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PREFACE 

This reporf p re sen t s  t he  r e s u l t s  of s t u d i e s  conducted during 

the  per iod  June 20, 1968 - Ju ly  19 ,  1969, under NASA research  con t r ac t  

NAS 8-21432, "Lunar Surface Engineering P rope r t i e s  Experiment Defini-  

t ion."  

D i rec to ra t e ,  NASA Headquarters,  and w a s  under the  t e c h n i c a l  cogni- 

zance of D r .  N.C. Costes ,  Space Science Laboratory,  George C. Marshall  

Space F l i g h t  Center.  

This  s tudy w a s  sponsored by the  Advanced Lunar Missions 

The r e p o r t  r e f l e c t s  t he  combined e f f o r t  of fou r  f a c u l t y  i n v e s t i -  

g a t p r s ,  a research  engineer ,  a p r o j e c t  manager, and s i x  graduate  

research  a s s i s t a n t s ,  represent ing  s e v e r a l  engineer ing and s c i e n t i f i c  

d i s c i p l i n e s  p e r t i n e n t  t o  t h e  s tudy of lunar  su r face  material p rope r t i e s .  

James K. Mi tche l l ,  Professor  of C i v i l  Engineering, served as P r i n c i p a l  

I n v e s t i g a t o r  and w a s  respons ib le  f o r  those phases of t he  work con- 

cerned wi th  problems r e l a t i n g  t o  the  engineering p r o p e r t i e s  of lunar  

s o i l s  and luna r  s o i l  mechanics. Co-investigators were W i l l i a m  N .  

Houston, Ass i s t an t  Professor  of Civ i l  Engineering, who w a s  concerned 

wi th  problems r e l a t i n g  t o  the  engineer ing p r o p e r t i e s  of l u n a r  s o i l s ;  

Richard E. Goodman, Associate  Professor  of Geological Engineering, 

who w a s  concehed  wi th  t h e  engineer ing geology and rock mechanics 

a spec t s  of t h e  l u n a r  su r face ;  and Paul A. Witherspoon, Professor  of 

Geological Engineering, who conducted s t u d i e s  r e l a t e d  t o  thermal 

and permeabi l i ty  measurements on the  lunar  su r face .  D r .  Karel Drozd, 

Ass i s t an t  Research Engineer performed labora tory  tests and analyses  

p e r t i n e n t  t o  the  development of a borehole probe f o r  determinat ion 

of t he  i n - s i t u  c h a r a c t e r i s t i c s  of lunar  s o i l s  and rocks.  John 

Hovland, David Katz,  La i th  I. Namiq, James B.  Thompson, Tran K. Van, 

and Ted S .  Vinson served as Graduate Research Ass i s t an t s  and c a r r i e d  

out  many of t he  s t u d i e s  lead ing  t o  the  r e s u l t s  presented i n  t h i s  

r epor t .  Francois Heuze', Ass i s t an t  S p e c i a l i s t ,  served as p r o j e c t  

manager and cont r ibu ted  t o  s t u d i e s  concerned wi th  luna r  rock mechanics a 
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U l t i m a t e  o b j e c t i v e s  of t h i s  p r o j e c t  are: 

Assessment of l una r  s o i l  and rock proper ty  d a t a  using 

information obtained from Lunar Orb i t e r ,  Surveyor, and Apollo 

missions e 

Recommendation of both simple and soph i s t i ca t ed  i n - s i t u  

t e s t i n g  techniques t h a t  would allow determinat ion of 

engineer ing p rope r t i e s  of l una r  s u r f a c e  materials. 

Determination of t he  in f luence  of v a r i a t i o n s  i n  luna r  

su r face  condi t ions  on t h e  performance parameters of a 

luna r  roving veh ic l e .  

Development of s i m p l e  means f o r  determining the f l u i d  

and thermal conduct iv i ty  p rope r t i e s  of lunar  s u r f a c e  

materials. 

Development of s t a b i l i z a t i o n  techniques f o r  use i n  loose ,  

unconsolidated luna r  s u r f a c e  materials t o  improve the  

performance of such materials i n  l u n a r  engineer ing 

app l i ca t ion .  

The scope of s p e c i f i c  s t u d i e s  conducted i n  s a t i s f a c t i o n  of  t hese  

ob jec t ives  is  i n d i c a t e d  by the  fol lowing l i s t  of contents  of  the 
Deta i led  F ina l  &por t  which is  presented i n  fou r  volumes. 

of t he  i n v e s t i g a t o r s  a s s w i a t e d  wi th  each phase of the work are 

ind ica t ed .  

The names 

VOLUME I 

MECHANICS AND STABILIZATION OF LUNAR SOILS 

1, Lunar S o i l  Simulat ion 
(W. N .  Houston, L. I. Namiq, and J. K. Mi tche l l )  

2. Lunar Surface T r a f f i c a b i l i t y  S tudies  
(J. B. Thompson and J. K. Mi tche l l )  

3. Foamed P l a s t i c  Chemical Systems f o r  Lunar S o i l  S t a b i l i z a t i o n  
Applicat ions 
(T. S. Vinson and J. K. Mi tche l l )  



V 

VOLUME I1 

LUNAR SOIL PROPERTIES FROM PHOTOGRAPHIC RECORDS 

1. S o i l  Property Evaluations From Boulder Tracks on t h e  Lunar 
Surface 
(H. J .  Hovland and J e K. Mitchel l )  

2.  Deduction of  Lunar Surface Material S t r eng th  Parameters from 
Lunar Slope F a i l u r e s  Caused by Impact Events - F e a s i b i l i t y  
Study 
(T. S .  Vinson and J. K. Mitchel l )  

VOLUME 111 

BOREHOLE PROBES 

1. The Mechanism of F a i l u r e  i n  a Borehole i n  S o i l s  o r  Rocks 
by Jack P l a t e  Loading 
(T. K. Van and R. E. Goodman) 

2. Experimental Work Related t o  Borehole Jack Probe and Tes t ing  
(K. Drozd and R. E .  Goodman) 

3. Borehole Jack  Tests i n  J o i n t e d  Rock - J o i n t  Pe r tu rba t ion  and 
N o  Tension F i n i t e  Element Solut ion 
(F. E. Heuzg, R. E .  Goodman, and A. Bornstein) 

VOLUME I V  

FLUID CONDUCTIVITY OF LUNAR SURFACE MATERIALS 

1. Studies  on F lu id  Conductivity of L u n a r  Surface Materials 
(D. F. Katz, P. A. Witherspoon, and D. R. W i l l i s )  
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CHAPTER 1 

LUNAR SOIL SIMULATION 

(W. N. Houston, L. I. Namiq, J. K. Mitchel l )  

I. INTRODUCTION 

A simulated l u n a r  s o i l  has been prepared t o  use  f o r  t h e  s tudy of 

l u n a r  s o i l  p r o p e r t i e s  i n  gene ra l  and t o  provide background information 

on t h e  f e a s i b i l i t y  of several s imple geotechnical  tests t h a t  have 

been proposed f o r  e a r l y  Apollo missions.  

which have been desc r ibed  i n  a supplement prepared f o r  t h e  D e f i n i t i v e  

Experiment Plan f o r  t h e  Apollo Lunar Field Geology Experiment, r e l y  

mainly on t h e  obse rva t ion  and, where poss ib l e ,  measurement of l una r  

s o i l  behavior during (1) simple manipulations of t h e  Apollo hand t o o l s ,  

(2) i n t e r a c t i o n s  wi th  a s t r o n a u t s ,  and (3) i n t e r a c t i o n s  w i t h  s p a c e c r a f t  

during landing. 

These geotechnical  tests, 

Data obtained during t h e  Surveyor program have provided reasonable  

q u a n t i t a t i v e  estimates f o r  several important l u n a r  s o i l  p r o p e r t i e s :  

e.g., composition, f r i c t i o n  angle ,  cohesion, and densi ty .  A simulated 

l u n a r  s o i l  ( r e f e r r e d  t o  h e r e a f t e r  as "lunar s o i l  simulant") w i t h  

s i m i l a r  p r o p e r t i e s  w a s  prepared f o r  study of o t h e r  important l u n a r  s o i l  

p r o p e r t i e s  such as s t ress-deformation c h a r a c t e r i s t i c s ,  compress ib i l i t y ,  

and t r a f f i c a b i l i t y  parameters. 

t h e  v a r i a b i l i t y  of these p r o p e r t i e s  with s o i l  d e n s i t y  and on t h e  

probable v a r i a t i o n  of d e n s i t y  with depth f o r  l u n a r  s o i l .  

Spec ia l  emphasis has been placed on 

The r e s u l t s  of t h e  study of t h e  mechanical p r o p e r t i e s  of  t h e  l u n a r  

s o i l  simulant have a l s o  been used as background information f o r  t h e  

t h e o r e t i c a l  and experimental  s t u d i e s  of l u n a r  " r o l l i n g  s tones"  and 
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of new i n j e c t i o n  methods f o r  p o s s i b l e  luna r  s o i l  s t a b i l i z a t i o n .  

TI. PREPARATION OF LUNAR SOIL SIMTJLANT 

S e l e c t i o n  of  a n  appropr i a t e  terrestrial material f o r  s imula t ion  

of a l u n a r  s o i l  w a s  based on a review of methods and materials used 

by o t h e r  i n v e s t i g a t o r s ,  a study of t h e  probable o r i g i n  of l una r  s o i l s ,  

and d a t a  provided i n  t h e  r e p o r t s  of Surveyor missions I ,  111, V,  and V I .  

Exact l i m i t s  on t h e  g r a i n  s i z e  d i s t r i b u t i o n  of l una r  s o i l  could 

not  b e  made using t h e  a v a i l a b l e  d a t a ,  bu t  t h e  following cons ide ra t ions  

were used i n  s e l e c t i n g  a test s o i l  f o r  t h i s  study. 

The b e s t  pre-Apollo evidence (Surveyor alpha-backscatter 

measurements) suggested t h a t  t h e  l u n a r  s o i l  i s  b a s a l t i c  i n  

composition. 

Simulations during t h e  Surveyor program ind ica t ed  t h a t  a t  

least  60 pe rcen t  of t h e  lunar  s o i l  p a r t i c l e s  should be  f i n e r  

thafi about 50 1-1 t o  account f o r  t h e  appearance of t h e  footpad 

imprints .  

P a r t i c l e  s i z e  d i s t r i b u t i o n  counts using Surveyor photographs 

sugges t s  t h a t  t he  l u n a r  s o i l  i s  f a i r l y  well-graded. 

Considerations of p a r t i c l e  breakdown i n  t h e  absence of s i g n i f i -  

cant  chemical weathering, as is l i k e l y  t h e  case on t h e  moon, 

suggest  t h a t  s i g n i f i c a n t  numbers of p a r t i c l e s  f i n e r  than 11-1 

equ iva len t  s p h e r i c a l  diameter are un l ike ly .  

Analyses of Surveyor d a t a  i n d i c a t e  t h a t  t h e  near-surface luna r  

s o i l  has a f r i c t i o n  angle  of t h e  o rde r  of 35 t o  37 degrees 

and a u n i t  cohesion of about 0.05 t o  0.1 p s i .  Density estimates 

vary; however, a va lue  of about 1 . 5  g/cm w a s  proposed i n  

Surveyor r epor t s .  

3 
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S e l e c t i o n  of a l u n a r  s o i l  s imulant  involved f ind ing  a material t h a t  

would b e s t  f u l f i l l  t h e  requirements l i s t e d  above. 

A commercially a v a i l a b l e  b a s a l t  sand w a s  obtained. Since t h i s  sand 

d id  n o t  con ta in  s u f f i c i e n t  f i n e  p a r t i c l e  s i z e s ,  i t  w a s  necessary t o  

crush a l a r g e  q u a n t i t y  of t h e  coa r se  material i n  a r o l l e r  m i l l  y i e l d i n g  

a f i n e  powder. These f i n e s  were mixed i n  va r ious  proport ions wi th  t h e  

coa r se  sand. 

Shear s t r e n g t h  parameters f o r  t h e  var ious g rada t ions  w e r e  determined 

using vacuum t r iax ia l  tests. 

v e r t i c a l  w a l l s  were dug i n  samples of each mixture  as a check on the  

A t  t h e  same t i m e  small t r enches  with 

cohesion. These cohesion tests are described i n  more d e t a i l  i n  a la ter  

sec t ion .  Very low confining p res su res  (0.1 kg/cm and less) w e r e  
2 

used f o r  t h e  t r iax ia l  tests i n  an e f f o r t  t o  s imula t e  t h e  near-surface 

confinement on t h e  moon. 

It w a s  found t h a t  as t h e  pe rcen t  f i n e r  t han  sand s i z e  w a s  decreased 

from 50 t o  0, t h e  f r i c t i o n  angle  increased from about 30" t o  about 40" .  

It w a s  a l s o  found t h a t  d e n s i t i e s  of about 1.5 g/cm3 could e a s i l y  b e  

obtained . 
From the  r e s u l t s  of t hese  s t u d i e s  i t  w a s  determined t h a t  a s o i l  

w i th  the  gradat ions shown by Curve 1 i n  Figure 1- lwould  b e s t  f u l f i l l  

t h e  requirements noted. Thus , th i s  material w a s  s e l e c t e d  as t h e  b a s i c  

l u n a r  s o i l  simulant.  

The medium coa r se  b a s a l t  sand shown as Curve 2 i n  Figure 1-l was 

used f o r  p e n e t r a t i o n  tests t o  provide a comparison with t h e  l u n a r  s o i l  

s imulant .  These tests are discussed i n  t h e  p e n e t r a t i o n  test sec t ion .  
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A l a r g e  q u a n t i t y  (5500 l b s )  of t h e  luna r  s o i l  simulant material was 

shipped t o  t h e  Marshal l  Space F l i g h t  Center f o r  a d d i t i o n a l  i n v e s t i g a t i o n s  

of proposed Apollo geotechnical  experiments. 

S o i l  processing w a s  a time-consuming o p e r a t i o n  involving both 

s i e v i n g  and mixing. To o b t a i n  t h e  des i r ed  g rada t ion  f o r  t h e  l u n a r  s o i l  

simulant i t  w a s  necessary t o  mix a medium-coarse b a s a l t  sand w i t h  t h e  

f i n e  powder obtained by gr inding t h e  coa r se r  sand i n  a r o l l e r  m i l l .  

It w a s  found t h a t  t h e  percentage of p lus  No.  8 i n  t h e  s t o c k  medium- 

coarse material v a r i e d  e r r a t i c a l l y  and t h a t  some p a r t i c l e s  as l a r g e  

as one inch were p resen t .  Therefore  i t  w a s  necessary t o  sieve t h e  

c o a r s e r  f r a c t i o n .  A sieve wi th  openings of about 3 mm w a s  used. This  

process  and subsequent mixing r e s u l t e d  i n  a reduct ion of  t h e  amount 

l a r g e r  than t h e  No. 8 s i e v e  s i z e  t o  about 4 percent .  

Mixing w a s  accomplished by r o l l i n g  s e a l e d  55-gal drums i n  a drum 

r o l l e r  f o r  a t  least 30 minutes. The b a r r e l s  w e r e  f i l l e d  t o  about one- 

t h i r d  capaci ty  w i t h  weighed components. Af t e r  mixing, t h e  gradat ion 

w a s  checked t o  determine uniformity of mixing. The pe rcen t  passing 

t h e  No. 200 sieve w a s  always checked by w e t  s i ev ing .  

111. SOIL PLACEMENT TECHNIQUES 

Several methods of placement were t r i e d  including (1) s p r i n k l i n g  

through a sieve held j u s t  above t h e  s o i l  s u r f a c e ,  (2) l i f t i n g  a sieve 

through t h e  s o i l ,  and (3) s p r i n k l i n g  d i r e c t l y  on the  s o i l  s u r f a c e  from 

a cons t an t  he igh t  of about 3 / 4  inch.  The t h i r d  method w a s  found t o  be  

t h e  most s a t i s f a c t o r y .  

con tac t  between t h e  sieve and t h e  placed s o i l  is  unavoidable. 

con tac t  causes d i s tu rbance  and compression of  t h e  deposi ted s o i l ,  

The f i r s t  method i s  unacceptable because 

This 



The second method i s  unsa t i s f ac to ry  because t h e  arching and cohesive 

p r o p e r t i e s  of t h e  s o i l  r equ i r e  t h a t  t h e  sieve be  extremely coarse  o r  

i t  w i l l  no t  pass  through t h e  s o i l .  

p r e f e r a b l e  t o  depos i t i on  from a mechanical hopper i f  very low d e n s i t i e s  

are requi red ,  because t h e  quan t i ty  of ma te r i a l  t o  be spr inkled  must 

be low and t h e  he igh t  of drop small t o  ob ta in  low i n i t i a l  d e n s i t i e s .  

