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"The sur face i s  f i n e  and powdery. I can k i c k  i t  up 

l o o s e l y  w i t h  my toe.  I t  does adhere i n  f i n e  layers  l i k e  

powdered charcoal t o  the  s o l e  and i ns ides  o f  my boots. 

I o n l y  go i n  a smal l  f r a c t i o n  o f  an inch--maybe an e i g h t h  

o f  an inch,  b u t  I can see t h e  f o o t p r i n t s  o f  my boots and 

t h e  t reads i n  t he  f i n e  sandy p a r t i c l e s . "  

Neil A. Armstrong 
July 20, 1969 
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APQLLQ SOIL  MECHANICS INVESTIGATION 

- FINAL REPORT -

CHAPTER 1 

INTRODUCTION 

S o i l  mechanics inves t iga t ions  dur ing  t h e  Apollo Program were 

organized t o  m e e t  t h e  following obj  e c t i v e s  : 

(1)  	 t o  o b t a i n  an understanding of t h e  compositional,  t e x t u r a l ,  and 

mechanical p rope r t i e s  of l una r  s o i l s  and t h e  v a r i a t i o n s  of 

t hese  p rope r t i e s  wi th  depth and among d i f f e r e n t  l oca t ions  an 

t h e  luna r  su r face ,  

(2) 	 t o  use t h i s  understanding t o  a i d  i n  t h e  formulation, v e r i f i c a -

t i o n  or m d i f i c a t i o n  of t h e o r i e s  f o r  l una r  h i s t o r y  and processes,  

(3 )  	 t o  use  luna r  s o i l  d a t a  t o  a i d  i n  t h e  i n t e r p r e t a t i o n  of d a t a  

obtained from o t h e r  lunar  s u r f a c e  a c t i v i t i e s  and experiments, 

( 4 )  	 t o  develop % m a r  su r face  models t h a t  were use fu l  f o r  t h e  

s o l u t i o n  of engineering problems i n  subsequent Apollo d s s i o n s ;  

e.g. ,  core  tube  sampling, d r i l l i n g  i n  t h e  lunar  su r face ,  

t r a f  f i c a b i l i  t y ,  

(5) 	 t o  ob ta in  i n f o m a t i o n  which can b e  used Fn planning f u t u r e  

exp lo ra t ion  and development of t h e  Moon. 

Thus t h e  S o i l  Mechanics Experiment (S-208) was m i q u e  among t h e  

experiments a s s i p e d  t o  t h e  Apollo missions i n  t h a t  t h e  r e s u l t s  have both  

sc ience  and engineering app l i ca t ions .  Types of problems f o r  which an 

unders tmding of l m a r  s o i l  p rope r t i e s  is important include (1) formation 
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and compaction of su r face  l a y e r s ,  ( 2 )  c h a r a c t e r i z a t i o n  of depos i t s  s f  

d i f f e r e n t  composition, (3) s lope  s t a b i l i t y ,  (4) downslope movement o f  

s o i l  and rock fua-ents, ( 5 )  es t imat ion  of t h e  I p r o p e r t i e s  f o r  h e a t  

flow s t u d i e s ,  ( 6 )  pred ic t ion  of se ismic  v e l o c i t i e s ,  (7) c h a r a c t e r i z a t i o n  

s f  d i e l e c t r i c  p r o p e r t i e s  f o r  use i n  r ada r  backsca t t e r  a d  e l e c t r i c a l  

property s t u d i e s ,  (8) gas d i f f u s i o n  through t h e  lunar  su r face ,  (9) de f i -

n i t i o n  of condi t ions  f o r  t e r r e s t r i a l  s inbl lat ion s t u d i e s ,  and (10) var ious  

soil-dependent engioleering analyses,  Some engineering a p p l i c a t i o n s  wgre 

i m e d i a t e  and r e l a t e d  ts such i t e m s  a s  r e d e s i m  of new core tubes  f o r  

Missions 15-17, t o  r e so lu t ion  of problems of d r i l l i n g  and coring f o r  t h e  

Heat Flow Experiment, and t o  ins ta l la t ioak  of t h e  neutron f l u x  probe 

during Apollo 17. 

S o i l  mechanics s t u d i e s  were one of t h e  f e w  a r e a s  of i n v e s t i g a t i o n  

t o  be incorporated i n t o  all of t h e  Apollo missions,  and t h e  r e s u l t b g  

con t inu i ty  and i n t e r a c t i o n s  wi th  o the r  f a c e t s  of t h e  program proved 

valuable.  A Team of Cograizanf: S c i e n t i s t s  conngosed of N. C. C o ~ t e s ,  "ram 

Leader, NASA Marshall  Space P l i & t  Center (mFC); W e  D. Car r i e r ,  111, 

NASA Johnson Space Center (JSG); J, K, Mi tchel l ,  Universi ty of Ca l i fo rn ia ,  

Berkeley; and R. F e  S c o t t ,  Ca l i fo rn ia  I n s t i t u t e  of Terhnology, was 

appointed by NASA Headquarters t o  deduce s o i l  mechanics information from 

observat ions,  photographs, and samples obtained during Apollo 11. These 

same h v e s t i g a t o r s  were appointed Co-Invest igators  f o r  t h e  Apsllo 12 

Lunar Go logy  Experiment S-0599, E. Me Shoemker,  P r i n c i p a l  Inves t iga to r ,  

a d  served a s  a sub-groq  f o r  s o i l  mechanics with R. F. Sco t t  a s  T e a  

Leader, 



A f o m a l  S o i l  Mechmics Experiment was approved f o r  Apollo 

Missions 14 through 1 7  wi th  J. K a  Mitche l l  a s  P r h c i p a l  Inves t iga to r  

m d  t h e  above-named ind iv idua l s  a s  Co-Investigators.  I n  add i t ion  L a  G. 

Bromwell, Massachusetts I n s t i t u t e  of Technology, was appointed a s  Co-

Inves t iga to r  begtnning wi th  Apollo 14 and W e  N. Nouston, Univers i ty  of 

Cal i forn ia ,  Berkeley, was designated a s  a Co-Investigator comencfag 

with Apallo 25, 

Support f a r  t hose  phases of t h e  work done a t  t h e  Universi ty of 

Cal i forn ia ,  Berkeley, was provided under NASA Contract  HAS 9-11266, 

81P r i n c i p a l  I n v e s t i g a t o r  Support f o r  S o i l  Mechanics Inves t iga t ion ,"  work 

a t  M,Z.T. was c a r r i e d  out under subcontract  t o  NAS 9-11266, and t h e  

e f f o r t  a t  t h e  C a l i f o r n i a  I n s t i t u t e  of Technology was supported by NASA 

Contract NAS 9-41454, '%olnvest igator  Support f o r  Apollo S o i l  Mechanics 

Emrperiarnent S-200." B r t i e i p a t i o n  of N, C,  Costes w a s  supported by I n t e r -  

Center Agreemat between mFC and JSC, and t h e  con t r ibu t ions  of W. D, 

Car r i e r  were provided by t h e  Johnson Space Center,  

Emphasis i n  t h i s  r epor t  i s  on f indings  concerning the  phys ica l  m d  

meehmiea% p r o p e r t i e s  of t h e  mconso l ida t ed  l u n a r  su r face  ma te r i a l  o r  

r e g o l i t h ,  termed '"oil"' here in ,  t h a t  have been obtained. a s  a r e s u l t  of 

t h e  Apollo missions,  on t h e  development of t h e  b e s t  poss ib l e  model f o r  

lhlnar s o i l  behavior ,  m d  on assessment of i q l i c a t i o n s  f o r  lunar  h i s t o r y  

Bre-ApoBHo i n f o m a t i o n  concerning t h e  mechanical p r o p e r t i e s  of 

lunar s o i l  i s  no t  reviewed here in .  Such information,  which was derived 

from v i s u a l  observa t ions ,  t h e m a l  measurements, photographs obtained by 



t h e  U. S, Ranger and L m a r  Orb i t e r  Spacecraf t ,  and from t h e  s o f t  land- 

ings  s f  t h e  Surveyor m d  Soviet  L m a  s p a c e c r a f t ,  is  presented i n  d e t a i l  

in seve ra l  of t h e  re ferences  l i s t e d  a t  t h e  end of t h i s  r epor t  and i n  

Appendix I, 

The Surveyor Brogrm deserves s p e c i a l  no te ,  however, because t h e  

r e s u l t s  e n h l e d  formula t i sn  of a model f o r  t h e  luna r  s o i l  t h a t  has proven 

s u r p r i s i n g l y  accura te .  I n  essence it was concluded (see  S c o t t  m d  Roberson, 

1967,  1968a,b,~,1969) t h a t  t h e  luna r  s o i l  a t  t h e  su r face  was s l i g h t l y  

cohesive and coaggosed mainly of g ra ins  ranging in s i z e  from si l t  t o  f i n e  

sand, Behavior was s i m i l a r  t o  t h a t  of t e r r e s t r i a l  s o i l s  with a dens i ty  

of about 1.5 g/cm3. A cohesion of about 0 . 7  m/m2 (0.1 p s i )  and a 

f r i s t t i s n  angle  s f  35O t o  3 7 O  were deduced, and s t r e n g t h  iincrease wi th  

depth was observed. With t h e  r e s u l t s  of Apollo considerable, refinement 

o f  this basic model i s  poss ib le ,  p a r t i c u l a r l y  as regards v a r i a b i l i t y  of 

t h e  d i f f e r e n t  p r o p e r t i e s  l a t e r a l l y  and w i t h  depth. 

In t h e  next  chapter  of t h i s  r epor t  sources  of d a t a  usefu l  f o r  

deduction of s o i l  i n f o m a t i o n  and methods used t o  ob ta in  t h e  da ta  a r e  

indica ted .  In t h e  fol lowing chapter  a phys ica l  and rarechisnical model f o r  

t h e  lmar s o i l  i s  developed. I n  p a r t i c u l a r ,  s o i l  c h a r a c t e r i s t i e s  (index 

p r o p e r t i e s ) ,  dens i ty  a d  po ros i ty ,  s t r eng th ,  cosngressibi l i ty ,  arnd 

t r a f  f i e a b i l i t y  parametms are cansidered. mhe concluding clrapter of t h e  

r epor t  cons iders  t h e  impl ica t ions  f o r  l una r  h i s t o r y  m d  processes,  a 

comparison of l una r  a d  t e r r e s t r i a l  s o i l  behavior ,  iand s o i l  considera- 

t i o n s  f o r  f u t u r e  exp lo ra t ion  and development of t h e  Moon. 

Detai led procedures,  analyses,  and c a l c u l a t i o n s  a r e  not  presented,  

but  can be found i n  o t h e r  papers and r e p o r t s  prepared by t h e  Inves t iga to r s .  



A complete l i s t i n g  of t h e s e  pub l i ca t ions  is presented  i n  Appendix I, 

As a r e s u l t  s f  t h e  s t u d i e s  completed t o  d a t e  it i s  concluded 

t h a t  present  knowledge of luna r  s o i l  p r o p e r t i e s  i n  s i t u  t o  depths of 

s e v e r a l  t e n s  of centimeters is good and t h a t  p r e d i c t i o n s  of behavior 

can be made with cons iderable  confidence, Reasonable terrestrial sinrau-

l a t i o n  of l una r  s o i l  can be  made; however, g r a v i t y  d i f f e rences  preclude 

d i r e c t  c o r r e l a t i o n  between terrestrial m d  l u n a r  measurements i n  some 

Cases , 

Much renafns t o  be  learned  about t h e  in f luences  of such th ings  

as confining s t r e s s ,  s t r e s s  h i s t o r y ,  and f a b r i c  an t h e  t h e m a l ,  e l e c t r i -

c a l ,  and mechanical p r o p e r t i e s  0% l una r  s o i l ,  Such knowledge e m  be s f  

g r e a t  importance i n  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  from d i f f e r e n t  geo- 

phys ica l  experiments,  More extens ive  t e s t i n g  of re turned  luna r  s o i l  

samples f o r  eva lua t ion  of t hese  p r o p e r t i e s  would a i d  g r e a t l y  in c los ing  

t h e  gap, 



CHAQTEW 2 

DATA SOURCES MD MAILYSIS mmQDS 

INTRODUC"E0N 

Conclusions about t h e  na tu re ,  phys ica l  behavior ,  and mechanical 

p r o p e r t i e s  af l una r  s o i l  were i n f e r r e d  o r  deduced from a v a r i e t y  of 

d a t a  sources and ana1ysfs methods, With t h e  exception s f  t he  Se l f -  

Recordkg Penetrometer (SW) used on t h e  Apollo 15  and Apollo 16 H s s i o n s ,  

t h e r e  were no s o i l  t e s t i n g  devlces unique t o  t h e  S o i l  ~ u l e c h a n i c ~ q ~ p e r -  

rment t h a t  could provide q u a n t i t a t i v e  da ta .  Thus i t  w a s  necessary t o  

u t i l i z e  a l t e r n a t i v e  d a t a  sources and ta develop s p e c i a l  methods of 

w a l y s i s .  These sources and methods a r e  l i s t e d  below; f u r t h e r  d e t a i l s  

c m  be  found in the Prel iminary Science Reports f o r  each mission a d  i n  

s e v e r a l  o t h e r  of t h e  re ferences  l i s t e d  i n  Appendix I, 

Data Sources 

Observat ional  Data 

Astronaut observa t ions ,  descr ip t ions ,and  c o m e n t s  i n  r e a l  time and 

a t  debr ie f ings  fol lowing t h e  EVA (ExtraVehicular Ac t iv i ty )  periods and t h e  

d s s i o n s  provided much u s e f u l  q u a l i t a t i v e  information on t h e  na tu re  and 

behavior of lunar  s o i l .  

Visual  Data 

Real t l m e  t e l e v i s i o n  d u r h g  the  EVA'S and kinescopes made there-  

from w e r e  s tud ied  Itn d e t a i l .  Sequeace carrnesa photogrwhy ( ~ i s s i o n s  111 

and 12)  was use fu l ,  a s  were a l s o  photographs obtained using t h e  Lunar 

Surface closeup Cmera  (Apollo 11, Apollo 12, and Apollo 1 4 )  'The photo- 



graphs of g r e a t e s t  value,  however, were obtained us ing  t h e  WassePblad 

s t i l l  e m e r a  with 70 m, m d  500 me l a se s ,  

Analysis of LM (Lunar Module) descent p r o f i l e s  toge ther  with s tudy 

of su r face  e ros ion  under t h e  a c t i o n  sf t h e  DPS (Bescent P ropu l s io f~  System) 

exhaust was made t o  provide i n f o m a t i o n  on s o i l  condi t ions  a t  t h e  su r face  

inc luding  p a r t i c l e  s i z e  and cshesion. 

I n t e r a c t i o n  Data 

h a l y s e s  s f  t h e  i n t e r a c t i o n s  of t h e  LM footpads,  equipment, and 

as t ronauts  with t h e  l u n a r  su r face  were made, In many eases  when s i z e s ,  

weigI- r t s  and fo rces  were k n m  a s  w e l l  a s  depths of  pene t r a t ion  o r  sinkage, 

approximate a a l y s e s  could be made f o r  es t imat ion  of s t r e n g t h  and poros i ty ,  

I n t e r a c t i o n s  between t h e  l u n a r  su r face  a d  (1) a s t ronau t  boots,  (2 )  LM 

footpads, (3) f lagpole ,  and ( 4 )  t h e  So la r  Wind Coanpositisn experiment 

were of p a r t i c u l a r  value.  Obse rva t ims  and nleasurements h s i n g  d r i l l i n g  

and core tube sampling us ing  both  d r ive  tubes  and d r i l l  stems were a l s o  

very use fu l ,  

Vehicle Data 

A Modularized Equipment T r m s p o r t e r  (MET), a two-wheeled, ricksha-

type  veRicle wi th  pneumatic t ires was used dur ing  Apoflo 14  t o  ca r ry  

instruments ,  t o o l s ,  acnd photographic equipment, For Apollo Missions 15, 

14  and 17, t he  Lurnar Roving Vehicle (LRV) was used t o  t r anspor t  both 

a s t ronau t s ,  t h e i r  equipment and luna r  samples, The LRV, (Fig. 2-1) is 

a four-wheeled su r face  v e h i c l e  wi th  'kires" of t h i n ,  steel, piano-*wire 

m s h ,  and 58 percent  of t h e  con tac t  a r e a  wi th  t h e  luna r  su r face  i s  





covered wl.th a chevron t r ead .  Analyses of t r a c k  depths,  power con-

sumption, m d  general  observat ions dur ing  operaticarn were used t o  deduce 

s o i l  condi t ions  and s o t  l v a r i a b i l i t y .  

Pene t r a t ion  T e s t s  

During d e p l o p e n t  sf  t h e  Apollo 14 luna r  s u r f a c e  e~bperiments package 

(USEP) ,  t h e  geophone/thumper anchor, a l s o  known a s  t h e  Apollo Simple 

Penetrometer (ASP), was used t o  ob ta in  t h r e e  two-point pene t r a t ion  tests 

i n t o  the l una r  sur face .  This  simple t o o l  and t h e  depths t o  which it c o d d  

be pushed by t h e  a s t ronau t  us ing  one hand a r e  s h o m  i n  Fig.  2-2. 

T h e  SWB was used an Apollo 1 5  aslld Apollo 16 t o  o b t a i n  continuous 

fo rce  vs.  pene t r a t ion  depth d a t a  t o  a maximum depth of 76 cm. and maximum 

recordable  forces  of 11UM and 215N f o r  t h e  Apollo 15  and Apollo 16 

devices,  r e spec t ive ly ,  This  appara tus ,  shown i n  Fig. 2-3, was the  main 

q u m t i t a t i v e  d a t a  source f o r  t h e  S o i l  &chanics Eqe r imen t .  The record 

06- each pene t r a t ion  was in sc r ibed  on a recording drum contained i n  t h e  

upper housing assembky. The luna r  s u r f a c e  re ference  p lane  r e s t ed  on t h e  

luna r  s u r f a c e  during a measurement and served a s  d a t m  f o r  pene t r a t ion  

depth,  A bearing p l a t e  2.54 cm wide by 12.7 cm l m g  and t h r e e  penet ra t -  

ing cones, each of 30" apex ang le  and base a reas  of 1.29, 3.22, and 

6.45 cm2 were a v a i l a b l e  f o r  attachment t o  t h e  penetrometer s h a f t .  

The upper housing a s s e d l y  with the recording drum were re turned  

t o  e a r t h .  Data were t r m s c r i b e d  from t h e  recording drum m d  a r e  presented 

i n  t h e  d ipo lh~  15  and Rpollo 16 Prelilninary Science &por ts .  The d a t a  a r e  

a l s o  on f i l e  a t  t h e  National  Space Sciences Data Center,  and t h e  recording 

drums a r e  s t o r e d  a t  t h e  Johnson Space Center. 



soil 

FIG. 2 - 2 APOLLO SIMPLE P E N E T R O M E T E R  





S o i l  sample c h a r a c t e r i s t i c s  a s  determined by t h e  Lunar Sample 

Pre l iminary  Examination Team (LSPET) were considered i n  t h e  eva lua t i on  

of s o i l  p r o p e r t i e s .  Data on t h e  co re  samples,  bo th  d r i v e  tube  m d  d r i l l  

stem, were of p a r t i c u l a r  value.  Limited t e s t i n g  of s o i l  r e tu rned  by 

Apollo 11 was done by members of  t h e  S o i l  Mechanics Team i n  t h e  Lunar 

Receiving Laboratory (LEU;) , and t h r e e  s m a l l  samples of approximately 

one gram each ,  two from Apollo 14 and one from Apollo 15, were made 

a v a i l a b l e  f o r  measurements of s p e c i f i c  g r a v i t y  and d e n s i t y  l i m i t s .  

Aklalytical Methods 

Q u a n t i t a t i v e  ana ly se s  s f  t h e  m c h a n i c a l  p r o p e r t i e s  af lmar s o i l  

i n  s i t u  were made us ihg  two main approaches,  s i n g l y  and i n  combination; 

namely,  (1) si-mulations,  wherein terrestrial. measurements are made ~ l s i n g  

a p p r a p r i a t e l y  designed l u n a r  s o i l  s imu lan t s ,  and ( 2 )  t h e o r e t i c a l  ana lyses  

t o  relate observed behavior  t o  s o i l  p r o p e r t i e s  and imposed boundary 

cond l t  i ons .  

Theor ies  of s o i l  mechanics a r e  reasonably w e l l  e s t a b l i s h e d ,  a l though 

the  i n h e r e n t  v a r i a b i l i t y  of most s o i l s  and d i f f i c u l t i e s  i n  d e t e m i n a t i o n  

of s t r e s s e s  i n  t h e  ground r e q u i r e  Judgment i n  t h e i r  a p p l i c a t i o n ,  S c o t t  

(1963) and o t h e r  s o i l  mechanics t e x t s  p r e s e n t  t h e s e  t h e o r i e s  i n  d e t a i l .  

