & D,=0.3
THELZEDZ, K295 & K296 27d, MNAL, ERINEEY—JEEILTE
REREEOHALDLY, HBEEICKRE KET S b5,

26.5 ZETHEORE (FEBRER)

AERBRELUTIToE R 3 TR, 1152KKEA X5 ICE THERZRAE L TEREZT-
Teo BUFOIIBHIDN S HFELEED ] U TH T RIMAIL E — 7 A1 A2 L LB
THIEMASMTZ>TVEH, K293 BXU K 2.94 1IRT EEER TIXRAKICH
bhhiaholc, TORAE LTI, REMBOBEEEN, EXL5(EREOFETIER
ICTERDP I ENEZ LN S,

2.6.6 EAEEBRERICHITDZFOMOEF

1.2 filiCR Uz, HigkiE TS X 2 g DKl DA T 2 BEF DR L ik T 5 &
AERTIIERINERERBREIC 2 DOE— I RFED T —ZANEZ L, ThXBVHBICY 3
BIFEOEBMERE —RUIZERAARONE D, ELEOREEIOBEG T ROEE
eNIEH T L ZERNETEERMN S DRHFBEDHELEZ OGNS, AERICEBIT3
REFEDOREISLITOX S ICHEHI TN B,
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g2 b B OMILIELI T OR TR I NS [33]

v= L= (2.85)

CZTEGHBOYY TR, p RHBOEE KT, RRTIIHBOZEE 1.9 g/om’
12D, HlROY > T HREBE FillE W TO AR OT—RBIIED N TV B LU TORD S
HERIT % [34],

E = 147N +212 x 105N /m) (2.86)

286 FD N X N L ENZROBEICKTET 2G5 T. BEBDIES 30~50 O
{EZEB, ZTTTN=50% K286 12RAL, R 285 BHVWCHEOEERET S LY
190 m/s £\ 3 ilizfE3,

KB OWOREERRDB &, FIZEETER 824 kg, EISEE 3 m/s DFE. 2 D0
¥ — 7 ORI 0.002 s FRE TH 2 D TRENEDEEIX v = 0.3/0.002 = 150 m/s &7
D, —MRINEEDERERD SRDIAE L IFIFE L VMEIC B,

LMo T2 DHDOYE—=IHEET BRI, BORICHT 2 BHiD IR THO N &
S IREREOHBEED LRICKZE 00, KA SDOREEICESEDH 2 DOERD
EXEND,

ERINEERGRN 2 R2 &, BEE, B TEBICK3BVAREKT, Cb5I13E
T HAR D TUBRRIN & — B LIz imbtlionsg, D0, 2 DO — 7 RHMROEED |
F2ERRETBEEINE, BRrMBAOERERERNSIZ. HEOERTITE iR
EEGEHBICRONZHADBHUNRONE T LIt BEORRIERE L FETLH. &
BB THWLdY AV 25 PRIERBICHED S NRTWMERERS 20T D
X5 MDD B ATHEMIIE S AHES D 51 2L EOISRITE S e R DT, &
HTWR2DOHOE—VDFERE LTEED LR ERHKEE VS 2 DDEREHETSC
EICHED B,
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038
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ARRBRAICE TR TEE —VEICHTIREORE
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290 PRERBAICEBIT AT E— Z{EIIN T 5 LD
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0.2

BEMEEE —VEICHTIERBROEZE
(BRROTEEMEEE—7E/ AR TOHEEMEEL —H{E)

25

15

0.5

X291 HEINERYE—7EICNT 2 EEFIROE

ATEE—VEICHTIERRROZE
(BERROETREE—VE/ARTOXTEE—{E)

292 WREE—ZNcNT 5 KR DG
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3.5
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HREE(m/s)

1.5

*9 B EZEHEDFE (FHX#E D,=0.8)

c

HERIMEEY— BLXTILTRE—71
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27 s

E1BORLIEES I, TIRANZ Y 7 ANBOREZIT IR, BREARENRE
Lz HgDETFIVKIZRY T2 53, 7RO TV L IZSERZONER L LTz SELENE-B
7w k% P ORI BBIGIC OV TETIVEL RO TH ST, Hifli EANDHFE
BEDEER S %R B =i A HERERER L KR EITo T, £9, BELERAOKR
IRDEE#MERT D710, THERE LTEBR 1 LRR2 Z21To7z, TOBRLUTOR
BEWEHS Mo T,

o HIEDE.

B 75T DEROEE A S H OB AR T 4 BIE CHINE 5, K
T OEROIL FROANRKFOLTRICHAT 3 81E 2HOT 3,
o EERIROBE:

B OER TERERROBERHE USR . KEAY S 2 IHRBRAD, i
IEEARLAEL D, HTFEVBL/IEL K3,

FROBH O3 B, WIS B EITARDE. ORI IZI S h
BORETH B, SEOKRN 5 EHIHAEEE DY bAEH o Tz,

AEBRE LTITo KR 3 T, ESEE, HMRE, B THEROPEIC OV TRAL
Tzo BUHOERZELHBELUTOXSICES,

o EIHEE D
EEEEOEE DN, FRIEEY— VAR LU TRICS = EBT 5T
L b oA, BHEOERERED XS 0. HEEEC R LEREIBONE
Protre AU, HZEF v VN—HTOERDRD, HIFFEEESHELNT LD
ERCEREEMES OV b EX BNS,
o HAREE DBE:
HIAZEREE DB DV T IS, MR ORISR D,=0.8 & U D,=0.3 TEEBRET-
PR BN & O TR, MIBEEICkE  BET 5,
o HKTHEOTE:
EEER I I FTEBOEENEL Eh o, BE5L . HBEHEEEEOHEL
fedh, WTFEBOMENMMBEEOFEHENTLE- D EEINS,

REBRNSHL MR- e Z DMOR E LTIE, ERINEEBEOREBAFIT2D
DE—IHHEONBHFENE N ENETOND, TORRE U TIIERRORMBEE
DIEREFRIIEED S ORGEDOEENEZEZ LNBEN. EHL5NETH2ZMNIEEERERL,
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3.1 F&

1969 £ BB A NEREICREETNZ 7 ROEEZETT 21CHz>T. AHEERERD
EERMORLERL AMEREEERT 2720 BL OERMTbNTWVWE, ZOHTE,
FEPERE D 2ETHIRAT OBMIC, b SRS SR ITASBEIR 7 v oSy M U 7o iRk DR
BAHBADOERERTH S, <DEHIT. Bendix (L&A, /— FIVELKE, 3
Fa—K2 AT F V=T RKEEEDHITITDNIZZET. 1966 £ 5 1968 Fich
13 T. NASA ® [Lunar Module(LM) Soil Mechanics Study | [13] D—E& L TiTbNiz,