The t h i r d  method seems s l i g h t l y  

3 The sp r ink l ing  method descr ibed g ives  an average dens i ty  of about 1.32 g/cm 

f o r  t h e  top 1-1.5 inches.  

w a s  checked by f i l l i n g  four  con ta ine r s ,  s i d e  by s i d e ,  t o  a depth of 

1-1.5 inches.  

which is q u i t e  acceptable .  

The la teral  uniformity of dens i ty  obtained 

The la teral  v a r i a t i o n  i n  dens i ty  w a s  only about 1 percent  

The s p r i n k l i n g  method w a s  t r i e d  with he igh t s  of drop up t o  6 inches.  

The r e l a t i o n s h i p  between he ight  of drop and average dens i ty  f o r  t h e  

top 1-1.5 inches i s  shown i n  F igure  1-2. 

Iv. FRICTION AHGLE, Q, 

The v a r i a t i o n  of Q, with average dens i ty  has  been determined by 

means of vacuum t r i a x i a l  tests and vacuum plane  s c r a i n  tests on air- 

d r i ed  material a t  confining p res su res  ranging from 0.04 kg/cm2 t o  0.15 kg/cm . 
The lowest confining pressure  used w a s  0.04 kg/cm2 because t h e  membrane 

c o r r e c t i o n s  became too l a r g e  compared t o  t h e  s t r e n g t h  f o r  lower con- 

f i n i n g  pressures .  

causes too much d e n s i f i c a t i o n  during i s o t r o p i c  consol ida t ion  p r i o r  

t o  shear ing.  

f o r  t h e  very l o o s e  specimens i f  excessive d e n s i f i c a t i o n  

The repor ted  d e n s i t i e s  are t h e  va lues  obtained a f t e r  consol ida t ion  but  

before  shear ing.  

2 

2 
A confining pressure  l a r g e r  than 0.15 kg/cm 

Confining pressures  less than 0.15 kg/cm2 must be  used 

i s  t o  be avoided. 
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As expected, t h e  s t r e s s - s t r a i n  curves f o r  most of t h e  specimens, 

e s p e c i a l l y  t h e  l o o s e r  ones,  exh ib i t ed  a p l a s t i c - type  behavior.  A t y p i c a l  

s t r e s s - s t r a i n  curve f o r  a t r i a x i a l  test is shown i n  Figure 1-3. 

The test r e s u l t s  are summarized i n  Figure 1-4, i n  t h e  form of a p l o t  

of t a n  Cp vs l/e. 

the  o r i g i n  when t h e s e  parameters are used, and t h e  simulated luna r  

s o i l  appears t o  conform t o  t h i s  behavior as w e l l .  

a s t r a i g h t  l i n e  through t h e  o r i g i n  provides a good f i t  f o r  t h e  plane 

s t r a i n  d a t a  and a f a i r  f i t  f o r  t h e  t r i a x i a l  da t a .  These d a t a  i n d i c a t e  

t h a t  Cp f o r  plane s t r a i n  is  about 3 degrees h igher  than f o r  t r i a x i a l  

condi t ions  f o r  d e n s i t i e s  between 1.5 and 1.9 g/cm . This r e s u l t  i s  

similar t o  t h a t  which has  been obtained f o r  other sands. 

Other sands have shown a s t r a i g h t  l i n e  p l o t  through 

Figure 1-4 shows t h a t  

3 

A high degree of accuracy f o r  9 values  i s  d i f f i c u l t  t o  ob ta in  

i n  t e s t i n g  very loose  specimens a t  very low confining pressures ,  due t o  

t h e  r e l a t i v e l y  low s t rengths .  

test on a specimen wi th  an i n i t i a l  dens i ty  less than 1 .6  g/cm because 

It is  q u i t e  d i f f i c u l t  t o  perform a t r i a x i a l  

3 

even s m a l l  confining pressures  cause dens i f i ca t ion .  Probable values  

of Cp f o r  d e n s i t i e s  less than 1.6 g / c  have been obtained by ex t r apo la t ion  

as shown i n  Figure 1-4.Nonetheless, t h e  Cp values  obtained f o r  plane s t r a i n  

are very  near those  suggested f o r  a c t u a l  l una r  soil as a r e s u l t  of Surveyor 

tests 

V. DETERMINATION OF COHESION 

3 

The v a r i a t i o n  of cohesion wi th  average dens i ty  has been determined 

by excavat ing t renches  with v e r t i c a l  w a l l s  i n  samples wi th  d i f f e r e n t  

dens i ty .  

t h e  Mohr envelope ( t h e  usual  method) because of t h e  d i f f i c u l t i e s  i n  

This method is  p re fe rab le  t o  obta in ing  t h e  cohesion from 
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determining s t r e n g t h s  of materials with very low cohesion a t  very 

s m a l l  confining p res su res ,  where t h e  f a i l u r e  envelope i n t e r c e p t  may be  

i n  e r r o r  by as much as 100 pe rcen t ,  By using t h e  ver t ical  t r ench  w a l l  method, 

i t  i s  bel ieved t h a t  e r r o r s  may be kept much lower. 

Many f a i l u r e s  of v e r t i c a l  t r ench  w a l l s  w e r e  s tud ied ,  and i t  w a s  

found t h a t  t h e  s l i d i n g  block w a s  e s s e n t i a l l y  a Coulomb wedge. Tension 

cracks usua l ly  appeared a t  t h e  s u r f a c e ,  bu t  they d id  n o t  appear t o  

cover a n  apprec i ab le  percentage of the s l i p  su r face .  Figure 1-5 shows 

a photo of a t r ench  excavation f o r  cohesion determination. A t ens ion  

crack appears about midway along t h e  length of t h e  w a l l .  The w a l l  he igh t  

shown i n  t h e  photo is about 2 inches.  

of t h e  w a l l .  

F a i l u r e  has occurred along p a r t  

The procedure f o r  c a l c u l a t i n g  t h e  cohesion cons i s t ed  of 

(1) measuring t h e  w a l l  height  and t h e  d i s t a n c e  t o  t h e  t e n s i o n  crack a t  

which f a i l u r e  developed ( 2 )  assuming a plane s l i p  su r face ,  ( 3 )  ass ign ing  

an appropr i a t e  va lue  of $ and c a l c u l a t i n g  t h e  shear ing r e s i s t a n c e  

f o r c e  due t o  f r i c t i o n ,  and ( 4 )  assigning t h e  remaining r e s i s t a n c e  r equ i r ed  

f o r  s t a b i l i t y  t o  cohesion. 

no t  t o  be highly s e n s i t i v e  t o  e i t h e r  t h e  va lue  of $ assigned o r  t h e  

i n c l i n a t i o n  of t h e  f a i l u r e  su r face ,  

The ca l cu la t ed  va lue  of cohesion w a s  found 

It should be  noted t h a t  t h e  value of cohesion is  dependent on 

t h e  value of t h e  air -dry water content .  

cent, t h e  cohesion inc reases  w i t h  air -dry w a t e r  content .  Relat ionships  

between cohesion, c ,  and d e n s i t y ,  p, f o r  va r ious  values  of a i r -dry 

water content  are shown i n  Figure 1-6. 

For water con ten t s  near  2 per- 

The conclusion appears warranted t h a t  t h e  luna r  s o i l  simulant 

e x h i b i t s  cohesion values  a p p r o p r i a t e  f o r  t h e  range of 0.05 t o  0.1 p s i  

es t imated f o r  t h e  a c t u a l  l u n a r  s o i l  from Surveyor test r e s u l t s .  
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FIGURE 1-5 TRENCH EXCAVATION FOR COHESION DETERMINATION 
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It i s  of i n t e r e s t  t o  note  t h a t  a v e r t i c a l ,  2-inch w a l l  f o r  

terrestrial s o i l  corresponds t o  a vertical w a l l  of  about 1 2  inches 

on t h e  moon f o r  l u n a r  s o i l  of t h e  same dens i ty  and cohesion, due t o  

reduced g r a v i t y  stresses. 

probably not  be d i f f i c u l t  t o  excavate  around a "cake" of l una r  s o i l ,  

forming fou r  v e r t i c a l  w a l l s .  However, the  f r a g i l e  na ture  of t h e  luna r  

s o i l  simulant i n d i c a t e s  t h a t  i t  may be very d i f f i c u l t  t o  scoop t h e  

This observat ion i n d i c a t e s  t h a t  i t  w i l l  

cake-like" p iece  of s o i l  up f o r  a dens i ty  determinat ion without  breaking i t  apart. 11 

V I .  SPECIFIC GRAVITY 

The average va lue  of s p e c i f i c  g rav i ty ,  G s ,  f o r  t he  l u n a r  s o i l  simulant 

w a s  found t o  be  2.88. This is a reasonable value f o r  b a s a l t .  

V I I .  PERMEABILITY 

Two permeabi l i ty  tests were performed on dense specimens of t h e  

l u n a r  s o i l  siululant.  

necessary t o  make t h e  test  specimens dense t o  prevent piping and heaving 

The tes t  r e s u l t s  are shown i n  Figurel-7,  It w a s  

during s a t u r a t i o n .  

t o  w a t e r  a t  2OoC varies from about 9 x 10 

1.70 g/cm t o  about 20 x 

The da ta  i n  F igure l -7 indica te  t h a t  t h e  permeabi l i ty  

-4 cm/sec a t  a dens i ty  of 

3 3 cm/sec a t  a dens i ty  of 1.50 g/cm . 
However,because of t h e  ex t r apo la t ion  used, t h e s e  values  cannot be  

regarded as precise. 
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V I I I ,  COMPRESSIBILITY CHARACTERISTICS OF LUNAR SOIL SIPnnANT 

Confined compression tests w e r e  performed on specimens wi th  d i f f e r e n t  

i n i t i a l  d e n s i t i e s  t o  s tudy the  compress ib i l i ty  c h a r a c t e r i s t i c s  of the  

lunar  s o i l  simulant.  The tests w e r e  ca r r i ed  ou t  using a 2.8-inch- 

diameter te f lon- l ined  consol ida t ion  r ing.  

w a s  1 inch.  

The i n i t i a l  specimen he ight  

The compression curves obtained from these  tests are shown i n  

Figure 1-8. 

The curves show t h a t  t he  rebound on load release is extremely s m a l l .  

The same da ta  p l o t t e d  i n  terms of stress and dens i ty  a r e  shown i n  

Figure 1-9. 

The curves marked L and T were obtained by ex t r apo la t ion  and are discussed 

i n  the  following sec t ion .  

The va lues  of i n i t i a l  densi ty ,  pi ,  are shown on the  f igu re .  

One a d d i t i o n a l  compression curve is  included i n  Figure 1-9. 

It is  of special i n t e r e s t  t o  note  t h a t  a l l  the  curves f o r  i n i t i a l  

2 d e n s i t i e s  of 1.76 g/cm3 and less merge a t  a stress of 1000 g/cm and 

3 a dens i ty  of about 1.9 g/cm , and t h a t  the  semi-log p l o t  shown on 

Figure 1-9 i n d i c a t e s  a l i n e a r  v a r i a t i o n  of dens i ty  with log pressure 

f o r  d e n s i t i e s  g r e a t e r  than the  placement dens i ty ,  p . .  These f a c t s  make 

ex t r apo la t ion  and i n t e r p o l a t i o n  f o r  o the r  i n i t i a l  d e n s i t i e s  poss ib le .  

1 

The s t r a i g h t - l i n e  compression curves shown i n  Figure 1 - 9  have equat ions 

of t h e  form: 

p = K1 + K2 loglo (T 

where (T = v e r t i c a l  compressive stress 

p = corresponding dens i ty  

K1 = value of p f o r  0 = 1 (obtained by ex t r apo la t ion )  

K2 = change i n  p f o r  one log cycle  change i n  (T. 

Equation (1-L) can be w r i t t e n  i n  exponent ia l  form giving: 
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2.303 where K = - 3 K2 

It should be  noted t h a t  t h e  form of Equation (1-2) i s  v a l i d  only f o r  

3 i n i t i a l  d e n s i t i e s  lower than about  1.75 g/cm . 
the r e l a t i o n s h i p  between dens i ty  and stress dev ia t e s  s l i g h t l y  from a s t r a i g h t  

l i n e  on the  semilog p l o t .  

less than the i n i t i a l  dens i ty ,  pi, obviously cannot be obtained by compression, 

the  compression curves have been ex t rapola ted  back t o  a stress of 1 g/cm 

t o  f a c i l i t a t e  mathematical  descr ip t ion .  

A t  h igher  i n i t i a l  d e n s i t i e s  

It should a l so  be  noted t h a t ,  al though d e n s i t i e s  

2 

I X .  DETERMINATION OF DENSITY, VERTICAL STRESS, AND SHEAR STRENGTH 
VARIATIONS WITH DEPTH FOR LUNAR SOIL SIMULANT I N  TERRESTRIAL 
ENVIRONMENT 

In  order  t o  analyze the  test da ta  (presented i n  s e c t i o n s  X, X I ,  and 

X I I )  i t  is necessary t o  know t h e  i n i t i a l  stresses, shear  s t r e n g t h s ,  and 

dens i ty  v a r i a t i o n s  wi th  depth. 

I t  i s  poss ib l e  t o  r e l a t e  t he  densi ty  t o  the  depth of depos i t  as follows: 

F i r s t ,  i t  may be  assumed t h a t  a l a y e r  of s o i l  of d i f f e r e n t i a l  thickness ,  dz, 

is  deposi ted on the  bottom of a test b in  a t  an i n i t i a l  dens i ty ,  p and t h a t  

subsequent d e n s i f i c a t i o n  is due only t o  t h e  compressive stresses appl ied  by 

the  weight of a d d i t i o n a l  m a t e r i a l  placed on top. The inc rease  i n  stress, do, 

due t o  t h e  add i t ion  of a l aye r  of thickness  dz i s  equal  t o  t h e  thickness  of 

t he  l a y e r  times i t s  dens i ty ,  pi. 

i’ 

(1-3) do = pidz 

I n  order  t o  develop a r e l a t i o n s h i p  between dens i ty  and depth, i t  is  neces- 

s a r y  t o  s u b s t i t u t e  an expression f o r  do i n  terms of p obtained by d i f f e r e n t i a t i n g  

Equation (1-2). 
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K1) dp 
K3(P - 

dcr = K3e 

S u b s t i t u t i o n  i n  Equation (1-3) g ives  

I n t e g r a t i o n  gives  t h e  following expression 

can be evaluated by applying the  boundary cls The cons tan t  of i n t e g r a t i o n ,  

condi t ion  t h a t  p = pi f o r  z = 0; therefore ,  

Equation (1-5) can be r ewr i t t en  as, 

Equation (1-7) i s  the des i r ed  r e l a t ionsh ip  between dens i ty ,  p ,  and 

depth, z .  The v a l i d i t y  of t h i s  r e l a t ionsh ip  can be v e r i f i e d  by placing s o i l  

i n  a test bin and comparing t h e  pred ic ted  d e n s i t i e s  wi th  t h e  measured d e n s i t i e s .  

The most e a s i l y  measurable quan t i ty  f o r  a test b i n  of s o i l  is t h e  average 

f o r  a given depth of s o i l ,  which i s  determined by measuring 

ave 

ave J 

dens i ty  , 

t o t a l  volume and weight a f t e r  placement. 

of pi and z can b e  obtained by in t eg ra t ing  Equation (1-7) 

z and dividing t h e  r e s u l t  by z. 

An expression fo r  p i n  terms 

wi th  r e spec t  t o  

J 1 - 
l,, rave/ Z 

Z 
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I n t e g r a  t i o n  gives  

(1-8) 

Equation (1-8) is  t h e  des i r ed  r e l a t i o n s h i p  between pave$ pi, and z .  