The t heo ry  of e l a s t i c i t y  i s  used f o r  computation of s t r e s s e s  and d i sp lace-  

ments, and t h e  theory  of p l a s t i c i t y  i s  used t o  r e l a t e  f a i l u r e  s t r e s s e s  

and l oads  t o  s o i l  s t r e n g t h  parameters ,  The Mohr-Coulomb s t r e n g t h  theory 

has  been found s u i t a b l e  f o r  most t e r r e s t r i a l  s o i l s ,  According t o  t h i s  

theory  t h e  s h e a r  s t r e n g t h ,  s,  can be r ep re sen t ed  by 



where c is u n i t  cohesion, a i s  n o m a l  stress on t h e  f a i l u r e  plane,  m d  

@I is t h e  m g l e  of i n t e r n a l  f r i c t i o n .  Avai lab le  evidence i n d i c a t e s  t h a t  

t h e  same approach can be applied t o  l u n a r  s o i l  behavior ,  

D e t a i l s  of t h e  a n a l y s i s  methods are presented i n  t h e  Prel iminary 

Science Reports f o r  each mission and i n  s e v e r a l  of t h e  re ferences  

l i s t e d  i n  Appendix 1, Exanrples of t h e  types  of s t u d i e s  t h a t  were made 

us ing  t h e  r e s u l t s  of s imulat ion s t u d i e s  and t h e o r e t i c a l  ana lyses  e i t h e r  

s i n g l y  o r  t oge the r  include:  

(I) 	Detemina t ion  of dens i ty  a d  p o r o s i t y  from as t ronau t  boot- 

p r i n t  depth 

(2) 	 Deduction of s t r e n g t h  parameters from pene t r a t ion  test 

r e s u l t s  

(3)  	 Evaluat ion of s t r e n g t h  parameters and dens i ty  va lues  from 

veh ic l e - so i l  i n t e r a c t i o n  

( 4 )  	 Determination of s t r e n g t h  parameters from s t a b i l i t y  a n a l y s i s  

s f  t h e  wa l l s  of t renches dug on the lunar  su r face  

(5) 	 Computatim of s t r e n g t h  parameters from s t a b i l i t y  affalysis of 

open d r i l l  and d r i v e  tube  h o l e s  

( 6 )  	 Evaluat ion of s o i l  f r i c t i o n  cangle from boulder t r a c k s  on luna r  

s lopes 

(7) 	 Analysis of downslope s o i l  movements r e s u l t i n g  from meteoroid 

inmpact, 



CHAPTER 3 

PHYSICAL, AND mWMICAE NODEL, FOR THE LmAR SOIL 

INTRODUCTION 

I n  t h i s  c h a p t e r  a comprehensive d e s c r i p t i o n  of  t h e  p h y s i c a l  and 

mechanical p r o p e r t i e s  of t h e  l u n a r  s o i l  i s  p re sen t ed .  W e r e  p o s s i b l e  t h e  

r g s u l t s  of a l l  miss ions  have been combined i n  an e f f o r t  t o  produce a  

gene ra l  model. A t  t h e  same t i m e ,  however, a t t e n t i o n  h a s  been given t o  

v a r i a b i l i t y  on bo th  g l o b a l  and l o c a l  s c a l e s ,  and t o  unique l o c a l  cond i t i ons ,  

mile t h e  m d e l  p resen ted  is  be l i eved  t o  b e  a s  c o r r e c t  and comprehensive 

as p o s s i b l e  on t h e  b a s i s  of t h e  d a t a  at hand, i t  should be recognized 

t h a t  f u r t h e r  ref inement  and, i n  f a c t ,  even s u b s t a n t i a l  changes may be 

r equ i r ed  i n  t h e  f u t u r e  when s t u d i e s  t h a t  i n t e g r a t e  t h e  r e s u l t s  of s e v e r a l  

l u n a r  s u r f a c e  exper iments  have been made. 

A t t en t i on  h e r e  is  f i r s t  d i r e c t e d  a t  t h e  s o i l  c h a r a c t e r i s t i c s  and 

index p r o p e r t i e s .  Then d e n s i t y  and p o r o s i t y  a r e  cons idered ,  followed by 

s t r eng tb ,  c o m p r e s s i b i l i t y ,  and t r a f  f i c a b i l i t y  parameters .  

CHARACTERISTICS AND INDEX PROPERTIES 

The Apollo s e r i e s  re tu rned  more t h a n  380,000 g of rocks and s o i l s ,  

however approximately 90% of t h i s  m a t e r i a l  has  rece ived  only a cursory  

examination and is  s t o r e d  i n  t h e  C u r a t o r i a l  F a c i l i t y  a t  t he  Johnson 

Space Center  f o r  f u t u r e  a a l y s e s .  The rei~lainder  ha s  been d i s t r i b u t e d  t o  

numerous i n v e s t i g a t o r s  around t h e  world f o r  d e t a i l e d  s tudy and a n a l y s i s .  

A s  t h e  average sample s i z e  is  2 t o  3 g,  and many of t h e  samples a r e  as 

smal l  as 0.05g, i t  has  no t  been p o s s i b l e  t o  determine t h e  engineer ing  



p r o p e r t i e s  of l u n a r  s o i l s  according t o  u s u a l  s o i l  t e s t i n g  procedures .  

However, g r a i n  s i z e  d i s t r i b u t i o n ,  s p e c i f i c  g r a v i t y  and minimum and maxi- 

snum d e n s i t i e s  on one-gram l u n a r  samples have been measured s u c c e s s f u l l y .  

The r e s u l t s  of t h e s e  tests and a d d i t i o n a l  index  p rope r ty  d a t a  determined 

by o t h e r  i n v e s t i g a t o r s  can be used t o  develop an unders tanding of t h e  

c h a r a c t e r i s t i c s  of l u n a r  s o i l .  The scope of t h i s  s e c t i o n  i nc ludes  l u n a r  

s o i l  genes i s ,  p a r t i c l e  t ypes ,  g r a i n  s i z e  d i s t r i b u t i o n ,  g r a in  shape 

d i s t r i b u t i o n ,  s p e c i f i c  g r a v i t y ,  minimum and maximum d e n s i t y ,  and r e l a t i v e  

dens i t y .  

Lunar S o i l  Genesis 

Lunar s o i l  is f o m e d  p r imar i l y  as a r e s u l t  of me teo r i t e  impact 

on t h e  l una r  s u r f a c e  ( c . f , ,  Oberbeck and Quaide, 1968).  H e t e o r i t e s  

t h a t  would burn up o r  b e  slowed down cons iderab ly  i n  t h e  e a r t h ' s  

atmosphere a r e  unimpeded i n  l u n a r  vacuum and s t r i k e  t h e  l u n a r  s u r f a c e  a t  

v e l o c i t i e s  of 95 t o  20 km/sec. The energy of impact is s o  g r e a t  t h a t  

t h e  me teo r i t e  explodes  and vapo r i ze s ,  excava t i ng  a mass of m a t e r i a l  up 

t o  1000 t i m e s  t h a t  of  t h e  impacting m e t e o r i t e  (Gaul t  e t  a l . ,  1968).  The 

c r a t e r  t h u s  f o m e d  i s  then  f i l l e d  i n  t i m e  by t h e  a c t i o n  of subsequent 

impacts.  The impacts tend t o  comminute t h e  n a t i v e  m a t e r i a l  i n t o  f i n e r  

and f i n e r  p a r t i c l e s .  Less  apparen t  %st h e  f a c t  t h a t  t h e  impacts a l s e  

melt  some of t h e  rock and s o i l  i n t o  g l a s s e s  which tend t o  aggrega te  wi th  

o t h e r  p a r t i c l e s .  The  two processes ,  cc minut ion and aggrega t ion ,  e v i d e n t l y  

reach a s t eady  s t a t e  ba lance  because,  a s  shown subsequent ly ,  t h e  g r a i n  

s i z e  d i s t r i b u t i o n  s t a b i l i z e s  even though t h e  d i s t r i b u t i o n  of p a r t  i c l e  

fypes v a r i e s  cons iderab ly  ( c .f ., Quaide et a l .  , 1991 and McKay e t  a 1., 

1971). 



The e j e c t e d  m a t e r i a l  can be  thrown very long  d i s t ances ;  t h e  meteo- 

rites ( o r  p l ane to ids )  t h a t  produced t h e  c r a t e r s  t h a t  are v i s i b l e  from 

e a r t h  w i th  t h e  unaided eye  probably d i s t r i b u t e d  material over  t h e  e n t i r e  

s u r f a c e  of t h e  moon. Consequently, m e t e o r i t e  impact is  a l s o  a primary 

t r a n s p o r t  mechanism on t h e  l una r  su r f ace ,  a long  wi th  g rav i ty ,  and very 

complex s o i l  mixtures  can b e  produced from d i s t i n c t l y  d i f f e r e n t  geo logic  

formations l o c a t e d  a t  vary ing  d i s t a n c e s  and i n  d i f f e r e n t  d i r e c t i o n s ,  

The l u n a r  s o i l  d e p o s i t s  a r e  s i m i l a r  t o  t e r r e s t r i a l  wind-blown 

depos i t s  such a s  sand dunes i n  t h a t  t h e  s t r a t i g r a p h y  is very complex. 

The s t r a t a  may be  i n t e r r u p t e d ,  t i l t e d ,  non-planar and cons t an t ly  changing 

i n  r e l a t i v e  p o s i t i o n s .  S o i l  p a r t i c l e s  may be  bu r i ed  and exposed many 

timese Fur themore ,  t h e  dens i ty  v a r i e s  e r r a t i c a l l y  w i th in  s h o r t  

d i s t ances .  The two types  of depos i t s  d i f f e r ,  however, i n  t h a t  me teo r i t e  

impacts produce a. random depos i t  and t h e  wind produces a sys temat ic  

depos i t .  Thus, t h e  p a r t i c l e s  a r e  wel l - sor ted  by s i z e  i n  a sand dune; 

whereas, they are well-graded i n  t h e  l una r  s o i l .  Furthermore, the  

changes in a sand dune depos i t  occur  f a r  more r a p i d l y  with time than do 

changes i n  a s o i l  on t h e  moon. 

A r a i n  of m e t e o r i t e s  i s  cons t an t ly  f a l l i n g  on t h e  l una r  s u r f a c e  

producing c r a t e r s  ranging i n  diameter  from t e n t h s  of microns t o  hundreds 

of k i lometers .  Impact frequency decreases  an o r d e r  of magnitude f o r  

each inc rease  i n  o r d e r  of magnitude of t h e  diameter  of the  meteor i te .  

The f l u x  of t h i s  bombardment appears  t o  b e  gene ra l l y  decreas ing  wi th  

geologic  t ime ( c .  f . ,  Shoemaker, 1971 and Hartmann, 1972) .  Probably more 

t h m  100 m i l l i o n  y e a r s  of exposure a t  t he  l u n a r  s u r f a c e  a r e  requi red  t o  

produce a  mature s o i l .  



Primary mechanisms involved ib t h e  formation of t e r r e s t r i a l  s o i l s  

have not  been a c t i v e  on t h e  moon. I f  water  and f r e e  oxygen have ever  

been present  on t h e  luna r  sur face ,  then i t  has  ev iden t ly  been f o r  only 

s h o r t  per iods  and i n  h ighly  l o c a l i z e d  a reas  (c .E, ,  Charles et a l . ,  1971 

and Gibson and Moore, 1973). Mechanical d i s i n t e g r a t i o n  due t o  running 

water ,  f r eez ing  rind thawing, g l ac i a t ion ,  e t c .  , and chemical decomposition 

due t o  oxida t ion  m d  hydra t ion  a r e  absent  on t h e  moon. Nonetheless, an 

i n c r e d i b l e  v a r i e t y  of p a r t i c l e  types  a r e  t o  be found i n  t h e  lunar  s o i l .  

P a r t i c l e  Types 

Despite t h e  s i m i l a r  a p p e a r a c e  of t h e  luna r  su r face  a t  the d i f f e r e n t  

landing  sites - dark brown t o  dark grey s l l ty-sandy s o i l  - t he  compositions 

of t h e  r e t u m e d  s m p l e s  a r e  h ighly  va r i ab le .  Four genera l  groups of 

p a r t i c l e s  have been i d e n t i f i e d  ( c . f . ,  MeKay et a l e ,  1971, 1972): 

Mineral fragments 

miscellaneous g l a s ses  

agg lu t ina t e s  

l f t h i c  fragments 

The mineral  fragments found i n  luna r  s o i l s  include:  

p l ag ioc la ses  

pyroxenes (augi te ,  p igeoni te ,  etc .) 

ilmenite 

o l i v i n e  

potassium fe ldspa r  

qua r t z  (extremely r a re )  

dozens of o t h e r  minerals  i n  sma l l  q u a n t i t i e s  



It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  minera l  fragrnents a r e  b i l l i o n s  

of yea r s  o ld  and ye t  a r e  unweathered chemically. Thus, although the re  

a r e  clay-sized p a r t i c l e s ,  t h e r e  a r e  no c l ay  minerals .  Se lec ted  Tnineral 

fragments a r e  shorn i n  Pig. 3-l(a) , 

Miscellaneous Glasses 

A l a r g e  v a r i e t y  of g l a s ses  ( p a r t i c l e s  without  c r y s t a l  s t r u c t u r e )  

a r e  p resen t  i n  t h e  luna r  s o i l ,  d i f f e r i n g  i n  form, chemical composition 

and co lo r ,  The b a s i c  £ o m s  a r e  angular  f r a p e n t s ,  d r o p l e t s ,  and ropy 

glass@s; and t h e  d i f f e r e n t  c h e d c a l  compositions produce brown, red, 

o r a g e ,  green and e o l o r l e s s  g lasses .  

Glass d rop le t s ,  o r  spheru les  (Fig. 3- l(b))  represent  only a small  

percentage of the  luna r  s o i l  and have l i t t l e  o r  no in f luence  on geo- 

t e c h n i c a l  p rope r t i e s .  They a r e  firmed when molten g l a s s  t h a t  is  e j ec t ed  

by a meteor i te  impact has a s u f f i c i e n t l y  long t ime-of-f l ight  t o  form 

d r o p l e t s  (due t o  su r face  tens ion)  and then harden i n t o  beads before  

landing back on t h e  sur face .  The diameter of t h e s e  beads genera l ly  

ranges fmm 0.005 t o  1m (Quaide et a l . ,  1971) . Examples of t y p i c a l  

g l a s s  f r a p e n t s  found i n  luna r  s o i l s  a r e  shown i n  F ig ,  3 - l ( c ) ,  

Agglut inates  a r e  composed of l i t h i c  and minera l  fragments and g la s s  

d e b r i s  bonded toge the r  by inhomogeneous g l a s s ,  Agglu t ina tes  a r e  formed 

when t h e  molten g l a s s  t h a t  was produced during an impact s t r i k e s  and 

pene t r a t e s  the  luna r  su r face ,  thereby welding s o i l  p a r t i c l e s  together .  

This  i s  an important cons t ruc t iona l  process,  a s  i t  c r e a t e s  b i g  s o i l  

p a r t i c l e s  from smal l  ones. However, t h e  a g g l u t i n a t e s  tend t o  be  q u i t e  

f r a g i l e  and t h e r e f o r e  a s o i l  conta in ing  a l a r g e  amount of t h i s  ma te r i a l  









may show a curved Mohr-CoulornZa s t r e n g t h  envelope because of p a r t i c l e  

breakage at h igher  confining p res su res  ( C a r r i e r  et al. ,  1973a). Examples 

of a g g l u t i n a t e s  a r e  shown i n  Fig. 3- l(d) ,  where t h e i r  i r r e g u l a r ,  d e l i c a t e  

form may b e  seen. 

L i t h i c  fragments cons i s t  of cominu ted  p ieces  of lwrar  rocks and 

inc lude: 

b a s a l t s  

b recc ia s  

f e ldspa th ic  rocks 

pyroxenites  

Sonte types  of b recc ia s  a r e  sjimilar t o  agg lu t ina t e s  i n  t h a t  they 

c o n s i s t  of l i t h i c  and mineral fragments and g l a s s  deb r i s  welded toge the r  

e i t h e r  by molten g l a s s  o r  by g l a s s  wlzich has  been recrgrs ta l l ized  due t o  

t h e m a l  met amorphism (c ,  f .,Williams, 1972) . However, these  b recc ia s  

a r e  f o m e d  not  by t h e  i n j e c t i o n  s f  molten g l a s s  i n t o  t h e  luna r  su r face ,  

but  w i th in  t h e  hot  e j e c t a  blarrket of gases and fragments produced by a  

aneteorite impact. A l l  of t h e  c o n s t i t u e n t s  of t h e  b recc ia  are thrown out  

a s  a mass and p a r t  of t h e  g l a s s  me l t s  to bond t h e  o t h e r  p a r t i c l e s  together ,  

T h i s  i s  another  i r p o r t a n t  c o n s t r u c t i o n a l  process.  Other b r e c c i a s  a r e  

formed *en t h e  n a t i v e  rocks a r e  broken up, jumbled and then re-welded 

i n  s i t u  b u t  without  t h e  presence of g l a s s .  Both types of b r e c c i a s  a r e  

denser and more coherent than agg lu t ina t e s ,  bu t  not  a s  s t r o n g  as b a s a l t s .  

Examples of b recc ia s  and b a s a l t s  a r e  shown i n  Figs.  3-1 (e )  and 3- l ( f )  . 
The propor t ions  of t h e  d i f f e r e n t  p a r t i c l e  types  discussed above 

%rev a r i a b l e  from site t o  si te,  from sample t o  sample and even from s i z e  









I 

f r a c t i o n  t o  s i z e  f r a c t i o n .  Table 3-1 p resen t s  p a r t i c l e  type d i s t r i b u t i o n  

d a t a  f o r  lunar  s o i l s  from t h e  Apollo 12 ,  14 and 1 5  landing sites (McKay 

e t  a l e ,  1971, 1972 and Glanton e t  a l e ,  1972). The loca t ions  on t h e  

lunar  su r face  of s p e c i f i c  samples r e f e r r e d  t o  i n  Table 3-1 and i n  subse- 

quent t a b l e s  and f i g u r e s  i n  t h i s  s ec t ion  a r e  given i n  Table 3-2. The 

range of propor t ions  can be  considerable,  t h e  extreme case  being the  

b recc ia s  i n  t h e  Apollo 12 s o i l  samples, which can comprise anywhere from 

O m 7 % t o  75% of t h e  0-25  t o  1,00 m s i z e  f r a c t i o n ,  

P a r t i c l e  type  d a t a  f o r  one Apollo 14  sample, 14259, a r e  sepa ra t e ly  

h c l u d e d :  of a11 the samples f o r  which s p e c i f i c  g rav i ty  and r e l a t i v e  

dens i ty  masurements  have been made, 14259 is  t h e  only sample t o  d a t e  f o r  

which the d i s t r i b u t i o n  of p a r t i c l e  types  is  a l s o  known. Its d i s t r i b u t i o n  

i s  very s i m i l a r  t o  t h a t  of t h e  mean d i s t r i b u t i o n  f o r  Apollo 14 s o i l s .  

Samples 14141 and 14149, t h e  former taken nea r  t h e  rim of Cone Cra ter  

and t h e  l a t t e r  from t h e  bottom of t h e  S o i l  Mechanics Trench, a r e  considered 

t o  be except ional  samples, a s  evidenced by t h e i r  much coa r se r  g ra in  s i z e  

than t h e  bulk of t h e  saunples, and a r e  t h e r e f o r e  n o t  included i n  t h e  mean 

and range f o r  Apollo 14  s o i l s ,  

A 1 1  of t h e  Apollo 15  samples i n  Table 3-1 were taken a t  d i f f e r e n t  

depths along a 2e4 m d r i l l  stem core and a r e  probably r ep resen ta t ive  of 

t h e  p l a i n s  a r e a  of t h e  Apollo 15 landing s i te .  

Although t h e  percentage of p a r t i c l e  types  i n  t h e  Apollo 12 s o i l s  

were not  determined f o r  t h e  same s i z e  f r a c t i o n  a s  i n  t h e  Apollo 14 and 

15  s o i l s ,  t h e  genera l  t r ends  seem t o  be t h e  following: Apolla 15  s o i l s  

contain t h e  g r e a t e s t  propor t ion  of mineral  fragments, and Apollo 14 t h e  

l e a s t ;  Apollo 12 t h e  g r e a t e s t  proport ion of g l a s ses ,  and Apoflo 14 and 

15 about equal ;  Apollo 14  the  g r e a t e s t  propor t ion  of agg lu t ina t e s ,  and 



TABLE 3-1 

DISTRIBUTION OF PARTICLE TYPES 

I N  LmAR SOILS 

-Mean 	 Mean 
P

I 
I 

Mineral 	 1I fragments 21% 4-48% 9% 7-14% 
li 

1I 

Glasses 	 35% 12-75% 14% 11-18% 
I 

Agglut inates  15% 0.5-30% j 52% 48.57% 
I 
I

L i t h i e  fragments 	 I 
I 

Basa l t s  	 11% 3-45% 1I 1% 0-2% 

Breccias  

*Apollo 12: 	 0.25 t o  1.00 m s i z e  f r a c t i o n  f o r  n ine  samples 
(McKay et a l e, 1971)  

**Apollo 14: 	 0.09 t o  0.15 m s i z e  f r a c t i o n  f o r  s i x  samples, 
excluding samples 14141 and 14149 (MeKay e t  a l e ,  
1972) 

***Apollo 15: 	 0.09 t o  0.15 nm s i z e  f r a c t i o n  f o r  12 d r i l l  stem 
samples (Clanton et a l e ,  1972) 

?See Table 3-2 	 f o r  l oca t ion  of sample 
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Apollo 12 t h e  l e a s t ;  Apollo 12 t h e  g r e a t e s t  propor t ion  of b a s a l t s ,  and 

Apollo 14 t h e  l e a s t ;  and Apollo 14 t h e  g r e a t e s t  propor t ion  of breec ias  

and Apollo 15 t h e  l e a s t .  

Grain S i z e  Di s t r ibu t ion  

The g ra in  s i z e  d i s t r i b u t i o n  f o r  t h e  >1m f r a c t i o n  of many luna r  

s o i l  samples was d e t e r d n e d  by t h e  Lunar Sample Prel iminary Examination 

Team (LSPET) i n  t h e  Lunar Receiving Laboratory by dry s i e v i n g  nea r ly  t h e  

e n t i r e  sample, usua l ly  a m u n t i n g  to  s e v e r a l  hundred grams, S m l l  sub- 

samples of t h e  <I mm f r a c t i o n ,  t y p i c a l l y  0.1 t o  0.5g, were then se l ec t ed  

and d i s t r i b u t e d  t o  d l£  f e r e n t  i n v e s t i g a t o r s  f o r  f u r t h e r  a n a l y s i s ,  The 

g r a i n  s i z e  d i s t r i b u t i o n s  determined by these  i n v e s t i g a t o r s  a r e  genera l ly  

q u i t e  repea table  and reproducible ,  i n  s p i t e  of t h e  smal l  sample s i z e  and 

s l i g h t  d i f f e rences  i n  s i e v i n g  techniques. Despi te  t h e  v a r i e t y  of lunar  

s o i l  compositions, t h e  g ra in  s i z e  d i s t r i b u t i o n s  f o r  t h e  bulk of t h e  

re turned  samples f a l l  wi th in  a rezllarkably narrow band, and a re c l a s s i f  i e d  

a s  well-graded s i l t y  sands t o  sandy silts: SW-SM t o  M& i n  t h e  'Unified 

S o i l  C l a s s i f i c a t i o n  System, The r e s u l t s  from a r ecen t  compilation of 

d a t a  from a number of sources (Car r i e r ,  1973a) a r e  shown i n  Fig. 3-2. 