COMEOEMIE. BEEREEDT v~y OB Ty PRy PN ERITER
HOMBEEGRREEL T L THolz, TOHEE L TE, Bk LT L TEROMAEEH
ICDWTHISRT 375 AH=y 7 ANBHTELAVSNE FELRU L HEEA g
F 2 E A ORI T HEEZ EF UL, 7w B3y b OXsE) & #iiig i ) DEIFRE
PAERERN L U TELAEMIRLNT NS,

ZDETIZ. ¥ MLunar Module(LM) Soil Mechanics Study | TfTbhizEBEB X Uit
BOEFIUL (LLT7 BatifeTl) OMBERBRNS, K. 52 BITENTAKERN
DM DWW THETT %, SELENE-B 24 & U I a5l RPIGIC K LT 7 K€
FIVAFIATENE, 2B TITo &S REREITOT L & AmMHR E\OBERER O
BANEETESRLIITKES,

3.2 7 ROMBETIVOBE
3.2.1 7 ROFETCIThN g RER

7EOETEICB N T, AENOBED - H DEMNZEE L L TiThNi [Lunar
Module(LM) Soil Mechanics Study| Tid. 7 k73w b ifBrik & A gz 7z E
BhThh. SldAAESBERER T v FSy bR MBAOEHREEG:ZLTOT7 2 —X
WKL THREI LTV 3,

o MEAERT £ —X: FHie Sy MHMICE U, RS SERNERIET 2 —X
¢ BT 2 —X: (1) EFILICT v by RO FRIEET 1 —X
o BT 2 —X: T %y h OBIRZERIAYRT L. BAEM T 72— X

ZNETNDT 2 —XICHBHER, LFOEERMTOb N,

o FIHAEER Y r—X : (RlOEREZEST) EHEREZET A
EEREETARTIXTIIWVAT—IVAE 1/6 AT —IVEEEY T Ar—)VAD 2 D0
FEEREEEN VS NIz, RBEHICIEIL—IVDBHDFOL—)V ERRT Y VT &2/
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L TELD i) BN T=iZethhs, FEFAEEIC & D EZSM8 7 iR & TR | Juific
ERT BB TV, L—ILDAERFRICEZ ST LICX D BT L
TRIDHFEOEE ZFOEZET X M iThihis,

e B T7—X: (ROZEL)5IFRT A b
Bt HA% F D7 v o=y R R KT ROMEE 2 2 8 TRE & 8 2FEDH
12 DEEBIET B L YRR ERIE T 2 ER, KFECBROFFonhrel—IL k%,
HEUEEET. HAIWE—EERETT v F 3y MRBRAEZEIN T EEDITDN,
FOEOMOEFMNREE Nz, TORBRTIE. FENZHENS 1/6 A7 —)LD
VAR NAVANL, S sk ok ghran

o BT 1 —X . (REEL) #EAT AL
HiE DI 2 RIE T BRI Eb N 3 BB AR A UERMThNh i, BAE
BRBICEROHF 5Nz T v b3y REBREADY A XK, HBNOBEAERER
e, HBAOH LIAZRFOR FIAEIE & Nz,

FEoEBOFT, KAPELELESOE, PRERT - X TITONERERT AT
THb, EHRERT A M, £3.11ICRTINNTGA—EDTLT. TIVAT—)IVEBRET 21
[, ¥ 7 X7 —)VRBET 362 MfThbhTW\5a, K 3.1 IR EZRT A N Tlnonik
EBREBEZTY .

3.2.2 7ROMEBETIV

THERT c — A TIThNERERTANDS> b, BRAEZRIAVEREICERS
BlI-EREEND, K32ICFRT XS ICHBIETVEENTVD, —HRAIC, BN
DIZEBIL 5 & QIR & e A DD OMEOHI TSR D CBIREETIVET 256, ¥
14k & HifZ OIS I Wik b HIEEN T B E L OFEV AR TRENS ENZ, fIX
13, RIS SRE I N OREIRKIC OV T, BHOER . B HICERET L
HOEE (ThE8) & DEVIAERTEINS [35], 7HROFEICBVTE, ACXSIC
2RO it & 2Ll etk & FIS TS % T H it & DM AR ZIWT, Hifg
DEFIUUERIToTWB, T T THREREE BT 5 LI [FF)< T (Stagnation
Mass) LSV, [BAN /2 - ¢ DML TS,

@ 7% FE & (Impacting Mass) lZX3 % #7 HE
M3+ LK, (6, —6)—~ Mg =0 3.1)

@ &)< X U'EE (Stagnation Mass) 1< B9 % 50 AFE

.. dr . . ..
np (r362 + 3r22175r_5‘ 52) + Cor162162 + 162 — -riKs 61 -6) =0 (3.2)
1

m
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ZIST A—=ZDFHHIELLTICRT .

M EEEEE Ty Sy FOEBRLEET) K| HORMER

51 AR AR RNV AN = 8t FESUDHTE

r61): 7w Ry FOERER 7 FE TUDHIRZRT HE
o W OERIETURE D BOBIETRE

Fin' 7w bRy FOERFKE & O NEERA

EEDS BEBMTHEN 3 DDFRE K. Co. aj. UAREBRDOIV T4 Fal—
YIVIEHRDBERMETRERER TH B, Lizd>T, 3.1 & H32IEBNT, K.
Cyov a) D3 DDBICDWTDRBEEMEIDOFETEDDZ eATENE, 31
X32ZHAVT, 7y bSy FOREFERFICHETE S, 7HROFE T, HWORENX
BRI R a2, KITRBRICKDED TS, EEXD ., Ffla 3. BOBEHEICX
59, MWOMNEEDHMFT ST LHENIDELN, UTORTEREINS,

ay = 29pgA se*Pr tan ¢ (3.3)

T T T, D, 3R OHEMEE., Ay 3EZFEROGEZREOHBIC T ZMEEEZ RS, R
K. ColcDWTid, 3.1 & K32H05, EEEREL BLT, RITEEEMNIRBTY
%, MBHERLEILTEADEVEER a DEEZBEREIL. K,. Cop ZERELTL
%, &3.11, 7TROFTHOERRTHW SN REERT,

3.23 7 ROMBETIVOXREERADER

7RBEETIThbNERTIE, EEODHEEDO 7 v F=Ry MEZREEEE L TERHT

bz, K32 DFE 1 HI., HXREOHBEARIC K2 FE STHBOE/LISHIE
LieRICR o T B Tzsh, R0EMERICK > TWVW3, RIFFETIE. HERIROEZMAIC
XBEBN TR0, HEAZERERZFED, Lich>T. 7ROMBEFILVT, Tv
FXy FEEFRZEZRL TWAEELL SUEERRTE | HIZERETE, K331k
TEIZ2LERRNAYAETINVOREIHEEL LTETNVETES, 2 BRROEHT,
DK TRENS,