To check the  v a l i d i t y  of t h e s e  r e l a t i o n s h i p s  a 39.8-cm (15.7-inch) 

l a y e r  of lunar  s o i l  simulant w a s  placed i n  a 2' x 2 '  x 2 '  test bin* by 

s p r i n k l i n g  from a h e i g h t  of about  3/4 inch. The average dens i ty  a f t e r  

placement w a s  measured and found t o  be  1.50 g/cm . 3 

The placement method used produced a d e n s i t y  near  t h e  s u r f a c e  of about 

1.30 t o  1.32 g/cm , as shown by Figure 1-2. Therefore,  i t  w a s  d e s i r a b l e  t o  

ob ta in  a compression curve wi th  t h i s  i n i t i a l  density.  Although confined 

compression specimens could b e  placed a t  t h i s  i n i t i a l  dens i ty ,  they could 

n o t  be  t e s t e d  wi thou t  s i g n i f i c a n t l y  inc reas ing  t h e  i n i t i a l  dens i ty ,  because 

t h e  process  of s c rap ing  a p l ane  s u r f a c e  on t h e  top of t he  compression test 

3 

specimen produces d e n s i f i c a t i o n .  Therefore i t  w a s  necessary t o  o b t a i n  the  

probable p o s i t i o n  of t h i s  compression curve by ex t r apo la t ion .  Fortunately,  

t h e  d a t a  i n  Figure 1-9 show t h a t  t h e  des i r ed  curve should be a s t r a i g h t  l i n e  

merging with t h e  o t h e r  curves a t  a stress of about 1000 g/cm . 2 A second p o i n t  

on the  curve w a s  obtained by using the  known va lue  of i n i t i a l  average d e n s i t y  

a t  t h e  s u r f a c e  and a s s ign ing  an average va lue  of ver t ical  stress due t o  the  

weight of a s u r f i c i a l  l aye r .  The compression curve thus obtained is  shown 

i n  Figure 1-9 and marked "T" t o  s i g n i f y  i t s  a p p l i c a b i l i t y  t o  t h e  terrestrial 

s o i l  i n  the text b in .  Examination of curve "T" i n  Figure 1-9 shows t h a t  

K1 = 1.20 and K2 = 0.223 from which K3 = 10.32 can be  ca l cu la t ed .  Using t h e s e  

*For t h e  s o i l  s imu la t ion  s t u d i e s  described i n  t h i s  r e p o r t  a s t anda rd  s o i l  
l a y e r  depth of 40 c m  w a s  adopted. 
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3 compression parameters and p 

s o l u t i o n  of Equation (1-9) 

with the  measured value,  1.50 g/cm . 
a va lue  of p 

pi = 1.30 g/cm w a s  then used i n  Equations (1-7) and (1-8) t o  compute t h e  

v a r i a t i o n s  of p and p 

= 1.30 g/cm i 

f o r  pave gives  p 

and z = 39,8 em (15.7 inches) ,  

3 = 1.50 g/cm , which agrees  ave 
3 3 I f  a va lue  of pi = 1.32 g/cm is used 

3 = 1.52 g/cm is obtained f o r  z = 39.8 cm. A value of ave 
3 

with depth. The r e s u l t s  are shown i n  Figure 1--10(a)* ave 

The v e r t i c a l  stress a t  any depth z is  given by 

Equation (1-9) and the  d a t a  i n  Figure 1-10(a) were used t o  compute 

the  v e r t i c a l  stress v a r i a t i o n  wi th  depth shown i n  Figure l-lO(b). The agree- 

ment between the  computed and measured values  of p f o r  the  test b in  of 

s o i l  i n d i c a t e s  that t he  assumptions made and t h e  methods used are reasonable.  

ave 

The agreement between the  computed stresses and t h e  d e n s i t i e s  shown i n  

Figures  1-10(a) and (b) and t h e  s t r e s s -dens i ty  r e l a t i o n s h i p s  given by curve 

"T" of Figure 1-9 i n d i c a t e s  t h a t  curve "T" is  cons i s t en t  wi th  t h e  dens i ty  

p r o f i l e  obtained. 

It should be  noted t h a t  p r e c i s e  agreement between t h e  computed densi ty-  

depth r e l a t i o n s h i p  shown i n  Figure 1-10 and t h a t  implied by the  confined 

compression curve shown i n  Figure 1-9 should n o t  be expected f o r  very s m a l l  

depths and f o r  d e n s i t i e s  less than p because two modes of d e n s i f i c a t i o n  are 

involved. 

t o  v i b r a t i o n  - r e s u l t i n g  i n  a l a y e r  of f i n i t e  thickness  a t  t h e  su r face  wi th  

e s s e n t i a l l y  cons t an t  densi ty .  This sur face  l a y e r  is then subsequently 

compressed i n  accordance wi th  t h e  r e l a t ionsh ips  depicted i n  Figure 1-9. 

However, t he  c a l c u l a t e d  density-depth r e l a t i o n s h i p  shown i n  Figure 1-10 (a) 

is  based on the  assumption t h a t  a l l  d e n s i f i c a t i o n  is  by s t a t i c  compression 

alone; i.e., t he  i n i t i a l l y  deposi ted sur face  l aye r  of dens i ty  pi has only 

i 

The a c t u a l  s o i l  placement process involves  d e n s i f i c a t i o n  due l a r g e l y  
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d i f f e r e n t i a l  thickness .  The d i f f e rence  caused by t h i s  assumption becomes 

n e g l i g i b l e  a f t e r  t h e  compressive stress exceeds a few grams per  cm2 and 

i" p exceeds p 

Using the d a t a  presented i n  Figures  1-4, 1-6 (w/c = l.8%), and 1-10(a9 

b) i t  w a s  poss ib l e  t o  compute t h e  v a r i a t i o n  of cohesion, c, and shea r  

with depth, as shown i n  Figure l - lO(c) .  s t r e n g t h  on a h o r i z o n t a l  plane,  

Figure I-lO(c) shows t h a t  the  shea r  s t r eng th  v a r i a t i o n  wi th  depth is nea r ly  

'h' 

l i n e a r ,  al though n o t  p rec i se ly  s o ,  and t h a t  t he  con t r ibu t ion  due t o  cohesion 

is  apprec iab le  f o r  t he  f i r s t  10 t o  15 cm. 

S i m i l a r  analyses  can be made f o r  40-cm l a y e r s  of lunar s o i l  s imulant  

By choosing a va lue  of p and i n t e r p o l a t i n g  ave i with d i f f e r e n t  va lues  of p 

( o r  ex t r apo la t ing )  i n  Figure 1-3 to f i n d  the  appropr ia te  compression curve (as  

w a s  done i n  the case j u s t  discussed where p i 

t o  c a l c u l a t e  a corresponding value of p from Equation (1-8) . Trial  and 

e r r o r  so lu t ions  of t h i s  type were made i n  order  t o  relate p and p f o r  the 

40-cm l a y e r  0% lunar s o i l  s imulant  i n  the test b in .  Typical  compression 

curves wi th  t h e i r  respec t ive  values  of p are shown i n  Figure 1-11. The 

corresponding va lues  of p 

are a l s o  shown f o r  f u t u r e  reference.  

3 = 1.30 g/cm ), it  is poss ib l e  t o  

ave 

i ave 

i 

(which were la te r  ca lcu la ted  from Equation (1-8) 
ave 

From these  compression curves i t  w a s  p o s s i b l e  t o  compute r e l a t ionsh ips  

K3, and c between p and Kl, 

r espec t ive ly .  Note t h a t  c may a l s o  be r e a d i l y  ca l cu la t ed  from Equation (1-6) 

i, K1$ and K have been evaluated. Equation (1-8) w a s  used t o  a f t e r  p 

c a l c u l a t e  the r e l a t i o n s h i p  between p 

as shown i n  Figures  1-12, 1-13, and 1-14, 1 i 

1 

3 

and pave shown i n  Figure 1-15. i 

The r e l a t i o n s h i p s  i n  Figures 1-11 through 1-15 may be used t o  f a c i l i t a t e  

t he  determination of t h e  v a r i a t i o n  of p and p 

in te rmedia te  va lues  of p f o r  t h e  top 40 an. For example, Figure 1-16 

with depth f o r  var ious  ave 

ave 
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FIGURE 1-12 R E L A T I O N S H I P S  BETWEEN pi and K1 FOR LUNAR 
S O I L  SIMULANT - T E R R E S T R I A L  ENVIRONMENT 
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shows t h e  v a r i a t i o n  of p and p w i t h  depth f o r  values  of p ave ave 
3 ranging from 1.50 t o  2.05 g/cm . 

( top 40 cm) 

X. DETERMINATION OF PROBABLE DENSITY, VERTICAL STRESS, AND SHEAR STmNGTH 
VARIATIONS WITH DEPTH FOR ACTUAL LUNAR SURFACE (REDUCED GRAVITY) 

An a n a l y s i s  similar t o  t h a t  descr ibed i n  t h e  last s e c t i o n  was made t o  

determine the  probable  v a r i a t i o n  of dens i ty ,  ver t ical  stress, and shear  s t r e n g t h  

with depth f o r  t h e  actual lunar  s u r f a c e  under condi t ions of reduced g r a v i t y .  

It w a s  assumed t h a t  t h i n  l a y e r s  of l u n a r  s o i l  w e r e  deposi ted on t h e  s u r f a c e  

as a r e s u l t  of t h e  s c a t t e r i n g  a c t i o n  of crater formation through meteor 

bombardment. A s  f o r  t h e  terrestrial s o i l ,  i t  w a s  necessary f i r s t  t o  determine 

a compression curve r e l a t i n g  d e n s i t y  and stress. The p o s i t i o n  of t h i s  curve 

w a s  determined by f u r t h e r  assuming t h a t  the l u n a r  s o i l  f i t s  t h e  compress ib i l i t y  

pattern e s t a b l i s h e d  i n  Figure 1-9. For the  f i r s t  set  of c a l c u l a t i o n s ,  a 

value of p = 1.50 g/cm f o r  t h e  top 40 e m  w a s  used. The p o s i t i o n  of t h e  

corresponding compress ib i l i t y  curve w a s  found by making a t r ia l -and-error  

3 
ave 

s o l u t i o n  f o r  K1, K3, and pi. The curve is  shown i n  F@re 1-9 marked "L" t o  

s i g n i f y  i t s  a p p l i c a b i l i t y  t o  t h e  luna r  s o i l  under reduced g r a v i t y .  

Before discussing the t r ia l -and-error  s o l u t i o n ,  a prel iminary observa- 

t i o n  can be  made which shows t h a t  t h e  curve "L" of Figure 1-9 must be 

appreciably f l a t t e r  than curve "T." 

then t h e  vertical compressive stress due t o  g r a v i t y  a t  t h i s  depth must be: 

3 
I f  pave f o r  t he  top 40 cm is  1.50 g/cm, 

CT = (1.50) (40 )  (1/6) = 10 g/un* ( z  = 40 cm) 

s i n c e  t h e  gravity-induced stress is  only 1/6 of t h e  value f o r  t h e  same s o i l  

on t h e  e a r t h ' s  surface.* 

top 40 c m ,  i t  is necessary t h a t  the value of p at  a depth of 40 c m  be 

*Although stresses are, b 
system, units of grams/cm' are used he re in  f o r  both terrestrial and luna r  
a p p l i c a t i o n s  because of t h e  b e t t e r  "feel" f o r  behavior t h a t  is obtained with 
these  u n i t s .  For  computation of l u n a r  gravi ta t ional  fo rces ,  a dens i ty  e q u a l  t o  
1/6 of t h e  mass d e n s i t y  i s  used. 

3 I n  o rde r  t h a t  pave b e  equal  t o  1.50 g/cm f o r  t h e  

d e f i n i t i o n ,  expressed i n  dynes/cm2 i n  the metric 
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3 

3 2 

appreciably g r e a t e r  than 1,50 g/cm 

the  value of p = 1.56 g/cm f o r  p = 10 g/cm 

value.  

p f o r  

have the  same value  of P because the  inc rease  i n  dens i ty  wi th  inc rease  i n  

depth is smaller f o r  t h e  lunar  s o i l  due t o  reduced g r a v i t y  stresses. 

The preceding observat ion shows t h a t  

shown by Curve L is a reasonable  

The value of pi f o r  t he  a c t u a l  lunar  su r face  should be g r e a t e r  than 

t h e  terrestrial s o i l  p r o f i l e  prepared i n  the  test b i n  i f  both s e c t i o n s  i 

ave ' 

Modif icat ions i n  the  de r iva t ions  of expressions f o r  p and p t o  

i 

ave 

account f o r  reduced g r a v i t y  c o n s i s t  simply of s u b s t i t u t i n g  pi/6 f o r  p 

cases where g r a v i t y  stresses are being ca l cu la t ed .  Thus, t he  expression 

f o r  do, t he  incremental  stress inc rease  due t o  the  weight of a s m a l l  

a d d i t i o n a l  su r f ace  l a y e r ,  as given by Equation (1-3) becomes: 

i n  

do = (pi/6) dz 

and the  des i red  r e l a t i o n s h i p s  between p, pave, and depth are: 

(1-3a) 

and 

1 "icl C C 

'ave = K~ ((1 + 5) ( In[ (p i /6) (z  4- c,)] - 1) - y ( 1 n  7 - 1)) + K1 

(1-8a) 

Huwever, t he  boundary condi t ion t h a t  p = pi f o r  z = 0 holds  f o r  the luna r  s o i l  

s e c t i o n  as it  d id  f o r  t he  terrestrial s o i l  s e c t i o n ;  t he re fo re  the  expression 

f o r  t he  constant of i n t e g r a t i o n ,  cl, is: 

(1-6a) 

Solut ions of Equations (1-7a) and (1-8a) give t h e  b e s t  agreement between 

t h e  computed s t r e s s -dens i ty  r e l a t i o n s h i p  and t h e  confined compression curve 

when K3 = 13.55, K1 = 1.39, and pi = 1.37 g/cm . Using these  values  t h e  3 
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d i s t r i b u t i o n s  shown in Figure 1-17(a) were determined. 

v e r t i c a l  stress, cohesion, and shea r  s t r e n g t h  wi th  depth shown i n  

Figure 1-17(b,c) were obtained by combining d a t a  from Figures  1-17(a) I 

1-4, and 1-6 (w/c = 1.8%). 

The v a r i a t i o n s  of 

Under condi t ions  of l una r  g rav i ty ,  t he  cohesion c o n s t i t u t e s  a very 

s i g n i f i c a n t  percentage of t he  t o t a l  shear  s t r e n g t h  on a h o r i z o n t a l  p lane ,  

sh, as shown by Figure 1-17(c).  

component is  l i k e l y  t o  be much less i n  the  case of shear  induced by s u r f a c e  

loading, because of t he  a d d i t i o n a l  confinement provided by appl ied  d i r e c t  

stresses. For example, although i t  is d i f f i c u l t  t o  estimate the  minimum 

contac t  pressure t o  be  exer ted  by t h e  wheels of lunar  roving vehic les  a t  t h i s  

po in t  i n  t i m e ,  i t  seems l i k e l y  t h a t  t h i s  p re s su re  w i l l  be g r e a t e r  than 0.75 p s i  

(0.517 N/cm 1. 

with  depth and cause some dens i f i ca t ion .  Assuming t h a t  most of the  deformation 

occurs wi th in  t h e  top 15  t o  20 c m  of material, i t  is reasonable  t o  assume 

However, t h e  importance of t h e  cohesion 

2 
This  con tac t  stress wil1,of course, both  d i s s i p a t e  

t h a t  t h e  aveicage normal stress wi th in  most of t h i s  zone is  a t  least 0.45 p s i  

(about 30 g/cm 1. 

t h e  lunar s o i l  t o  about 1.64 g/cm3 f o r  which cohesion, c f: 5 g/cm and ~ ~ ~ 2 8 . 5  g/cm 

(0.28Nlcm ) . Therefore a conservat ive estimate of the percentage con t r ibu t ion  

2 This value of normal stress would cause d e n s i f i c a t i o n  of 

2 2 

2 

of cohesion t o  t h e  shear  s t r e n g t h  is  about 18% f o r  t h i s  case. 

Using the  same procedures as descr ibed i n  the  preceding s e c t i o n ,  i t  

w a s  poss ib l e  t o  relate pi t o  K1, K3' and Pave ( top 40 cm) f o r  a r a n g e d  values  

of pave f o r  t h e  a c t u a l  l una r  s o i l  (reduced g r a v i t y ) .  

shown i n  Figures 1-18 through 1-21. 

i n  Figure 1-18 i s  t h e  same as curve "L" i n  Figure 1-9. 

and Pave 

The r e l a t i o n s h i p s  i n  F i g u ~ s l - 1 8  through 1-21 were used i n  the  computations of 

These r e l a t i o n s h i p s  are 

The compression curve labe led  p = 1.50 g/cm ave 

The curve r e l a t i n g  p 

f o r  t h e  terrestrial s o i l  i s  repeated i n  Figure 1-21 f o r  comparison, 

i 

f o o t p r i n t  depths,  descr ibed i n  the  following sec t ion .  



