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Knowledge of t h e  mechanical p r o p e r t i e s  of lunar  s o i l  has been accurnu- 
l a t i n g  s i n c e  w e l l  b e f o r e  t h e  f i r s t  l u n a r  landings .  With continued explora- 
t i o n ,  however, i t  has  been p o s s i b l e  t o  decrease  t h e  degree of s p e c u l a t i o n  and 
t o  i n c r e a s e  t h e  c e r t a i n t y  wi th  which t h e s e  p r o p e r t i e s  and t h e i r  v a r i a b i l i t y  
a r e  known. Of p a r t i c u l a r  importance and i n t e r e s t  t o  l u n a r  s c i e n c e  a r e  
d e n s i t y  ( p ) ,  cohesion ( c ) ,  and ang le  of i n t e r n a l  f r i c t i o n  ($). Knowledge of 
c  and $ a r e  important ,  bo th  because i n d i v i d u a l l y  they r e f l e c t  d e n s i t y ,  
composit ion,  and environmental  i n f l u e n c e s ,  and because t o g e t h e r  they c o n t r o l  
t h e  s o i l  s t r e n g t h .  The s o i l  s t r e n g t h ,  i n  t u r n ,  d i c t a t e s  t h e  maximum p o s s i b l e  
s o i l  s l o p e  ang les ,  t h e  bear ing  c a p a c i t y  of t h e  s u r f a c e ,  and t h e  r e s i s t a n c e  t o  
p e n e t r a t i o n  of o b j e c t s  i n t o  t h e  s o i l .  

The g rada t ion  of t h e  l u n a r  s o i l  ( s i l t y  f i n e  sand w i t h  p a r t i c l e s  
genera l ly  i n  t h e  range of about 0.01 mm t o  5 mm) is such t h a t  d e n s i t y  and 
p o r o s i t y  a r e  t h e  most important  c h a r a c t e r i s t i c s  c o n t r o l l i n g  t h e  phys ica l  
behavior .  For t e r r e s t r i a l  s o i l s  of s i m i l a r  g rada t ion  i t  has  been w e l l  
e s t a b l i s h e d  t h a t  t h e  cohesion,  t h e  f r i c t i o n  ang le ,  t h e  c o m p r e s s i b i l i t y ,  and 
t h e  modulus of deformation may a l l  va ry  s i g n i f i c a n t l y  f o r  r e l a t i v e l y  small 
changes i n  d e n s i t y .  Evidence t o  d a t e  i n d i c a t e s  t h a t  t h e  l u n a r  s o i l  behaves 
i n  a  s i m i l a r  manner. Density and p o r o s i t y  a r e  of importance a l s o  t o  those  
i n v e s t i g a t o r s  concerned wi th  se i smic  wave propagat ion,  thermal c o n d u c t i v i t y ,  
and cosmic rays .  S u b s t a n t i a l  r e g i o n a l  and l o c a l  d e n s i t y  v a r i a t i o n s  and 
changes i n  d e n s i t y  w i t h  depth  have now been observed. The aevelopment of 
s u i t a b l e  explanat ions  f o r  t h e s e  v a r i a t i o n s  w i l l  b e  of importance i n  t h e  
unders tanding of lunar  h i s t o r y .  

A v a r i e t y  of methods has  been used f o r  es t imat ing  l u n a r  s o i l  d e n s i t y ,  
cohesion and f r i c t i o n  ang le .  I n  t h i s  paper a number of t h e s e  methods a r e  
c i t e d  and t h e  r e s u l t s  noted i n  an a t t empt  t o  develop a  h i s t o r i c a l  p e r s p e c t i v e  
on each of t h e  t h r e e  p r o p e r t i e s .  Conclusions a r e  drawn r e l a t i v e  t o  t h e  
ranges of va lues  and t h e  r e l i a b i l i t y  w i t h  which they a r e  known based on d a t a  
a v a i l a b l e  through Apollo 15.  