The average p a r t i c l e  s i z e  by weight f o r  a l l  samples is  0.07 mm, wi th  a 

range i n  the  average s i z e  of any sample from 0.04 t o  0.13 mrn. The gra in  

s i z e  parameters a r e  s u m a r i z e d  i n  Table 3-3. These samples have been 

exposed at t h e  lunar  su r face  f o r  100 mi l l i on  yea r s  o r  more (deteranined 

by counting the  number of nuc lea r  p a r t i c l e  t r a c k s  per  square  centimeter:  

c.f. Arrbenius et a l e ,  1971 and Crozaz et al. ,  1971, 1972); whereas, t h e  

few except ional ly  coarse  samples t h a t  have been found have exposure ages 

of only  15 t o  40 mi l l i on  years .  Consequently, 108 m i l l i o n  years  seems t o  

be  t h e  minimum t i m e  requi red  t o  produce a "steady state" s o i l .  Af ter  t h a t  





TABLE 3-3 

Lmfi SOIL @WINSIZE PA TEE: 11-15~ O L L ~  

The g r a i n  s i z e  d i s t r i b u t i o n s  of the bulk of the  returned luna r  s o i l  
samples f a l l  wi th in  a r e l a t i v e l y  narrow band defined by the coarse 
and f i n e  boundaries indica ted  below and shown i n  Fig. 3-2. 

Coarse Fine 
boundary boundary 

P a r m e t e r  of band 14163' 14259' 15601' of band-
Percent f i n e r  

than 1 m 

'see Table 3-2 f o r  loca t ion  of samples 

* ~ o e ff i c i e n t  of uniformity 

* * ~ o e f f i c i e n t  of curnature 



period,  t h e  aggregat ion processes balance t h e  co u t ion  processes,  and 

while  t h e  composition may continue t o  change, t h e  g ra in  s i z e  d i s t r i b u -  

t i o n  w i l l  ev iden t ly  only vary back and f o r t h  wi th in  the  band shorn i n  

Fig. 3-2. 

T h e  au thor s  have a l s o  determined t h e  g ra in  s i z e  d i s t r i b u t i o n s  f o r  

t h ree ,  one-grm subdllinnreter samples: 14163, 14259 and 15601 ( see  

Table 3-2) .  The samples were wet-sieved in  freon.  These d i s t r ibu t i cms  

a r e  i n  c l o s e  agreement wi th  the r e s u l t s  obtained by o the r  i n v e s t i g a t o r s  

f o r  o t h e r  subsamp1es of the same parent  samples, The d i s t r i b u t i o n s  f o r  

t hese  t h r e e  samples, a s  shorn i n  Fig,  3-2 and Table 3-3, have been 

correc ted  f o r  t h e  >Imnn s i z e  f r a c t i o n s ;  t h e  d i s t r i b u t i o n s  f o r  t h e  <lmm 

f r a c t i o n s  a r e  even c l o s e r  toge ther ,  

Grain Shapes 

The shapes of t h e  ind iv idua l  p a r t i c l e s  i n  luna r  s o i l  range f r ~ m  

p e r f e c t l y  s p h e r i c a l  t o  extremely angular ,  as shown i n  Fig, 3-1. Many 

( i n  some cases ,  most) of t h e  p a r t i c l e s  a r e  not  compact, bu t  e x h i b i t  very 

i r r e g u l a r  shapes and su r face  t e x t u r e s ,  inc luding  re-entrant  su r faces .  

The s tandard shape p a r m e t e r s  t h a t  have been developed by va r ious  inves t iga-  

t o r s  ( c . f .  Wadell, 1935, Krumbein, 1941, Aschenbrenner, 1956, Lucks, 1970) 

a r e  inadequate t o  descr ibe  accura te ly  t h e  shapes of t hese  i r r e g u l a r  lunar  

s o i l  p a r t i c l e s .  Nonetheless, some shape measurements have been made, 

and t h e  r e s u l t s  are s u m a r i z e d  h e r e ,  

Heywood (1971) has determined seven shape c o e f f i c i e n t s  f o r  30 

p a r t i c l e s  of 0.7 m diameter from an Apollo 12 sample, 12057. These 

c o e f f i c i e n t s  a r e  : elongat  ion ,  f l a t n e s s, a r e a  r a t i o ,  volume c o e f f i c i e n t  , 

rugos i ty  c o e f f i c i e n t ,  s p e c i f i c  c i r c u l a r i t y  of p r o f i l e ,  and s p e c i f i c  



c i r c u l a r i t y  inc luding  t h e  e f f e c t  of rugos i ty .  One of these ,  volume 

c o e f f i c i e n t ,  was a l s o  measured f o r  s e p a r a t e  s i z e  f r a c t i o n s  and it was 

found t h a t  t h e  i n t e m e d i a t e - s i z e  f r a c t i o n s  of t h i s  p a r t i c u l a r  l m a r  

sample a r e  more n e a r l y  equi-dirrzensional t han  t h e  coarser  arnd f i n e r  

f r a c t i o n s ,  

~ 6 r zet a l .  (1971, 1972) have determined aspect  r a t i o s  f o r  samples 

from ApolLo 3.2, 14 and 15,  The aspec t  r a t i o  of a p a r t i c l e  i s  defined as 

t h e  r a t i o  of t h e  minor and major axes of an e l l i p s e  which has  been f i t t e d  

t o  t h e  p a r t i c l e  by a l e a s t  squares approximation. Measured aspec t  r a t i o s  

range from 1.0 (equant) t o  0 .1  (very e longa te ) ,  with most va lues  f a l l i n g  

i n  t h e  range 0.8 t o  0.3 ( s l i g h t l y  t o  medium elongated)  and an average 

r a t i o  of 0.6. Because the raajority of particles a r e  somewhat elongated,  

i t  is  poss ib l e  t h a t  p re fe r r ed  p a r t i c l e  o r i e n t a t i o n s  may e x i s t  i n  t h e  

lunar  s o i l  i n  s i t u .  I f  so ,  then a n i s o t r o p i c  p rope r t i e s  may be  a n t i c i -  

pated. These p o s s i b i l i t i e s  have been under s tudy and a r e  repor ted  

sepa ra t e ly ,  

Cadenhead et a l e  (1972) and Cadenhead and Jones (1972) have measured 

t h e  s p e c i f i c  s u r f a c e  a r e a  of an Apollo 14  sample, 14153, and t h a t  of an 

Apollo 15 sample, 15101, by means of n i t rogen  gas adsorpt ion and obtained 

va lues  of 0 .21  m 2 / g  and 0.65 rn2lg,respec t ive ly ,  which a r e  t y p i c a l  f o r  

s i l t y  s o i l s .  

Unfortunately,  s p e c i f i c  g rav i ty  has  received very l i t t l e  a t t e n t i o n  

i n  t h e  luna r  samples p rogrm.  The dens i ty  of none of t h e  rock samples 

has been accura t e ly  determined thus  f a r ,  and s p e c i f i c  g rav i ty  measure- 

ments have been made on only a few s o i l s .  The former is  due t o  d i f f i c u l t i e s  



involved i n  measuring t h e  volume of a rock without  i m e r s i n g  i t  i n  a  

l i q u i d .  The l a t t e r  is  due t o  a understandable u n w i l l i n p e s s  t o  commit 

t h e  r e l a t i v e l y  l a r g e  s o i l  s m p l e s  necessawy f o r  s tandard  t e s t s :  a t  

l e a s t  30 g f o r  an a i r  comparison pycnometer and 50 g f o r  a  conventional  

500 cm3 water  pycnometer. Other methods have now been developed, how-

ever ,  which r e q u i r e  much smal le r  samples, I n  p a r t i c u l a r ,  w e  have obtained 

good r e s u l t s  on t h r e e ,  one-gram submil l imeter  samples us ing  3 and 5 cm3 

volumetr ic  f l a s k s .  The average specLffe g r a v i t y  of t h e  p a r t i c l e s  i n  

each samples was determined using conventionali water  inunersion rdcro- 

pycasmetry techniques.  The min ia tu r i za t ion  requi red  f o r  t h e  s m a l l  l una r  

samples was found t o  be p r a c t i c a l  and t o  g ive  reproducible  r e s u l t s .  

S p e c i f i c  g rav i ty  values a r e  s u m a r i z e d  i n  Table 3-4 and range from 

2,9 t o  g r e a t e r  than 3 .2 .  These va lues  a r e  high by t e r r e s t r i a l  s tandards ,  

even f o r  ground b a s a l t s  which have s p e c i f i c  g r a v i t i e s  of 2.9. The f i r s t  

s p e c i f i c  g r a v i t y  test was on an Apollo E l  sample obtained from the  

combined s p l i t s  of t h e  two core tube  samples. An a i r  comparison pycno- 

meter was u t i l i z e d  f o r  t h i s  test, The va lue  of 3 , 1  t h a t  was obtained 

ind ica t ed  t h a t  t h e  luna r  s o i l  was s i g n i f i c a n t l y  d i f f e r e n t  from t y p i c a l  

t e r r e s t r i a l  s o i l s ,  and i t  was l a t e r  found t h a t  t h e  Apollo 11s o i l  was 

enriched i n  t i t a n i u m  oxide. A l a r g e  r a g e  of s p e c i f i c  g r a v i t i e s  f o r  

t h e  ind iv idua l  p a r t i c l e  types has been found. By suspending t h e  s o i l  

p a r t i c l e s  i n  a dens i ty  gradient ,  produced by varying t h e  propor t ions  of 

a mixture of methylene iod ide  and dimethyl f o  mide, Duke et a l .  (1970a) 

found t h e  fol lowing va lues  of s p e c i f i c  g rav i ty :  

a g g l u t i n a t e  and g la s s  p a r t i c l e s :  1,0 t o  > 3.32 

b a s a l t  p a r t i c l e s :  > 3.32 

b r e c c i a  p a r t i c l e s :  2.9 t o  3.1 
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The wide v a r i a t i o n  i n  chemical composition of t h e  g l a s ses ,  a s  

evidenced by t h e  many d l f f e r e n t  co lors ,  is p a r t l y  respons ib le  f o r  t h e  

broad range of s p e c i f i c  g r a v i t i e s .  The very low values  approaching 

1.0 r e s u l t  from enclosed voids wi th in  t h e  g l a s ses .  

A n  Apollo 12 samples was a l s o  t e s t e d  w i t h  an  a i r  comparison pycnometer, 

and t h e  same s p e c i f i c  g rav i ty  a s  f o r  Apollo 11, 3.1, was obtained. This  

type of test technique was n o t  authorized. f o r  use  on lunar  samples from 

subsequent d s s i o n s ,  

Cadenhead et a l e  measured a va lue  of 2.9 f 0 .1 i n  helium a s  p a r t  of 

t h e i r  gas adsorpt ion  s t u d i e s ,  Our va lue  of 2.90 1 0.05 f o r  m o t h e r  sub- 

sample of t h e  same parent  sample, 14163, agrees  exac t ly .  The s l i g h t l y  

h igher  va lue  of 2.93 + .05 f o r  sample 14259 probably i n d i c a t e s  a small  

d i f f e rence  i n  s o i l  composition. Cadenhead et a l .  a l s o  rngasured t h e  

s p e c i f i c  g rav i ty  of a fragment from a b r e c c i a  rock, 14321, and obtained 

a va lue  of 3 .2  + .Ie 

I n  the s e c t i o n  on P a r t i c l e  Types, i t  was seen t h a t  t he  Apollo 14  

(Fra  Mauro region) s o i l s  conta in  a higher  propor t ion  of agg lu t ina t e s  and 

brecc ias  and fewer minera l  fragments and b a s a l t s  than t h e  Apollo 12 and 

15  s o i l s .  The s i g n i f i c a n t l y  lower s p e c i f i c  g r a v i t i e s  of t h e  ApolXo 14 

s o i l s  undoubtedly r e f l e c t  t hese  d i f f e rences  i n  composition. 

A s p e c i f i c  g r a v i t y  of 3.1 .l has been measured by Cadenhead and 

Jones f o r  one Apollo 1 5  s o i l  sample, 15101, and t h e  writers obtained a 

va lue  of 3.24 f .05 f o r  another ,  15601. The l a t t e r  is  a remarkably h igh  

value: p r e l a i n a r y ,  unpublished d a t a  obtained by t h e  Apollo 15  LSPET 

suggests  t h a t  t h i s  p a r t i c u l a r  sample conta ins  more b a s a l t s  and mineral  

fragments, about t h e  same proport ion of agg lu t ina t e s ,  and fewer g l a s ses  

and b recc ia s  than t h e  median Apollo 15  d r i l l  s t e m  samples i n  Table 3-1. 



A s  more d a t a  are a c c m u l a t e d ,  it is very  l i k e l y  t h a t  a c o r r e l a t i o n  

can b e  developed between t h e  propor t ion  of  t h e  va r ious  p a r t i c l e  types  

and t h e  average s p e c i f i c  g r av i ty .  It may b e  t h a t  a reasonable  e s t ima te  

of s p e c i f i c  g r a v i t y  can b e  ca l cu l a t ed  given t h e  percentage of a g g l u t i n a t e s ,  

b a s a l t s ,  b r e c c i a s ,  etc. This  wsuld permit c a l c u l a t i o n  of t h e  po ros i t y  

of undis turbed co re  t u b e  samples f o r  h i c h  t h e  s p e c i f i c  g r a v i t y  is not  

known d i r e c t l y ,  

The few minimum and maximum d e n s i t y  measurements t h a t  have been 

made f o r  l una r  s o i l s  have been by a  v a r i e t y  of methods. It i s  w e l l  h o r n  

t h a t  t h e  maximum d e n s i t y i s  dependent on t h e  method, and t h e r e f o r e  t h e  

va lues  repor ted  by d i f f e r e n t  i n v e s t i g a t o r s  cannot b e  compared d i r e c t l y .  

The method developed by t h e  au thors ,  wh i l e  a r b i t r a r y ,  does provide a 

well-defined, r epea t ab l e  approach t h a t  can be  used wi th  very smal l  samples 

( 1  g) . Small graduated c y l i n d e r s  of 1 .0  and 1.5 cm3 capac i ty  were used 

t o  measure s a p l e  volumes a f t e r  placement i n  l o o s e  and dense s t a t e s .  The 

l o o s e s t  cond i t i on  was ob ta ined  by pouring the  sample from a small he ight  

i n  a  s i n g l e ,  cont inuous ope ra t i on ,  To ob ta in  t h e  maximum dens i ty  t h e  

cy l inde r s  were f i l l e d  w i th  s o i l  and tapped 90 times by dropping 4 t o  5 cm 

(1-112 t o  2 i n )  i n  n e a r l y  f r e e  f a l l  onto a t a b l e .  It was found t h a t  t h e  

maximum d e n s i f i c a t i o n  t h a t  could be  ob ta ined  was reached by 90 t aps  of t h e  

sample, 

The e f f e c t  of compactive e f f o r t  (number of t a p s )  on maximum d e n s i t y  

was s tud i ed  us ing  0.5 gram samples of crushed b a s a l t  s imulant .  I t  was 

found t h a t  a compactive e f f o r t  i n  excess  of 90 t a p s  d i d  n o t  make any 

measuralsle d i f f e r e n c e  i n  the dens i ty  obtained;  t h u s  90 t aps  were used t o  



ob ta in  dense s m p l e s .  The e f f e c t s  of number of l a y e r s  ( 1  t o  5) and 

cyl inder  diameter (9 m) was used, and t h e  loose  s q l e  (deposi ted i n  

one l aye r )  was dens i f i ed  by tapping it  90 t i m e s ,  

Resul ts  of s tandard  A . S  eT0M5tests on crushed b a s a l t  s i m u l m t  a r e  

compared with small  sample test r e s u l t s  i n  Table 3-5, The da ta  show 

that small  samples can be  prepared t o  lwer minimum d e n s i t i e s  (Iaigher 

void r a t i o s )  than  l a r g e  s m p l e s .  This can be i n t e r p r e t e d  as  due t o  smal le r  

body fo rces  (self-weight) causing compression i n  t h e  smal l  samples, m d  

poss ib ly  due t o  t h e  in f luence  of s i d e  w a l l  f r i c t i o n  i n  t h e  smal l  graduated 

cyl inder .  Conversely, t h e  s m a l l  samples e m  be prepared t o  a h igher  

maxiam dens i ty  (lower m i d  r a t i o )  than t h e  l a r g e  samples. This  probably 

r e f l e c t s  t h e  f a c t  t h a t  s tandard  A,S,T,M. test f o r  maximum dens i ty  does 

no t  provide complete d e n s i f i c a t i o n  of s o i l s  of s i l t y  f i n e  sand gradat ion* 

The v a r i a b i l i t y  in r e s u l t s  was much g r e a t e r  when small  s a p l e s  were used, 

It should be  noted, however, t h a t  no s p e c i a l  equipment i s  needed f o r  t hese  

tests and no u l t r a -p rec i se  measuring techniques a r e  requi red ,  

Table 3-5: 	 Maimurn and Mnimum Dens i t i e s  o f  
Crushed Basa l t  Simulant 

Best Range of Percent 

Sample Value Var ia t  i on  


Standard A.S.T.M, Maximum Density 1.8% t-0,3% 


Minimwaa Dens ity 1,36 -to. 4% 


Small Sample MaimumDmsi ty  1.94 92.0% 

(0,s gram) Minimum Density 15 2 4 +4.8% 


The minimum and m a x i m  d e n s i t i e s  f o r  s e v e r a l  samples a r e  presented 

in Table 3-6;  in eases where t h e  s p e c i f i c  g rav i ty  is  known, t h e  maximum 



and minimum void r a t i o s  have a l s o  been ca l cu la t ed .  The Apollo 11 

d e n s i t i e s  reported by Costes et a l e  (1970) were determined as p a r t  of a 

s tudy of pene t r a t ion  r e s i s t a n c e .  Cremers et a l e  (19701, Cremers and 

Birkebak ( l971),  Cremers (1972) and Cremers and H s i a  (1973) found 

minimum d e n s i t i e s  f o r  Papollo 11, 12, 1 4  and 15  s m p l e s  a s  p a r t  of an 

f m e s t i g a t i o n  of thermal conduct iv i ty  and no t i ced  t h a t  i t  was not  

poss ib l e  t o  p l ace  t h e  Apollo 11and 12 samples a t  a s  low an absolu te  

dens i ty  a s  the  Apallo 14 sample. The d e n s i t i e s  determined by J a f f e  (1972) 

were f o r  a sample returned i n s i d e  t h e  scoop of t h e  Surveyor I T 1  space-

c r a f t  and were p a r t  of a s tudy  on pene t r a t ion  r e s i s t ance .  The d e n s i t i e s  

of Lurra XVE saanples tirere d e t e  ed  by Grsmov et a l e  (1979) as  p a r t  of 

t h e i r  penetrometer, oedometer, and d i r e c t  shea r  tests, Thei r  sarmple 

represented approximately twa percent  of t h e  e n t i r e  Luna XVI r e t u m e d  

sample 

T h e  h igher  ~ a i m u m  and maximum d e n s i t i e s  s f  t h e  Apol1o 15  s o i l  

compared wi th  t h e  Apo11o 1 4  saraples s tud ied  by t h e  au thors  is o b v i o u s b  

p a r t l y  due t o  t h e  h igher  s p e c i f i c  g rav i ty  of t h e  Apollo 15  s o i l ,  This  

cannot be  t h e  e n t i r e  e w l a n a t i o n ,  however, otherwise t h e  maximum and 

minimum void r a t i o s  would be  comparable, and t h e  Apollo 14 s o i l s  have 

g r e a t e r  void r a t i o s  than t h e  Apollo 15  s o i l .  The su7bmillimeter gra in  s i z e  

d i s t r i b u t i o n s  f o r  t h e  t h r e e  samples are a l l  q u i t e  similar, s o  t h e  explana- 

t i o n  f o r  t h e  d i f f e rence  i n  void r a t i o s  must l i e  elsewhere, me p o s s i b i l i t y  

i s  t h a t  t h e  h igher  propor t ion  of agg lu t ina t e s  and b r e e c i a s  i n  t h e  Apallo 14 

s o i l s  con t r ibu te s  more re -ent rant ,  intramgranular  voids  than  t h e  Apollo 15  

s o i l ,  I f  i t  i s  assumed t h a t  t h e  Apollo 15 s o i l  has  no re-entrant  voids,  

which is probably not  t r u e ,  then based on t h e  minimum void r a t i o s ,  t he  

Apollo 1 4  s o i l s  would have a re-entrant  component of void r a t i o  of about 
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. 9 l  - . 7 l  = 0.2, which i s  a s i g n i f i c a n t  amount. Even so ,  t h i s  c 

be t h e  e n t i r e  explanat ion,  s i n c e  t h e  d i f f e rence  i n  maximum void r a t i o s  

i s  even higher: 2 . 3 2  - 1.94 = 0.4. 

It appears,  t he re fo re ,  t h a t  o t h e r  f a c t o r s  such a s  p a r t i c l e  shape, 

su r face  t e x t u r e  and g ra in  arrangement must a l s o  be important.  I n  f a c t ,  

t h e  maximum and minimum void r a t i o s  of a  ground b a s a l t  s imulant  wi th  

t h e  same g r a i n  s i z e  d i s t r i b u t i o n  a s  t h e  luna r  s o i l s  a r e  s i g n i f i c a n t l y  

less than even t h e  Apollo 15  s o i l .  It is imperat ive t o  make minimum 

and maximum dens i ty  tests on a  v a r i e t y  of l una r  s o i l s ,  because wi th  these  

values and t h e  i n  s i t u  dens i ty  known it  i s  poss ib l e  t o  c a l c u l a t e  t h e  

r e l a t i v e  dens i ty .  Rela t ive  dens i ty  is  important i n  both engineering and 

geologica l  cons idera t ions ,  a s  discussed i n  more d e t a i l  l a t e r .  

Sumary 

Lunar s o i l  is produced p r imar i ly  by me teo r i t e  impacts on t h e  lunar  

sur face ;  t h e  usua l  t e r r e s t r i a l  agents  of s o i l  formation a r e  absent  on the  

moon. These impacts cause both comminution and aggregat ion of p a r t i c l e s  

and t h e  s o i l s  cons i s t  of complex mixtures  of mineral  fragments, miscellan-

eous g l a s ses ,  agg lu t ina t e s ,  and l i t h i c  fragments (pr imar i ly  b a s a l t s  and 

b recc ia s ) .  Although t h e  propor t ions  of t h e  var ious  p a r t i c l e  types  a r e  

extremely va r i ab le ,  the  g ra in  s i z e  d i s t r i b u t i o n s  f o r  s o i l s  which have 

been exposed t o  meteor i te  re-working f o r  100 mi l l i on  years  o r  more f a l l  

w i th in  a  r e l a t i v e l y  narrow band and a r e  c l a s s i f i e d  a s  well-graded s i l t y  

sands t o  sandy silts (SW-SM t o  ML i n  t h e  USCS). The average p a r t i c l e  s i z e  

by weight genera l ly  v a r i e s  from 0.04 t o  0.13 mm. Grain shapes range from 

p e r f e c t l y  s p h e r i c a l  t o  extremely i r r e g u l a r ,  inc luding  some p a r t i c l e s  with 

re-entrant  sur faces .  