1-3 

+ 

\ 

0 

0 - 

I 
v, 
v, w 

v) 

w 



1-35 



1-36 

- 1.5 x 

1.  
1 .  1.5 

FIGURE 1-19 R E L A T I O N S H I P  BETWEEN pi AND K1 
FOR LUNAR ENVIRONMENT 
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X I .  ANALYSIS OF FOOTPRINTS IN LUNAR SOIL 

Foo tp r in t s  made by a s t ronau t s  during Apollo missions are l i k e l y  t o  b e  

p l e n t i f u l  and photographs of t h e s e  "load-sinkage" tests may b e  use fu l  f o r  

deduction of l una r  s o i l  p rope r t i e s .  Therefore,  cons iderable  e f f o r t  has  been 

devoted t o  t h e  s tudy  of f o o t p r i n t s  formed i n  t h e  luna r  s o i l  simulant.  

A series of boot  impr in t  tests were performed on 40-cm l a y e r s  of t h e  

l u n a r  s o i l  s imulant ,  placed i n  a 2' x 2' x 2 '  test bin,  a t  va r ious  va lues  of 

. Because t h e  s i z e  of t h e  boot  w a s  apprec iab le  r e l a t i v e  t o  the  test b i n  'ave 

dimensions, boundary e f f e c t s  undoubtedly had some inf luence  on the  abso lu te  

va lues  of s e t t l emen t s  observed. However, most of t h e  s t u d i e s  thus  f a r  have 

been f o r  comparative purposes, thus  boundary e f f e c t s  t end  t o  cancel. 

A 3.5' x 7' x 3.5' deep test b i n  wi th  te f lon- l ined  s i d e s  is  cu r ren t ly  being 

cons t ruc ted  f o r  use i n  f u t u r e  model tests. Boundary e f f e c t s  are 

expected t o  be minor i n  t h i s  b in ,  and the  r e s u l t s  of tests conducted t h e r e i n  

can be  used t o  judge the  e x t e n t  of t h e  in f luence  of boundaries i n  the  smaller 

b in .  

Figures  1-22 and 1-23 show photographs and sketches of a boot  impr in t  

made by s tepping  down on the  su r face  of t h e  s imulated s o i l  wi th  a weight 

of 180 pounds on one foo t .  The p r o f i l e  of t h e  s imulated s o i l  f o r  t h i s  test  

is  represented  i n  Figure 1-10. The dimensioned sketch of t h e  boot  used ( see  

Figure 1-23) shows t h a t  the  bear ing  area is  about 45 sq, i n .  Although the 

stress d i s t r i b u t i o n  under the  boot  w a s  n o t  expected t o  be  p r e c i s e l y  uniform, 

t h e  average stress w a s  4 p s i .  The observed maximum depth of the f o o t p r i n t  

w a s  3.5 inches,  and t h e  average depth w a s  3.2 inches.  

Other  f o o t p r i n t s  were made by applying s ta t ic  loads i n  increments t o  t h e  

boo t  by m e a n s  of a steel rod a t t ached  t o  a dummy f o o t  i n s i d e  the  boot.  

Figure 1-24 shows a t y p i c a l  load-set t lement  curve, f o r  such a test. This curve 



1-40 

FIGURE 1-22 FOOTPRINT IN SIMULATED LUNAR SOIL 
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is  somewhat similar i n  shape t o  t h e  compression curves shown i n  Figure 1-8, 

i n d i c a t i n g  t h a t  compression p l ays  a s i g n i f i c a n t  r o l e  i n  t h e  observed 

deformations . 
\ 

A number of f o o t p r i n t  test r e s u l t s  are shown i n  Figure 1-25. The foot- 

p r i n t s  made by a man stepping on the  s o i l  ( l a b e l e d  "quick loading" i n  Figure 

1-25) w e r e  made i n  a pe r iod  of about 10 seconds. Foo tp r in t s  made by s t epp ing  

down on the  s o i l  i n  about one second w e r e  s i g n i f i c a n t l y  deeper and were 

accompanied by t h e  escape of a i r  from around the boot,  as evidenced by small 

pu f f s  of dust .  The deeper f o o t p r i n t  f o r  t h i s  very r ap id  loading were apparent- 

l y  caused by induced pore a i r  p re s su res .  Comparison of t h e  d a t a  p o i n t s  f o r  

the 10-second loadings and the  incremental  loadings shown i n  Figure 1-25 

i n d i c a t e ,  however, t h a t  pore a i r  pressures  w e r e  n o t  a s i g n i f i c a n t  f a c t o r .  

I n  general ,  t h e  se t t l emen t  of t h e  boot under any given l o a d  i s  due p a r t l y  

t o  compression (volume decrease) of the s o i l  under the  boot and p a r t l y  t o  

shea r  deformation. A series of computations of t he  compression component 

of t h e  se t t l emen t  were made. Various loads and i n i t i a l  d e n s i t i e s  f o r  both 

the terrestrial lunar s o i l  simulant and the  a c t u a l  lunar  s o i l  were assumed. 

For t h e  purpose of computing t h e  stress d i s t r i b u t i o n  beneath the boot ,  

a r ec t angu la r  c o n t a c t  area of 4 by 11.25 inches  were assumed (same c o n t a c t  areas 

as f o r  t h e  boo t ) ,  and a contact  stress of 4 p s i  (180-lb load)  w a s  used. 

Vertical stress d i s t r i b u t i o n s  f o r  a r ec t angu la r  uniformly loaded area on a 

compressible l a y e r  underlain by a r i g i d  base are given by Burmister (1956). 

The v a r i a t i o n s  of the  i n i t i a l  vertical g r a v i t y  stress and the  t o t a l  vertical  

stress including s u r f a c e  load wi th  depth f o r  p 

Figure 1-26(a). 

t o  determine t h e  v a r i a t i o n  of f i n a l  dens i ty  wi th  depth as shown i n  Figure 1-26(b) 

The ver t ica l  s t r a i n ,  cV, w a s  c a l c u l a t e d  a t  va r ious  depths by 

= 1.50 g/cm3 are shown i n  ave 

The appropr i a t e  compression curve from Figure 1-11 w a s  used 
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(1-10) 

where p1 = o r i g i n a l  dens i ty  

p2 = f i n a l  d e n s i t y  

and p l o t t e d  i n  Figure 1-27. 

p r e d i c t e d  depth of f o o t p r i n t ,  1.50 inches. S imi l a r  computations were made 

f o r  l oads  of 100 l b s  and 50 l b s  and f o r  values of p = 1.60 and 1.75 g/cm . 
The r e s u l t s  are shown i n  Figure 1-28. 

The area t o  t h e  l e f t  of the curve g ives  t h e  

3 
ave 

Computations of compression settle- 

ments f o r  a 50-lb load on the  a c t u a l  lunar  s u r f a c e  were also made f o r  average 

3 d e n s i t i e s  of 1.50, 1.60, and 1.75 g/cm , These values are a l s o  p l o t t e d  i n  

Figure 1-28 as s i n g l e  po in t s .  S m a l l  ex t r apo la t ions  (or i n t e r p o l a t i o n s )  w e r e  

made as needed t o  o b t a i n  the compression s e t t l e m e n t s  f o r  40-and 60-lb loads 

on t h e  luna r  su r face .  For t h e  case of compression on t h e  l u n a r  su r face ,  a 

depth of 100 c m  of material and a Boussinesq s o l u t i o n  f o r  stresses beneath a 

uniformly loaded r ec t angu la r  area w e r e  used. * 
In Table 1-1 a comparison i s  made between t h e  t o t a l  observed se t t l emen t s  

), taken from Figure 1-25, and t h e  computed compression se t t l emen t  t o  t a l  

(Acompr. 

value,  obtained by s u b t r a c t i n g  t h e  compression component from t h e  t o t a l  

), taken from Figure 1-28. The shea r  component of each se t t l emen t  

observed settlement, is  a l s o  shown i n  Table 1-1. The d a t a  i n  Table 1-1 show 

compr. ’*total’ t h a t  t h e  r a t i o  of compression se t t l emen t  t o  t o t a l  s e t t l e m e n t ,  A 

decreases  with inc reas ing  load and with decreasing dens i ty .  Decreasing 

w i t h  inc reas ing  load  i s  reasonable because shea r  s t r a i n s  would comp rlA t o t a1 A 

*For comparison, these assumptions were made f o r  one case of t h e  l u n a r  s o i l  
simulant.  The compression w a s  found t o  b e  n e g l i g i b l y  l a r g e r  because t h e  
stresses d i s s i p a t e  less Lapidly wi th  depth f o r  t h e  case of a r i g i d  base under- 
l y i n g  the  compressible l aye r .  
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I 
e 

ACTUAL LUNAR SOIL 

ADJACENT CURVES 

COMPUTED VALUES FOR 
LUNAR SOIL SIMULANT 
IN TEST BIN 

--- INTERPOLATE0 (EXTRAPOLAT€D) 

I I 0 
-Ibs 

FIGURE 1-28 COMPRESSION SETTLEMENT VS LOAD ON BOOT 
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TABLE 1-1 

COMPARISON OF TOTAL SETTLEMENTS AND 

COMPRESSION SETTLEMENTS FOR LUNAR SOIL SIMULANT 

compr. A 

' to ta l  
compr. 
(id 

A Stress 
( p s i )  

Load 
(lb) shear  A 

0.75 
1.23 
1.70 

1.50 
1.50 
1.50 

50 
100 
180 

1.11 
2.22 
4.0 

1.62 
2.45 
3.2 

0.87 
1.22 
1.50 

0.54 
0.50 
0.47 

1.60 
1.60 
1.60 

50 
10 0 
180 

1.11 
2.22 
4.0 

0.85 
1.32 
1.75 

0.68 
0.94 
1.20 

0.80 
0.71 
0.685 

0.17 
0.38 
0.55 

1.75 
1.75 
1.75 

50 
100 
180 

1. I1 
2.22 
4.0 

0.32 
0.52 
0.70 

0.29 
0.43 
0.55 

0.90 
0.83 
0.785 

0.03 
0.09 
0.15 



1-50 

be expected t o  predominate n e a r  t h e  f a i l u r e  condi t ion and compression s t r a i n s  

would be  expected t o  predominate f o r  low stress levels. (Note: S t r e s s  

level i s  def ined as t h e  contact  stress divided by t h e  u l t i m a t e  bear ing 

capacity.)  The same reasoning a p p l i e s  f o r  t he  decrease of A 

with decreasing d e n s i t y  f o r  t h e  same load. The bear ing capac i ty  decreases  

wi th  t h e  densi ty .  Therefore,  t h e  app l i ed  loads represent  h i g h e r  stress 

levels f o r  low d e n s i t i e s .  

compr.'Atotal 

Probable va lues  f o r  t h e  compression se t t l emen t  of a 50-lb load on t h e  

a c t u a l  l una r  s u r f a c e  are given i n  Figure 1-28. (A load of 50 l b s  w a s  chosen 

because t h i s  r e p r e s e n t s  t h e  l u n a r  weight of a s u i t e d  a s t r o n a u t  i f  h i s  

e a r t h  weight i s  300 l b  .) However, i n  o rde r  t o  estimate t h e  v a r i a t i o n  of 

t o t a l  depth of f o o t p r i n t  with d e n s i t y  f o r  t h e  luna r  s u r f a c e ,  i t  w a s  

necessary t o  o b t a i n  estimates f o r  t h e  shea r  component of set t lement .  

Because t h e  r a t i o  A 

and dens i ty ,  i t  w a s  assumed t h a t ,  f o r  a given value of pave and stress level, 

A w i l l  be  the  same f o r  t h e  l u n a r  s u r f a c e  as f o r  the 

the lunar s o i l  simulant.  Because t h e  bear ing capaci ty  (and t h e r e f o r e  the 

stress l e v e l  f o r  a given con tac t  s t r e s s )  is  a f f e c t e d  by t h e  reduced g r a v i t y  

on the  luna r  s u r f a c e ,  cons ide ra t ion  i s  given t o  the  e f f e c t  of reduced g r a v i t y  

i n  making a p r o j e c t i o n  of t h i s  type. 

i s  obviously a funct ion of stress level compr. " t o t a l  

of 'compr . / t o t a l  

To e s t a b l i s h  an equivalence of stress level f o r  t h e  lunar s o i l  simulant 

(terrestrial environment) and t h e  a c t u a l  l una r  s o i l  (reduced g r a v i t y )  , i t  

w a s  necessary t o  compute the '  v a r i a t i o n  of bea r ing  capac i ty  and average dens i ty  

f o r  bo th  cases. 

Equation (1-11) w a s  used t o  ob ta in  va lues  of the u l t i m a t e  bear ing 

c a p a c i t y  9 quit - 
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= & N s  + c N s  + q ' N s  
qu1t 2 y y c c  4 4  

( 1-11) 

= u n i t  u l t ima te  bear ing capac i ty  qu1t where 

y = s o i l  u n i t  weight 

b = width of loaded area 

c = s o i l  cohesion 

q' = surcharge,  dy 

s = shape f a c t o r  (1 - 0.3 b/L) 

s = shape f a c t o r  (1 + 0.2 b/L) 

s = shape f a c t o r  (1 + 0.2 b/L) 

Y 

C 

4 

Ny9 Nc, N = bearing capac i ty  f a c t o r s ,  dependent on t h e  s o i l  
q f r i c t i o n  angle ,  4 

d = depth of loaded area 

L = l eng th  of loaded area 

Meyerhof's (1951) c h a r t s  were used f o r  t h e  bea r ing  capac i ty  f a c t o r s .  To 

e n t e r  Meyerho.f's c h a r t s ,  t h e  parameter 6 is  used. Beta i s  def ined as 

t h e  a n g l e  between t h e  h o r i z o n t a l  and a l i n e  connecting the,bot tom of t h e  

f o o t i n g  and t h e  p o i n t  of emergence of t he  s l i p  surface.  

of d = 1 in .  and (3 = 5" w e r e  used f o r  a l l  c a l c u l a t i o n s .  Deformations 

f o r  t h i s  r ec t angu la r  foo t ing  are between t r iax ia l  and p l ane  s t r a i n  con- 

d i t i o n s >  bu t  probably c l o s e r  t o  plane s t r a i n .  

Average values  

Therefore ($ f o r  plane s t r a i n  

w a s  used t o  e n t e r  t h e  bear ing capac i ty  cha r t s .  (4p.s. 

The r e s u l t s  of t h e  bear ing capaci ty  computations f o r  t he  luna r  s o i l  

s imulant  and t h e  a c t u a l  l una r  s o i l  are summarized i n  Tables 1-2 and 1-3 

The d a t a  i n  Tables 1-1 and 1-2 a r e  p l o t t e d  i n  Figure 1-29. The stress levels 

f o r  40-,50-,and 60-lb loads on t h e  a c t u a l  l u n a r  s o i l  given i n  Table 1-3 w e r e  

compr . / A t o t a l  used t o  e n t e r  Figure 1-29 t o  o b t a i n  the corresponding va lues  of A 

These values of Acompr. /Atotal w e r e  appl ied t o  t h e  computed values of A comp r . 
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TABLE 1-2 

BEARING CAPACITIES FOR LUNAR SOIL S I W T  

S t r e s s  Levels i n  % 

Pave 4 P.S. C %lt 50-lb load 100-lb load  180-lb load 
(g /cm3)  (deg. 1 (psi) (psi) 1.11 psi 2.22 psi 4.0 psi 

1.50 7.96 
(5.48 N/cm2) 33 14 28 50 

1.60 36.5 0.058 15.3 
(10.5 N/cm2) 7.2 14.5 26 

1.75 59.6 
(41.2 N/cm2) 43 1.85 3.7 6.7 

TABLE 1-3 

BEARING CAPACITIES FOR ACTUAL LUNAR SURFACE (REDUCED GMVITY) 

Stress Level i n  % 
quit 
(psi) 40-lb load 50-lb load 60-lb load 

1.50 2.67 
(1.84 N/cm ) 

33 33 41.5 50 

1.60 
5.82 

36e5 '*05' (4.9 N/cm2) 15 19 2 3  

1.70 3.15 28.1 
(19.4 N/cm2) 43 3.95 47.5 
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t o  o b t a i n  values of A f o r  t h e  a c t u a l  l u n a r  su r face .  The r e s u l t s  are 

summarized i n  Table 1-4 and p l o t t e d  i n  Figure 1-30 t o  f a c i l i t a t e  i n t e r -  

t o t a l  

po la t ion .  The curves p l o t t e d  i n  Figure 1-30 r ep resen t  t h e  d e s i r e d  r e l a t i o n -  

s h i p s  between probable t o t a l  depth of f o o t p r i n t  and p 

40 c m  of l u n a r  material. Assuming a terrestrial weight of a s u i t e d  

a s t r o n a u t  of 300 l b s  and a boot  area of 45 in., t h e  curve f o r  a 50-lb load  

would be  appropr i a t e .  S l i g h t l y  d i f f e r e n t  a s t r o n a u t  weights and boot s i z e s  

f o r  t h e  top ave 

2 

may b e  considered by i n t e r p o l a t i o n .  