Density 

Ear ly  d e n s i t y  e s t i m a t e s  of as low as 0.3  gm/cm3 up t o  3 gm/cm3 were based 
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l a r g e l y  on assumption and deduction from earth-based o p t i c a l ,  thermal and 
r a d a r  measurements. F i r s t  in -p lace  d e n s i t y  measurements were by a  gamma ray 
dev ice  on t h e  Sov ie t  Luna X I I I .  Grain-size d i s t r i b u t i o n  and footpad-surface 
i n t e r a c t i o n  a s  w e l l  a s  t h e  r e s u l t s  of t h e  S o i l  Mechanics Surface  Sampler 
experiment were used t o  o b t a i n  a  d e n s i t y  e s t i m a t e  of 1.5 gm/crn3 i n  t h e  
Surveyor Program. 

A r o t a r y  d r i l l  sample re tu rned  by Luna XVI  y i e l d e d  a  d e n s i t y  of 1.2 gm/cm3. 
Core tube sample d a t a  h a v e  provided t h e  b e s t  d e n s i t y  d a t a  dur ing t h e  Apollo 

,program, a l though a d d i t i o n a l  d e n s i t y  es t imates  have been p o s s i b l e  us ing  t h e  
r e s u l t s  of s t u d i e s  on l u n a r  s o i l  s imulan t s .  The b e s t  a v a i l a b l e  d a t a  i n d i c a t e  
d e n s i t i e s  i n  t h e  range of about 1 .3  t o  2 . 1  gm/cm3. Such a  range can be  
expected t o  embrace a  wide spectrum of s t r e n g t h  and c o m p r e s s i b i l i t y  behavior .  

Cohesion 

Cohesion e s t i m a t e s  p r i o r  t o  t h e  Apollo program were der ived mainly from 
t e l e v i s i o n  observa t ions ,  l and ing  leg s t r a i n  gage d a t a ,  and t h e  S o i l  Mechanics 
Surface  Sampler dur ing t h e  Surveyor program. Best  e s t i m a t e s  were i n  t h e  
range of 0 . 3  t o  0 .7  kN/m2 (0.05 t o  0.10 p s i ) .  During Apollo cohesion evalua- 
t i o n s  have been p o s s i b l e  on t h e  b a s i s  of (1) a n a l y s i s  of blowing d u s t  dur ing 
LM d e s c e n t ,  ( 2 )  f a i l u r e  of t h e  s o i l  mechanics t r ench  w a l l ,  ( 3 )  p e n e t r a t i o n  
r e s i s t a n c e  measurements, and (4) s imula t ion  s t u d i e s .  Values a s  low a s  
0.03 kN/m2 (0.005 p s i )  and a s  h igh a s  1 .0  kN/m2 (0.15 p s i )  have been ob ta ined ,  
wi th  t h e  h i g h e s t  v a l u e s  a s s o c i a t e d  w i t h  t h e  f i n e s t  g r a i n  s i z e s  and h i g h e s t  
d e n s i t i e s .  

Angle of I n t e r n a l  F r i c t i o n  

Pre-Apollo e s t i m a t e s  of f r i c t i o n  ang le  were based on analyses  of s l o p e  
angles  (Ranger and O r b i t e r  programs) footpad and S o i l  Mechanics Sur face  
Sampler i n t e r a c t i o n s  w i t h  t h e  l u n a r  s u r f a c e  (Surveyor program), and boulder  
t r a c k  records  ( O r b i t e r ) .  Values from 10" t o  55" were i n d i c a t e d  from t h e s e  
r e s u l t s ,  a l though 35" t o  40" appeared t h e  b e s t  e s t i m a t e s .  During Apollo 
t h e  f r i c t i o n  a n g l e  h a s  been deduced from (1) p e n e t r a t i o n  test d a t a ,  
(2) s imula t ion  s t u d i e s ,  and (3) MET t r a c k  (Apollo 14) d a t a .  It now appears  
t h a t  va lues  as high as 50" a r e  p o s s i b l e  f o r  t h e  s o i l  i n  a  dense packing. The 
lower bound, which would b e  a s s o c i a t e d  wi th  t h e  s o i l  i n  i t s  l o o s e s t  s t a t e ,  i s  
s t i l l  undetermined. 
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