The s p e c i f i c  g rav i ty  of submil l imeter  l u n a r  s o i l  samples v a r i e s  

from 2,90 t o  3.24; and indiv idual  p a r t i c l e s  range from 1.0 t o  >3.32.  

The minimum and maximum bulk d e n s i t i e s  of submil l imeter  one-gram samples 

vary from 0.87 t o  1.10 g/cm3 and from 1 .51  t o  1.89 g/cm3, respec t ive ly .  

The ranges i n  t h e  minimum and maximum. d e n s i t i e s  a r e  due t o  t h e  d i f f e rences  

i n  t h e  s p e c i f i c  g rav i ty ,  in t ra -granular  po ros i ty ,  p a r t i c l e  shape, su r face  

t ex tu re ,  and g ra in  arrangements. 



DENSITU AND POROSITY 

Data Sources 

Data sources used s p e c i f i c a l l y  f o r  i n f e r i n g  luna r  s o i l  dens i ty  

o r  po ros i ty  a r e  l i s t e d  i n  Table 3-7, These d a t a  sources were l i s t e d  

and d iscussed  b r i e f l y  i n  Chapter 2. Shown a l s o  i n  Table 3-7 are 

parameters which have been measured d i r e c t l y  o r  deduced from 

c o r r e l a t i o n s  wi th  s imulants ,as  opposed t o  those  parameters which must 

be ca l cu la t ed .  The last column i n  Table 3-7 shows t h e  approximate 

range i n  depth from which dens i ty  d a t a  has  been obtained by each of 

t hese  nzethods. 

The r e l a t i o n s h i p s  between a l l  of t h e  parameters i n  Table 3-7 a r e  

shown by t h e  following set of equat ions .  

GsP,
bulk  dens i ty ,  p = l+e= Gsp, ( 1 - n )  

where poros i ty ,  n is i n  decimal and dens i ty  of water ,  is 

1 grn/cm3 a t  4 ° C  and Gs = s p e c i f i c  g r a v i t y  of s o l i d s .  

po ros i ty ,  

void r a t i o ,  e = -n 
l - n  

b G 

r e l a t i v e  dens i ty ,  Dr = max x 180% e -e 
max min 



TABLE 3-7 -- DATA SOURCES FOR INFEmING EUkJAR SOIL DENSITY OR POROSITU 

f o r  d i s tu rbmce  
during sampling 
must be made 

Heasured d i r ec t l y  
- but correct ion 

of gravi ty  must be 
lunar s o i l  

MET Tracks 

cor re la t ion  with 
f r i c t i o n  angle -
which i n  tu rn  



where e max' 	n max and pmin = maximum void r a t i o ,  maximum poros i ty ,  

and minimum dens i ty  when deposi ted by a s tandard proce- 

dure designed t o  minimize dens i ty  

emin "in 	n and pmax = m i n i m u m v o i d r a t i o , m i n i m u m p o r o s i t y ,  

and maximum dens i ty  when deposi ted by a s tandard procedure 

designed t o  maximize dens i ty .  

A s  i l l u s t r a t i o n  of the  use of these  equat ions ,  i f  e i s  knom,  then 

n i s  a l s o  known. by Equation (3-2).  I f  G i s  a l s o  known, then p can be s 

computed p r e c i s e l y  by Equation (3-1). Likewise i f  emin is known, then 

nmin is obtained by Equation (3-2) .  I f  G s is  a l s o  known, then pmax can 

be computed by Equation (3-1). 

Thus conversion from one dens i ty  parameter t o  another may be r ead i ly  

accomplished i f  s u f f i c i e n t  da ta  a r e  ava i l ab le .  Unfortunately, however, 

s u f f i c i e n t  da ta  have r a r e l y  been a v a i l a b l e  t o  allow these conversions 

with a high degree of confidence, P a r t i c u l a r l y  scarce  have been d a t a  on 

lunar  s o i l  s p e c i f i c  g rav i ty  and maximum and minimum dens i ty  va lues ,  

Therefore it  has  usual ly  been necessary t o  widely ex t rapo la t e  t h e  few 

values of s p e c i f i c  g rav i ty  and maximum and minimum dens i ty  which have 

become a v a i l a b l e ,  

From t h e  beginning of the  study of luna r  s o i l  mechanical p rope r t i e s  

i t  was recognized t h a t  lunar  s o i l s  and va r ious  l m a r  s o i l  s imulants  

a r e  b e s t  compared a f t e r  d e n s i t i e s  have been normalized by conversion t o  

r e l a t i v e  dens i ty .  That i s ,  a s  a f i r s t  approximation i t  may be assumed 

t h a t  granular  s o i l s  of s imi la r  gradat ions e x h i b i t  s i m i l a r  property values 

when compared a t  t he  same r e l a t i v e  dens i ty .  However, da ta  became 

ava i l ab le  progress ive ly ,  and i n  t h e  e a r l y  s t ages  of study s impl i fy ing  

assumptions had t o  be made i n  the  absence of hard da ta .  



P r i o r  t o  t h e  Apollo lmar landings ,  i t  was necessary t o  assume t h a t  

the  a c t u a l  l una r  s o i l  and b a s a l t i c  l una r  s o i l  s imulants  which had s i m i l a r  

gradat ions had t h e  same va lues  of Gs, e 
max' and e

min " 
With t h i s  assump- 

t i a n  i t  followed t h a t  l una r  s o i l  and luna r  s o i l  s imulants  would be expected 

t o  e x h i b i t  t h e  same p r o p e r t i e s  when t h e i r  bulk d e n s i t i e s  were the  same. 

Af t e r  va lues  of Gs = 3.1 were measured f o r  Apollo 11 and 12 samples 

i t  became apparent  t h a t  t h e  s i n u l a n t  G va lue ,  2.9,was no t  the  same s 

and t h a t  s imulants  and luna r  s o i l  should be compared on a poros i ty  (or  

void r a t i o )  b a s i s  t o  i n s u r e  t h a t  r e l a t i v e  d e n s i t i e s  were the  same. 

However i t  was s t i l l  necessary a t  t h a t  time t o  assume t h a t  e and e 
max min 

were the  same f o r  s imulants  and lunar  s o i l  of s i m i l a r  gradat ion.  Thus 

most of t h e  r e s u l t s  of analyses which i n  some way involved simulants  

were reported i n  terms of poros i ty  o r  void r a t i o  a s  l a t e  a s  t h e  Apollo 16 

Preliminary Science Report. 

When r e l a t i v e  dens i ty  t e s t  r e s u l t s  became a v a i l a b l e  f o r  1 gram 

samples of Apollo 14 and 15 s o i l  i t  became apparent  t h a t  equivalence of 

e and emin f o r  s imulants  and lunar  s o i l  was n o t  a good assumption and ma% 

t h a t  they should be compared d i r e s t l y  on a r e l a t i v e  dens i ty  b a s i s  only. 

Thus a d d i t i o n a l  measurements of e e and G on luna r  s o i l  
maxs min" s 

samples a r e  needed t o  make maximum u t i l i z a t i o n  of a v a i l a b l e  dens i ty  

d a t a  wi th  minimum e r r o r .  

However, i t  should be noted t h a t  e o q a r i s o n  of granular  s o i l s  on a 

r e l a t i v e  dens i ty  b a s i s  is simply the  most p r a c t i c a l  way of minimizing 

e r r o r s  of ex t r apo la t ion ,  bu t  i t  does n o t  e l imina te  them e n t i r e l y .  Cases 

have been observed i n  which granular  s o i l s  of s i m i l a r  gradat ion  have 

exhib i ted  somewhat d i f f e r e n t  p rope r t i e s  a t  t h e  same r e l a t i v e  dens i ty ,  

due probably t o  d i f f e rences  i n  su r face  t e x t u r e ,  g ra in  shape, and 



mineralogy. Resul t s  from each of t h e  Table 3-7 d a t a  sources w i l l  be 

summarized i n  the  fol lowing s e c t i o n s ,  bu t  most of t h e  d e t a i l s  of t h e  

r e l a t e d  analyses w i l l  be omitted and referenced elsewhere, 

Core Tube Samples 

The thin-walled d r i v e  tubes used on Agollos 15, 1%and 17 

provided t h e  f i r s t  accura te  d i r e c t  measurements of l u n a r  s o i l  dens i ty  

i n  s i t u .  The var ious  e s t ima tes  t h a t  were made p r i o r  t o  Apollo 15 were 

based on ambiguous da ta ,  inc luding  t h e  d e n s i t i e s  measured i n  t h e  

Apollo 11, 12,  and 14  thick-walled d r ive  tubes ,  A s 

es t imates  of dens i ty  a r e  presented i n  M t c h e l l  et a l .  (1972a). 

The Apollo 25-17 d r i v e  tubes ind ica t ed  t h a t  t h e  average dens i ty  

of t h e  top 30 cm of t h e  lunar  s o i l  is t y p i c a l l y  1.58 g/cm3; from a depth 

of 30 cm t o  60 cm, t h e  average dens i ty  is t y p i c a l l y  1.74 g/cm3, based 

on s t a t i s t i c a l  averages of cove tube d e n s i t i e s .  The d r i v e  tube d a t a  

from these  t h r e e  missions a r e  s u m a r i z e d  g raph ica l ly  i n  Pig. 3-3. The 

except ional  santple is t h e  double core through t h e  orange s o i l  a t  

S t a t i o n  4 on Apollo 17. The d e n s i t i e s  i n  t h e  upper and lower sec t ions  

a r e  approximately 0.5 g/cm3 g r e a t e r  than the average values.  The h igher  

dens i ty  has been assumed (Mitchel l  et a l e ,  1973a) t o  be  due t o  a  s i g n i f i -  

can t ly  h igher  s p e c i f i c  g rav i ty ,  and consequently d i f f e r e n t  composition 

than t h e  o the r  luna r  s o i l s .  

The importance of r e l a t i v e  dens i ty  o r  degree of compaction has 

been noted e a r l i e r  i n  t h i s  chapter  i n  t h e  s e c t i o n  on c h a r a c t e r i s t i c s  

and irrdex p rope r t i e s .  The s p e c i f i c  g rav i ty  of l u n a r  s o i l s  has  been 

found t o  be q u i t e  v a r i a b l e ,  ranging from 2.9 t o  g r e a t e r  than 3.2, 

depending on t h e  propor t ions  of t h e  var ious  p a r t i c l e  types,  such a s  

agg lu t ina t e s ,  b a s a l t s ,  b recc ia s ,  and g la s ses .  
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Since t h e  absolu te  d e n s i t y  of a given s o i l  i s  d i r e c t l y  propor- 

t i o n a l  t o  i ts  s p e c i f i c  g rav i ty ,  abso lu te  dens i ty  is  no t  s u f f i c i e n t  t o  

quant i fy  the  degree of compactness of t h e  s o i l ,  In s t ead ,  it is necessary 

t o  determine t h e  r e l a t i v e  dens i ty  of t h e  s o i l  ( s ee  Eq, 3 4 1 ,  Physical  

p rope r t i e s  such a s  ther-1 conduct iv i ty ,  s o n i c  v e l o c i t y ,  penet ra t ion  

r e s i s t ance ,  shear  s t r e n g t h ,  compress ib i l i ty ,  and d i e l e c t r i c  constant  a r e  

extremely dependent on t h e  i n  s i t u  r e l a t i v e  dens i ty ;  some s o i l  p rope r t i e s  

may vary seve ra l  orders  of magnitude between a r e l a t i v e  dens i ty  of 8% 

and BOO%. 

Mnimum and maximum dens i ty  determinat ions have thus  f a r  been 

performed on only one sample assoc ia ted  wi th  a d r i v e  tube  sample from 

Apolilo 15-17, The siample, 15601,82, was taken a t  S t a t i o n  9A a t  t h e  r i m  

of Hadley Mile, less than  18 meters from a double co re  tube  sample: 

150ll/l5OLO. Although no index p rope r t i e s  a r e  a v a i l a b l e  f o r  t h e  core 
I 

sample i t s e l f ,  s i n c e  i t  has  n o t  y e t  been opened, no r  is  it h o r n  hcaw 

these  p rope r t i e s  might vary wi th  depth, t he  15601,82 d a t a  can be used 

t o  es t imate  r e l a t i v e  d e n s i t y  vs .  depth a t  t h i s  one l o c a t i o n  on t h e  

lunar  su r f  ace,  

The m5nimurn and m a x i m  d e n s i t i e s  of l56QL,82 are shown graphi- 

c a l l y  in Fig,  3-4 along wi th  t h e  average d e n s i t i e g  i n  t h e  double core 

tube  samples, The corresponding average r e l a t i v e  d e n s i t i e s  a r e  87% and 

94%, r e spec t ive ly .  mile t h e s e  values a r e  somewhat a r b i t r a r y ,  they do 

i n d i c a t e  a high r e l a t i v e  d e n s i t y  a t  t h i s  l oca t ion .  This  had previously 

been predic ted  by Mi tche l l  et a l .  (1972a) on the b a s i s  of t h e  high number 

of h a m e r  blows required t o  d r i v e  t h e  core tube  and t h e  f a c t  t h a t  the  

s o i l  su r face  surrounding t h e  tube heaved s l i g h t l y  dur ing  dr iv ing .  



BULK DENSITY OF LUNAR SOIL , P 
/ c m 3  

O 

Cowsr Sect ion 

RELATIVE DENSITY,  D,- % 

FIG. 3-4 	 PROPOSED V A R I A T I O N  OF DENSITY WITH 
DEPTH FOR APOLLO 15 STATION 9A 



An i d e a l i z e d  dens i ty  p r o f i l e  is a l s o  shorn i n  Pig. 3-4 which was 

ca l cu la t ed  by assuning t h a t  t h e  dens i ty  inc reases  loga r i thmica l ly  with 

depth, z,  from a f i n i t e  value,  po, a t  t h e  s u r f a c e ,  The f o m  of t h e  

expression is: 

The parameters p and k can be d e t e m i n e d  e x p l i c i t l y  from the  given d a t a ,  o 

The ca l cu la t ed  dens i ty  inc reases  r ap id ly  f o r  t h e  f i r s t  10  t o  20 cm m d  

then slowly t h e r e a f t e r ,  The r e l a t i v e  dens i ty  i s  48% a t  t h e  su r face ,  82% 

a t  l 0  em, 93% a t  30 cm, and 99% at  60 cm. 

PlEl i d e a l i z e d  dens i ty  p r o f i l e  may a l s o  be f i t t e d  t o  t h e  average 

dens i ty  va lues  obtained from core  tube  saxnples from Apollo 15, 16, and 

17 missions.  Average core  tube  d e n s i t i e s  were computed f o r  t h e  top 30 em 

and f o r  t h e  next  30 cm and awe shorn a s  the  f i r s t  two e n t r i e s  jm 

Table 3-8, The corresponding va lues  of r e l a t i v e  dens i ty  were eomguted 

us ing  average values of s p e c i f i c  g r a v i t y  and maximm and minimum void 

r a t i o s  a s  s h  , m e n  Equation (3-5) was f i t t e d  t o  these  averages,  

= 1.27 g/cm3 and k = 0.121 were obtained.  These cons tants ,  toge ther  

wi th  Equation (3-51, w e r e  used t o  eva lua te  t h e  corresponding average 

dens i ty  i n  t h e  top 15 cm a s  shown i n  Table 3-8 f o r  subsequent comparison 

with va lues  from as t ronaut  f o s t p r i n t  and LRV m d  MET t r a c k  analyses .  

It is impor tmt  t o  no te  t h a t  i f  a density-depth r e l a t i o n s h i p  is 

a r b i t r a r i l y  chosen such t h a t  p
o 

= 
'min , that is ,  t h e  su r face  i s  a t  0% 

r e l a t i v e  dens i ty ,  t h e  e f f e c t  is t o  have even h igher  r e l a t i v e  d e n s i t i e s  

a t  shal lower depths t h m  given by t h e  i d e a l i z e d  p r o f i l e .  Consequently, 

one i s  l e d  t o  t h e  inescapable conclusion t h a t  while  t h e  s u r f a c e  may be 

a t  a low t o  medium r e l a t i v e  dens i ty ,  t h e  s o i l  j u s t  10  t o  20 cm down i s  

t y p i c a l l y  a t  a very h igh  r e l a t i v e  dens i ty ,  much h igher  than  would be 





required t o  support  t he  very small  overburden stress i n  t h e  low luna r  

gravi ty .  

The rotary-percussion d r i l l  co res  used on Apollos 15,  16, and 17 

have a l s o  been extremely important i n  determining luna r  s o i l  dens i ty  

i n  s i t u .  Pig. 3-5 p resen t s  dens i ty  vs .  depth i n  t h e  d r i l l  s t e m s ;  t h e  

d e n s i t i e s  f o r  t h e  A p ~ l l o  16 and 17 stems have been correc ted  f o r  d i s t u r -  

banee su f fe red  during ear th- re turn  (Car r i e r ,  1973b)* The d e n s i t i e s  a r e  

comparable t o  those  measured in t h e  d r i v e  t%rbes;however, t he  d i s t r i b u -  

t ions  of dens i ty  a r e  considerably more complex. The luna r  s o i l  dens i ty  

does n o t  i n c r e a s e  monotonically wi th  depth; i n  f a c t ,  t he  dens i ty  i n  t h e  

Apollo 17 co re  decreases from an i n i t i a l l y  h igh  va lue  of 2 g/cm3. The 

t h r e e  d i s t r i b u t i o n s  suggest  d k s t i n c t l y  d i f f e rend  depos i t tona l  h i s t o r i e s  

f o r  each of t h e  sites. 

The average dens i ty  i n  t h e  30-60 cm depth range is about t h e  same 

a s  was obtained wi th  t h e  core  tubes (1.77 vs 1.74 g/cm3 f o r  t h e  core  

tubes) ,  bu t  t h e  dens i ty  i n  t h e  0-30 em r m g e  appears t o  be  somewhat h igher  

f o r  t h e  luna r  d r i l l  samples than f o r  t h e  core  tubes  (1.69 vs  1.58 g/cm3) . 
However t h i s  d i f f e r e n c e  is not  considered t o  be s t a t i s t i c a l l y  s i m i f i -  

c m t  because only th ree  luna r  d r i l l  va lues  are a v a i l a b l e  and t h e  near- 

su r face  d e n s i t y  values appear t o  b e  s l i g h t l y  skewed due t o  the  one uxrrusually 

high va lue .  

Astronaut F o ~ t p r i n t s  

S t a t i s t i c a l  v a r i a t i o n  i n  luna r  s o i l  r e l a t i v e  dens i ty  has  been 

assessed (Houston et al. (1972), Mi tche l l  et a l .  (1973b) through analyses 

of a s t ronau t  f o o t p r i n t s .  A t o t a l  of 776 f o o t p r i n t s  were analyzed and t h e  
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r e s u l t s  f o r  a l l  s i x  Apol.10 landings a r e  s u m a r f z e d  i n  Table 3-9, 

A s  i nd ica t ed  by Table 3-7, t h e  most r e l i a b l e  va lues  from foot-  

p r i n t  analyses a r e  t h e  r e l a t i v e  dens i ty  va lues .  Computation of t h e  

poros i ty  values shown requi red  on assumption f o r  n and nminm The 
max 

assumed va lues  of 58,3% and 31% i n  Table 3-9 axe t h e  va lues  f o r  Eernar 

S o i l  Simulant No. 2 (Bouston, et a l .  (19731, Houston and Namiq (1971)) 

and these  va lues  were assumed f o r  a l l  p revious ly  published foo tp r in t -  

derived po ros i ty  d a t a  as w e l l ,  

The r e s u l t s  s r i z e d  i n  Table 3-9 support  t h e  following conclu- 

sions--derived fa p a r t  from previous s t u d i e s .  

(1) The  average po ros i ty  f o r  t h e  t o p  15 cm i n  i n t e r c r a t e r  a reas  

is  e s s e n t i a l l y  t h e  same f o r  a11 s i x  Apollo landing  sites, although the 

sbsewed  average p o r o s i t y  f o r  Apollo 16 was about 1 to 1.5 percentage 

po in t s  h igher  k h a n  f o r  t h e  o the r  f i v e  sites, 

(2) The s tandard  dev ia t ion  of p o r o s i t i e s  f o r  i n t e r e r a t e r  a reas  

i s  about the  same f o r  a l l  Apollo sites, The a r i thme t i c  average f o r  a11 

sites is  about 2.55 percentage po in t s .  

(3 )  The average po ros i ty  on c r a t e r  r i m s  f o r  a l l  ApoPlo sites is  

about 2.5 percentage po in t s  h igher  than  f o r  i n t e r e r a t e r  a r e a s ,  The 

s tandard dev ia t ion  f o r  c r a t e r  rims i s  a l s o  g r e a t e r  than f o r  i n t e r c r a t e r  

a reas  - 4.3 r a t h e r  than  2.55. 

(4) A t o t a l  of 687 observat ions of f o o t p r i n t  depth i n d i c a t e  t h a t  

the  average r e l a t i v e  dens i ty  f o r  i n t e r c r a t e r  a reas  f o r  a l l  Apollo landing 

sites is  about 65 t o  66%, I f  t h e  average va lues  of maximum and dnimzmm 

p o r o s i t i e s  f o r  l u n a r  s o i l  were 58,3% and 31%, t h e  corresponding va lue  of 

average poros i ty  would be 43,5% - a s  ind ica t ed  i n  Table 3-9. Measured 
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SUMMARY OF KESULTS OF STATISTICU AMA$YSIS OF 


POROSITIES DEDUCED FRQM FOOTPRINT DEPTHS 


Location 

I n t e r c r a t e r  a reas ,  Apoklo 11 30 43.3 

I n t e r c r a t e r  a reas ,  Agollo 12 88 4%,8 

I n t e r c r a t e r  a reas ,  Apsl1a 14 38 43.3 

I n t e r c r a t e r  a reas ,  Apollo 15 117 43.4 

I n t e r c r a t e r  areas, Apollo 16 273 45.0 

I n t e r c r a c e r  a reas ,  Apollo 1 7  141 43,4 

I n t e r c r a t e r  a reas ,  
a l l  Apokla sites 

I n t e r c r a t e r  a reas ,  
a l l  Apollo sites 

O ~ a s e don assumption t h a t  n = 58.3% and nmin = 31X, f o r  which emax= 1 . 4  
max 

a n d e  = 0 4 4 5 .min 

t ~ e i g h t e d  average 
r
Each Apollo s i te  given equal  weight r ega rd le s s  of no. of observat ions 



va lues  of n and nmin on t h r e e  one-gram saraples s f  re turned  luna r  
max 

s o i l  c i t e d  earlier 3.n t h i s  chap te r  i n d i c a t e  t h a t  t h e  va lues  f o r  l u n a r  

s o i l  gene ra l l y  may be  cons iderab ly  h igher ,  however, If so,  i t  may b e  

necessary  t o  a d j u s t  t h e  b e s t  e s t ima te  of average p o r o s i t y  upward, 

perhaps as much as 7 o r  8 percentage  p o i n t s .  