XII. PENETRATION RESISTANCE TESTS 

Pene t r a t ion  r e s i s t a n c e  measurements are being considered as a means by 

which a s t ronau t s  may g a t h e r  d a t a  leading t o  t h e  assessment of lunar  s u r f a c e  

s o i l  p rope r t i e s .  Approximate va lues  of r e s i s t a n c e  are needed f o r  design of 

penetrometers t h a t  may be  u t i l i z e d  on Apollo missions.  

t i o n  of p e n e t r a t i o n  r e s i s t a n c e  d a t a  may be f o r  t h e  design of l una r  roving 

veh ic l e s .  The Corps of Engineers u t i l i z e s  cone penetrometer d a t a  f o r  cohesion- 

less s o i l s  i n  t r a f f i c a b i l i t y  a n a l y s i s  by obtaining the  s l o p e ,  G, of t h e  

p e n e t r a t i o n  resistance ( i n  p s i )  versus  depth of p e n e t r a t i o n  ( i n  inches) .  

Although the l u n a r  s o i l  i s  n o t  considered t o  b e  completely cohesionless ,  i t  

may s t i l l  be p o s s i b l e  t o  u t i l i z e  such a modulus. 

An important appl ica-  

A series of p e n e t r a t i o n  r e s i s t a n c e  tests w a s  performed w i t h  the  following 

o b j e c t i v e s  : 

(1) To develop s u i t a b l e  p e n e t r a t i o n  test  techniques and t o  t r y  ou t  

t r i a l  penetrometer models. 

(2) To test t h e  s e n s i t i v i t y  of G values t o  densi ty .  

(3) To e s t a b l i s h ,  i f  p o s s i b l e ,  probable values  of G f o r  t h e  a c t u a l  

l una r  s u r f  ace. 
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TABLE 1-4 

FOOTPRINT DEPTHS FOR LTJNAR MATERIAL OF VARIOUS DENSITIES 

compr. 
A 

compr. ' t o t a l  A ave Load Stress 
(g/cm3) (Ib) p s i  ' t o t a l  

1.50 40 
1.50 50 
1.50 60 

1.60 40 
1.60 50 
1.60 60 

1.75 40 
1.75 50 
1.75 60 

0.89 0.492 
1.11 0.48 
1.33 0.47 

0.89 0.705 
;1.11 0.69 
1.33 0.685 

0.89 0.842 
1.11 0.82 
1.33 0.81 

1.40 
1.55 
1.65 

0.86 
1.0 
1.08 

0.37 
0.435 
0.48 

2.85 
3.23 
3.51 

1.22 
1.45 
1.58 

0.44 
0.53 
0.59 
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The i n i t i a l  p e n e t r a t i o n  r e s i s t a n c e  tests w e r e  performed by applying 

s t a t i c  (incremental)  loads t o  a 1-inch-diameter, f lat-ended, constant-  

diameter rod. Later tests w e r e  performed using a Waterways Experiment 

S t a t i o n  (WES) type cone penetrometer. 

angle  at the  p o i n t  (15" measured from the a x i s  of the cone),  a cone base  area 

of 0 .5  in. (diameter = 0.798 i n , )  and a s h a f t  diameter of 0.625 i n .  Com- 

pa r i son  tests showed t h a t  t h i s  cone gives  G va lues  which are about 2 / 3  of 

the  values  obtained w i t h  the 1-inch-diameter, f lat-ended rod. This d i f f e r e n c e  

i n  G values  i s  probably due c h i e f l y  t o  d i f f e r e n c e s  i n  deformation mechanisms 

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

This cone penetrometer has a 30" 

2 

A t y p i c a l  cone pene t r a t ion  r e s i s t a n c e  curve i s  given i n  Figure 1-31. 

This curve shows t h a t  a f t e r  a c e r t a i n  c r i t i c a l  depth i s  exceeded, t he  

p e n e t r a t i o n  r e s i s t a n c e  inc reases  only s l i g h t l y  with depth. 

i s  t y p i c a l  of p e n e t r a t i o n  i n t o  g ranu la r  materials. Vesic (1967) c i t e d  

numerous cases i n  which a break i n  t h e  load-penetration curve occurred a t  

about 20-penetrometer diameters f o r  very dense sand and about 10 diameters 

This behavior 

f o r  very loose sand. This break i n  the curve occurred a t  5 t o  10 cone 

diameters f o r  t h e  l u n a r  s o i l  s imulant ,  with an average va lue  of about 

8 diameters.  This r e s u l t  i n d i c a t e s  t h a t ,  i f  t h e  WES cone penetrometer is 

used on the luna r  su r face ,  t h e  G values  obtained may be  r e p r e s e n t a t i v e  of 

only the  top 6 i n . o r  so. However, i t  w i l l  probably be d e s i r a b l e  t o  p e n e t r a t e  

t o  g r e a t e r  depths t o  determine the  degree of homogeneity i n  the  s o i l  p r o f i l e .  

Some of t h e  f i r s t  p e n e t r a t i o n  tests w e r e  performed without  a man s tanding 

on the  s o i l  ad j acen t  t o  the penetrometer. Because an a s t r o n a u t  would be  

s t and ing  on the  lunar su r face  s o i l  during t e s t i n g  and because stresses due 

t o  t h e  loads from h i s  f e e t  a f f e c t  t he  r e s u l t s ,  a d d i t i o n a l  tests w e r e  performed 

wi th  a man s t and ing  i n  place.  Comparative test r e s u l t s  f o r  t h e  luna r  s o i l  
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simulant  are shown i n  Figure 1-32. The da ta  i n d i c a t e  t h a t  t he  G value i s  

about 40 percent  less when a man is  n o t  s tanding ad jacen t  t o  t h e  

penetrometer. 

p o s i t i o n  of the  penetrometer w i t h  r e spec t  t o  the  f e e t  a f f e c t e d  the  G value.  

A s  a s tandard procedure f o r  t h e s e  tests, the  f e e t  were placed w i t h  

6 in. clear space between them; and t h e  penetrometer w a s  placed 2 in .  i n  

f r o n t  of the toes ,  as shown by the  sketch i n  Figure 1-32. For one case i n  

which the  penetrometer w a s  placed d i r e c t l y  i n  between t h e  f e e t ,  e q u i d i s t a n t  

from toe  and h e e l ,  t h e  G value w a s  found t o  be  about 50 pe rcen t  higher .  

Thus i t  appears h igh ly  d e s i r a b l e  t o  e s t a b l i s h  a s t anda rd  t e s t i n g  p o s i t i o n  

t o  be adopted f o r  gather ing penetrometer da t a .  The p o s i t i o n  used i n  this  

study may w e l l  n o t  be the  most des i r ab le .  For example, i f  zhe f e e t  w e r e  

placed a t  a spacing of about 10 i n .  and t h e  penetrometer placed 4 i n .  i n  

It w a s  a l s o  found t h a t  the p o s i t i o n  of t h e  f e e t  and the  

f r o n t  of t h e  t o e s  the  e x i s t i n g  stresses would probably b e  a f f e c t e d  only 

s l i g h t l y  by the  loads appl ied by t h e  f e e t ,  f o r  depths less than 5 or  6 in.  

Values af G f o r  t h e  medium coa r se  b a s a l t  sand (see Figure 1-1 f o r  

g rada t ion  curve) are a l s o  p l o t t e d  i n  Figure 1-32. These va lues  of G w e r e  

obtained without  a man s tanding adjacent  t o  t h e  penetrometer, and they 

i n d i c a t e  t h a t  t h e  d i f f e rences  i n  the gradat ion of the  lunar s o i l  simulant 

and t h e  medium coarse b a s a l t  sand do n o t  appreciably a f f e c t  t h e  G values .  

Although it  w a s  known t h a t  t h e  mechanism of penetrometer deformation 

involved both s h e a r  and compression deformations, i n i t i a l  analyses  w e r e  

made assuming only shea r  occurred. Thus t h e  G valueswere r e l a t e d  t o  t h e  

rate of i n c r e a s e  i n  shea r  s t r e n g t h  with depth. However, more r ecen t  test 

r e s u l t s  have i n d i c a t e d  t h a t  compression may p lay  a s i g n i f i c a n t  r o l e  i n  the 

deformation mechanism. 
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F i r s t ,  some pene t r a t ion  tests on Monterey No, 20 sand (a c l ean  medium 

sand) were performed and these d a t a  were combined with d a t a  a v a i l a b l e  from 

the l i t e r a t u r e  t o  o b t a i n  the  curve l abe led  "clean sand" shown i n  Figure 

1-33. The d a t a  show t h a t  t h e  G values  are much g r e a t e r  f o r  t h e  clean sand 

than f o r  t he  l u n a r  s o i l  simulant,  even though t h e  shea r  s t r e n g t h  is  only 

s l i g h t l y  h ighe r  f o r  t h e  clean sand a t  equ iva len t  densi ty .  This r e s u l t  

seems much more p l a u s i b l e ,  however, when i t  is r e a l i z e d  t h a t  t he  luna r  s o i l  

simulant is many t i m e s  more compressible than t h e  clean sand, a t  equ iva len t  

d e n s i t i e s  . 
Secondly, a number of p e n e t r a t i o n  tests w e r e  performed on l aye r s  of 

s o i l  submerged i n  water i n  an e f f o r t  t o  s imula t e  a reduct ion i n  g r a v i t y .  

One test r e s u l t  each f o r  t h e  l u n a r  s o i l  s imulant ,  medium coa r se  b a s a l t  sand, 

and Monterey No .  20 sand t e s t e d  a f t e r  submergance are shown i n  Figure 1-33. 

The d a t a  show t h a t  t he  G values  f o r  t he  submerged s o i l  l a y e r s  were substan- 

t i a l l y  less than would have been expected f o r  dry s o i l  l a y e r s  of t h e  same 

dens i ty .  Thege r educ t ions  i n  G value were undoubtedly due t o  t h e  r educ t ion  i n  

" e f f e c t i v e  u n i t  weight" caused by the  bouyant e f f e c t  of t h e  water, w i t h  an 

accompanying reduct ion i n  deformation modulus. Similar  reduct ions i n  

"equivalent u n i t  weight , I 1  with corresponding reduct ions i n  modulus and shear- 

i n g  r e s i s t a n c e ,  w e r e  made f o r  dry s o i l  l a y e r s  by simply reducing the  dry 

densi ty .  I n  these  lat ter cases, however, t h e  corresponding reduct ion i n  

G value w a s  much g r e a t e r  than f o r  t h e  submerged s o i l  l a y e r s .  This compari- 

son i n d i c a t e s  t h a t  t he  reduct ion i n  G value wi th  reduct ion i n  dens i ty  is  

due no t  only t o  t h e  decrease i n  shear ing r e s i s t a n c e ,  b u t  a l s o  i n  p a r t  t o  

t h e  inc rease  i n  compress ib i l i t y .  Thus i t  appears t h a t  compression plays a 

s i g n i f i c a n t  r o l e  i n  the  s o i l  p e n e t r a t i o n  mechanism. 

The major problem involved i n  p ro jec t ing  t h e  G va lue - so i l  dens i ty  

r e l a t i o n s h i p  determined f o r  t h e  l u n a r  s o i l  s imulant  t o  t h e  luna r  s u r f a c e  is  
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t h a t  of accounting f o r  t he  e f f e c t  of reduced g rav i ty .  Reduced g r a v i t y  w i l l  

r e s u l t  i n  a reduct ion of G due bo th  t o  t h e  reduct ion i n  shea r ing  resistance 

and deformation modulus (smaller " e f f e c t i v e  u n i t  weight") and t o  t h e  

inc rease  i n  compressibi l i ty .  

should be  only s l i g h t l y  inf luenced by t h e  s t r e n g t h  of t h e  g r a v i t a t i o n a l  

f i e l d  e 

On t h e  o the r  hand t h e  compress ib i l i t y  

Trre most promising experimental  approach t o  t h i s  problem may b e  t h a t  of 

performing p e n e t r a t i o n  tests on l a y e r s  of lunar s o i l  s imulant  submerged in 

l i q u i d s  of va r ious  d e n s i t i e s ,  including some l i q u i d s  which produce an 

e f f e c t i v e  s o i l  u n i t  weight e s s e n t i a l l y  equ iva len t  t o  t h a t  of the luna r  

su r face .  

t he  relative in f luence  of s h e a r  and compression can be evaluated.  

I n  t h i s  way t h e  e f f e c t  of reduced g r a v i t y  can b e  a sce r t a ined  and 

However, a number of problems must be 

F i r s t ,  i t  may be  very d i f f i c u l t  t o  deposi t  

d e n s i t i e s .  I n  p repa ra t ion  f o r  t h e  test on 

submerged i n  hater (descr ibed i n  preceding 

t o  depos i t  the s o i l  as loose ly  as poss ib l e  

overcome i n  using t h i s  technique. 

s a t u r a t e d  s o i l  l a y e r s  a t  low 

t h e  s imulated l u n a r  s o i l  l a y e r  

paragraphs) an at tempt  was  made 

by sedimenting i t  through about 

1 inch of water. Nevertheless ,  t h e  r e s u l t i n g  average dry d e n s i t y  w a s  about 

1.90 g/cm . 
parameters must be assessed be fo re  pene t r a t ion  da ta  can be analyzed. 

case of submergence i n  water, i t  i s  expected t h a t  the cohesion is  e s s e n t i a l l y  

destroyed f o r  t h e  luna r  s o i l  sirnulant (which may account f o r  t he  high dens i ty  

obtained under wa te r ) .  The e f f e c t  of water on the  f r i c t i o n  angle ,  4, has  n o t  

y e t  been determined, b u t  i t  i s  expected t o  b e  very s m a l l .  The e f f e c t  of 

o t h e r  l i q u i d s  on 4 may be very pronounced,however. 

3 Secondly, t he  i n f l u e n c e  of t h e  pore f l u i d  on t h e  shea r  s t r e n g t h  

In t h e  

Thirdly,  t h e  loading of 

t h e  s a t u r a t e d  s o i l  l a y e r s  must be very slow t o  avoid b u i l d  up of pore f l u i d  

p re s su res .  
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The most promising t h e o r e t i c a l  approach t o  t h e  problem of reduced 

g r a v i t y  may be t h e  app l i ca t ion  of t h e  f i n i t e  element method t o  the  penetra- 

t i o n  r e s i s t a n c e  test. 

ass igning  i n i t i a l  stresses t o  each element which are cons is  t e n t  with t h e  

e f f e c t i v e  s o i l  u n i t  weight. 

t h i s  method i s  the  determinat ion of appropr ia te  s t r e s s - s t r a i n  parameters 

f o r  t h e  low d e n s i t i e s  and very low confining pressures  appropr ia te  f o r  

the  lunar  sur face .  Another problem is  the proper  incorpora t ion  of t h e  r a t h e r  

complex boundary condi t ions a s soc ia t ed  with t h e  cone penetrometer.  Modif ica-  

t i o n  of an e x i s t i n g  f i n i t e  element computer program f o r  a n a l y s i s  of t h i s  

problem i s  i n  progress .  

Reduced g r a v i t y  may b e  accounted f o r  by simply 

One of t h e  d i f f i c u l t i e s  i n  the  app l i ca t ion  of 

A t h i r d  method, which may be  descr ibed as semi-empir ical ,  f o r  assess ing  

the  in f luence  of lunar  g rav i ty  on G values is t h a t  of u t i l i z i n g  the  r e s u l t s  

of t h e  f o o t p r i n t  depth s t u d i e s  descr ibed i n  the  preceding sec t ion .  This 

method can be app l i ed  immediately because d a t a  which have a l ready  been 

presented  are used i n  making the  pro jec t ion .  

3 = 1.50 g/cm and con tac t  Data i n  Tables 1-1 and 1-4 show t h a t ,  f o r  p ave 

stress = 1.11 p s i ,  t h e  depth of f o o t p r i n t  f o r  t h e  luna r  s o i l  simulant is  

1.62 i n .  and f o r  t h e  a c t u a l  l una r  s o i l  i t  i s  3.23 i n .  Thus according t o  

these  c a l c u a l t i o n s ,  t h e  n e t  e f f e c t  of t he  reduced g rav i ty  f o r  t h e  lunar  

s u r f a c e  w a s  t o  double t h e  boot pene t ra t ion ,  f o r  t h e  same load and t h e  s a m e  

va lue  of pave. Although the  G va lues  obtained by consider ing t h e  boot  t o  

be  a l a r g e  penetrometer are n o t  t h e  same as f o r  t h e  cone penetrometer due 

t o  scale e f f e c t s ,  t h e  above d a t a  suggest  t h a t  t h e  G value would be c u t  

about i n  ha l f  f o r  t he  same va lue  of pave i n  t h e  lunar  environment. 

f a c t o r  can be appl ied  t o  t h e  measured G va lues  (with t h e  cone penetrometer) 

f o r  t h e  s imulated luna r  s o i l  t o  ob ta in  an.estimate of t h e  cone penetrometer 

G va lue  f o r  t he  luna r  surface.  Repeating t h e s e  comparisons f o r  o the r  

va lues  of p y i e l d s  t h e  r e s u l t s  i n  Table 1-5. 