@ 72 ~E& (Impacting Mass) (X9 3 M52
mX] + K (x1 —x2) —mig =0 (34)
@ I 7)< X UE I (Stagnation mass) IZ[H 94 B HFER

myxy + Cor*|Xal¥y + a1x2 — K (X1 — x3) — mpg = 0 (3.5)
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TTT. m @& FHWZ, my BEBL TR, x; & x BETHRE I SUH
BOMEZRT. 7ROETIVERARKIC, R34 & K3510B0T. FE Co. a 25
DOFETEDB T ENTENE. R34 & K35 2HAVT, HEEDET PENCE
ETED, 7TRARREARREDENCOVT £32I1RT, £32H5 7 EOER
ERFIRTRE MW B D, WEREDNBETH S, 7ROURTE., 7R OaSps i
%kbfm%kb\7»X7—W®@%%TE@%&mﬁﬁ\$%%T@ﬁ42®méw
SELENE-B HERBEZNR L LTWVWA ), TIVAT—ILT30cem £i>TW5, T
NEDEMEERL., T TRARRICHGEREREBELUTOLS ICREL-,

a : DORBFICEHRES . HBOHENBETRES DT, K33 2HVS,

o K,: BZEE, HBOEE FHNEE) B& OEEEOERICEAINS EEbh
%, TTTREBRTHWENEE (D, =08 & D, = 03) Ic5 L TUTOE»%
LTz,

MENEE D, = 0.8 : K, = 139.8 kN/m (=8000 Lb./In.)
HENHEE D, = 0.3 : K, = 92.6 KN/m (=5300 Lb./In.)

o Co: BZEE, HBOERE HMNEE) BLUELRKOERICEEENZ LEDN
%o TTTRIBRTHINHREL (D, = 0.8 & D, = 0.3) ICK LT T Ofii% %
E LT,

MEXEE D, = 0.8 : Cyp = 821.3 kNs?/m*(=0.077 Lb.-Sec.2/In.4)
MEXEEE D, = 0.3 : Cyp = 85.3 kNs?/m*(=0.008 Lb.-Sec./In.4)

DLEDEZRWTEREZITo /., K330, &E LIREER, SRROREDORICH
Wiz, STEACRICER U7 RuEBRTHWONZREBEL L 6 ITRT,
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#3.1

Preliminary Values of Coefficients [13]

Soil Scale ° “ Ca i Ks ‘
(In./Sec.) (Lb/In.) (Lb.-Sec.?/In*) (Lb./In.) (Degrees)
RS Dense Full 95 3,000 015 1.0 45,000 0
(D, =.65) 95 4,000 012 1.0 80,000 0
175 2,500 .008 1.0 30,000 0
RS Loose Full 115 625 .0005 1.6 15,000 0
(D, =.0) 150 675 .0006 1.25 15,000 0
177 600 .0007 1.25 15,000 0
RS Loose 1/6 52.7 35 .0007 2.5 1,750 0
(D, =.0) 84 35 .0009 2.7 1,750 0
108 33 .00085 2.5 1,350 0
108 34 .0008 2.5 1,750 0
128.4 32 .00075 2.1 1,750 0
140 34 .0007 1.8 1,750 0
140 34 .00075 1.7 1,750 0
179 35 .0007 2.7 1,750 0
RS Intermediate  1/6 71.3 20 .0065 2.3 5,000 0
/Loose(D, =.25)
RS Intermediate 1/6 56.6 35 0125 3.5 5,000 0
(D, =45 76 35 .008 2.5 5,000 0
70.6 17 .008 25 5,000 17.5
77.4 19 .0047 2.5 5,000 35
73.3 19 0022 2.5 5,000 52.5
70.2 8 .0009 ) 5,000 70
RS Intermediate  1/6 57.2 45 .033 35 10,000 0
(D, =.65 70.6 35 .035 1.75 12,500 0
78 40 025 1.75 12,500 0
84.3 28 0195 1.75 12,500 17.5
76.6 19 014 1.75 12,500 35
77.4 14 .007 1.75 12,500 52.5
71.3 13 .0017 1.75 12,500 70
RS Dense 68.6 55 .069 35 10.000 0

/Dense(D, =.8)

1/6
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Impacting
Mass

Footpad —\ 1 - —

KS
{ N
R -4 3
550 5y SN %2& M, =npr (51) .
~ .
Stagnation
Mass
3.2 TOROEHE TOMEEDET VL [13]
b
mi
X1
K
7777 77N 777777
m2
—— n/2— ¢
X2
ail Cs2

3.3 7RO TORIRDET IV LDARILERN D]
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%32 7THROERREAEROE
7 ROEER ARER
R OER 1 & (RS 1) 1257
A 5 TR E 2 FEDOHNERE
0. 0.25. 045, 0.65. 0.8 | 0.8. 0.5 L
2 Kifi 14

HERRD R —)U

TV —)V:EE 93 cm
1/6 Ar—)V:E#E 15cm

1/6 A —)V:EE 5cm

1.3~4.5 m/s

1.2~3.1m/s

%33 K. Cp OFE: T ROEER L RERDOLE

e )| 2y | ek oa o G2 K

(mfs)  (N/m)  (NsYm)  (N/m)

TR —)b 24 523.1 158.0 786.5
0.65 B 93 cm 24 697.6 128.0 1398.2

4.4 436.0 85.3 524.3

7 R aEER 1.5 7.8 352.0 174.8
0.65 1/6 X7 —)v 1.8 6.1 373.2 218.5

rf¥ 15.5 cm 2.0 7.0 266.7 218.5

0.8 1.7 9.6 735.9 174.8

R 0.8 1/6 Rr—)U 19 ~31 32 821.3 139.8

03 Eff5cm 0.9 85.3 92.6
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3.3 7ROMBETFIVICKBEHEER

K34 L X35 TRINBHMBETIVE. X35 OEIE 2 AICEEDAMAIC K >TE
b g 2IGRIERE D, EITARARMEL T A TERWVZD, MAT-LAB © SIM-LINK
EHOTEAHERT 5. X 3.4~ X 3.15 ICHIXEE D, =0.8 DiE. K 3.16~
& 3.27 MR E D, =0.3 DFEOFEEER KT,