(5) Although t h e  average po ros i t y ,  measured on a r eg iona l  s c a l e ,  

a p p e a r s  t o  be  about t h e  same f o r  a l l  t h e  so i l -covered  luna r  su r f ace ,  

very  s i g n i f i c m t  l o c a l  v a r i a t i o n s  a r e  found t o  -1st on a s m a l l  s c a l e  

of one o r  a few meters. Core tube  d e n s i t i e s  asrd penetrometer kneasure- 

wats have i n d i c a t e d  t h a t  these s m a l l  scale v a r i a t i o n s  e x i s t  v e r t r c a l l y  

a s  we11 as l a t e r a l l y .  

( 6 )  The re la t l ive  d e n s i t y  va lues  of 65 t o  66% obtained from t h e  

a s t r o n a u t  f o o t p r i n t  s t u d i e s  (Table 3-91 ag ree  very  w e l l  w i th  t h e  va lue  

of 64% f o r  the s a m e  dep th  range, 8-15 cm, obta ined  in Table 3-8 f o r  

average co re  tube  d e n s i t i e s .  This  c l o s e  agreement could b e  only 

apparen t ,  however, because t h e  va lues  of G and e and emin used i n  
SI 

Table 3-9 were averages f o r  only a very  few tests and s i m f f i c a n t  

dev i a t i ons  from t h e  average a r e  b o r n  t o  occur ,  

LRV and MET Tracks 

LRV (15, 16,  and 1 7  missions)  and MET (14 mission)  t r a c k s  as w e l l  

a s  t r a c k s  developed by t h e  umanned v e h i c l e  Lunokhod 1have been 

analyzed. The r e s u l t s  are repor ted  by Costes (1973) ,  Mitche l l  et  a l .  

(1972a,b and 1973a). The r e s u l t s  o f  t h e s e  ana lyses  i n d i c a t e  t h a t ,  a t  l e a s t  

f o r  t h e  Apollo 14 through l 7  and Luna 1 4  l anding  sites, t h e  s u r f i c i a l  

l u n a r  s o i l  appears  t o  possess  s i m i l a r  average mechanical p r o p e r t i e s  a t  

a l l  i n t e r c r a t e r  l o c a t i o n s  r e g a r d l e s s  of i n i t i a l  o r i g i n ,  geologic  h i s t o r y ,  



o r  gross chemical composition and l o c a l  environmental conditions, 

S ign i f i can t  l o c a l  v a r i a t i o n s  from the  average w e r e  f requent ,  however. 

The procedure used t o  deduce r e l a t i v e  dens i ty  d a t a  from veh ic l e  t r ack  

d a t a  i s  b r i e f l y  a s  follows. 

a) 	 Use veh ic l e  and wheel geometry and loading condit ions 

together  wi th  t r a c k  depths t o  ge t  dimensionless s o i l  

mobil i ty numbers (Green and Melzer , 1971) . 
b) 	 Use c o r r e l a t i o n s  between mobil i ty numbers and pe-netration 

r e s i s t m c e  gradLent ( t h e  s lope  of t h e  stress vs  penet ra t ion  

curve) f o r  granular  s o i l s  t o  ob ta in  va lues  of penet ra t ion  

r e s i s t a n c e  gradient  f o r  the l una r  s u r f a c e  - denoted GL. 

c) 	 Adjust G values  for  e f f e c t  of g rav i ty  t o  f i n d  corresponding 
L 

values f o r  t h e  e a r t h ' s  environment - denoted %. 

d) U s e  c o r r e l a t i o n s  between G and r e l a t i v e  dens i ty  f o r  t e r r e s t r i a l  E 

granular  s o i l s  t o  ge t  r e l a t i v e  dens i ty  - denoted D
R" 

e )  Assume t h a t  response t o  vehicular  load  is  eont ro l led  e n t i r e l y  

by r e l a t i v e  dens i ty ,  when g rav i ty  e f f e c t  has been accounted 

f o r  and soil gradat ions a r e  skmil_ar, and t h a t  the  lunar  s o i l  

r e l a t i v e  dens i ty  va lues  a r e  t h e r e f o r e  t h e  same a s  those 

obtained i n  s t e p  d. 

Using t h i s  procedure t h e  r e s u l t s  shorn i n  Table 3-18 w e r e  obtained. 

The values f o r  s o f t  s o i l  a r e  heavi ly  weighted by t r a c k  depths f o r  s o f t  

c r a t e r  r i m s e  Therefpre t h e  values f a r  f % m e r  i n t e r c r a t e r  a reas  should 

be compared w i t h  corresponding values from core  tube  samples and foot-

print m a l y s e s .  

Although t h e  upper l i m i t  of DR = 63% compares very w e l l  with the  

foo tp r in t  m a l y s e s  r e s u l t s ,  i t  appears t h a t  t h e  veh ic l e  t r a c k  da ta  
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y i e l d  somewhat lower r e l a t i v e  dens i ty  va lues  on t h e  average. 

Another b a s i s  f o r  comparison may be  used, however. me values 

of GL from Table 3-10 may be used d i r e c t l y  with t h e  c o r r e l a t i o n  

derived by Kouston and N q (197l) ,  t o  ob ta in  va lues  of void r a t i o ,  e ,  

and r e l a t i v e  dens i ty  therefrom (using e = 1.4  and emin = 1'45 f o r  mast. 

LSS No. 2 a s  in previous analyses) .  Using t h i s  procedure t h e  values 

of GL = 0.76 correspond t o  t o  1.35 ~ / c m ~  a range i n  r e l a t i v e  dens i ty  of 

62% t o  71% - which agrees very c l o s e l y  wi th  t h e  co re  tube  m d  foo tp r in t  

analyses va lues .  

Complete r e so lu t ion  of t h e  d i f f e rences  between t h e  two procedures 

would probably requi re  add i t iona l  labora tory  and f i e l d  t e s t i n g ,  but  i t  

appears t h a t  much of t h e  apparent discrepancy may be  caused by the  use 

of t w o  d i f f e r e n t  procedures f o r  d e t e m i n h g  t h e  maximum void r a t i o s  of 

t h e  two d i f f e r e n t  luna r  s o i l  simulanats involved, 

In sumnrary i t  may be concluded t h a t  r e l a t i v e  dens i ty  da ta  derived 

from veh ic l e  t r acks  a r e  cons i s t en t  wi th  r e s u l t s  from f o o t p r i n t  analyses 

i n  t h a t  the  average r e l a t i v e  dens i ty  was e s s e n t i a l l y  t h e  same f o r  a l l  

lunar sites s tudied  a d  s i w i f i e a n t  v a r i a t i o n s  from the  average occurred 

on a small  s ca le .  Fur themore ,  the nunnerieal values of average r e l a t i v e  

dens i ty  may be f o m d  t o  be cons i s t en t  a s  w e l l ,  pending f u r t h e r  s tudy.  

Boulder Tracks 

Theore t ica l  analyses (Hovlarad and Mrltchell, 1972; Bovland, 1970) of 
I 

t h e  deformation mechanism associa ted  with r o l l i n g  boulders  have led  t o  

t h e  development of a r e l a t i o n s h i p  between t h e  boulder t r a c k  geometry 

and t h e  mech;unical p rope r t i e s  of t h e  s o i l ,  including poros i ty ,  through 

co r re l a t ion .  Sixty-nine lunar  boulder t r a c k s  from 19 d i f f e r e n t  loca t ions  



on t h e  moon were examined us ing  l u n a r  o r b i t e r  photography. Measure-

ments of t h e  t r a c k  widths show t h a t  some boulders sank: consiklerably 

deeper than  o the r s ,  

Usiw bear ing  capaci ty  theory  and are average va lue  of cohesion 

of 0.5 m/rnZ, the  average f r i c t i o n  angle,  4, of t h e  lunar  s o i l  was 

es t imated  f o r  each of t h e  69 boulder  t r a c k s ,  

TPhe rel-at ionship between 13, and po ros i ty  ( m d  ]B therefrom) f o rR 

LSS No. 2 a s  reported by Mitchel l  e t  ax. ( 1 9 7 2 ~ )  was used t o  ob ta in  

r e l a t i v e  d e n s i t y  va lues ,  The me= and s tandard  devia t ion  f o r  t h e  68 

boulder  t r a c k s  analyzed were 65% and about 20% respec t ive ly  Fn terns of 

r e l a t i v e  dens i ty .  The mnem value  is t h e  same as was obtained from the  

f o o t p r i n t s  described in a preceding sec t ion ,  bu t  t h e  s k m d a r d  devia t ion  

is considerably higher--suggestkg t h a t  s o i l  po ros i ty  is mre v a r i a b l e  

on s lopes  a d  c r a t e r  wa l l s  than on gene ra l ly  l e v e l  i n t e r c r a t e r  a reas ,  

The apparent agreement between t h e  mean va lues  f o r  t h e  boulder  

t r a c k  and f o o t p r i n t  d a t a  may be  misleading. Due to t h e  l a r g e  s i z e  of 

the boulders ,  the r e l a t i v e  dens i ty  e s t ima tes  obtained represent  averages 

for the upper few meters, tahereas the  f o o t p r i n t  d a t a  represent  average 

va lues  f o r  t h e  upper 15 cm. It has  been shorn t h a t  dens i ty  genera l ly  

decreases wi th  depth (preceding s e c t i o n  on core  tube s a q l e s ,  Mjitchelf 

et a l ,  , 1 9 7 k ;  Houston and Nadq ,  197 l ) ,  although l o c a l  exceptions occur.  

Therefore,  agreement between t h e  average va lues  5ar boulder  t r a c k  and 

f o o t p r i n t  d a t a  implies  t h a t  t h e  average r e l a t i v e  dens i ty  of t h e  top  15 cm 
I 

of t h e  boulder  t r a c k s l o p e s  must be lower than t h e  va lue  obtained from 
I 

t h e  f o o t g r h t s  f o r  l e v e l  i n t e r c r a t e r  a reas ,  but  i t  i s  d i f f i c u l t  t o  e s t i -  

mate p r e c i s e l y  how much lower, 



v 
Pene t ra t ion  R e s i s t a c e  

I n  Chapter 2 it was noted t h a t  s e v e r a l  types  of devices have 

been used t o  pene t r a t e  t h e  luna r  s u r f a c e  and t h a t  t he  r e s u l t s  of these  

tests have been used t o  obta in  d e n s i t y  and s t r e n g t h  v a r i a t i o n s  wi th  

depth. 

I n  a subsequent s e c t i o n  devoted s p e c i f i c a l l y  t o  pene t r a t ion  

r e s i s t a n c e  these  r e s u l t s  a r e  presented.  This  p re sen ta t ion  inc ludes  a 

c o l l e c t i o n  of envelopes of stress vs .  pene t r a t ion  curves f o r  Apollos 14, 

15, and l J  and Lurro&od I. The s lopes  of t hese  stress vs ,  pene t r a t ion  

curves,  GL9 with an average vary widely from about 1 t o  6.6 ~ / c m ~  

value of about 3.8 ~ / c m ~ .r h i s  average s lope  value,  t oge the r  wi th  t h e  

c o r r e l a t i o n  developed by Houston and N q,  (1971) m d  values  of 

e = 1.4  and emin = 0.45 f o r  LSS No. 2 ,  corresponds t o  an average
max 


re la t ive  dens i ty  v a h e  of about 83% t o  84X, The range i n  G valuesL 


corresponds t o  a range i n  r e l a t i v e  d e n s i t y  values from about 63% t o  95%. 

By comparison wi th  the  average va lue  of DI( = 662 f o r  t h e  foo tp r in t  

a n a l y s i s  t h e  average pene t r a t i an  resistance r e h t i v e  dens i ty  va lue  of 

83% t o  84% appears considerably higher .  However, t h e  f o o t p r i n t  analyses 

r e s u l t s  p e r t a i n  t o  t h e  t a p  15 cm whereas t h e  pene t r a t ion  r e s i s t a n c e  

va lues  p e r t a i n  t o  t h e  0-68 cm depth range ( see  Table 3 - 9 1 .  Prom Table 3-8 

t h e  average r e l a t i v e  dens i ty  obtained f o r  t h e  upper 60 em from core  tube  

samples is  about 83%lwhlch is i n  exce l l en t  agreement wi th  t h e  va lue  from 

t h e  pene t r a t ton  r e s i s t a n c e  tests. 

I n  making thesd comparisons i t  must b e  noted, however, t h a t  t h e  
I 

average r e l a t i v e  dens i ty  va lues  from pene t r a t ion  r e s i s t a n c e  tests a r e  

based on only about 9 tests and a r e  t h e r e f o r e  n o t  h ighly  s i g n i f i c a n t  

s t a t i s t i c a l l y .  



The r e s u l t s  from each of t h e  s t u d i e s  d iscussed  i n  t h i s  s e c t i o n  

r i z e d  i n  Table 3-11. The r e s u l t s  i n  Table 3-11 and t h e  

d i seuss ions  i n  t h e  preceding s e c t i o n s  may be used ts conclude t h e  

following: -

(I) The average relative d e n s i t y  a d  p o r o s i t y  f o r  t h e  upper 15 cm 

in i n t e r c r a t e r  areas i s  e s s e n t i a l l y  t h e  same f o r  a l l  s i x  Agol1.o landing  

sites and perllaps f o r  a l l  sai l -covered l o c a t i o n s  on t h e  l u n a r  surface-- i f  

areas a r e  considered on a s c a l e  of a few hmdred  meters.  

(2)  The b e s t  estiimates for t h e  average bulk  d e n s i t i e s  f o r  the 

lunar s u r f a c e  a r e  as follows: 

Depth Range, cm 

0-15 1.50 .Q5 

0-36 1.58 + .05 

30-60 	 1 .74  2 .05 

6-60 l e Q 61 .05 

( 3 )  The v a r i a t i o n  of average bulk density, p, with  depth can be 

descr ibed by 

p = p, + kln (z+l) 

where 	 z - depth in cm 


0, = 1.27 g/cm3 


k = 0.121 


bu t  dev ia t ions  from t h e  genera l  p a t t e r n  of dens i ty  i nc rease  w i t h  depth 

m y  be very  f requent  and pronounced, 

( 4 )  The b e s t  e s t ima te s  f o r  t h e  average r e l a t i v e  d e n s i t y  f o r  the  

luna r  s u r f a c e  a r e  a s  follows: 



TABLE 3-11 

OF RESU&TS FROM DEMSPTY AND 

POROSIW STUDIES 

Source 

Core t u b e  samples 

1.58 2 .85 

1.74 * .85 

1.66 +I .05 

Lunar d r i l l  samples 1.69 2 .08 

1.77 It: .08 

Astronaut f o o t p r i n t  

Boulder tracks 

' ~ a l c u l a t e d ,  based on average Gs = 3.1, e = 1 . 7  and emin = 0.7. max 



(5) S t a t i s t i c a l  s tud ies  of f o o t p r h t s ,  LRV and MET t r a c k s ,  and 

boulder t r a c k s  show t h a t  r e l a t i v e  dens i ty  v a r i e s  considerably on a 

s c a l e  of 1 o r  2 meters l a t e r a l l y  and i n d i c a t e  t h a t  a b e s t  es t imate  of 

the  standard dev ia t ion  i s  about 15 percentage po in t s  f o r  r e l a t i v e  

densi ty.  Histograms (Houston, et a l .  1972) of dens i ty  da ta  i n d i c a t e  an 

e s s e n t i a l l y  normal, d i s t r i b u t i o n  with a s l i g h t  s k e m e s s  toward t h e  high 

dens i ty  s i d e ,  

(6) Average values of absolu te  and r e l a t i v e  dens i ty  f o r  t h e  

lunar su r face  c o t  a t  t h i s  t i m e  be eanf ident ly  converted t o  va lues  of 

poros i ty  Q X  void r a t i o  because of i n s u f f i c i e n t  d a t a  an values of G and 
s 

e and e f o r  luna r  s o i l .  Based on a very small  number of tests-- too max min 

small  t o  give s t a t i s t i c a l l y  s i g n i f i c a n t  averages--the following averages 

have been t e n t a t i v e l y  proposed and used i n  t h i s  and o the r  sec t ions  of 

t h i s  repor t .  

-Gs -e 
max 

e
rnin 
P 

I f  t hese  va lues  were indeed v a l i d  a s  averages f a r  the lunar  sur face ,  t he  

"best estimate" average values of p = 1.50 g/cm3 and DR = 65% f o r  t h e  

uppermost 15 cm given i n  conclusions 2 and 4 would correspond t o  a void 

r a t i o  of 1.05 and a poros i ty  of 51%. 



(7) The average r e l a t i v e  dens i ty  on c r a t e r  rims f o r  a l l  Apollo 

sites is about 10 t o  1 2  percentage po in t s  lower than f o r  i n t e r c r a t e r  

a reas .  The s tandard  devia t ion  f o r  c r a t e r  r i m  dens i ty  is  a l s o  g r e a t e r  

khan f o r  i n t e r c r a t e r  a reas .  

(8) I n  c o n s i d e r a i o n  of t h e  death r a g e s  t o  which each of t h e  

methods i n  Table 3-11 apply, t h e  boulder t r a c k  d a t a  i n d i c a t e  t h a t  aver-

age r e l a t i v e  dens i ty  on s lopes  and c r a t e r  w a l l s  where boulder  t r acks  

were genera l ly  observed is lesser and more v a r i a b l e  t h m  f o r  l e v e l  i n t e r -  

c r a t e r  a reas .  This  obsewat ion  is cons i s t en t  with the  hypothesis t h a t  

downslope movements may loosen lunar  s o i l  somewhat. 

( 9 )  The apparent mechanism c o n t r o l l i n g  t h e  r e l a t i v e  dens i ty  of 

luna r  s o i l  i n  t h e  p l a h s  areas  seems t o  b e  t h a t  t h e  constant  meteor i te  

and d c s s m e t e o r i t e  bombardment maintains a loose ,  s t i r r e d  up surface;  

but d i r e c t l y  beneath t h e  sur face ,  t h e  v i b r a t i o n s  due t o  innumerable 

shock waves shake and densify t h e  s o i l  t o  a very  high r e l a e v e  dens i ty .  

Tbe sub-surface s o i l  may even be  ove rcmso l ida ted  a t  some loca t ions ;  

i.e., the  s o i l  may have been dens i f ied  under a g rea te r  confinfng stress 

at some time i n  t h e  pas t  than is  present ly  appl ied  t o  i t  by t h e  overlying 

s o i l *  



PENETRATION RESI STMCE 

A s  noted i n  Chapter 2  a  v a r i e t y  of types  of pene t r a t ion  tests 

has been used t o  probe t h e  lunar  sur face ,  ranging from t h e  pushing 

and d r iv ing  of f l a g  p o l e s  and core  tubes t o  q u a n t i t a t i v e  nreasurements 

using t h e  Self-Recording Penetrometer,  The r e s u l t s  of t hese  tests 

have been used t o  i n f e r  d e t a i l s  of v a r i a b i l i t y  and s t r a t i g r a p h y  a s  

we l l  as a  b a s i s  f o r  quant i ta t j ive  estinzates of dens i ty ,  poros i ty ,  and 

s t r e n g t h  parameters,  

An apprec ia t ion  f o r  t h e  l o c a l  m d  reg iona l  v a r i a b i l i t i e s  i n  s o i l  

condi t ions  is importarnt f o r  a t  l e a s t  two reasons: 

(1) 	 Some i n s i g h t  is  provided i n t o  t h e  complexity of lunar  

s u r f a c e  h i s t o r y  and processes.  

(2 )  	 Some assessment can be made of t h e  probable v a r i a t i o n s  i n  

t h e  numerical va lues  of s o i l  p r o p e r t i e s  t h a t  may be e w e c t e d  

f o r  a  l m a r  s o i l  model w i th  s p e c i f i e d  average va lues .  

Mi tchel l  e t  a l .  (197213, 1973b) have shown how t h e  penet ra t ion  t e s t  

d a t a  obtained during t h e  Apollo 16 mission could be used t o  deduce 

d e t a i l s  of t h e  near-surface s o i l s  a t  t h e  Descartes  laanding s i t e .  Pig, 3-6 

shows good c o r r e l a t i o n  between t h e  pene t r a t ion  r e s i s t a n c e  v s ,  depth 

d a t a  a t  a  poin t  on Stone Mo~mtain md t h e  s t r a t i g r a p h y  s h o w  i n  r a ~ n  

adjacent  double core  tube sample, Treadwell (L974) has  shown t h a t  pene-

trometer  tests can be  a s e n s i t i v e  i n d i c a t o r  of l a p r i n g  i n  soil depos i t s  

of a  type  s i m i l a r  t o  those  on t h e  M a n ,  Previously Houston a d  Namiq 

(1971) had shown t h a t  pene t r a t ion  test r e s u l t s  could be  used t o  assess 

the  s u i t a b i l i t y  s f  a l u n a r  s o i l  simulant t o  c h a r a c t e r i z e  a c t u a l  l una r  

s o i l  behavior.  
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An approximate soi l ,  p r o f i l e  between t h e  S t a t i o n  10 double core  

tube s i t e  and t h e  deep d r i l l  s i te  i n  t h e  fiSEP a r e a  of Apollo 16 i s  

s h o w  i n  Fig,  3-7. Pene t r a t ion  test d a t a  i n  conjclmetion with 

X-radiographs of t h e  d r i l l - c o r e  stem and t h e  S t a t i o n  10 core  sample 

w e r e  used t o  develop t h i s  p r o f i l e ,  These examples, a s  w e l l  a s  t he  

d i scuss ion  of s t r e n g t h  i n  t h e  next s e c t i o n  and t h e  ana lyses  of po ros i ty  

and dens i ty  presented previously,  provide evidence of t h e  usefulness  

of pene t r a t ion  t e s t i n g  f o r  eva lua t ion  of s o i l  p r o p e r t i e s  i n  s i t u ,  

Because such tests a r e  s imple and r ap id  and appara tus  of extreme sophis- 

t i c a t i o n  i s  no t  requi red ,  they o f f e r  much p o t e n t i a l  f o r  t h e  explora t ion  

of e x t r a t e r r e s t r i a l  bodies  i n  t h e  fu tu re .  