This  

ave 
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The G values  i n  Table -5 are p l o t t e d  i n  Figure 1-34 f o r  convenience 

i n  i n t e r p o l a t i o n ,  

40 pe rcen t  i f  t h e  a s t ronau t  p l aces  t h e  penetrometer f a r  enough from h i s  

f e e t  t o  eliminate t h e i r  in f luence .  

Note t h a t  t h e s e  va lues  should be  reduced by about 

Figure 1-34 shows t h a t  t he  probable v a r i a t i o n  i n  G with pave is 

pronounced, i n d i c a t i n g  t h a t  measured G values  may provide a reasonable 

i n d i c a t i o n  of l u n a r  s o i l  dens i ty  and shear  s t r eng th .  

X I I I .  DISCUSSION OF LUNAR SURFACE SOIL DENSITY 

I f  i t  i s  assumed t h a t  t h e  s o i l  dens i ty- - f r ic t ion  angle  and t h e  soil density-- 

bear ing capacity--compressibil i ty r e l a t i o n s h i p s  are governed pr imar i ly  

by t h e  g r a i n  s i z e ,  shape, and grada t ion ,  and i f  i t  is  f u r t h e r  assumed t h a t  

the  luna r  s o i l  s imulant  matches t h e  a c t u a l  l una r  s o i l  wi th  respec t  t o  these  

p r o p e r t i e s ,  s o i l  s imula t ion  s t u d i e s  can be used t o  modify and perhaps 

improve estimates of lunar  s o i l  dens i ty .  

Considerable a t t e n t i o n  has  been devoted t o  t h e  es t imat ion  of t h e  luna r  

s o i l  f r i c t i o n  angle  from surveyor  test r e s u l t s ,  and confidence i n  the 35"-37' 

range reported i s  q u i t e  high. 

s imulant  ( see  Figure 1-4) i n d i c a t e  t h a t  t h e  corresponding average value of 

s o i l  dens i ty  is  about 1.60 g/cm . 

Property r e l a t ionsh ips  f o r  t h e  lunar s o i l  

3 

Estimated bea r ing  c a p a c i t i e s  f o r  the  a c t u a l  lunar  su r face  (based on 

s o i l  s imulat ion s t u d i e s )  given i n  Table 1-3 i n d i c a t e  t h a t  f o r  an  average 

dens i ty  of 1.60 g/cm3 the  bear ing  capaci ty  i s  about 6 p s i  f o r  a 4-inch-wide 

loaded area. Estimates of l u n a r  s o i l  bear ing capaci ty  from Surveyor d a t a  

i n d i c a t e  t h a t  t h e  va lue  i s  a t  least as g r e a t  as 6 p s i ,  from which i t  may be 

i n f e r r e d  t h a t  t he  average dens i ty  is as g r e a t  as 1.60 g/cm . 3 

Thus a combination of Surveyor test  r e s u l t s  and s o i l  s imula t ion  s t u d i e s  

i n d i c a t e  t h a t  a reasonable va lue  of the  average dens i ty  f o r  t he  top 40 cm 
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of l u n a r  s o i l  may b e  about 1,60 g/cm', 

of about 1.54  g/cm3 f o r  the top 5 cm. 

degree of d e n s i f i c a t i o n  due t o  v i b r a t i o n s  (meteor impact and seismic a c t i v i t y )  

are l i k e l y  t o  cause some v a r i a t i o n  i n  the  average dens i ty  f o r  t h e  top 40 cm. 

Secondly, some d e n s i t y  v a r i a t i o n s  are l i k e l y  as a r e s u l t  of v a r i a t i o n s  i n  

s o i l  gradat ion.  Although the  Surveyor sites w e r e  s u r p r i s i n g l y  similar i n  

appearance and  p r o p e r t i e s ,  some s m a l l  d i f f e rences  i n  g rada t ion  were 

observed. For example, t h e  material a t  the  Surveyor V I 1  s i t e  is somewhat 

coa r se r  than a t  o t h e r  sites. Due t o  these sources  i n  dens i ty  v a r i a t i o n ,  i t  

seems l i k e l y  t h a t  t h e  average d e n s i t y  of t h e  top 40 c m  may range from about 

1.55 g/cm3 t o  1.65 g/cm3 f o r  those p a r t s  of t h e  luna r  s u r f a c e  which may 

properly be  c a l l e d  s o i l .  

This corresponds t o  an average dens i ty  

Of course l o c a l  v a r i a t i o n s  i n  t h e  

X I V .  CONCLUSIONS 

1. It has  been p o s s i b l e  t o  prepare a l u n a r  s o i l  simulant whose composition, 

g rada t ion ,  derisity, and shea r  s t r e n g t h  parameters are s u f f i c i e n t l y  c l o s e  

t o  those values e s t ima ted  f o r  a c t u a l  lunar  s o i l  t o  allow me'aningful correla-  

t i o n s .  

2 .  Lunar s o i l  s imulant  dens i ty  has  been c o r r e l a t e d  with (a )  he igh t  of drop 

during placement ( sp r ink l ing )  (b) f r i c t i o n  angle ,  (c )  cohesion, (d) perme- 

a b i l i t y ,  and (e) compress ib i l i t y .  These c o r r e l a t i o n s  are presented i n  

Figures 1-2, 1-4, 1-6, 1-7 and 1-93 r e spec t ive ly .  

3 .  A combination of t h e o r e t i c a l  and experimental  analyses were used t o  

develop probable c o r r e l a t i o n s  between average s o i l  dens i ty  and depth of 

f o o t p r i n t s  on the  luna r  s u r f a c e  and G values f o r  l u n a r  s u r f a c e  materials. 

These c o r r e l a t i o n s  are presented i n  Figures 1-30 and 1-34, r e spec t ive ly .  

t he  p o s s i b l e  except ion of h e i g h t  of drop during placement, all of these  

With 
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p r o p e r t i e s  appear t o  be  a s e n s i t i v e  funct ion of s o i l  densi ty .  Therefore, 

i t  is  l i k e l y  t h a t ,  i f  t he  average s o i l  dens i ty  can be determined, most 

a l l  o t h e r  p r o p e r t i e s  of i n t e r e s t  can be  est imated.  

4.  Resu l t s  of t h e  l u n a r  s o i l  s imulat ion s t u d i e s  descr ibed h e r e i n  i n d i c a t e  

t h a t  the average d e n s i t y  f o r  t h e  top 40 c m  of lunar s o i l  may b e  s l i g h t l y  

h ighe r  than the va lue  1.50 g/cm3 suggested i n  the  f i n a l  Surveyor r epor t .  

In  add i t ion ,  cons ide ra t ion  of probable v a r i a t i o n s  i n  degree of i n i t i a l  

d e n s i f i c a t i o n  due t o  v i b r a t i o n  on the  luna r  s u r f a c e  has l e d  t o  the  conclusion 

t h a t  the lunar  s o i l  dens i ty  probably v a r i e s  somewhat from one l o c a t i o n  t o  

another.  

average densi ty  of t h e  top 40 c m  w a s  e s t ab l i shed .  

On t h i s  b a s i s  an e s t ima ted  range of 1.55 t o  1.65 g/cm3 f o r  t h e  

5. A s  i nd ica t ed  i n  Figure 1-30, the est imated range i n  depth of f o o t p r i n t  

(with contact  stress = 1.1 p s i )  f o r  t he  l u n a r  s u r f a c e  is 1.0 i n .  t o  2 .1  i n .  

f o r  a corresponding range i n  s o i l  dens i ty  of 1.65 g/cm3 t o  1.55 g/cm 3 

(average value f o r  top 40 cm). 

6. 

3 3 l u n a r  su r face  is  1.5lb/in.  t o  2.5 lb/in. f o r  a corresponding range i n  average 

3 s o i l  dens i ty  of 1.55 g/cm3 t o  1.65 g/cm . T e s t  d a t a  show t h a t  t h e  G va lues  

are inf luenced by both the type of penetrometer used and t h e  pos i t i on ing  

of t h e  penetrometer with r e spec t  t o  the feet of t h e  man performing t h e  test. 

The est imated G va lues  given above are app l i cab le  t o  t h e  WES 30-degree cone 

penetrometer placed 2 i n .  i n  f r o n t  of the t o e s  wi th  6 i n .  clear space 

between the f e e t .  I f  a flat-ended rod penetrometer of about 1-in. diameter 

w e r e  used, i t  is  expected t h a t  t h e  G values would be  about 50 percent  higher .  

If the penetrometer were placed e n t i r e l y  o u t s i d e  the in f luence  of t h e  man's 

f e e t ,  i t  i s  expected t h a t  t he  G values  would be about 40 percen t  lower. 

A s  i nd ica t ed  i n  Figure 1-34, t h e  est imated range i n  G value f o r  t h e  
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7, 

density measurements on the lunar surface will be very difficult, though 

perhaps possible. Success during attempts to remove a "cake-like'' block 

of the lunar soil simulant by excavating around it was only marginal, but 

lower gravity-induced shear stresses during excavation on the lunar surface 

may be enough to make the difference. 

Experience obtained with the lunar soil simulant indicates that in-place 

8. If in-place density measurements prove impossible, the correlation 

between density and footprint depth given in Figurel-30 can be used to 

estimate lunar soil density. 

these values can be used to check and modify, if necessary, the correlation 

given in Figure 1-30. 

is the most that can be hoped for in early missions, but footprints will be 

abundant wherever the astronauts go and will serve as a prime source of data. 

If direct density measurements are obtained, 

In either case, one or two in-situ density measurements 

XV . RECOMMENDATIONS 

1. Good measurements of in-place density of lunar surface soil should be 

made during early Apollo missions if possible. 

soil simulations indicate that most soil properties of interest may be 

estimated through correlation with density. Therefore, in-place density 

measurements are highly desirable. It appears that the most promising 

method for density determination is the excavation of an undisturbed 

block of lunar soil, as described in the Geotechnical Investigations 

Section of the Definitive Experiment Plan for the Apollo Lunar Field 

Geology Experiment. 

The results of lunar 

2. If attempts to measure the in-place density of the lunar surface 

materials are successful, the density and the depth of astronaut footprint 

should be correlated and these data should be used to check and modity. 
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i f  necessary,  t h e  r e l a t i o n s h i p  between dens i ty  and depth of f o o t p r i n t  

presented i n  Figure 1-30. I f  a t tempts  t o  measure in-place d e n s i t y  are 

unsuccessful,  t h e  r e l a t i o n s h i p  presented i n  Figure 1-30 may be  used as 

an i n d i c a t o r  of lunar s o i l  densi ty .  

3. Pene t r a t ion  r e s i s t a n c e  tests should be performed during e a r l y  Apollo 

missions. Measurement of t h e  pene t r a t ion  r e s i s t a n c e ,  i n  terms of t h e  

s lope  of t h e  s t r e s s - p e n e t r a t i o n  curve, G,  serves a t  least t h r e e  

purposes. F i r s t ,  t he  G va lues  obtained may be  used i n  design of l u n a r  

roving veh ic l e s .  

s o i l  densi ty  and o t h e r  important p r o p e r t i e s  through c o r r e l a t i o n s .  Third, 

t h e  penetrometer serves as a probe i n  determining t h e  homogeneity of t h e  

s o i l  p r o f i l e .  

Second, t h e  measured G values  may be  used t o  estimate 

4 .  I f  poss ib l e ,  t h e  G values  should be measured wi thaWEcone  penetrometer,  

s i n c e  veh ic l e  design s t u d i e s  using t h i s  penetrometer are c u r r e n t l y  being 

made. O f  course G values may be  obtained with o the r  penetrometers and 

the  G value which would have been obtained wi th  t h e  WES cone can be 

est imated through c o r r e l a t i o n s .  However, some accuracy is  l o s t  i n  using 

an intermediate  c o r r e l a t i o n .  

5. A standard procedure ( e s p e c i a l l y  with r e s p e c t  t o  t h e  r e l a t i v e  p o s i t i o n  

of t h e  man's f e e t  and t h e  penetrometer) f o r  performance of p e n e t r a t i o n  

r e s i s t a n c e  tests should b e  adopted and publ ic ized.  Although i t  d i f f e r s  

somewhat from the  procedure adopted f o r  t h e  tests repor t ed  he re in ,  i n  

r e t r o s p e c t  i t  a p p e a r s  t h a t  placement of the penetrometer about 4 i n .  i n  

f r o n t  of t h e  toes  (centered) with about 10 i n .  between t h e  f e e t  may b e  

the  b e s t  arrangement. With t h i s  arrangement the  G va lue  f o r  t he  f i r s t  

5 o r  6 i n .  of pene t r a t ion  w i l l  probably n o t  be  s i g n i f i c a n t l y  a f f e c t e d  by 

the presence of t he  man's f e e t .  Secondly, f o r  tests performed i n  the  
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terrestrial environment 

low t o  allow d i s s i p a t i o n  of pore a i r  pressures .  

t h e  rate of pene t r a t ion  should be s u f f i c i e n t l y  

6 .  Addi t iona l  l abora to ry  and model tests on t h e  lunar  s o i l  s imulant  should 

be  conducted t o  expand and v e r i f y  the  c o r r e l a t i o n s  between s o i l  p r o p e r t i e s  

and f o o t p r i n t  depth and G va lue  reported he re in .  Spec ia l  a t t e n t i o n  

should be given t o  t h e  determinat ion of s t r e s s - s t r a i n  parameters 

appropr ia te  f o r  very  low d e n s i t i e s  and very  l o w  pressures .  

least one a d d i t i o n a l  lunar  s o i l  simulant wi th  a coarser  grada t ion  should 

be  s tud ied  t o  f u r t h e r  explore  the inf luence  of grada t ion  on o the r  

p rope r t i e s .  

be s imulated by using s o i l  l a y e r s  submerged i n  var ious  heavy l iqu ids .  

Also, a t  

Pene t r a t ion  tests under condi t ions  of reduced g r a v i t y  should 

7. Theore t i ca l  ana lyses  using t h e  f ini te-element  approach should be 

performed i n  an e f f o r t  t o  assess t h e  in f luence  of reduced g r a v i t y  on 

deformations. These analyses ,  including both p lane-s t ra in  and axisymmetric 

loading condi t ions ,  should be  co r re l a t ed  wi th  corresponding model test 

r e s u l t s  as a check. 
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CHAPTER 2 

LUNAR SURFACE TRAFFICABILITY STUDIES 

( J.  B e  Thompson and J .  K. Mitchel l )  

I, INTRODUCTION 

The cur ren t  state of t he  art of vehic le  mobi l i ty  and t r a f f i c a b i l i t y  

p red ic t ion  as r e l a t e d  t o  the  design and opera t ion  of luna r  roving veh ic l e s  

w a s  reviewed and eva lua ted  under con t r ac t  NSR 05-003-189 and summarized 

by Mi tche l l  e t  al. (1969). It w a s  noted t h a t  t h e r e  is  a t  p re sen t  no 

methodwhich i s  completely s u i t a b l e  f o r  t he  r e l i a b l e  p red ic t ion  of needed 

t r a f f i c a b i l i t y  and so i l -veh ic l e  i n t e r a c t i o n  parameters. Recommendations 

were made t h a t  i n t e n s i v e  s t u d i e s  of both an experimental  and t h e o r e t i c a l  

n a t u r e  be i n i t i a t e d  i n  order  t o  develop the  information necessary f o r  

design and performance p red ic t ion  of lunar  roving vehic les .  

To these ends experimental  s t u d i e s  are now underway a t  t h e  U. S ,  Army 

Engineer Waterways Experiment S t a t i o n ,  Vicksburg, Miss i ss ippi ,  f o r  t h e  

purposes of 1 )  e s t a b l i s h i n g  t h e  performance parameters of wheels of a 

type  proposed f o r  lunar  veh ic l e s  and 2 )  answering bas i c  performance 

ques t ions  such as t h e  maximum s l o p e  t h a t  may be negot ia ted  on the luna r  

su r face  and t h e  n a t u r e  of soil-wheel i n t e r a c t i o n  f o r  very l i g h t l y  loaded 

wheels. The r e s u l t s  of experimental  s t u d i e s  of t h i s  type may a l s o  b e  

u s e f u l  f o r  the establ ishment  of s i m i l i t u d e  r e l a t i o n s h i p s  f o r  l una r  

t r a f f i c a b i l i t y  a n a l y s i s  once r e l i a b l e  cone index values f o r  lunar  s o i l s  

are ava i l ab le .  