BRED., 7ROHBEF VK BFEFERIVTNE 1 DOE—7%RFFD, IR
ERHENREFELTHEL TV A D THY, ERTRONZX 3R 2DDE—T %
DERINEERABERIFRTE AN olz, £z, NEXIRAETIVORD, K TEE—
TRICHBBOIREINRAET 5, HUEBORENE, FEIREENKEVIEE, HBEEMEWG
&, BEEICENS,

328, X 3.29 IR IMMIEE X O T IdDE— 7 ZHMEEDENTHIRLIZ T Z
TERT . HPOERIFFELZERT, WIS, BEINEESITCHHTEY—VI3E
Z5RE L HIBBREICKELFEEZT R T b B, ERERTIEITHARE . B
IMEEBXUMLTRE— 7T 2E TEHRICKZHEVHEICRN TN,
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PRI L. 6 & Dirac DF L2k LTS, —RINICLUTORXA D LD,

f@) = f @)@ - z)da! @.1)
Q

TTT f(z) 13 3XTOEHERL, Q REETAME x 28 CEMERERT, K4l
X, QWICAHTIMEEOE f(x) M e ZATEHQICETAEMOTERINSGILE
R/LTW3, Dirac D § [HEOBEN S, X 4.11& Q ORIVITIHE f(x) Hulihirx 5 HKE
HEBRTRODIIDT &I 5,

L L. 6 B REREER O DREFEICES AVD T, LTFDX S A2
T B LEOHE RO —FIVER Wz - o', h) ZEAT %,

o HARILSM F 1213 BE—ME%F (normalization condition or unity condition)

fW(:c -z’ hydx' =1 4.2)
Q

o § FEEL L DFELIZEAF (Delta function property)

lim = W(z ~ ', k) = 6(x - z) 4.3)

o 12/%7 b &{F (compact conditoin)

W(x — ', h) = 0, when, |x — x’| > kh (4.4)

CTThREA—FVERWICE o THRE 58 x 1B 5 —FIVEEER DY R— b
BERTE. LEROT> 87 MEEIC K > THEBEEOES . A—3VBIOY K-
EEICRFMEENB C LIck B, Eich—3)VEE W II— RN XEBEBEESHEVW5 NS,

RALICBNT, PO 6 HEEH—FIVHB WIC X > TiMtE#Z % LLUTFR2L S,

(o = [ 0w - . hyax 4.5)
Q
F1—R)VEE W & Dirac © 6 BRI TIZEND T, N 45 EBEREER TR DIk
Vo LIEMoTSPHETIE, 451 THE 28T ERHEL, CoOfER H—IVAE
EMER, L ThH—XVAEE SN EEEEENIC<>2MITERT,
H—2IVHEEIE B2 OEEFEDOC LB TIIRY,
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(fl@x) = f [f(@) + f' (@)@ ~ ') + r((@ — 2 V)W(x - x', h)dx’
Q

= f(x) f W(x — ', h)ydx' + f'(x) f(a:’ —x)W(x —x)dx’ +r(h*) (4.6)
Q Q

T T () REIREET, WISEEEEOT (- x)W(x — x, i) ZEFES D, LT

DML D LD,
f(:c’ —x)W(x -z’ ,hdx’ =0
Q
FHeHERE. 42, K47, K46 WELTOANED LD,

(f@)) = f(@) + r(h?)
4.8 D5 H—FIVEREIL 2 ROA—FORBEREDT LHREND,

SO f(x) DZEEMI. V- f(x) DA—XIVHEIC DV TUTICTRT,
FTRAS5IEHBVT, f OB V- f(x) ICEEHRZ S,

(V- f(x)) = f[V - f@)IW(x - ' )dx’
Q
C T CHEBOBEDM Iy 25 Z I LT ORA D 1D,
V- f@IW(x - a',h) =V - [f(z W@ -z, b] - f(&') VW(x -z, h)

N 4.107%2 49 IZRALTUTORZE S,

(V- f(x)) = fV [f(@YW(x - ', h)ldx' - ff(a:' -VW(x — 2, h)dz'
Q

Q

N4 GLFE-HAHY ROHEEEEHAVWS &, UTORZES,

(V- f(x)) = ff(:r:’)W(:c —x',h) - idx’ - ff(:c') -VW(x - ', h)dxz’
S Q

@.7)

(4.8)

4.9)

(4.10)

4.11)

(4.12)

CTTS 3ENES QoXEERL., 71X S ICETZEMMERNT ML 2RT, H—%
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—IHOED I ERICES, Lich>T, MTFOXMHD LD,
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(V- f@) = - f f(x')- VW(z — o', h)dz' (4.13)
Q

K413k, BOEMOMONA—FIVEROWITICK>TRENB Z LADI 3B,
WEZNE, 41305, BOBEKEFOMTZTTDT &6, H—XIVEROMS
B HORBOMADPROEND LD DNB,
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SPH /T, MW SE A2 24T AT LR, BEEFBZEME 5D 2 EREOR FIC
BERIE L TERIAT %, Licho T, H 45, RABICRTXIGH—FVHEHTREE
NICEGR . A —FVBEBOY R— MEHICH 22T O T j DT &V 3 FBICHE
Bl TEREND, ZOBREZRFHEEEVI, ZOTOEIZLTIRT,

R45%, R4.13ICBVT, MUNMEE de’ 1. Y R— P EEICH B HTF [ AED M
IMETE 6V; 2RI LT HIL, KF jOEE m; KOV T TOHN D 72D

mj= AVjpj (414)

p; FEITF j(=1,2...,N) DEE. N9 E— MESAOKT j 0BSRET,
N 45 ZRFRET S &, LITOXIICERILL TERI NS,
f(x) = f f@YW(x — ', h)dx'
Q

= ) flxpW(x - z;, h)AV;
Jj=

2—4

> f@pW - zjh)- (p,AV>

.
i
—

fpW(x - x;, h)—m,

M=

.
1]
—

f(icj)W(w zj,h) (4.15)

-
I

i
M=
JE

X415 T, 1 EEHORER THFHEBMNMTONT WS, KF i ICBEY 54— )UFE-E
HTH U TR FHZTo 56, X415 25U TORXZES,
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] (@)W (4.16)

z |

Jj=1

N
fa)=>

r{
y
o

Wi; = W(zi — x;, ) ‘ (4.17)

2R,

K 4.16 &, KT i BT BHEBMEER. A—FVEB W TERMIT SN, KT iDY
— MEERICHZETORNT j OFBUEOHFITEX 5NBE T L ZRL TV 5,

FU&3ic. R 413 1TRTZEEMAIROA—FVH#E-MRE, HFAHIC K> TELFO
X3 cHREE NS,

N m;
(V- f@y=-y (@) VW@ - @ h) (4.18)
=t

K418 AT, AE V;W Id. KT j DOH—3IVEROAEZERT. TLB L, KT
DB TO X S ICREND,

N m;j
(V- fl@) ==y, = fl@)-V;Wy (4.19)
=1 P
VW _:n,-—ac,-éW,-j (420)
ST rij 6?',']- ’