A l l  penet ra t ion  d a t a  ab ta ined  on t h e  luna r  s u r f a c e  a v a i l a b l e  t o  

the authors  a r e  included i n  Fig. 3-8, where t h e  c h a r a c t e r i s t i c s  of t he  

penetrometers used a r e  a l s o  indica ted .  The zones show encompass 

d a t a  obtained using t h e  SRP, t h e  Apollo Simple Penetrometer, and t h e  

Sovie t  Lunokhod I; a d d i t i o n a l  d a t a  were obtained an Lunokhod 11 but  

have no t  been published. 

From 	F ig ,  3-8 i t  may b e  seen t h a t :  

(1) 	A considerable v a r i a t i o n  e x i s t s  between t h e  r e s u l t s  o f  

d i f f e r e n t  pene t r a t ion  tests. 

(2) 	 Although t h e  327 Lunokhod I t e s t  r e s u l t s  a11 f e l l  wi th in  

a r a t h e r  narrow band, the  depth inves t iga t ed  was smaL1, 

( 3 )  	 On Apollo 16 g r e a t e r  s o i l  v a r i a b i l i t y  was encountered on 

the  s lopes  of Stone Mountain ( S t a t i o n  4) than i n  t h e  Plains 

a r e a  ( S t a t  i on  10) , 

( 4 )  	 The average pene t r a t ion  r e s i s t a n c e  on t h e  P l a i n s  i s  g rea te r  

than on Stone Mountain, 
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In add i t ion  observat ions have ind ica t ed  t h a t  pene t r a t ion  

r e s i s t a n c e  a t  S t a t i o n  4 on Stone Momtain bea r s  l i t t l e  r e l a t i o n s h i p  

t o  l o c a l  s lope  o r  su r face  appearance. Thus gene ra l i za t ions  concern-

i n g  the  s t r e n g t h  of s o i l s  on s lop ing  t e r r a i n  are no t  poss ib l e ,  

ILITY AND ST 

In t roduc t ion  

A v a r i e t y  of methods has been used f o r  deduction of t h e  s t r e n g t h  

of l u n a r  s o i l s  a s  h d i c a t e d  i n  Chapter 2, Most approaches have r e su l t ed  

tes of cohesion a d  f r c c t i o n  angle  (Eqn. 2-1) and have been 

based on analyses  of f a i l u r e  condi t ions .  Like  t e r r e s t r i a l  s o i l s  of 

comparable gradat ion,  t h e  evidence i n d i c a t e s  c l e a r l y  t h a t  t h e  cohesion 

and f r i c t i o n  asagle of l una r  s o i l s  depend s t rong ly  on po ros i ty  and 

r e l a t i v e  dens i ty ,  Var ia t ions  i n  f r l c t i o n  angle  and cohesion with 

po ros i ty  f o r  a crushed b a s a l t  l u n a r  s o i l  simulant a r e  shorn i n  F igs ,  

3-9 and 3-10, r e spec t ive ly .  

Information on the deformabi l i ty  of l una r  s o i l s  a t  sub-fa i lure  

stresses i s  very l imi t ed .  No s t r e s s - s t r a i n  da ta  has  been obtained f o r  

tests on undisturbed s o i l s  e i t h e r  i n  s i t u  o r  i n  t h e  l a b s r a t o y .  

Although moduli of deformation might be est imated from se ismic  wave 

v e l o c i t y  da ta ,  t h e  values obtained can be  expected t o  p e r t a i n  t o  

behavior  a t  only very low s t r a i n s ,  

A number of e s t ima tes  o f  eohesfon and f r i c t i o n  angle  were 

developed from d a t a  obtained p r i o r  t o  t h e  Apollo missions,  These va lues  

are s u m a r i z e d  in Table 3-12. The f a c t  t h a t  a cons iderable  v a r i a t i o n  

exists  between t h e  est imated va lues  is n o t  s u r p r i s i n g  i n  view of t h e  
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assumptions and u n c e r t a i n t i e s  i n  t h e  m a l y s e s .  It is  important a l s o  

t o  no te  t h a t  t h e  r e s u l t s  of subsequent ana lyses  have s h a m  t h a t  such 

v a r i a t i o n s  can be  real, a r i s i n g  mainly a s  a eonseguenee of v a r i a t i o n s  

i n  dens i ty .  

During t h e  last and t h e  f i r s t  t h r e e  Apollo missions,  no fo rce  o r  

deformation measuring devices  were used t o  de te rn ine  d i r e c t l y  the  in -  

p l ace  mechanical p r o p e r t i e s  of lunar  s o i l .  Consequently, inferences  on 

these  p r o p e r t i e s  were made from (a)  observed deformations r e s u l t i n g  

from t h e  i n t e r a c t i o n  of t h e  s o i l  w i th  o b j e c t s  of known geonetry and 

weight inc luding  t h e  I E T ,  t he  LRV, and Astronauts  boot-; (b) assumptions 

on t h e  ranges of loads  applied by t h e  a s t r o n a u t s  i n  pushing s h a f t s ,  

po les ,  and tubes i n t o  t h e  ground; (c)  s l o p e  s t a b i l i t y  analyses appl ied  

t o  n a t u r a l  c r a t e r  s lopes ,  i n c i p i e n t  s lope  f a i l u r e s  i n  soft-rimmed 

c r a t e r s  due t o  loads  i q o s e d  by walking as tponauts ,  the co l l apse  of 

t h e  s o i l  mechanics t rench  during Apollo 15 and Apollo 16; (d) LM 

landing dynamics and s o i l  erosion by t h e  LM engine e h a u s t ;  (e )  pene- 

t r a t i o n  tests on loose  and densely compacted Apollo 1%bulk sample; 

( f )  a n a l y s i s  of open ho le  s t a b i l i t y ;  (g) boulder  t r a c k  ana lys i s  

(Apollo 17); and (h) s t u d i e s  on s imulated l u n a r  s o i l .  Quant i ta t ive  d a t a  

obtained u s h g  t h e  Self-Recording Penetrometer were used t o  deduce 

s t r e n g t h  parameter va lues  f o r  l oca t ions  a t  t h e  40110 15 and Apollo 1 6  

landing sites. Direc t  s t r e n g t h  measurements have been made us ing  one 

sample of s o i l  re turned  by Apollo 12 mission ( c a r r i e r  e t  al., 1972, 1973). 

A s u m a r y  of t h e  s t r e n g t h  e s t ima tes  made us ing  these  methods is 

given i n  Table 3-13. Deta i l s  of t h e  ana lyses  can be found i n  t h e  ind ica t ed  

references.  



7 7 .  

The pene t r a t ion  r e s i s t a n c e  curves obta lned  during Apollo 16 us ing  

t h e  SRP ind ica t ed  t h a t  t h e  s o i l  is not  homogeneous wi th  depth a t  t he  

po in t s  t e s t e d  i n  t h e  Descartes region, and v a r i a t i o n s  i n  l a t e r a l  

d i r e c t i o n s  a r e  s u f f i c i e n t l y  g rea t  t o  prec lude  d i r e c t  conagarison of 

penet ra t ion  r e s i s t a n c e  curves f o r  cones of two s i z e s .  As a r e s u l t  a 

utlique s o l u t i o n  f o r  c and c) is  poss ib l e  only i n  s p e c i a l  cases,  such 

as seen t h e  soil is homogeneous wi th  depth. One such case  was f o r  a 

test a t  S t a t i o n  4 u p h i l l  from the  LRV. For t h i s  case  t h e  values of 

c = 0.6 m/m2 and 4 = 46.5' (Table 3-13) were obtained. In  most cases ,  

however, t h e  r e s u l t s  a r e  b e s t  expressed i n  terms of cohesion a s  a 

funct ion of f r i c t i o n  angle required t o  g ive  t h e  measured pene t r a t ion  

r e s i s t a n c e  f o r  a given pene t r a t ion  depth. This  has been done f o r  t h e  

remainder of t h e  SRP r e s u l t s  from Apolllo 16. 

Flg.  3-41 shows comlsinations of c and 4 t h a t  would account f o r  

t h e  measured va lues  of pene t r a t ion  r e s i s t a n c e  f o r  t h r e e  a d d i t i o n a l  tests 

a t  S t a t i o n  4, Apollo 16. Relat ionships a r e  shown f o r  va lues  of t h e  

r a t i o  of depth t o  eone-base diameter (D/B) of 10, 20, and 30, which 

correspond t o  a c t u a l  depths of l 2 ,8 ,  25.6, and 37.4 em. A poin t  is  

aPso shown on Figs.  3 - l l ( a )  and 3-l l (b)  t o  show t h e  s t r e n g t h  given i n  

Table 3-13. 

It i s  c l e a r  from Fig. 3-11 t h a t  a l a r g e  d i f f e rence  e x i s t s  in s o i l  

s t r e n g t h  wi th in  t h e  l o c a l i z e d  a r e a  of S t a t i o n  4. Low and high s t r e n g t h  

a reas  a t  depth a r e  not  r e a d i l y  d i s c e r n i b l e  by observa t ion  of t h e  su r face  

o r  even on t h e  b a s i s  of boo tp r in t s .  

Fig. 3-12 shows t h e  c-4 r e l a t ionsh ips  f o r  a poin t  near  t h e  double 

core  tube site a t  S t a t i o n  10, Apollo 16. The curves i n d i c a t e  t h a t  s o i l  





NOTE -
R e l a t i v e  posit ions of c - 4  
re la t ionship  for d i f f e r e n t  D / B  
va lues  i n d i c o t e  decrease in s o i l  
density wifh depth for 8 = 5.3 
to 17.5 c m  a t  Station IQ, test I .  

Stat ion 10 
SRP t e s t  i 
(index 10) 

25 30 35 40 45 50 55 
ANGLE OF INTERNAL FRICTION,+  - DEG 

FIG. 3-12 	 R E L A ~ O N O O I S I P SSF COHESION AS A FUNCTION OF 
FRICTION ANGLE REQUIRED TO DEVELOP MEASURED 
PENETRATION RESISTANCES AT AWLLO 16 STATION 10, 
TEST I .  
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s t r e n g t h  (and the re fo re  probably dens i ty )  decrease wi th  depth, which 

is t h e  oppos i te  of what would be  expected i f  t h e  s o i f  depos i t  were 

homogeneous. Fig. 3-12 shows a l s o  t h a t  a t  a depth of 6 em, %he s o i l  

a t  S t a t i o n  10 was s t ronge r  than  t h a t  f o r  one test a t  S t a t i o n  4 .  

The r e s u l t s  of two S W  tests i n  t h e  S t a t i o n  10 a r e a  suggested 

t h a t  t h e  s o i l  was s u f f i c i e n t l y  homogeneous t h a t  s p e c i f i c  s o l u t i o n  f o r  

c a d  @ could be made based on t h e  pene t r a t ion  r e s i s t a n c e  va lues  a t  

two depths (12.8 a d  25.6 em.). These r e s u l t s  a r e  a l s o  l i s t e d  i n  

Table 3-13. 

DPs cuss  ken 

From the  h f o m a t i o n  s u m a r i z e d  i n  Table 3-13, a s  w e l l  a s  consider- 

a t i o n  of a l l  o the r  observat ions of l una r  s o i l  behavior as r e l a t e d  t o  

p e n e t r a t i o n  r e s i s t - a c e  and s t r e n g t h ,  t h e  following genera l  p i c t u r e  has 

evolved : 

1. The s t r e n g t h  of l una r  s o i l s  r e s u l t s  from both f r i c t i o n a l  ( s t r e s s -  

dependent) and cohesive coqonen&S. 

2 .  The f r i c t i o n  m g l e  in most cases Wpears  t o  be wi th in  the  

range of 35 t o  508, w i t h  t h e  higher values  a s soc ia t ed  wi th  lower 

p o r o s i t i e s  and h igher  d e n s i t i e s .  

3. The cohesion is i n  t h e  range of 0.1 t o  1.0 m/mZ(.015-0.15 p s i ) ,  

aga in  w i t h  t h e  higher  values a s soc ia t ed  wi th  h i @  dens i ty  a d  law p a r a s i t y .  

T e r r e s t r i a l  s o i l s  of comparable gradat ion  do not  genera l ly  exIaibit a 

cohesion of such a l a r g e  magmritude. A d e t a i l e d  s tudy of t h e  meehaxlism of 

cohesion development i n  l m a r  s o i l  is i n  progress .  

4. On t h e  average, s t r e n g t h  inc reases  wi th  depth, which is 

cons i s t en t  with t h e  f inding  t h a t  i n  genera l  dens i ty  inc reases  wi th  depth, 

as shorn e a r l i e r .  



5, S u b s t a n t i a l  v a r i a t i o n s  i n  s t r e n g t h  may e x i s t  between po in t s  

only a few cm, a p a r t .  This  i s  not  suupr i s ing ,  however, i n  view of t h e  

s u b s t m t i a l  d i f f e rences  i n  dens i ty  and poss ib ly  gradat ion  t h a t  may 

a l s o  e x i s t  between t h e  same po in t s .  

6 .  Although the  evidence i s  n o t  ex tens ive  o r  conclusive,  s t r eng th  

v a r i a b i l i t y  appears t o  b e  less on p l a i n s  than on s lopes .  

7 .  LacaE s lope  and s u r f a c e  appearmce provide l i t t l e  i n d i c a t i o n  

of whether t h e  s t r e n g t h  of t h e  underlying soil i s  high  o r  l o w ,  

8, I n s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  o r  have been analyzed a s  y e t  

t o  provide s t r o n g  c o r r e l a t i o n s  between r e l a t i v e  dens i ty  and s t r e n g t h  

parameters f o r  l una r  s o i l s  of t h e  sme o r  similar gradat ion ,  Such 

c o r r e l a t i o n s  are expected t o  e x i s t ,  hmever ,  m d  a d d i t i o n a l  s tudy is 

recomended. 

9 ,  a t h a u g h  not  yet  s h o w  s p e c i f i c a l l y ,  t he re  should be some 

dependence of s t r e n g t h  on composition as p a r t i c l e  sines, shapes, and 

d u r a b i l i t y  a r e  c sn t  r o l l e d  by t h e i r  mineralogy, 

To our howledge  t h e  only d i r e c t  measurements of t h e  s t r e n g t h  of 

re turned  luna r  s o i l  samples w e r e  t hose  of Gromow e t  a%,  (1971) and 

C a r r i e r  et a l e  (1932, 1973). I n  t h e  l a t t e r  ease,  t h r e e  d i r e c t  shear  

t e s t s  were done using S m p l e  No. 12001, 119 f rom Apollo 1 2 ,  The sample 

was re turned  t o  t h e  LRL a t  a p res su re  of l om2 t o r r  and then  s t o r e d  a t  

l o m 9  t o r r  f o r  more than a year  be fo re  t e s t i n g .  Tes t  specimens were 

prepared at a pressure  less than 2 x l o m 6 t o r r  and t e s t e d  at Less than 

5 x 1 0 ~ ~t o r r .  



The t h r e e  tests were i n s u f f i c i e n t  t o  allow independent de t e r -  

mhnation of 6: and $. The cohesion was probably i n  the range of 0 t o  

0.7 w/m2. Although t h i s  order  of magnitude i s  cons i s t en t  w i th  t h e  

va lues  of cohesion deduced on t h e  l u n a r  s u r f  ace  (0.1 t o  1.0 w/m2), 

t h e  f r i c t i o n  angles ,  28" f o r  a loose  sample and 34-35" f o r  medium 

dense samples, w e r e  somewhat less thaft i nd ica t ed  i n  Table 3-13 f o r  

t he  s o i l  i n - s i t u ,  These values of $ a r e  a l s o  l e s s  than has  been found 

f o r  ground b a s a l t  of c o w a r a b l e  gradat ion ,  

Carrier et a1. (1972, 1973) suggest  t h a t  whi le  t h e  exact  cause 

f o r  t h e  lower s t r e n g t h  of t h e  luna r  s o i l  than t h e  s i m u l m t  is n o t  know,  

it may be a r e s u l t  of p a r t i c l e  composition d i f f e rences .  The ground 

b a s a l t  c o n s i s t s  of s t rong,  coherent rock f r a p e n t s ;  whereas, t he  leznar 

sizmple contained many b recc ia s ,  agg lu t ina t e s ,  and o the r  weakly cemented 

p a r t i c l e s  .wrhif:h could break down. during shea r ,  A s  i d  has been e s t ab l i shed  

t h a t  reduct ion  of p a r t i c l e  s i z e  i n  s imulants  leads  t o  a decrease i n  

f r i c t i o n  angle,  t h e  s a m  may have been t r u e  f o r  t h e  l m a r  s m p l e ,  

I f  t h i s  i n t e w r e t a t i o n  is  c o r r e c t  concerning the  r e l a t i v e  

s t r eng ths  of t h e  sample and t h e  s imulant ,  i t  s t i l l  remains t o  account 

f o r  t h e  low values  of 4 f o r  t h e  sample a s  compared t o  t h e  i n - s i t u  va lues  

l i s t e d  i n  Table 3-13. Exposure t o  an atmospheric pressure  of t o r r  

during e a r t h  r e t u r n  with consequent contamination of p a r t i c l e  su r faces  

is one p o s s i b i l i t y .  A l t e rna t ive ly ,  o r  add i t iona l ly ,  p a r t i c l e  b r e a k d m  

during compression and shear  may have been a f a c t o r ,  

Reference t o  Carrier e t  a l . 8 ~  d a t a  i n d i c a t e s  t h a t  t h e  samples were 

subjected t o  v e r t i c a l  normal s t r e s s e s  of 30 t o  70 m/m2 p r i o r  t o  shear. 

Semsses  of t hese  magnitudes would correspond to pressures  a t  depths of 



9 t o  21  meters on t h e  luna r  surface.  assuming a dens i ty  of 2.0 gm/cm3. 

The values in Table 3-13 a r e  f o r  s o i l  a t  depths genera l ly  l e s s  than 

a few ten.s of em, where t h e  confining p ressu res  a r e  ars order  of magnitude 

l e s s .  Thus the compressive s t r e s s e s  i n  t h e  l abora to ry  tests may have 

been w e l l  in to  t h e  range where p a r t i c l e  breakdown becorns important; 

whereas, on t h e  luna r  su r face  t h e  s t r eng th  was not iinflueneed by this 

effect* Nore s tudy of these  quest ions i s  needed. 



The eompressibi l i t y  c h a r a c t e r i s  t i c s  of l m a r  s o i l  have been 

derived pr imar i ly  from. t h e  following two sources: 

a)  Laboratory tests on l u n a r  s o i l  s i m u l m t s  whose o the r  p rope r t i e s  

have been found t o  b e  s i m i l a r  t o  luna r  s o i l  

b) 	 Compression d a t a  o b t a h e d  a s  a p a r t  of a d i r e c t  shear  test 

program ow, re turned  Agollo 12 s o i l  (Car r i e r ,  et a l e ,  1972, 

19731, 

An additional.  source  of d a t a  f o r  d e r i v a t i o n  of compress ib i l i ty  

c h a r a c t e r i s t i c s  of l una r  s o i l  i s  the  c o l l e c t i o n  of measured as t ronaut  

f o o t p r i n t  depths. A methad f o r  u t i l i z i n g  t h i s  h o t p r i n t  d a t a  w i l l  be  

out  l i ned ,  

En addi t ion ,  a procedure f o r  making i m e d i a t e  use  of t h e  foot-  

p r i n t  depth rrmeasurements t o  compute moduli of subgrade r eac t ion  w i l l  

be discussed,  

Lunar S o i l  Simulants 

P a r t i c u l a r l y  dur ing  t h e  period before  lurnar s o i l  sanrpfes becaflpe 

ava i l ab le ,  l w a r  s o i l  s imulants  were used t o  i n f e r  t h e  compress ib i l i ty  

of lunar  s o i l s .  Many simulants  were developed and s tud ied  a t  the  

Universi ty of Cal if  o m i a ,  Berkeley (UC13) , MSC, WFC, and Waternays 

Experiment S t a t i o n  (WES). The simulant which appears t o  match t h e  

v1 averageq8 a c t u a l  l una r  s o i l  b e s t  , p a r t i c u l a r l y  from among those developed 

a t  UCB, is designated Lunar S o i l  Simulant No. 2 (LSS No, 2), 

Compressibi l i ty  c h a r a c t e r i s t i c s  of LSS No. 2 a r e  shown i n  

Figure 3-13 i n  terns of t h e  void r a t io - log  p res su re  r e l a t ionsh ip  f o r  

var ious  i n i t i a l  d e n s i t i e s ,  





Tbe compression curves were s l i g h t l y  curved, bu t  t he  s t r a i g h t  

l i n e s  d r a m  i n  Fig,  3-13 a r e  very good approximations of t h e  raw data ,  

S t r a i g h t  l i n e s  were drawn s o  t h a t  s imple two-paranreter equat ions  could 

be w r i t t e n  f o r  t h e  r e l a t i o n s h i p  (Mitchel l ,  et al .  l 9 7 l b ) ,  

Gravity s t r e s s e s  on t h e  test s a p l e s  i n  t h e  l abora to ry  a r e  

n e g l i g i b l e  compared t o  t h e  appl ied  stresses. he ref o re  d i f f e rences  i n  

t e r r e s t r i a l  and lunar  g rav i ty  should not  s e rve  t o  i n v a l i d a t e  t h e  

r e l a t i o n s h i p s  i n  Figs,  3-13 f o r  a p p l i c a t i o n  t o  t h e  l m a r  su r face ,  

LSS No. 2 has a  gradat ion  s i m i l a r  t o  t h e  average f o r  mst lurnar 

s o i l s  ( s e e  Fig. 3-2 and Mi tche l l  e t  a l e ,  l 9 7 l b ) .  