M i t c h e l l  e t  a1.(1969). 

l una r  s o i l  have been made based on the  r e s u l t s  of t e s t s  OE simulated 

luna r  s o i l  conducted both i n  our laboratory ( see  Volume I, Chapter 1) 

and a t  MSFC. 

The e s s e n t i a l  elements of t h i s  method are descr ibed by 

Preliminary estimates of cone index values  f o r  
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Our group has  concerned i t s e l f  during t h e  p a s t  year  

a n a l y t i c a l  aspects of l una r  t r a f f i c a b i l i t y ,  I n i t i a l l y ,  a t t e n t i o n  was  

d i r e c t e d  a t  the  ques t ion ,  "How much d i f f e rence  is a var . ia t ion i n  s o i l  

condi t ions  l i k e l y  t o  make on t h e  performance parameters of a luna r  

roving vehicle?"  

parameter study w a s  made using t h e  Bekker "Soi l  Value System" method 

of ana lys i s .  That t he  t h e o r e t i c a l  b a s i s  f o r  t h e  S o i l  Value System 

r e l a t i o n s h i p s  i s  open t o  s e r i o u s  quest ion is w e l l  recognized. None- 

t h e l e s s ,  i t  is  t h e  only quas i - theo re t i ca l  method ava i l ab le  a t  the  present  

t i m e ,  and a considerable  body of previous t r a f f i c a b i l i t y  work f o r  lunar  

explora t ion  purposes has been done using t h i s  method. 

I n  o rde r  t o  ga in  i n s i g h t  i n t o  t h i s  ques t ion ,  a 

It would have been d e s i r a b l e  t o  develop the  ana lys i s  using t h e  WES 

s i m i l i t u d e  method; however, work descr ibed by Mi tche l l  e t  a l e  (1969) has  

shown t h a t  the e x i s t i n g  r e l a t i o n s h i p s  between performance parameters and 

combined wheel-soi l  parameters are no t  v a l i d  f o r  wheels and loading 

condi t ions  proposed f o r  lunar  roving vehic les .  

The accuracy of the  Bekker method as appl ied  t o  wheels of a type 

proposed f o r  l una r  vehic les  w a s  then evaluated by comparing t h e  theory 

t o  e x i s t i n g  test r e s u l t s .  Because the  S o i l  Value System provides only 

f o r  t he  eva lua t ion  of two extreme wheel-soil  conf igura t ions ,  r i g i d  wheel 

and t r ack ,  a technique f o r  p red ic t ing  the performance of a deformable 

wheel such as might be used on a lunar  roving vehic le  w a s  developed. 

F i n a l l y  the  c r u c i a l  problem of veh ic l e  mobi l i ty  on s lopes  was examined. 

11. P W T E R  STUDY 

The following parameter s tudy w a s  conducted t o  determine t h e  e f f e c t  

of poss ib l e  v a r i a t i o n s  i n  s o i l  condi t ions on the  performance parameters 
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of a lunar roving veh ic l e .  The Bekker S o i l  Value System veh ic l e  

performance parameters were used as ind ica to r s .  

A.  Basic Rela t ionships  of t he  "Soi l  Value System" 

The key r e l a t i o n s h i p s  t h a t  are developed i n  the  S o i l  Value System 

are f o r  t h e  performance parameters t h r u s t ,  motion r e s i s t ance ,  and draw- 

ba r  p u l l  (Bekker, 1960). 

ly ing  these  r e l a t i o n s h i p s  and t h e  test methods used f o r  t h e  detennina- 

t i o n  of needed s o i l  parameters have been discussed a t  length  i n  the  

l i t e r a t u r e  and are summarized by Mi tche l l  e t  a l .  (1969). 

The appropr ia te  r e l a t i o n s h i p s  are as follows: 

The m e r i t s  and l i m i t a t i o n s  of t he  theory under- 

Wheel on Track Thrust - 
- i o R / K  

11 K H = (Rbc + wtan@) [l - - (1-e 
loR 

The above equat ion i s  app l i cab le  f o r  a s o i l  exh ib i t i ng  a s t ress-deformation 

curve i n  which stress continuously increases  wi th  deformation. For a s o i l  

which e x h i b i t s  a s t ress-deformation curve i n  which stress f a l l s  o f f  a f t e r  

a c e r t a i n  deformation is  reached, another expression i n  terms of two 

parameters,K and K , c a n  be w r i t t e n  f o r  t h r u s t .  Because l i t t l e  information 

is  a v a i l a b l e  on t h e  s t ress-deformation p rope r t i e s  of t he  luna r  s o i l ,  i t  

w i l l  be  assumed t h a t  t h e  s o i l  i s  of t he  f i r s t  type.  I f  t h e  r e s u l t s  of 

t he  Bevameter annular  shear  test are p lo t t ed  as t h e  r a t i o  of t h e  recorded 

shear  stress t o  t h e  s o i l  shear  s t r e n g t h  versus  t h e  deformation, K is  equal  

t o  t h e  inverse  of t h e  s lope  of t h e  curve a t  zero deformation. I n  o the r  

words t h e  magnitude of t he  s t ress-deformation parameter i n d i c a t e s  t he  

s teepness  of t h e  s t ress-deformation curve.* 

1 2 

*It has  been suggested (Cos tes ,  personal  communication, 1969) t h a t  K may 
n o t  b e  independent of io and 2. 
meaningful s o i l  parameter and Equation (2-1) may be questioned. 

I f  so ,  t h e  usefulness  of both K as a 
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Motion Resis tance 

Rigid Wheel - 
2n+2 -n-1 

2n+1 1 3w 2n+l D2n+l 
-_1_ 

-1 

- (-1 kl 
R = Mrj- + k2)1 n+l 3-n 

Track - 
n+l  - 1 -- 

kl 1 
R = [ b ( F +  k2) ]  - (x) n+l R 

Drawbar P u l l  - 

D P = H - R  

(2-3) 

(2 -4 )  

where : 

Q - wheel o r  t r a c k  con tac t  length 

b - wheel o r  t r ack  con tac t  width 

D - wheel diameter 

w - wheel o r  track load  

io - s l i p  of wheel o r  t r a c k  

K - s o i l  stress deformation parameter 

c ,+  - s o i l  s t r e n g t h  cons tan ts  

k ,k  ,n - s o i l  sinkage parameters , 1 2  

B. Wheel and S o i l  Parameters Ut i l i zed  

The wheel dimensions and load-deformation c h a r a c t e r i s t i c s  adopted f o r  

t h i s  s tudy w e r e  taken from the  r e s u l t s  of a m e t a l  wheel test program 

conducted by AC Elec t ronics  (1967). 

were 40 inches i n  diameter and 10 inches i n  width across  the  contac t  

The wheels used i n  t h i s  test program 

su r face .  Because the  contact  length w a s  n o t  measured during t e s t i n g ,  i t  

w a s  es t imated from t h e  load- deformation c h a r a c t e r i s t i c s  of  t h e  wheels. 
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w ( lb f . )  

For t h e  purpose of t h i s  study t h e  following wheel loads and corresponding 

R ( in . )  

con tac t  lengths  were used: 

50 

75 

100 

150 

14.7 

16.5 

18.2 

20.6 

From a cons idera t ion  of the deformation c h a r a c t e r i s t i c s  of t h e  wheels 

s tud ied  i t  might be a n t i c i p a t e d  t h a t  the motion r e s i s t a n c e  c h a r a c t e r i s t i c s  

would f a l l  between those of a t r a c k  and a r i g i d  wheel. Therefore,  Equations 

(2-2) and (2-3) should t h e o r e t i c a l l y  envelope the measured motion r e s i s t a n c e  

values .  This hypothesis  i s  examined i n  Sect ion 2-111. 

Values assumed f o r  s o i l  cohesion (c) and angle  of i n t e r n a l  f r i c t i o n  

($1 w e r e  as fo l lows ,  based on da ta  ava i l ab le  from the  Surveyor program. 

c = 0.05 t o  0.15 p s i  

cp = 37" 4 

The s o i l  s inkage parameters kl, k2, and n are less c e r t a i n .  S c o t t  

(1968)" reported values  f o r  n of 1.0 and 0.7 determined from load-sinkage 

tests using the Surveyor Surface Sampler wi th  the  scoop c losed  and open, 

respec t ive ly .  

a s i n g l e  parameter, k = - +  k 2 ,  and the following ranges of values f o r  k 

and n were assumed f o r  t h i s  study: 

For  t h e  purpose of t h i s  s tudy,  kl and k2 were combined i n t o  
kl 
b 

*Verbal communication as s t a t e d  a t  the  Lunar S o i l  Wheel I n t e r a c t i o n  
Meeting a t  t h e  Jet Propulsion Laboratory, November 15, 1968. 
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kl k = -  b 3. k2 = O e 5  t o  6-0 

n = 0,75 t o  1 ,25  

Estimates of t h e  s o i l  stress-deformation parameter K can b e  based only on 

terrestrial experience as appropr i a t e  tests have as y e t  n o t  been conducted on 

the  l u n a r  surface.  

e t  a l .  (1969), t h e  range assumed was:  

Based on a compilation of terrestrial values by Mi tche l l  

K = 0.5 t o  1.5, 

C .  Resul ts  of t h e  Parameter Study 

Using the values  s t a t e d  above f o r  the va r ious  wheel and s o i l  para- 

meters, t h e  performance i n d i c a t o r s  wheel t h r u s t ,  motion r e s i s t a n c e  ( f o r  

both r i g i d  wheel and t r a c k ) ,  and drawbar p u l l  ( f o r  both r i g i d  wheel and 

t r a c k )  w e r e  ca l cu la t ed .  

The s e n s i t i v i t y  of each of t h e s e  performance i n d i c a t o r s  t o  each of t he  

assumed s o i l  parameters is  discussed below. 

The r e s u l t s  are presented i n  Figures  2-1 through 2-5. 

i. In f luence  of K, S o i l  Stress-Deformation Parameter - K a f f e c t s  

t h e  c a l c u l a t e d  t h r u s t  as shown i n  Figure 2-1, and consequently 

drawbar p u l l  as i n d i c a t e d  i n  Figures 2-4 and 2-5. The in f luence  is 

g r e a t e s t  f o r  low va lues  of K and f o r  high wheel loads.  For 

example, a t  a s l i p  of 10 percent  and a wheel load of 150 pounds, 

the v a r i a t i o n  i n  t h e  ca l cu la t ed  t h r u s t  over  t h e  range of K 

assumed i n  t h i s  s tudy is  38.5 pounds. 

t he  i n f l u e n c e  of K decreases  appreciably with inc reas ing  s l i p .  

For any given wheel load,  

ii. m e n c e .  of So il Sinkag - e  Parane te r s  - The assumed values  of 

the s o i l  sinl-age cons t an t s ,  k and n, a f f e c t  the c a l c u l a t e d  

motion r e s i s t a n c e  (Figures 2-2 and 2-3) and consequently drawbar p u l l  

(Figures 2-4 and 2-51 . 
s ep ar a t e l y  b e low. 

The e f f e c t  of each is discussed 
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a )  n - Within the range of k genera l ly  considered appl ic -  

ab le  t o  lunar  s o i l  ( i e e e  2.5 o r  g r e a t e r ) ,  t h e  e f f e c t  of 

the  assumed value of n on the  ca l cu la t ed  motion r e s i s t a n c e  

is seen t o  be  s m a l l  i n  the  range of wheel loads s tud ied .  

This is t r u e  whether t he  metal wheel i s  assumed t o  behave 

as a r i g i d  wheel o r  t rack .  

c a l c u l a t e d  motion r e s i s t a n c e  wi th  n inc reases  wi th  

inc reas ing  wheel load  and value of k and is  l a r g e s t  i n  

the  case of t he  r i g i d  wheel assumption. For a wheel load 

of 150 pounds and a value of k of 6 ,  the  v a r i a t i o n  i n  the  

ca l cu la t ed  motion r e s i s t a n c e  of a r i g i d  wheel i s  only 

2.2 pounds f o r  t h e  range of n va lues  s tud ied .  Therefore,  

wheel performance does not  appear t o  be  s e n s i t i v e  t o  

v a r i a t i o n  i n  values  of n. 

The v a r i a t i o n  i n  the  

An i n t e r e s t i n g  observat ion from Figures  2-2 and 2-3 is 

tha t ,accord ing  t o  the  Bekker Theory, l a r g e r  values  of n 

r e s u l t  i n  l a r g e r  values  of motion resistance i n  the  

app l i cab le  range of k values.  Therefore,  a cons i s t en t ly  

conserva t ive  design should recognize t h i s  f a c t .  

k o r  - G k2 - The e f f e c t  of k on the motion r e s i s t a n c e  

inc reases  with a decrease in t h e  value of the  parameter 

kl 
b 

and an increase  i n  the  wheel load and is  g r e a t e s t  f o r  

t h e  r i g i d  wheel assumption. For a wheel l oad  of 150 

pounds, t h e  d i f f e rence  between t h e  motion r e s i s t a n c e  of t he  

r i g i d  wheel a t  va lues  f o r  k of 2 and 6 i s  7.7 pounds. The 

e f f e c t  of k on t h e  motion r e s i s t a n c e  of a t r a c k  i s  n e g l i g i b l e  

wi th in  t h e  app l i cab le  range of t he  parameter, and a value of 

k = 4 w a s  used i n  ca l cu la t ing  t h e  drawbar p u l l  of a t r ack .  



iii, In f luence  of S o i l  S t rength  Constants - I n  Figures  2-1 

through 2-5 ,  t he  wheel performance i n d i c a t o r s  were ca l cu la t ed  wi th  

assumed s o i l  s t r e n g t h  va lues  of c = 0 . 1  p s i  and (p = 35 degrees.* 

These two parameters a l s o  a f f e c t  t h e  ca l cu la t ed  wheel t h r u s t  

and consequently drawbar p u l l .  The inf luence  of t h e  assumed 

values  of c and (p can be  seen most e a s i l y  by examining the  

t h r u s t  equat ion,  Equation (2-1). For given va lues  of K, R, and 

i t h e  t e r m  i n  b racke t s  has  a f i x e d  va lue  which is  mul t ip l i ed  

by va lues  of E, b, c, w, and (p. Therefore ,  f o r  a given wheel 

0 

load, and consequently contac t  l eng th ,  and f o r  t h e  wheel width 

s p e c i f i e d  above, i t  i s  poss ib l e  t o  express  i n  percent  t h e  e f f e c t  

of dev ia t ions  i n  va lues  of c and (p, from 0.1 p s i  and 35 degrees ,  

r e spec t ive ly ,  on the  ca l cu la t ed  va lue  of t h r u s t .  

The percent  change i n  the  c a l c u l a t e d  va lue  of t h r u s t  as a 

func t ion  of t h e  assumed values  of c and (p is shown i n  Figure 2-6.  

Ovefr t h e  range of c and 4 values  of probable s i g n i f i c a n c e ,  t h a t  is  

0.05 p s i  < c < 0.15 p s i  and 33" < Cp < 41", and over t he  range of 

wheel loads  s tud ied ,  t h e  maximum v a r i a t i o n s  i n  t h e  c a l c u l a t e d  t h r u s t  

' are t h e o r e t i c a l l y  30 and 26 percent  due t o  d e v i a t i o n s  i n  c and Cp, 

r e spec t ive ly .  Therefore ,  t he  assumed s o i l  s t r e n g t h  parameters may 

be expected t o  have a s i g n i f i c a n t  e f f e c t  on the v e h i c l e  performance. 

It is noteworthy t h a t  t h e  a d d i t i o n a l  e f f e c t  of t h e  wheel load  on 

the  percent  change i n  t h e  ca l cu la t ed  va lue  of t h r u s t  shown i n  

Figure 2-6 is  the  r e s u l t  of t he  load-deformation c h a r a c t e r i s t i c s  of 

t he  wheel. I f  t he  wheel load-contact length  r e l a t i o n s h i p  f o r  t he  

wheel w e r e  l i n e a r ,  t h e  percent  change shown i n  F igure  2-6 would 

be independent of t h e  wheel load.  