R 419 BXU K420 13, KF i ICEHT ZEHOAEOMEI., KT i OV R— MEBICHE
19 BHF | LSO TORTF j B EDER, 11— VEEBOAE TERMTT LI (EDR
MTRENBTEZRL TV,

H420EBNT, ry; BKIF i L jOEBERT, Likh> T, BIZUTORSRY I
Do

6Wij
6r,-j

<0 4.21)

X 4.19 DETADT A F 2% R 420 RICED ADHIF. UTORZES.
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%= % oWy 4.22)

ViWij = rij 0rij
N 42 KT i OA—3VEROAERET,

BLE. H—2 )V &R Fiftic & 2 B850 SPH #f & . £ DERIEKD SPH M D
WTEEDBLELFDLS LK B,

N .
S = =L fzW; (4.23)
=R
N ms
(V- f@) = ), f @) VW 424)
=t
Wij = W(a:, - I, h) = W(li[f, - CCjI,h) (425)
R I CALL 4.26
iU——E—EE' (4.26)

FlzIE f(x) MEERETEEREEZS L. T i OBER, TOYR— MREAOK
FjOBEICI->THEEN, UTORTRES,

pi= ) mW (4.27)

423 H—RIVEE

SPH EICHBWT. H—FIVEREOBRICHVWS NS —x)VEEE. 42.1 HIIRY 4D
DLAERHT LTSRN ED & S AEBTE KW AR T TICRYT 2R
DRATSA VEEZRVS,

I-R*+IR* 0<R<I1
W(R, k) = ag X l2-R? 1<R<2 (4.28)
0 2<R

CTT ay ERTICXBERT. 1. 2, 3XTTENE N ag = 1/h, 15/7xh2. 3/27h?
YD, 2RDRATSA VERERAVAEE, A—xIVEBORENE kh 2RI BRICH
W kI 2 255, K421 2 RDRT T4 VI EZTOWIMTZRT .
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SPH #ERESK]

X 4.1

S . e T

B i i e e

|

-0.5

...................................... T
, V ﬁ i
‘ B
| &
o o
e e taiuiaiil Sl il i i < 8-
PPN
X
e
1z 3
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww _ mwwlv
w0 w wn —
~ i ~ I
? ! ?

1.5

-1.5

42 2RORATSAVEEE FOWMNE
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4.3 KD SPH &R

SPH E Tk, REEZRTZEAEROMH Z. SPH I K 0 A—X)VEBOMHY T
KLU, WNEHTHES L THEZE GRRETEHET 200 —RIITH 5, AHFETE.

iR % Bingham JRfA L U THATEST 5 . Z DIl Navier-Storks T TR E N B FAD
SPH fATIEIC DWW TR, WADRA, AV 32X FRENNIE. EoR (EEFER). &
FTEX (EFEREFA). BELENEBEGROIZIRESERD 3 DTH S, LT, <D
3 DOXEFHFERD SPH HEIc DV TR,

4.3.1 EHEOXD SPH ##id
EFEOR (BREE) XU T L3 1cExEn3,

Dp o

D~ Poup
TTTp dEE, x IINIE. vIIEE, opldAREET,

(4.29)

429 OFA%, K424 ZAWVT SPH #H3 % LU TOXMIELN B,

N
Dei __, 21 mif. O 4.30)

Dt pj i 3:3:;3
CZTUTDXS BN 1 O SPH A2 £EZ %,
(V1) fl YW(z — ', h)dz' im" Wi _g (4.31)
= . z—x' hdx' = — . — = .
— pj 92}

431 ST DORDAD I D,

N N
mj J: BWU‘_ 8 mj BW,-J- _
w2 e =\ 5 )= (32
J= U

j=1 *J i

4301 K432 ZMATEXDSEDILDDT, LUTFOXMESNSB,

DpJ - ﬁ" 2o (4.33)
=2, S .
T T T, KT i LT j OMNTEEZRY,
o = (o — o) (4.34)

tJ J
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K432 ZLUTDE I, pvf OEMHAIN S EIEENS,

ovP (B(pvﬁ) ~ ﬁ_@_)

P T b v o2k (4.35)

R435DAAE 1. 2HICA L LS K 424 ZAWVT SPH BEEITS L U TFTORX%
B85,

8(,)’0‘?) N m; 6W,‘j al aWij
=) o — =) mpt—] (4.36)

o = 25t "R o

p; Nomi oWy L AW
P =Y Ly o Ny —L (4.37)

ot Z‘ it od T o

H4350c. K436 & X437 ZRATNL, UTCRIEBEONTFHENELNS.

(4.38)

AWIFE T, EhDRO SPH AL LT, 2O X438 ZA %,

43.2 EENHEIND SPH #
A FREUTOX S ICRE NS,

Dv® _ 190°

Dt p 9P (439)

T ToBShToVizERd,
EBEAREROFMBICIE 2 DFEND B,

EERE K 439 I LT EDOE F SPH #2175 LLUTOXER 2,

Dv¥* 1 zN: O'(jxﬁ BW,‘]‘
e m-——-~————'
— 7 p; o,

ROWHMERILB D, R 432D 5HENBUTORZALICIA 5o

(4.40)

S T LT | S M g (441)
S PP 6x’; i \‘=1 Pi aacf

T2 EUTOXZES.
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Dve & o +of aW,J

L= m;———— Fa' (4.42)
Dt ; g Pipj 61:’/3

EFHRNOFMEDL 5 T EDDAER. o/p DEAEENSBONZREAVBEHET
B3

9.\ o/p DARBEILULTFORD & 3 ICFHE T NS,

8 (1 1 .00 1008
af aﬁ
amﬁ( > ) 5 > (4.43)
ZORMSLULTOREES,
1 80 0 (1 o dp
- - — |2 .8 . ZF
P = 5 (p o )+ T 57 (4.44)
HIAD 2 HEZFNZFhN SPH #fdd %
ap N
o 1 0',3) N ijTj 6Wl~j m; B 8W,-j
LI e AL I e P AL 4.45
B:Dﬂ( 207w T aw T o @4
o op o Lmy  owy o awy
P LN T TN, 2T (4.46)
Pi axf pi = P ox P =1 55'35
445, K446 %, 444 IcRAL T, EEHEXD SHP %153,
Dot & (o o aw,
= > mj|— + — +Ff 447
Dt ; ](p? o’ 6ccﬂ @47
AR T, EEHGFEXDO SPHEME LT, 20 K447 23,
4.3.3 HfEDEmD SPH #HR
RO IUI L IR IR A OB 2TV 3,
o% = —ps® 4 1% (4.48)
6 = 11 (4.49)
0P 6'0 2
g _ 2~ 77 _Z af
g axa o (V V)6 (4.50)