The compress ib i l i ty  d a t a  i n  Fig, 3-13 were used t o  estimate t h e  

probable v a r i a t i o n  i n  s o i l  dens i ty  with depth f o r  l una r  s o i l ,  assuming 

the soi l .  w e r e  deposi ted a t  t h e  su r face  i n  t h i n  l a y e r s  of one o r  two 

centimeters  th ickness  and subsequently compressed under the weight of 

new soil deposi ted on top, without  s t i r r i n g  o r  mixing (Mitchel l  and 

Houston, 1973) . The r e s u l t s  of t hese  computations f o r  l u n a r  g rav i ty  

are shown i n  Fig, 3-14, 

It should be emphasized t h a t  the  p r o f i l e s  shown i n  Fig. 3-14 app ly  

only t o  eases  where s o i l  mixing and d i s rup t ion  a r e  absent .  It is 

be l ieved  t h a t  meteroid impact causes s u f f i c i e n t  mixing t o  make u n i f o m  

p r o f i l e s ,  a s  shown i n  Fig. 3-14, v e q  rare on t h e  luna r  su r face .  The 

pene t r a t ion  r e s i s t a c e  vs ,  depth r e l a t i o n s h i p s  A t a i n e d  us ing  t h e  SW 

provided s t rong  evidence t h a t  non-unifom v a r i a t i o n s  of dens i ty  with 

depth was more t h e  r u l e  than t h e  exception. 

It is mre probable t h a t  segments of t h e  Fig. 3-14 p r o f i l e s  are 

f requent ly  interbedded, wi th  t h e  denser l a y e r s  sometimes over ly ing  loose r  

l aye r s ,  although dens i ty  inc rease  wi th  depth is probably much more common. 



for Gs = 3.1 

FIG. 3-14 	PREDICTED VARIATION OF V O I D  RATIO 
WITH DEPTH FOR ACTUAL LUNAR SOIL 
UNDER LUNAR GRAVITY 



It is  a l s o  be l ieved  t h a t  micrsmeteroid impacts have e f f e c t i v e l y  

loosened t h e  upper few cm. of s u r f a c e  m a t e r i a l  and t h a t  deeper ma te r i a l  

may have been dens i f i ed  by shock v i b r a t i o n  from medium t o  l a r g e  meteroids,  

Thus t h e  a c t u a l  r a t e  of dens i ty  inc rease  w i t h  depth, on t h e  average, i s  

be l ieved  t o  be  somewfiat h igher  thrsln t h a t  i nd ica t ed  by Pig. 3-14 (see  

s e c t i o n  on Density and Poros i ty ) ,  

A l i m i t e d  n u d e r  of one-dimensional compression and d i r e c t  shear  

t e s t s  were perfoaned by Car r i e r  e t  a l . ( 1 9 7 3 a ) s n  j u s t  aver  200 g o$ scail 

from Apolls  12 (Sample Noe 12001,1119) under a vacuusln of less than 

E x t o r r .  

Tes t  specimens were compressed one-dimensionally p r i o r  t o  shearing 

and the compression d a t a  obtained has  been p l o t t e d  i n  Fig. 3-15 f o r  

cornparison wi th  curves obtained f o r  LSS No. 2. This comparison indicates  

t h a t  LSS No. 2 has  comparable compress ib i l i ty  at low i n i t i a l  void r a t i o  

but  s l i g h t l y  h igher  corrnpressibility a t  h igher  i n i t i a l  void r a t i o ,  

However, compress ib i l i t i e s  o f  two granular  s o i l s  a r e  b e s t  compared 

when t h e  d e n s i t i e s  have been n o m a l i z e d  by comparing t h e  s o i l s  a t  the  

same r e l a t i v e  densi ty.  A comparison of t h e  Apollo 12 luna r  s o i l  with 

LSS Na. 2 on a r e l a t i v e  dens i ty  b a s i s  i s  d i f f i c u l t  because of Back of 

d a t a  on t h e  maximum and mknimum dens i ty  va lues  f o r  t h e  luna r  s o i l .  

Houston et a l .  (1973) chose va lues  of 1.7 and 0.7 f o r  e and e 
max min 

f o r  "average" lunar  s o i l ,  b u t  t h e  dev ia t ions  from t h e  average a r e  known 

t o  be l a r g e .  I f  t he  values pmin = 1.15 g/cm3 and pmax = 1.93 g / c m 3  

obtained by J a f f e  (1972) f o r  an Apollo 12  sample a r e  used toge the r  with 

an assumed va lue  of Gs = 3.1, va lues  of 1.7 and 0.6 a r e  obtained f o r  





e and e . Jaf f e ' s  va lues ,  t oge the r  wi th  e = 1.4 and e = .45 
max min max min 

f o r  LSS No. 2,  were used t o  contpare t h e  compress ib i l f ty  of LSS Noe 2 

and t h e  Agollo 12 sample on a r e l a t i v e  dens i ty  b a s i s  i n  Fig.  3-16. The 

cararpressibili t ies compare q u i t e  c lose ly  wi th  LSS No, 2 appearing very 

s l i g h t l y  less compressible when compared t h i s  way, 

These compayisons suggest  t h a t  s imulants ,  and LSS No. 2 i n  

p a r t i c u l a r ,  may reasonably be  used t o  e s t ima te  luna r  s o i l  compress ib i l i ty ,  

a t  l e a s t  u n t i l  add i t iona l  d a t a  become a v a i l a b l e ,  

h t r o s r a u t  Footprints--Extensive a s t ronau t  f o o t p r i n t  depth seasdies 

have been per fomed f o r  t h e  Apolls l una r  l a d i n g  d s s i o n s  and a r e  repor ted  

i n  Houston e t  a l e  (19721, Mi tchel l  e t  al. (1972b) and Mitchel l  e t  ale (1973a). 

Astronaut f o o t p r i n t s  w e r e  modelled a s  p l a t e  load tests a s  a part of an 

extens ive  luna r  s o i l  s imulat ion s tudy us ing  LSS N s ,  2 .  The study inc?.uded 

labora tory  t e s t i n g ,  w i th  p l a t e  h a d  model tests and t h e o r e t i c a l  analyses 

using f i n i t e  element so lu t ions  t o  model reduced g rav i ty .  One of t h e  

f indings  of t h i s  s tudy was t h a t ,  f o r  very loose  s o i l  depos i t s ,  t h e  

deformation mechanism was e s s e n t i a l l y  one of conpression (densif ica%ion)--  

wi th  a very smal l  f r a c t i o n  of t h e  se t t lement  a r i s i n g  from de fomat ion  a t  

cons tant  volume (shear  d i s t o r t i o n )  . 
Thus as a f i r s t  approximation i t  may be assrnmed t h a t  t he  f o o t p r i n t s  

formed i n  very loose  lunar  s o i l  c o n s t i t u t e  a f i e l d  compression t e s t ,  and 

compression d a t a  can be derived using t h i s  assumption, 

Although t h e  contact  stress with aaz astronaut"  luna r  weigE.tt on a 

s i n g l e  boot i s  known t o  be about 7 m/m2 (" 1 p s i ) ,  a d i f f i c u l t y  arises 

from t h e  f a c t  t h a t  t he  applied stress and omp press ion s t r a i n  d i s s i p a t e  

with depth--making i t  d i f f i c u l t  t o  a s s o c i a t e  an average s t r a i n  va lue  

with t h e  su r face  se t t lement .  However, a t r i a l  and e r r o r  s o l u t i o n  may 





be obtained a s  follows: 

a) 	 U s e  the results of the p lane  s t r a i n  f i n i t e  element s o l u t i o n s  

f o r  ve ry  loose  depos i t s  t o  e s t i m a t e  t h e  s t r e s s  d i s t r i b u t i o n  

wi th  depth,  w i t h  app ropr i a t e  c o r r e c t i o n  f o r  t h e  d i f f e r e n c e  in 

the shape of t h e  boot and t h e  shrspe requi red  f o r  plane s t r a i n ,  

b)  	 Assume a compression p a t t e m  f o r  t h e  l o o s e  lunar  s o i l ,  

s i m i l a r  t o  taB o r  AC in Fig. 3-17, 

c) 	 Using the compression p a t t e r n  from b)  and t h e  stress d i s t r i b u -

t i o n  w i t h  depth from a ) ,  e s t i m a t e  t h e  v e r t i c a l  s t r a i n  magnitude 

at success ivefy  g r e a t e r  depths b t n t i l  i t  becomes n e g l i g i b l y  

smal l ,  

d) I n t e g r a t e  t h e  s t r a i n  wi th  r e spec t  t o  depth t o  ob ta in  a s u r f a c e  

sett lenrer~t  and compare with the observed s e t t l e m n t  . 
e) Repeat b) through d) using new a s s m e d  c a p r e s s i o n  pa t  t e r n s  

u n t i l  s a t i s f a c t o r y  convergence i s  obta ined ,  

The preceding procedure is suggested a s  a method f o r  f u r t h e r  s tudy  

of l una r  s o i l  compres s ib i l i t y  and a s  a b a s i s  f o r  t e s t i n g  cu r r en t  and 

f u t u r e  models of compressfbi l i t y  which may be developed, 

MODULUS OF SUBG E REACTION FOR THE LT4NAR SURFACE 

The r w u l t s  of f o o t p r i n t  depth s t u d i e s  have shown t h a t  t h e  po ros i ty  

and r e l a t i v e  dens i ty  of t h e  l u n a r  s u r f a c e  a r e  extremely v a r i a b l e  fram 

poin t  t o  po in t  on a s c a l e  of a meter o r  less. These boo tp r in t  studies 

suggest  a m e a n s  of e s t ima t ing  t h e  s t a t i s t i c a l  v a r i a t i o n  of t h e  modulus of 

subgrade r e a c t i o n  of t h e  luna r  s u r f a c e  and thereby  of p red ic t ing  t h e  

p r o b a b i l i s t i c  s e t t l emen t  of s t r u c t u r e s .  





A s  the  as t ronaut  walks across  the  luna r  landscape, he is also 

performing a series of s imple p l a t e  bear ing  tests. The modulus of sub-

grade r eac t ion  may then be ca l cu la t ed  from t h e  following r e l a t ionsh ip :  

where 	 k = modulus of subgrade reac t ion ,  i n  m/m2/m 

F = appl ied  load, i n  kN 

A = a r e a  of appl ied  load, i n  m2 

d = depth of boo tp r in t ,  i n  m 

Since F/A f o r  a boo tp r in t  is 7 m/m2, Equation ( 3 - 6 )  may be s impl i f i ed  

to :  

The s t a t i s t i c a l  v a r i a t i o n  of d from the  boo tp r in t  s t u d i e s  is then used 

t o  es t imate  t h e  s t a t i s t i c a l  v a r i a t i o n  of k.  I n  F ig .  3-18, two h i s t o g r m s  

of t h e  percentage of occurrence of t h e  modulus of subgrade r eac t ion  a r e  

s h m ,  based on 776 boo tp r in t s  from Apollo 11-17'. The f i r s t  histogram 

was determined simply by averaging a l l  of t h e  measurements, T h e  second 

histogram was determined by f i r s t  c a l c u l a t i n g  t h e  percentage of occur-

rence of k sepa ra t e ly  from each mission and then  averaging the  ind iv idua l  

d i s t r i b u t i o n s  without weighting. It can be  seen  t h a t  t he re  i s  very l i t t l e  

d i f f e rence  between t h e  two averaging procedures,  Consequently, these 

b s o t p r i n t s  c o n s t i t u t e  a s t a t i s t i c a l l y  r e p r e s e n t a t i v e  set f o r  t h e  luna r  

s u r face. 

It can be seen  i n  Fig. 3-18 t h a t  t h e  mean and median value of k 

f a l l s  i n  t h e  range of 800 t o  1600 w / m 2 / m .  For most s t r u c t u r e s ,  a value 

of 1000 w / m 2 / m  w i l l  be s a t i s f a c t o r y  f o r  design of t h e  foundation dimensions. 





For example, consider  a load,  F, equal  t o  LO kN; i t  is requi red  t h a t  

t h e  se t t lement ,  on t h e  average, be  less than 0,02 m, Then, re-arranging 

Equation ( 3 - 6 ) ,  

i t  can be  ca l cu la t ed  t h a t  t h e  a rea  of t h e  foo t ing  should be g rea t e r  than 

o r  equal  t o  0.5 mL.  On t h e  o the r  hand, very s e n s i t i v e  s t r u c t u r e s ,  such 

as te lescopes ,  may have very s t r i n g e n t  requirements,  For example, i t  

might be required t h a t  t he  se t t lement  be  less than  0.01 m wi th  a prob- 

a b i l i t y  of about 95%. k f e r r i n g  again t o  Fig. 3-18, more than 95% of 

t h e  va lues  of k a r e  g r e a t e r  than  200 w / m 2 / m .  Using t h i s  value,  t h e  

a r e a  of t h e  foot ing  would have t o  be 5 m2. 

This approach t o  e s t ima t ing  se t t lements  on t h e  luna r  su r face  is  of 

course l imi t ed  t o  appl ied  pressures  r e l a t i v e l y  similar t o  t h a t  appl ied 

by t h e  as t ronaut  boot,  o r  7 m/m2. Fur themore  i t  should be noted t h a t  

no cons idera t ion  has been given t o  t h e  dependence of modulus of subgrade 

r eac t ion ,  a s  defined by Equation (3 -6 ) ,  on foo t ing  s i z e .  Bn add i t iona l  

refinement could be made by using the  r e s u l t s  obta ined  by Namiq (1971) 

f o r  l m a r  s o i l  s imulants  f o r  which i t  was found t h a t  modulus of subgrade 

r e a c t i o n  was propor t ional  t o  B-%, where B i s  t h e  foo t ing  s i z e  i n  t h e  

same u n i t s  used f o r  s e t t l emen t  and n v a r i e s  from 0.27 f o r  very loose  
P 

s o i l  t o  about 0,46 f o r  medium and dense s o i l .  These c o n s t m t s  were 

obtained f o r  foot ings  i n  t h e  2 t o  12 cm range. AppLying t h i s  refinement, 

va lues  s f  k obtained from Equation (3-7) would be  considered appl icable  

f o r  a 12.5 em foot ing  ( t h e  as t ronaut  boot width) and would be mul t ip l ied  
n 

by t h e  f a c t o r  (12.5/B) f o r  adjustment t o  o t h e r  foo t ings  of s i z e  B e  

Addit ional  refineaoents would be  required t o  account f o r  e f f e c t s  of foo t ing  

shape. 



It should a l s o  be noted t h a t  t h e  compactness of t h e  lunar  s o i l  

has been observed t o  inc rease  wi th  depth, s o  t h a t  burying a foot ing  

would reduce t h e  se t t l emen t .  A l t e rna t ive ly ,  t h e  cons t ruc t ion  s i te  

could be compacted beforehand which would a l s o  reduce se t t lements  , 



LOO. 


General Performance of LfaPf 

I n f o m a t i o n  on t h e  i n t e r a c t i o n  of t h e  Lunar Roving Vehicle wi th  

t h e  luna r  s u r f a c e  has been der ived  from (1) crew desc r ip t ions ;  (2) photo-

graphic  coverage of t h e  EVA a c t i v i t i e s ;  and (3) real-time read outs  

from t h e  Rover amp-hour i n t e g r a t o r s  and naviga t ion  s y s  tem components, 

On t h e  b a s i s  of crew observa t ions  and c l o s e  examination of photo- 

graphs of Rover t r acks  obtained dur ing  Apollo 15, 16, and 17 missions, i t  

appears t h a t  t h e  v e h i c l e  developed exce l l en t  f l o t a t i o n  and t h e  inter-

a c t i o n  between t h e  wheels and t h e  s o i l  d i d  not  extend t o  any appreciable 

depth below the  lunar  su r face ,  The depth of wheel t r a c k s  was on t h e  

average of about 1-114 cm and v a r i e d  from an impercept ible  amount t o  

about 5 cm, wi th  the  high wheel s inkage developed a t  t h e  r i m s  of small  

f r e s h  c r a t e r s ,  The 58 percent  Chevron-covered, wire-mesh wheels of t h e  

Rover developed exce l l en t  t r a c t i o n  wi th  t h e  lunar  s u r f i c i a l  ma te r i a l ,  

I n  most cases,  a sharp imprint  of t h e  Chevron t r e a d  was c l e a r l y  discern-  

i b l e ,  i n d i c a t i n g  t h a t  t he  s u r f i c i a l  s ~ i lpossessed some cohesion and t h a t  

t he  amount of wheel s l i p  was minimal, The l a t t e r  observa t ion  i s  a l s o  

corroborated by t h e  f a c t  t h a t  t he  maximum p o s i t i o n  e r r o r  of t h e  LRV naviga-

t i o n  system, which was b iased  wi th  a cons tant  wheel s l i p  of only 2.3 p e r -

cent ,  was of t h e  order  of only 100 m i n  each of t h e  t h r e e  Apollo 17 EVA"* 

S imi l a r  corroborat ion was obtained from t h e  Apol1o 15 and 16  missions. 

On t h e  b a s i s  of crew debr i e f ings  and photographic coverage i t  

appears t h a t  t h e  Rover was opera ted  on s lopes  ranging from 0' t o  12' on 

Apollo 15, from 0' t o  18' on Apollo 16, and from 0' t o  2Q0 on Apollo 1 7 .  

Thus t h e  f u l l  slope-climbing capaci ty  was not  u t i l i z e d  on Apollo 15, 



bu t  i t  was t h e  impression of t h e  Apollo 16 and 17 crews t h a t  t h e  LRV was 

approaching t h e  l i m i t  of i t s  slope-climbing a b i l i t y  on t h e  16 and 17 

missions. On t h e  b a s i s  of ex tens ive  wheel-soil  i n t e r a c t i o n  tests 

performed wi th  prototype LRV wheels on emshed-basalt  l u n a r  s o i l  s i m u l m t s  

(Green and Melzer, 1971, Melzer, 1971), t h e  maximum s l o p e  climbing cap- 

a b i l i t y  of t h e  Rover w a s  e s t h a t e d  t o  b e  wi th in  t h e  s lope  angle r m g e  

of 19" t o  2 3 O , Thus i t  appears t h a t  t hese  s imulat ion condi t ions  were 

q u i t e  v a l i d  f o r  t h i s  purpose, 

Maneuvering on s lopes  d id  no t  present  any s e r i o u s  ope ra t iona l  

problems from a wheel-soiP i n t e r a c t i o n  poin t  of view, and t h e  s o i l  

behavior  appeared t o  r e f l e c t  l o c a l  d e f o m a t i o n  condi t ions  and no t  any 

deep-seated mechanical ac t ion .  I n  general ,  t h e  v e h i c l e  could be cont ro l led  

more e a s i l y  upslope than downslope. Parking the  veh ic l e  on s t e e p  s lopes  

posed some problems because of i t s  tenderacy t o  s l i d e  down s lope ,  

Under nominal d r iv ing  condit ions,  no pe rcep t ib l e  amour of s o i l  

appeared t o  be co l l ec t ed  i n s i d e  t h e  wire-mesh wheels, Under t h e  ac t ion  

of c e n t r i f u g a l  forces  generated during t h e  r o t a t i n g  motion of t h e  LRV 

wheels, i t  appears t h a t  f ine-grained m a t e r i a l  c o l l e c t e d  i n s i d e  t h e  

wheels was cons tant ly  e j e c t e d  outward, ricochetinng a t  t h e  fenders  and 

f i l l i n g  t h e  space between t h e  i n s i d e  s u r f a c e  of t h e  fenders  and t h e  

ou t s ide  su r face  of t h e  wire-mesh tires. When t h e  brakes of t h e  veh ic l e  

were applied,  t h i s  loose  mass of f h e - g r a i n e d  m a t e r i a l  f e l l  ou t ,  These 

observa t ions  a r e  i n  agreement wi th  observat ions made on t h e  behavior of 

t he  l m a r  soi l .  simulant used i n  t e r r e s t r i a l  LRV wheel-soi l  i n t e r a c t i o n  

tests. 

A t  high v e h i c l e  acce le ra t ions  a r o o s t e r  t a i l  was developed by s o i l  

e j e c t e d  from t h e  wheels. During t h e  performance of t h e  wheel-soil  



i n t e r a c t i o n  test  (Apollo 15 Grand P r i z ) ,  t h e  m a x i m  he igh t  of t h e  t r a -  

j ec to ry  of t h e  e j ec t ed  ma te r i a l  was es t imated  t o  be  about 4.5 m ,  

The dus t  generated by t h e  wheels without  fenders  o r  without  m y  

s f  t h e  fender  extensions was i n t o l e r a b l e .  Not only was t h e  Apollo 17  

crew covered wi th  dus t ,  bu t  a l s o  a l l  mechanical components which were 

not  sea led ,  r e s u l t i n g  i n  varfous malfunzctims, 

On t h e  b a s i s  of LRV t r a c k  depth, shape, and t ex tu re ,  t h e r e  a r e  no 

d i s c e r n i b l e  v a r i a t i o n s  i n  t h e  average consis tency of t h e  s u r f i c i a l  s o i l  

throughout t h e  regions t raversed  dur ing  t h e  Apollo 15, 16, and $7 

missions.  S imi lar  o b s e v a ~ a t i ~ n s  t h ew e r e  m d e  on t h e  consis tency of 

s u r f i c i a l  m a t e r i a l  a t  t he  Pra-Mauro site of t h e  Apollo 14  mission, based 

on wheel-soi l  i n t e r a c t i o n  wi th  the  luna r  su r face  of t h e  Modularized 

Equipment Transporter  (MET) ( H t c h e L l  e t  a l e ,  1972) . 
ERV t r a c k s  and t r acks  developed by t h e  unmanned v e h i c l e  Lunolchod 1 

a t  t he  Mare lraibrium l m d i n g  site of t h e  Sovie t  spacec ra f t  Luna 17, 

(Vinogradov e t  a l . ,  1973) were analyzed by Costes (1973) , The ana lys i s  

followed t h e  genera l  procedure f o r  MET t r a c k s  ou t l ined  i n  Mi tche l l  et a l e ,  

(1972), but  i t  was modified t o  a c c o m t  f o r  t he  wheel c h a r a c t e r i s t i c s  and 

mode of opera t ion  of t h e  powered LRV and Lmokhod veh ic l e s .  