TTT, T 3TAWIETT. p TREEREL @U?‘E’MEFQ%%TO SPH #7217 > =&
BoigEal. 442 L K 44712, K448, K449, K450 TREINBMMEFHEDHTE
N2RAT % LLUTOXZES,
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D’U? N bi+Dj 8W,-j N /o‘is;yﬁ + ujatjﬂ 6W,-j
| i e m

i/ A m @.51)
Dt L pp; dx§ LT pip 9af
<7 op
Dv? y pi Pi)OW; < we?  HiE ) oW
Dtl :—ij(-—z-l-—z W-i- mj ) + 5 awﬁ (4.52)
= pbi P jojE Pi Pj i

451, R452 LEICHTEE 1 HIEAONFHERM. 5 2 HiZ, Ehok %
F£9. AT X452 ZAV S,

O HEEICDOVTIE, R 4.50 %Z SPH #ifli L TUFDOX%2HE %,
N

N
m; ,0W;; m; O0W;: 2 m;
B _ - Y - _v_z . T W.. | 528
¥ = E .’U?a : + E .'v‘?‘ (E v; V,Wu]d (4.53)

=

gD, WA FIRD SPH #ilDHE LU &S, N 4.32 S TFORDES
N3,

N N
i L OW; i OW;;
S, f:v.ﬂ(zﬁ’z_f]:o .5
. i b ox? Yl pi Oxf
Jj=1 J L Jj=1 i
N N '
mj 6Wij mj 3W,~j}
—'vl‘.”————a = v} ———1=0 (4.55)
FZI pj ' Ox; [J:Zl pi 0x;
N N o
Z —-iv,- . VWl'j = ;- [Z _JViWij] =0 (456)

N N . .. N .
g% = Z mj “5sz + Tiva% - % (Z Tivﬁ _Vin_j] 598 4.57)
/ ‘ Pj

Vji =V —Y; (458)

2R,

4.3.4 REDIREFE

SPH & CHIEEM L rmoicik, HERAEOR. EFHHEEX. ThiENEEORMRK
ZFUR U TR RADBETH B, BITHSRICE > TRG o ItREGEXSAV5 NS
M. RHFE T, SPH ZEDOHAUZHEND B DI, I /KEDORERNZIT. Lk
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MoT. T TiIRIESFIR & LT, Monagham [38] A\ 7z Cole 51T & o THRBHIC
k& 5Tk DREFERUIT DN TN S,

— B IR IEERERA L ZE 2 D NBKEFNE FIFNEERENEBENEILT %, £OD
Y OFHEBEORIRICOWT., Cole Sk, HBRANZUUTORZRD T,

p+B _ ﬁ) (4.59)
1+B Lo

R 459 ICBNT, po EHEBE. n. BRIEBRHOEBLNBHHT, KOGE. n=T.
B = 3000 BEEINT V3, AHFETiE Monagham [38] BV AELER UK SIS
K 459 ZLLTDOL S ICEFR L THWS

p+B:(£j(l+B) (4.60)
Po

o)) o

EEH S B = 3000 BROBSNzL I, —RIIC BREIRKEEHESPHNLNZDT,
K 4.61 OEUFE 2 ERERT B LN TES, Lizh> T SPHETHW A IRELENE

LTUTORZR” 3,
p=B {(—p—) -1 } (4.62)
PO

SPH X FEHE TR IADBHIETH 3 728, SHP i T/KOD X 3 GIEEMIEREE RIS

BEE. K462 ICRTREAFEREAV. ETOEEELZRD TS 2] LWVWIIE
TR ZED S, FO, EERMNIC B=3000 £RD SN B DERFEITSREZERL
THZICHRET ALEND B, ABIFETIE. Monagham [38] 12 L7zh > TULTD XS I
kDB,

¥9. BHEcEEZD, —BIZ. BE c BUTFORTEREINS,

dp
% (4.63)
IKOIREES1ER R 4.62 BMHT B LLUTORERS,
n—1
§£==3n3—~ B"( ) (4.64)
dp o 00

RiC, RITHGROWEREZ b, FIZEEE H OKEOREAERITS L§5, ZOK
DOFEDBKRE U X, BEBEMNMCE> T, KEOERGTIKHIHFHEGEEEITZoTE
BrEZLZCENTES, LEN>TRREU L& H OMICATORDE D 10,
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1
pgH = -2—,0U2 (4.65)

L7ehio T, BRIRE H L FTORTEEN S,

U= +2gH (4.66)
RIS YN M BEZ B, v NEIITOE L SEOHADT. UFORTETNG.

U

M== (4.67)

[Efattz s LD TEHEZED S SPHETIE M =01 THZERET 3, EEOT YN
BEB o EESTERY /NI M =01 ZIRETHT LT, M =01 1KHEETBETOEH
WD THARZITI . TOXKIECTYNBREDDB L, i c ZUTOXTERENS,

JgH
c=Y o N=Y _ AooeH (4.68)
M- 01
LiehioT. R 463, 464, 468 MELTFORDRDENS,
Bn (ﬁ) — @ = 200gH (4.69)
p \po

N 4.69 ITBNVT., EMRERIETULIRDTVWAEVDT. plop~ 1 LELTES, L
MNoT X469 D5, BIRUTFTORXTERINS,

_ 200pgH
- n

B (4.70)

4.3.5 HFROEIHL

SPH T3, FlZ IS HREDITOBEE. AN A > TV ARBIRAENIcEE n &
Enir P L OERPETHIC. BREKEPHTFTEL, TORTICHLT. H2HEEE
TRV Tk R R FICRIET AR R ET ST LT BREZRFET %, HHROK
FH1X LU RICRS Lennard-Jones ORT ¥ v VRZRAWVWTERT,

P V243
ro=o((7) -(7))7 @70

r r

K471 CBVT. rIZEREETOEREET, ZUT, r>rn O, f=0&RE
T3, pi. pr DEICDWTHE. pr=4tp=2p =12, £p=638 p=12¢&
Py = 4 [51] HEOEBEMBRINTHED. WIEARTHEREZE TS, ro d—H
I MIER DR FRISEEE . D I3 FIMEIC X o TELT B EMT. MEORKES D _FIcH
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M9 %, Monagham [38] i€ & Z7KAEDHEIC DN T DT T, D = 5gH. D = 10gH,
D=gHZETHEINTED. WThEERTERZE TV 5,

4.3.6 RiEOERTH

SETOENMEIIC LIz o T, MAOEFTONYFI—IMEL LTBLEY £S5
NBKEDREREDY I 2 L— 3 V2TV, AR THWET OIS LERIET %,
K43 ICRBOOY T4 Fa2b—3 VERT, Wi (L = 0.5m), 5 2L O/RKEERE
L. FEIOMZZERDES &, B ERICENCI D ZOARNENTWL , BTRSIE
ke Ul SITICRAEIZIST A— R XL FORICERE LTz,

MHER: Z¥=1.0x10°kg/m3, ¥ME=1.0x10"3Pa-s £ § 3,

HaEHREN: K 4.62 lTRTIREAEXFOLE B IOV TIX, KEDFEETH 0.1 m %D
T, R 4.621L7zh\V, B =28000 ¢ L7z,

RRRHES: Monagham [38] i L7z, py =4, py =4, D=gH=0.98 & L7z,

¥ 7RI FEUE 20x40=800 KiF & LTz,

Martin 38 X T Moyce [52]. BIFES [53] R EICXBERI S, BN T REDERIC
BB mMEOEIE K44 DX 3B DENTVS, SPHIEIC K B MEHTHEER L4
IZ, KFFICEIRS [54] 12 X % MPS(Moving Particle Semi-implict) {512 & 3 5HE#ER & 0
¥TRY, 44 55 SPH IEIC X ABITHERIE, EBREIFITE CKEERZR L. SPH EIC
LBBERDBNTIMNEETHE L Nbh B, K45 L X 4612, BREOKEDER
KEZRT,
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AN

— [, —»

A
N
Y

43 IKEFREBERICBI ROV T4 Fal—va v

e RE{E(Martin—-Moyce,1.125in)

o  RER{f(Martin—Moyce,2.25in)

o SREX{E(Koshizuka et al.)
"""" EHHE(MPS : Koshizuka et al.) ®
AEfEGsPH) /o

.goo

Z/L

w '_-______-v_-___“..__AA_-’_____‘,;_7_-_._..;..O.Av__~_

K 4.4 KEERREIC 3503 5 et (BB 5250 L ST B OO Fhis
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0.2 T x T 8.2 T - v —
~../data/xve01686.dat" using 2:3 ¢ . ./data/xv8836808.dat" using 2:3 o
8.15 4 8.15 | 1
4 8.1F 4
4 8.85 Jq
L L 8 . .
8.1 8.15 8.2 8.1 .15 6.2
8.2 r - y — 6.2 - r —
"../data/xve856008.dat" using 2:3 © “../data/xve07008.dat" using 233 ¢
8.15 4 8,15 4
e.1 1 6.1 q
8.85 1 6.85 b
e . L a L L
e.1 8.15 8.2 ] 8.85 8.1 8.15 9,2
a2 T T T 8.2 T T T
“../data/nvBB9668, . dat" using 2:3 “../data/xv011008.dat" using 2:3 ¢
8.15 4 8,15 | E
a.1r 4 8.1 1
8.05 4 8.85
8 — e
] A.RS f.1 A5 L 8 8.85 8.1 8.15 8.2

45 SPHEICKAEERR (ELhHHETN1,3,57,9,11x107%s 1&)
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8.2

“../data/xv613008, dat"

u'sing 2:3

<

.15

*../data/xve17080 . dat" using 2:3

<

8,15 -

“../data/xv821888,dat" using 2:3

@
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8.2

8.15

.15

a2

8,15

8.1

"../data’xve15686,dat" using 2:3

o

— T
¥, ./data/xv819000 . dat"” using 2:3

o

B 4.6 SPHEIC K BFEMER (ELh5HETN13,15,17,19,21,23x107%s 1%)

o




4.4 BEZRTREROETIVE

FEEE TEBROET I EDHICIZ, T IIHMBOLEEECOWTH 2 AENRD
%o WHIRDZEREIC DOV TIE, REBTLHBORNOREE L U TIRICERLE
REZoTW03, HIRIE, IO/ D E R ORI 2 55T 2 L Oy
—IXIETFNEC., #iig EHoBEOMEICELESLH B,

HBB DX RN ZEET 2 HIcHiiE F THERBZTS LIE-R Tt X 4.7
DEXSCIx5 [55]e TOKTHIFR A IZBEHAOES. dHiE B 1BV DHIBOES
NLTN5%, BIRDHIBORS, WENDBE (@) ITETBETREZFNEZEL T LAY
M, HENTDEICET S LI TENZEICEI U RIRER RS X315, DD
& g, ZHBOZHAOEREL U, i T¥ CREEZHHERATNDS, DX D, &
RIS B B MRS RE N AR B, MIRRSZH 2 B R B L RRRIRIER RS & 5 TR EHE
BREOMRTHS C b3,

/e, TOLEZDHBOEIE—IRINC K 4.8 DX S RENS [56], HlE F DB
BZITZLEBOBERICERE Ak TEH S I=AFOEENMNEERE NS, T
NZEFH ETRTHE VS, FEL SOFEIZAEGOBERIHEEGICHELE L, 200
XIeRFHEHEERDAEICHL EIF3,

AL TR, TOXS BEBEERHOWNE ., BRI OB b 2 RERIGE SR
Je AT % % Bingham WA TET LT %, 7% Bingham HifkL LT LTS
BiliE. ODBIC/FET %, HlZ 13, Subrata 5 [57] I & B YIHIBHFLOMETHH 3,
Subrata 5 3RS HIRE TOMLE OB ERD B 1BDIC, B2 Y UV H LERELRE
L. CFD(Computatinal Fluid Dynamics) {&% W T EIT> T3, BIGEWSE L
LT, a7V —rORBBEBECELT. ASZAV 7V — b 2EUHLBEEL
MPS(Moving Particle Semi-implicit) H1C & B fifAft [58] 35 & OF SPH 11 & B filht [59] [48]
ZITo T35, RS [60] X EAHDOHENCE L TEAREZY Y H LFEKL LT CFD &
TR EIT>TWV3,

EZRICEIL T, EEROBEBIIHBOEILEICHANRS LIEBITNI VDT, 528
itk L LT ETIET B,

4.4.1 Bingham F&EDEHR

Bingham {RIADEMIE. X 4.49 I27R T Navier-Stokes T DREHEREA ., U Hik
BICLoTELTZ L L. LUTORTEHRENS [61]

o = —p6° + 2u(I)D* (4.72)
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C T, 6@ ARY A—DFNE, D SO THEET V)b, p REARET,
Tz, MIXOTHEET VLD 2 ROFZEE L EHK L. Bingham i{AD & 5 72 IEEHENE
FEOHZEIUTTRENS,