The r e s u l t s  of t h i s  ana lys i s  i n d i c a t e  t h a t  at: l e a s t  f o r  t h e  Apollo 14 

through 17 and Luna 17 landing sites, t h e  s u r f i c i a l  l una r  s o i l  appears t o  

possess  s i m i l a r  mechanical p r o p e r t i e s  r ega rd le s s  of i n i t i a l  o r i g i n ,  

geologic h i s t o r y ,  o r  gross  chemical composition and l o c a l  environmental 

condi t ions .  These f indings ,  which a r e  i n  accord with the  r e s u l t s  of foot -

p r i n t  m d  boulder t r a c k  m a l y s e s ,  a r e  a l s o  corroborated by ca fcu la t fons  



on t h e  LRV energy consumption a t  t h e  Apolao 15, Apollo 16, and Apollo 17 

sites, s h o m  i n  Fig.  3-19. These c a l c u l a t i o n s  were made on t h e  b a s i s  of 

one s o i l  model which f o r  t h e  Apollo 15 miss ion  y i e lded  t h e  least Root-

Mean Square d e v i a t i o n  from t h e  measured energy consumption f o r  all. t h r e e  

EVA'S (Costes  e t  a l ,  1972). 

As shown i n  F ig ,  3-19, t h e  sme s o i l  model, which had been based 

on Surveyor d a t a  f o r  s o i l  nea r  t h e  s u r f a c e  (Sco t t  and Roberson, 1 9 6 8 ~ ) ~  

y i e l d s  r e s u l t s  t h a t  a r e  i n  c l o s e  agreement w i th  t h e  measured LRV energy 

consumption a t  bo th  the Apollo 16 and t h e  Apollo 17 sites. 

The parameters  c h a r a c t e r i z i n g  t h i s  s o i l  model, d e s i p a t e d  as S o i l  

Nodel ""B1$ a r e  s h o m  i n  Pig.  3-19. The symbols 4 and e des igna t e  

r e s p e c t i v e l y  t h e  s o i l  f r i  c t i o n  angle  and cohesion, k is a normalizing 

cons tan t  condi t ion ing  t h e  amomt of s h e a r  s t r e n g t h ,  hence, t h r u s t  

mobil ized by the s o i l  a t  a given wheel s l i p ,  and ko9 kc, and n desc r ibe  

t h e  pressure-s inkage c h a r a c t e r i s t i c s  of t h e  s o i l  under wheel loads  

according t o  t h e  express ion  developed by Bekker (19 69) 

i n  which p = wheel contac t  p r e s su re ,  ~ / c m *  

b = wheel f o o t p r i n t  width,  cm 

z = wheel s inkage,  cm 

I f  f o r  a given wheel t h e  pressure-s i&age r e l a t i o n s h i p  i s  l i n e a r  (n  = I ) ,  

t h e  c o e f f i c i e n t s  k 
C 

and kcP are analogous t o  t h e  s a i l ' s  p e n e t r a t i o n  

r e s i s t a n c e  g rad i en t  G. 

From t h e s e  parameters p u l l  v s .  s l i p  and torque  vs .  s l i p  r e l a t i o n -  

s h i p s  were ca l cu l a t ed  us ing  m a l y t i c a l  express ions  developed by Bekker 

and co -k~orks r s  (1969) which were then  used as computer i npu t  d a t a ,  a long 





with o the r  h f o m a t i o n  r e l a t i n g  t o  t h e  mission, t e r r a i n  and v e h i c l e  

c h a r a c t e r i s t i c s ,  t o  c a l c u l a t e  t h e  LRV energy consumption a t  each s i t e  

(Costes, et a l .  , 1972) . 
Because of t h e  smal l  mount  of wheel sinkage, t he  LRV wkeef-soil 

i m e r a e t i o n  wi th  t h e  lunar  su r face  Fnvolved predomFnantly su r face  shear .  

Accordingly, a value of $ = 3 s 0 ,  which c h a r a c t e r i z e s  t h e  f r i c t i o n  angle 

of S o i l  Model "B", i s  cons i s t en t  wi th  average f r i c t i o n  angle va lues  

deduced from t h e  m a l y s i s  of ERV t r a c k s  ( s e e  Apallo 97, BSR) on t h e  

b a s i s  of fn-place p l a t e  shear  tests pe r fomed  on t h e  luna r  s o i l  s i m u l m t  

used f o r  t hese  s t u d i e s  (Green and Melzer, 1971, Melzer, l971) ,  Also, 

because t h e  exponent n i n  equat ion (1) i s  equal  t o  one f o r  S o i l  Model 

"B", t he  va lues  of c o e f f i c i e n t s  kc and k a r e  cons i s t en t  wi th  t h e  average 

G values deduced from LRV t r acks  (Apollo 1 7  BSR). 

In genera l  t h e  soil-Rover i n t e r a c t i o n  d a t a  support t h e  conclusion 

t h a t  t h e  s u r f i c i a l  l una r  s o i l  is  less compact, more defomable  and 

compressible, and possesses lower s t r e n g t h  than t h e  subsurface ma te r i a l ,  

These d a t a  a l s o  i n d i c a t e  t h a t  t h e  average consis tency o f  t h e  s u r f i c i a l  

s o i l  does n o t  vary s i g r n i f k a n t l y  over the l una r  sur face ,  a l though very 

sigmificaint l o c a l  v a r i a t i o n s  a r e  earnon, The f a c t  t h a t  t h e  t r a f  f i c a b i l i t y  

parameters f o r  S o i l  Model "I%'$w e r e  s o  cons i s t en t  wi th  LRV energy 

constnmptions f o r  a l l  t h r e e  o f  t h e  Rover missions i n d i c a t e  t h a t  t hese  

parameters represent  a good " f i r s t  est imate" f o r  use  i n  planning any 

f u t u r e  veh icu la r  explora t ions  of the luna r  su r face .  It must be noted, 

however, t h a t  Fsgi~en t h e  su r f i c i a l .  s o i l  is moderately f i rm i n  corngarison 

t o  t h e  wheel loads  applied,  a s  is t h e  e a s e  f o r  t h e  LRV on t h e  luna r  

sur face ,  t h e  major f a c t o r s  con t r ibu t ing  t o  energy consumption are t e r r a i n  

c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  the  s teepness  of t h e  s lopes  t o  be t r ave r sed .  



CONCLUSIONS 

INTRODUCTION 

From t h e  r e s u l t s  of t h e  Apollo S o i l  Mechmics Experiment QS-200) 

much has been Learned about t h e  na tu re  and behavior of lunar  s o i l .  I n  

t h i s  f i n a l  chapter  t h e  r e s u l t s  of t h e  work a r e  s u m a r i z e d  i n  terms of 

(1) the n a t u r e  of lunar  s o i l ,  (2) l m a r  his to ry  rnnd processes,  (3) e n g h e e r -  

h g  app l i ca t ions  and iqI icabs%ons f o r  f u t u r e  luna r  e q l o r a t i o n ,  and 

(4) recommendations fo r  furkkrer s tudy using Gipollo da ta .  

THE NATURE AND BEHAVIOR OF LmAR SOIL 

Lunar s o i l  is produced pr imar i ly  by meteor i te  impacts on t h e  

I m a r  sur face ;  usua l  t e r r e s t r i a l  agents  o f  s a i l  f o m a t i o n  a r e  absent on 

t h e  moon. These impacts cause both c a m i n u t i o n  and aggregation of 

p a r t i c l e s ,  and t h e  s o i l s  cons i s t  of complex mixtures of mineral  f rag-  

ments, miscellaneous g l a s ses ,  agg lu t ina t e s ,  and b a s a l t i c  and b recc ia t ed  

l i t h i e  fragments. Although the  propor t ions  of t h e  d i f f e r e n t  p a r t i c l e  

types a r e  v a r i a b l e ,  t h e  g ra in  s i z e  d i s t r i b u t i o n s  f o r  s o i l s  elrposed t o  

meteor i te  reworking f o r  100,008,000 yea r s  sr more f a l l  wi th in  a r e l a t i v e l y  

narrow band and are c l a s s i f i e d  a s  well-graded s i l t y  sands t o  sandy 

silts. The average p a r t i c l e  s i z e  by weight genera l ly  v a r i e s  from 0.04 mrrn 

t o  0.13 me Grain shapes range from p e r f e c t l y  s p h e r i c a l  t o  extremely 

i r r e g u l a r ,  inc luding  some p a r t i c l e s  wi th  r e e n t r a n t  su r faces .  

'The s p e c i f i c  g rav i ty  of samples conta in ing  submil l imeter  s i z e d  

p a r t i c l e s  v a r i e s  from 2.90 t o  3.24, w i th  i n d i v i d u a l  p a r t i c l e s  having 

va lues  from 1.0 t o  more than  3.32. 



The r e s u l t s  of dens i ty  and po ros i ty  s t u d i e s  using d a t a  from a 

v a r i e t y  of sources  i n d i c a t e  t h a t  t h e  average r e l a t i v e  dens i ty  and 

po ros i ty  f o r  t h e  slpper 15  cm i n  i n t e r c r a t e r  a r e a s  is  e s s e n t i a l l y  t h e  

same f o r  a l l  s i x  Apollo landing sites and perhaps f o r  a l l  soi l -covered 

loca t ions  on t h e  l u n a r  surface--if  a r eas  a r e  considered on a s c a l e  of 

a few hundred meters .  It was concluded t h a t  t h e  absolu te  bulk dens i ty  

and t h e  r e l a t i v e  dmsitgr  a r e  r e l a t i v e l y  Bow at t h e  s u r f a c e  a d  i n c r e a s e  

r ap id ly  wi th  depth--more r ap id ly  than w a s  o r i g i n a l l y  assumed i n  e a r l y  

l una r  s a i l  p r o f i l e  s t u d i e s ,  The fol lowing r e l a t i o n s h i p  appears t o  

desc r ibe  v a r i a t i o n  of l una r  s o i l  average bu lk  dens i ty ,  p, with  depth,  z ,  

very well: :  

The b e s t  e s t ima te s  f o r  t h e  average bu lk  d e n s i t i e s  and r e l a t i v e  

d e n s i t i e s  f o r  t h e  l u n a r  s u r f a c e  are: 

Depth Average Re la t ive  
Range - cm Density,  p -g/cm3 

S t a t i s t i c a l  s t u d i e s  of f o o t p r i n t s ,  LRV and mT t r a c k s ,  and boulder  

t r a c k s  show t h a t  r e l a t i v e  dens i ty  v a r i e s  cons iderably  on a s c a l e  of 1 o r  

2 meters l a t e r a l l y  and i n d i c a t e  t h a t  a b e s t  e s t ima te  of t he  s tandard  

devia t ion  is about 15 percentage p o i n t s  f o r  r e l a t i v e  dens i ty .  H i s t o g r m s  



of dens i ty  d a t a  i n d i c a t e  an e s s e n t i a l l y  n o m a l  d is t r j ibut ion  wi th  a  s l i g h t  

skewness toward t h e  h igh  dens i ty  s ide .  

Average va lues  of absolu te  and re la tke  dens i ty  f o r  t h e  lunar  

su r f  ace cannot at t h i s  t i m e  be  con£ i d e n t l y  converted t o  va lues  of 

poros i ty  o r  void r a t i o  because of i n s u f f i c i e n t  d a t a  on va lues  of Gs 

and e and e f o r  lmar s o i l .  Based on a  very  s m a l l  n u d e r  of tests--
max m&n 

two smal l  t o  give s t a t i s t i c a l l y  s i g n i f i c m t  averages--the fol lowing 

averages have been t e n t a t i v e l y  proposed and used i n  t h i s  r epor t .  

e 
max 
P 

I f  t hese  va lues  were indeed v a l i d  as averages f o r  t h e  luna r  

sur face ,  t h e  "best  est imate" average va lues  of p = 1.50 g/cm3 and 

D R 1  65% f o r  t h e  uppermost 15 cm given above would correspond t o  a  void 

r a t i o  of 1.05 and a po ros i ty  of 51%. 

The average r e l a t i v e  dens i ty  on c r a t e r  r i m s  f o r  a l l  Apollo s i t e s  

is about 10 to 12% percentage p o h t s  lower than  f a r  i n t e r c r a t e r  a reas ,  

The s tandard  dev ia t ion  f o r  c r a t e r  r i m  dens i ty  i s  a l s o  g r e a t e r  than f o r  

i n t e r c r a t e r  a reas .  

Based on t h e  s m a l l  amouw.t of lunar  s o i l  compress ib i l i ty  d a t a  

ava i l ab le  i t  w a s  concluded t h a t  lunar  s o i l  i s  n o t  h ighly  u n u s u d  i n  its 

compress ib i l i ty  c h a r a c t e r i s t i c s  when compared wi th  t e r r e s t r i a l  s o i l s  of 

s i m i l a r  gradat ion ,  I n  f a c t  it appears t h a t  compress ib i l i ty  parameters 

developed from UGfB Lunar S o i l  S&.mulant No. 2 are reasonably appropr ia te  

f o r  lunar  s o i l  and may be used u n t i l  more test r e s u l t s  become a v a i l a b l e ,  

The s t r e n g t h  of l una r  s o i l  r e s u l t s  from f r i c t i o n a l  (stress-dependent) 

a d  cohesive csmponents. The f r i c t i o n  ang le  f a l l s  in t h e  range of 35 t o  50° 



with  t h e  h igher  va lues  assoc ia ted  wi th  t h e  h igher  d e n s i t i e s ,  Cohesion 

i s  i n  t h e  range of 0.1 t o  1.0 w/m2, again  with t h e  h igh  va lues  

assoc ia ted  wi th  t h e  h igh  d e n s i t i e s .  Ora t h e  average, s t r e n g t h  inc reases  

wi th  depth, S u b s t m t i a l  v a r i a t i o n s  i n  s t r e n g t h  may e x i s t  between 

po in t s  only a few cm a p a r t ,  Limited evidence sugges ts  t h a t  s t r eng th  

v a r i a b i l i t y  may b e  less on p l a i n s  than on s l o p e s ,  Local s lope  and 

su r face  appearance provide l i t t l e  i n d i c a t i o n  of whether t h e  s t r e n g t h  

of t h e  underlying s o i l  is  high o r  low, 

The important e f f e c t  of confining stress on t h e  compress ib i l i t yy  

s t r e s s - s t r a h ,  and s t r e n g t h  behavior of l u n a r  s o i l  must be  borne i n  mind. 

b y  models developed f o r  t h e  i n t e r p r e t a t i o n  of behavior; e . g .  seismic 

v e l o c i t i e s  and defamation moduli, must take  t h e  dependence on, a s  w e l l  

a s  l o c a l  v a r i a t i o n s  i n ,  dens i ty  i n t o  account,  

Traf f i c a b k l i t y  d a t a  were derived p r imar i ly  from ERV' energy 

consumption and i n t e r a c t i o n s  between t h e  LRV, t h e  MET, and t h e  lunar  

su r face ,  These d a t a  show t h a t  t h e  LRV developed exce l l en t  f l o t a t i o n  

and t r a c t i o n  and i n t e r a c t i o n  wi th  the  s o i l  was confined t o  t h e  upper 

few cent imeters .  It appears  t h a t  t h e  f u l l  slope-climbing capaci ty of 

t h e  ERV was no t  u t i l i z e d  on Pipollo 15 bu t  t h a t  i t  was approaching its 

l i m i t  on t h e  16 and 17 missions where s lopes  up t o  about 20 degrees 

were t raversed .  

Mmeuverfng on s lopes  d id  no t  p re sen t  any s e r i o u s  ope ra t iona l  

problems m d  i n  genera l  t h e  veh ic l e  could b e  c o n t r o l l e d  move e a s i l y  

up s lope  than dawn s l o p e ,  Dust generated by t h e  wheels without fenders  

o r  without any of the fender  extensions was i n t o l e r a b l e .  

A s i n g l e  set of t r a f f i c a b i l i t y  s o i l  parameters was found t o  y i e l d  

exce l l en t  es t imates  of t h e  LW energy consumption f o r  Apollo missions 15, 



16, and 17,  These parameters,  d e s i ~ a t e d  S o i l  Model ""B-n t h e  t e x t  

of t h i s  r e p o r t ,  t h e r e f o r e  represent  a good ""first est imate" f o r  use i n  

planning any f u t u r e  veh icu la r  l una r  exp lo ra t ions .  

EUNAW. HISTORY AND PROCESSES 

S o i l  mea3kanics d a t a  fronl a l l  sources support  t h e  genera l  conclu- 

s i o n  t h a t  processes a f f e c t i n g  the e n t i r e  luna r  su r face ,  such a s  meteroid 

impact and s o l a r  wind, c o n t r o l  t h e  average propertigis such as  g ra in  s i z e  

d i s t r i b u t i m  and r e l a t i v e  dens i ty ,  whieh a r e  n e a r l y  t h e  same a t  a l l  

sites, On t h e  average t h e  s o i l  on s lopes  is less dense than t h e  s a i l  

on l e v e l  a reas  because of t h e  e f f e c t s  of domslope  movement;, Local 

geology and topographg. on a smal l  scale and s p e c i f i c  c r a t e r i n g  events  

appear t o  con t ro l  t h e  v a r i a t i o n  about t h e  average t o  t h e  ex ten t  t h a t  

the standard devia t ion  can be r e l a t i v e l y  l a r g e ,  

Mass movement of s o i l  on t h e  moan appears t o  have occurred mainly 

a s  a r e s u l t  of impact events ,  with l a r g e  impacts respons ib le  f o r  t h e  

t r anspor t  of l a r g e  masses t h r o m  from c r a t e r s  c a r r i e d  long d i s t ances .  

Large s c a l e  movennent d m s l o p e  a s  a r e s u l t  only of impact-or moonquake-

induced s h a k h g  does n o t  apperar probable unless  gas l i q u e f a c t i o n  was 

induced during s lope  f a i l u r e ,  Slow d s lope  movement of t h e  sur face  

ma te r i a l  a s  a r e s u l t  of creep induced by shear  m d / o r  the 

appears p l aus ib l e ,  a s  evidenced by t h e  presence o f  f i l l e t s  on the  

u p h i l l  s%de of rocks,  

The apparent mecb.anism con t ro l l i ng  t h e  r e l a t i v e  dens i ty  of lunar  

s o i l  i n  t h e  p l a i n s  a r e a s  seem t o  be t h a t  t h e  e m s t a n t  meteor i te  m d  

ankro-meteorite bo&ardment maintains a loose,  s t i r r e d  up sur face ;  but  

d i r e c t l y  beneath the  su r face ,  t h e  v ib ra t ions  due t o  lnnumerable shock 



waves shake and dens i fy  t h e  s o i l  t o  a very high r d a t i v e  densi ty.  The 

sub-surface s o i l  may even be overconsol idated a t  some loca t ions ;  f e e , ,  

t he  s o i l  may have been dens i f i ed  under a g r e a t e r  confining s t r e s s  a t  

some t i m e  in t h e  p a s t  than  is p resen t ly  appl ied  t o  it by t h e  overlying 

s o i l *  

]ENGINEERING CONSIDEEIATIONS 


S o i l  mechanics r e s u l t s  were u t i l i z e d  dur ing  Apollo f o r  problem 

solv ing  i n  connection wi th  o the r  experiments and luna r  sur face  a e t i v i t i e s .  

Exanples inc lude  design of t h e  LRV asld p r e d i c t i m  of its perfomance, 

redesign of t h e  core tubes  f o r  Missions 15  through 17, development of 

s imulants  f o r  d r i l l i n g  s t u d i e s ,  p red ic t ion  of open ho le  s t a b i l i t y  f o r  

conf igura t ion  of t h e  Neutron Flux Probe experiment, and s lope  s t a b i l i t y  

under s t a t i c  and dynarrnic loadings,  

I n f o m a t  ion  obt a ined  should prove invaluab le  when man again r e t u m s  

t o  t h e  moon, Enough i s  known ( q u a n t i t a t i v e l y )  about t he  proper t ies  t o  

do prel iminary p l m i n g  and design f o r  almost any loca t ion .  For mst 

s t r u c t u r e s  t h a t  d g b t  be proposed shallow foundat ions (foot ings o r  mats) 

could be used wi th  a design based on conserva t ive  average proper t ies .  

Because of the  extreme v a r i a b i l i t y  of t h e  s o i l  depos i t s ,  however, a mre 

d e t a i l e d  inves t iga t ion  m u l d  be required f o r  p rec i s ion  h s t a l l a t i o n s ;  

e.g. ,  observat ions where severe  se t t lement  l i rnf ta t ions  would be required.  

The f a c t s  t h a t  excavat ions can be made without  b l a s t i n g  o r  r ipping,  

t he  s o i l  can s t and  unsupported on s lopes ,  and t h a t  i t  can be compacted 

w i l l  a l l  inf luence  t h e  techniques adopted. Although veh ic l e s  have ye t  t o  

t r a v e r s e  t r u l y  mountairmous t e r r a i n  on t h e  moon, t r a f f i c a b i l i t y  has been 

shown t o  be no problem i n  te  of s o i l  p r o p e r t i e s  and design perfomance 

p red ic t ions  can. be  made w i t h  some confidence. 



As a r e s u l t  of t h e  S o i l  Mechanics Experiment it has been poss ib le  

t o  develop good lunar  s o i l  simulants and a n a l y t i c a l  techniques t h a t  make 

poss ib le  t e r r e s t r i a l  t e s t i n g  and analys is  f o r  s tudy of fu tu re  problems. 

RECOMMENDATIONS FOR FURTHER STUDY 

Although a c t i v e  explorat ion of t h e  moon a s  represented by the  

Apollo Program i s  now a t  an end, much remains t o  be done t o  extend and 

r e f i n e  t h e  information thus  f a r  obtained. Of utmost immediate importance 

is  the  in tegra t ion  of t h e  r e s u l t s  of a l l  Apollo experiments t h a t  provided 

da ta  on or  used assumptions about the  lunar s o i l .  Of i n t e r e s t  here i n  

addi t ion  t o  S o i l  Mechanics a r e  t h e  Passive and Active Seismic Experiments, 

Heat Flow Experiment, Surface E l e c t r i c a l  Proper t ies  Experiment, Traverse 

Gravimeter Experiment. F ie ld  Geology, Lunar Neutron Probe, and B i s t a t i c  

Radar, among others .  A comprehensive physical-mathematical model of 

the  lunar s o i l  over i t s  f u l l  depth is needed t h a t  is consis tent  with 

observations and da ta  from a l l  sources. A proposal f o r  f u r t h e r  s t u d i e s  

i n  t h i s  a rea  has  been submitted which w i l l  emphasize i n  p a r t i c u l a r  

development of a model t h a t  is consis tent  with composition, mechanical 

proper t ies ,  thermal proper t ies ,  e l e c t r i c a l  proper t ies ,  and seismic 

proper t ies .  
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