II = VDB DBe (4.73)

Bingham FfA Tk, FEMERE D X T OMEICK>TEEL, UTOXSKRENS,

00 I1=0)
u() = e % (I # 0) (4.74)

T T C. 10 & Bingham FIAADR/NDEAMTRE . o IEBFRZOMMEFRREZRT, KN
2T 1o BHBHEORREE L LTESHAVWSENS E—)V + 77— Y (Mohr-Coulomb)
DOEERMFICBEMZ 5, T58, HBBOR/NAKKRE 1o IULTORTEREINS,

T9=C+optang 4.75)

T TT. CIEKEST. o BTG, ¢ SHERONREERY 2R,

RA4T5IRES &, N =0 DERE. p(l) =00 272D, BRI FOENZTCIC BN ZED T
W< SPH BT, MUNZEM TERENESAPRELTUEL, T TERk 5,
FZT. MA9ITRT X1, T =0 TIIRERED —EE py OEREERELRET S
T LT, BRE)E R 5 7= Bingham k& LTS %0 E2ZOBXOREMREEE. £
PRI u(ID) DS py 1E—BT BED I ZHVTITI, DL, EEIGT o, ZE/Ip T
RATHE., ==l 77— Y OFFERMEIOET BRTOERMEIRER R TRIERE 1y &
LIFORTRENS,

M1 = po + E%M (4.76)

K 476 5. I BEFO &S RSN,

_C+ptang
. T = Ho
PERE B L, )V 7—OVORERMFZEA Lz Bingham FiADRERIUE
UTFORTERENB T Lickb, /2. K 4.9 IC Bingham ADFRBICOVWTOE LD
BT,

L 4.77)

0% = —p6° + 2u(I)D*

M M <) 478
u(Il) = ﬂ0+C+%tan¢ M > 1) 4.78)
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_ C+ptang
M1~ Ho

I

4.4.2 [EURDERTND SPH #HiE

ROHIARICEZE T BEEMAIL, BICHANTRIEAIERICRE SMINEER LA L e
AGNBDT. 7y UHMALE L TR EITo 7z, 7 v 7K TIZU T OBRIE
Auna,

0B = —pgeb 4 8 (4.79)

TTTo®ENN. p BEN. P AN ORERIZRET .

T T, NMFOEERKT &R TES Jaumann jo/EE S [62] VS, EHZEfkr
FHHEMEA TN, Jaumann [ENEEORERSIUTORTEEINS,

$% =2G&" (4.80)

TTT Y RERUTHEE, G RNBERERT, 1480 &0, [FESHEES
B TFORTEENS,

. 1
S?ﬁ =2G (gfrﬁ _ 5‘,53/7) + S;wwzfﬁ _ w?vs;yﬁ (4.81)

TTT WP BREVT UV VERET,

BRET VIV B, REUTF UV B TORTEINS,

1{0v® O
g — [ —_ .
£ 2(5mﬂ+6w“) (4.82)
1({6v® OGP
ep _ 1[0V OV
@ ”2(5:& a:ca) (489
INS5D SPH EIELITOL 3 IcERE NS,
-aff __ 1 S mj @ a Y B aWU (4.84)
1 m; OW;; AW;;
@B 2N T @ @y By 4.85
; 2;@[(”1 LW I/ ”fg)amg] @89
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K484, 485% K48 ICRAT B L, T > VIV S¥ s 2 HMH AR
ROESNEDOT, ThZRRICBL TR ThE, REBICBI3RELAINRDEN
%, RDOIREITZ 480 ICRAT BT LT, SRFOILNTVYIVHRED, Th
5% K442 K7cld X447 ICRAT B e TEEAEAEM T LN TE S,

4.4.3 wihig L EmREDREREN

AHETIE, HAR% Bingham fith e L TET VLS B 728, FREDMFTOHEE LT
<. HEREOR., EFHEX. ThEENLBEOBKRED LITREARRADBET
BB, KK T, DHl#E% Bingham HA TR 1z, HHBOKELFERE. LTT
RENBTREDRESTEAZH NS, (K 4.62 FHiE),

ol )

fRITTI1Z B OERZIMICHE L I2EI L3NS ARV, AFETE7RE 12 50
R— Y TR U TIThbN i A OO EMRBER L L LT B=6x10° 2V 5,
4.10 I BOWEMREER L B = 6x10° DHEADREFBEROLERRT, O
ST TOENEFICEL Tid, EREBIHFE—HEZRLTWVWA I DM S,

AIEICARLIZ K 3 1c, WHBBICEZR T 2 EZEEEERE U TR ZTTo 7z, ERORE
FHRERICDODNTIE, BEEEER K ICX B3 TOXzZAW5,

p:Kg%_q (4.87)

444 2 DO0MBBOHEEDETIVL

SPH AT DV TR, B L EHREDEADET. TNENOR T OREHFENICEZ S
MR FHA > TWe e LTE, dilioR. HEsRRoHi, X CRESHRKNORT
EITDRV, BICZORUCHMERTFOHTEIZITI . 2 DOWEBCOVTIE, BT
RIRTFRKFES F. ZRE[63] L. DRV EORITI,

N 3 . ..
Fo= Y mim; b OWis (4.88)

o~ pipj  Ox]

ERREOETIVLICE LTI, HEAOEZERSRIL, BRIt 2 &R 3 X
FHNT LA o TV fedb, AR THNUT 3 KT 21T 5 BEDSH B, 5 KFENE
KITH2 B = HSEIE 2 KTETIVTCRTT B L & L. BOEERR - Iifa OFTE Al 5E
KRB X3 2 ot FEmEET VefvsT L E LT
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4.45 INSA—RDHETE
fHERT DB R LEIZ LT DI85 X — 2 DB EHEIC DN TIHRRS

e Bingham FRAKDHIEAREERE 1) B X URERIZ OREMEFREL wo:

MEARERE 1 ETEBRIKERE R ANZSNEVD, SPH Hid. ®51E
ATy TOEMICEDE, BNTFOEEBIUCINEEENREE NS D, bE
DREZEZAND & BTENARLEEICKD, STENTREEICE D HWVELET.
i =1x10° EUTEHERT o120 to I2DWTIE 1 x 1074 ~ 1 x 102 TEZIED &}
BUMN, K478 DREREMFICHBNT, BHERICIES p AMAEL EBDIC,
1\ 4.78 OBELW 2 TINZEANCTRD | gy DINEIARTEULICIZ LA CEE LN T
EWHLMTIE o fe 728, o = 0 ICEE U TR Lz,
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