*As determined by Bevameter ( r i n g  shea r ) .  Corresponding va lues  

of (p determined by t r i a x i a l  test are genera l ly  h igher .  
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Figure 2-6 can be used t o  a d j u s t  values  of t h r u s t  f o r  one 

assumed set  of s t r e n g t h  parameters t o  another.. For example, 

i f  a given wheel a t  a given wheel load is t o  be  t e s t e d  on 

s e v e r a l  d i f f e r e n t  s o i l s ,  one would only need t o  c a l c u l a t e  t he  

performance i n d i c a t o r s  based on c = 0 . 1  p s i  and @ = 35" and 

then e n t e r  Figures  2-6(a) and (b) a t  t h e  r ev i sed  parameter values .  

read t h e  pe rcen t  change, and a d j u s t  t h e  performance i n d i c a t o r s  

accordingly.  This approach assumes, of course,  t h a t  f o r  each 

wheel load, t h e r e  is  a corresponding con tac t  l eng th  independent 

of t h e  test s o i l .  

i v .  Discussion - The e f f e c t s  of t h e  wheel load, wheel diameter, 

con tac t  length,  and con tac t  width on t h e  wheel drawbar p u l l  

have n o t  been presented i n  the preceding graphs. However, 

study of Equations (2-11, (2-21, and (2-3) shows t h a t  the wheel 

diameter, contact  l eng th ,  and c o n t a c t  width should be maximized 

t o  maximize drawbar p u l l .  With t h e  exception of the motion 

resistance of the  t r a c k ,  i n  the  app l i cab le  range of k, t he  

wheel l oad  has a s i g n i f i c a n t  e f f e c t  on the performance ind ica to r s  

(Figures 2-1 through 2-51. An i n c r e a s e  i n  wheel l oad  r e s u l t s  

i n  an i n c r e a s e  i n  t h e  ca l cu la t ed  t h r u s t ,  motion r e s i s t a n c e ,  

and drawbar p u l l .  

An important problem i n  lunar  t r a f f  i c a b i l i t y  i n v e s t i g a t i o n s  

i s  l i k e l y  t o  be t h e  mob i l i t y  of a rover  on s lopes .  

s t a t e d  t h a t  t h e  maximum s lope  a v e h i c l e  can climb is  given by 

the drawbar p u l l  t o  weight r a t i o .  Although t h i s  conclusion does 

no t  cons ide r  such important f a c t o r s  as the g e n e r a l  s t a b i l i t y  of 

t he  s o i l  m a s s ,  i t  w i l l  be  used h e r e  as a f i r s t  o rde r  measure 

of t h e  s l o p e  climbing c a p a b i l i t y  of a veh ic l e .  Calculated 

Bekker (1960) 



drawbar p u l l  t o  weight r a t i o s  are shown i n  Figures  2-7 and 2-8. 

These p l o t s  i n d i c a t e  t h a t  i n  s p i t e  of t h e  fact t h a t  t h e  

h e a v i e r  wheel loads r e s u l t  i n  l a r g e r  values of drawbar p u l l ,  

t h e  inc rease  i n  wheel load i s  n o t  matched by an i n c r e a s e  i n  

h y p o t h e t i c a l  s l o p e  climbing a b i l i t y .  

t h a t  f o r  values  of s l i p  g r e a t e r  than approximately 10 pe rcen t ,  

t h e  a x l e  load should be minimized i n  o rde r  t o  maximize t h e  

s l o p e  climbing a b i l i t y  of a veh ic l e .  

It appears t h e r e f o r e  

D . Conclusions from Parameter Study 

The following conclusions may be der ived from t h e  study of t h e  in f luence  

of s o i l  condi t ions and v e h i c l e  c h a r a c t e r i s t i c s  on v e h i c l e  performance parameters 

using the  S o i l  Value Syscem. The v a l i d i t y  of t hese  conclusions is ,  of course,  

e n t i r e l y  dependent on the  v a l i d i t y  of Equations (2-1), (2-2) ,  ( 2 - 3 ) ,  and (2-4). 

1) The e f f e c t  of v a r i a t i o n s  of t h e  s o i l  stress-deformation parameter, 

K, on the  c a l c u l a t e d  value of t h r u s t  is  g r e a t e s t  a t  low va lues  of 

s l i p  and i n c r e a s e s  with inc reas ing  wheel load.  Because e f f i c i e n t  

use of a v a i l a b l e  energy may r e q u i r e  the ope ra t ion  of t h e  l u n a r  

rove r  a t  low va lues  of s l i p ,  an accu ra t e  estimate of t h i s  para- 

meter may be r equ i r ed  f o r  adequate p r e d i c t i o n  of v e h i c l e  performance. 

2)  The e f f e c t  of v a r i a t i o n s  of t h e  s o i l  sinkage constant ,  n, on t h e  

c a l c u l a t e d  motion r e s i s t a n c e  is r e l a t i v e l y  s m a l l  i n  t he  app l i cab le  

range of values  of  k .  Therefore,  an accu ra t e  estimate of t h i s  

parameter would n o t  be  required t o  adequately p r e d i c t  v e h i c l e  

performance, assuming, of course,  t h a t  performance i s  p r e d i c t e d  

c o r r e c t l y  by the  r e l a t i o n s h i p s  used. However, a c o n s i s t e n t l y  

conservat ive design should adopt the maximum value of n i n  t h e  

range considered appl icable .  
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3) The e f f e c t  of v a r i a t i o n s  of t he  s o i l  sinkage cons t an t ,  k, on 

the  c a l c u l a t e d  motion r e s i s t a n c e  i n c r e a s e s  with an inc rease  i n  

wheel l o a d  and i s  only s i g n i f i c a n t  i n  t h e  case of t he  r i g i d  

wheel assumption. The required accuracy i n  t h e  e s t ima t ion  of 

t h i s  parameter w i l l  depend t o  a g r e a t  e x t e n t  on the  a n t i c i p a t e d  

wheel l o a d  and wheel d e f l e c t i o n  c h a r a c t e r i s t i c s .  For t h e  wheels 

i n v e s t i g a t e d  i n  t h i s  s tudy,  an accu ra t e  p r e d i c t i o n  of  t h i s  

parameter w i l l  no t  be  required i f  wheel loads on t h e  o rde r  of 

100 pounds f o r c e  are a n t i c i p a t e d  as t h e  maximum e r r o r  i n  motion 

r e s i s t a n c e  p r e d i c t i o n  would only be  approximately 4 pounds. 

4 )  The-e f fec t  of v a r i a t i o n s  of the s o i l  s t r e n g t h  parameters, c and 

4, on the  c a l c u l a t e d  value of t h r u s t  is s i g n i f i c a n t ,  and accu ra t e  

p r e d i c t i o n  of t hese  parameters is  required i f  t h e  veh ic l e  

performance is  t o  b e  adequately evaluated.  

5) An i n c r e a s e  i n  the  wheel load l eads  t o  an i n c r e a s e  i n  the calcu- 

l a t e d  t h r u s t ,  motion r e s i s t a n c e ,  and drawbar p u l l .  However by 

taking t h e  drawbar p u l l  t o  weight r a t i o  as an i n d i c a t o r  of t h e  

s lope  climbing a b i l i t y  of a veh ic l e ,  t h e  l i g h t e r  t he  wheel l o a d  

the s t e e p e r  a s lope  t h e  veh ic l e  should be  ab le  t o  climb. 

6) The c h a r a c t e r i s t i c  wheel dimensions of contact  width,  con tac t  

length,  and diameter should be maximized from a t r a f f i c a b i l i t y  

viewpoint. 

111. COMPARISON OF THEORY WITH EXISTING TEST RESULTS 

The conclusions reached i n  t h e  above parameter s tudy are only 

s i g n i f i c a n t  i f  t h e  S o i l  Value System method adequately eva lua te s  t h e  

m o b i l i t y  of any proposed luna r  veh ic l e .  Very l i m i t e d  m e t a l  wheel test 

r e s u l t s  t h a t  may be used f o r  an evaluat ion of t h e  accuracy of t h e  method 
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w ( lbf)  
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were repor ted  by AC Elec t ron ic s  (1967). 

and metal elastic wheels were conducted. 

wheel types was nea r ly  i d e n t i c a l ,  average va lues  of t he  measured performance 

i n d i c a t o r s  are used i n  t h i s  d i scuss ion .  

Mobil i ty  tests on both w i r e  mesh 

Because the  performance of both 

Percent Change i n  Thrust  
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-24.1 

-22.6 

The s o i l  used i n  t h i s  wheel test program w a s  a dry sand wi th  t h e  

fol lowing parameter values.  

c = 0.035 p s i  

0 = 31" 

kl = 0 

k2 = 6 

n = l  

] k = 6  

K = (not measured). 

Tests were performed using wheel loads of 50, 75, 100, and 150 pounds 

force .  The test wheel dimensions and load-deformation c h a r a c t e r i s t i c s  were 

the  same as Ehose used i n  conducting t h e  parameter s tudy.  Therefore,  t h e  

var ious  values of t h e  performance i n d i c a t o r s  ca l cu la t ed  f a r  t h e  parameter 

s tudy  can be compared d i r e c t l y  t o  the measured v d u e s  except  t h a t  t h e  

c a l c u l a t e d  t h r u s t  and drawbar p u l l  values must be  co r rec t ed  t o  the  values 

of c and @ exh ib i t ed  by t h e  s o i l  used i n  t h i s  test program. From Figure 2-6 

the following percent  co r rec t ions  of the ca l cu la t ed  t h r u s t  are requi red  

f o r  each wheel load ,  

Table 2-2 
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P l o t s  of the  p red ic t ed  and measured wheel t h r u s t ,  motion r e s i s t a n c e ,  and 

drawbar p u l l  are shown i n  Figures  2-9 through 2-11 and are discussed below. 

4. Thrust 

Unfortunately,  the  s o i l  s t ress-deformation parameter, K, w a s  apparent ly  

no t  measured i n  t h i s  test program. Therefore a value of K of 0.5 w a s  

a s s w e d  s i n c e  i t  r e s u l t e d  i n  t h e  b e s t  f i t  between the  p red ic t ed  and 

measured values of t h r u s t  as shown i n  Figure 2-9. For t h e  wheel loads of 50 

and 75 pwnds  fc)rce, t h e  p red ic t ed  and measured values  of t h r u s t  are q u i t e  

c lose .  However f o r  t h e  wheel loads of 100 and 150 pounds f o r c e  the 

p red ic t ed  values  of t h r u s t  are increas ingly  l a r g e r  than t h e  measured 

values .  The explana t ion  f o r  t h i s  d i f f e rence  o f f e red  by AC Elec t ron ic s  

w a s  t h a t  s l i p  between the  wheel and the  s o i l  occurred and the re fo re  t h e  

optimum s o i l  s t r e n g t h  w a s  no t  mobilized. Although t h i s  explana t ion  s e e m s  

p l a u s i b l e ,  i t  is  poss ib l e  t h a t  t h e  S o i l  Value System method of ana lys i s  

i s  not  an adequate method of ana lys i s .  However, i t  i s  encouraging t h a t  

t h e  genera l  shape of t h e  p red ic t ed  and measured t h r u s t  p l o t s  correspond 

q u i t e  w e l l .  

The apparent  s l i p  between t h e  wheel and t h e  s o i l  no t i ced  i n  t h i s  test 

program po in t s  ou t  an important problem i n  terrestrial wheel t e s t i n g .  

Since terrestrial wheel-soil  f r i c t i o n  and adhesion may d i f f e r  from those 

on t h e  moon, lunar condi t ions may have t o  be  a r t i f i c i a l l y  dupl ica ted  i n  

o rde r  t o  accura te ly  model t h e  wheel-soil  i n t e r a c t i o n .  

B. Motion Resistance 

Because the  S o i l  Value System method provides only f o r  t h e  

c a l c u l a t i o n  of t h e  motion r e s i s t a n c e  due t o  t h e  fo rce  exe r t ed  on the  

wheel by t h e  s o i l ,  a co r rec t ion  must be made f o r  t he  inhe ren t  r e s i s t a n c e  
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of a given wheel t o  motion. One way of approaching t h i s  problem i s  t o  

measure the  motion r e s i s t a n c e  of  t h e  wheel on a ha rd  f l a t  s u r f a c e  a t  

s p e c i f i e d  wheel loads.  Values of t h e  inhe ren t  wheel motion r e s i s t a n c e  

were measured by AC Electronics using t h i s  method, and t h e  appropr i a t e  

co r rec t ions  have been app l i ed  t o  the  p red ic t ed  values  of motion r e s i s t a n c e .  

The measured, p red ic t ed ,  and c o r r e c t e d  p r e d i c t e d  values of motion 

r e s i s t a n c e  are p l o t t e d  i n  Figure 2-10. 

A s  p red ic t ed  i n  Sect ion 2-11, t h e  r i g i d  wheel and t r a c k  motion 

resistance assumptions do envelope the  measured values of motion 

r e s i s t a n c e .  The measured values  of motion r e s i s t a n c e  are s m a l l  and 

t h e  test wheels appear t o  behave more l i k e  a t r a c k  than a r i g i d  wheel. 

This i s  of course what one would expect consider ing t h a t  1 )  t h e  reported 

s inkage w a s  on t h e  o r d e r  of 1 in . ,  and 2 )  t h e  con tac t  length,  R, w a s  

on t h e  o rde r  of 1 5  t o  20 in .  

C. Drawbar P y l l  

The p red ic t ed  and measured values  of drawbar p u l l  are p l o t t e d  i n  

Figure 2-n. The p red ic t ed  and measured values  of drawbar p u l l  correspond 

q u i t e  w e l l  f o r  t h e  wheel loads of 50 and 75 pounds fo rce ,  b u t  f o r  the 

wheels loads of 100 and 150 pounds f o r c e  t h e  p red ic t ed  va lues  are in- 

c r eas ing ly  g r e a t e r  than the  measured values.  

D. Conclusions from Comparison of Theory w i t h  Ex i s t ing  T e s t  Resul ts  

The comparison of t he  p red ic t ed  metal wheel performance i n d i c a t o r s  t o  

t h o s e  measured by AC E lec t ron ic s  r e s u l t s  i n  t h e  following conclusions.  

1) For those  wheels t e s t e d ,  t he  p red ic t ed  and measured values of 

t h r u s t  compared q u i t e  w e l l  a t  t h e  low wheel loads.  However, t h e  

dev ia t ion  between the p red ic t ed  and measured va lues  w a s  consider- 

ab le  f o r  t h e  l a r g e r  wheel loads. 
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2) The measured values  of t h e  motion r e s i s t a n c e  of t h e  wheel were 

enveloped by the two assumptions, a) t h e  wheel behaved as a 

r i g i d  whee1,and b )  t h e  wheel behaved as a t r ack .  The wheels 

t e s t e d  e x h i b i t e d  va lues  of motion r e s i s t a n c e  which suggest  

t h a t  t h i s  type of wheel behaves more l i k e  a t r a c k  than a r i g i d '  

wheel. 

3) Even though dev ia t ions  between p r e d i c t e d  and measured values  of 

t he  performance parameters were ev iden t ,  t h e  g e n e r a l  shape of 

the p r e d i c t e d  and measured t h r u s t ,  motion r e s i s t a n c e ,  and draw- 

b a r  p u l l  p l o t s  were similar. 

IV. PREDICTING THE PERFORMANCE OF A LRV DEFORMABLE WHEEL 

The t h r u s t ,  motion r e s i s t a n c e ,  and drawbar p u l l  t r a f f i c a b i l i t y  

equat ions [ Equations(2-1) through(2-4) ] of the s o i l  va lue  system cannot be  

used d i r e c t l y  f o r  p r e d i c t i n g  t h e  performance 7f a deformable wheel such 

as might be used on a l u n a r  roving veh ic l e  (e.g., metal-elastic o r  w i r e  

wheel) , because the  wheel-soil  contact  configurat ion corresponds t o  

n e i t h e r  a t r a c k  no r  a r i g i d  wheel. The load-deformation c h a r a c t e r i s t i c s  

of t he  wheel must be considered i n  order  t o  p r e d i c t  c o n t a c t  configurat ions 

and stresses. 

For any g e n e r a l  conf igu ra t ion ,  the f o r c e s  a c t i n g  on a dr iven deform- 

a b l e  wheel are shown i n  Figure 2-12a where: 

D =  

T =  

w =  

z =  

€I= 

- r =  

fs= 

undeformed wheel diameter 

d r i v i n g  torque 

wheel load 

wheel o r  p l a t e  sinkage 

r a d i a l  angle 

t a n g e n t i a l  wheel-soil  i n t e r a c t  ion stress 

normal wheel-soil  i n t e r a c t i o n  stress 
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(a 1 

Forces acting on a driven deformable wheel 

Normal stress distribution for a driven rigid wheel in sand (after 
Wong and Reece, 1967) 

FIGURE 2-12 
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The two unknowns needed t o  p r e d i c t  t h e  performance of t h e  wheel are 

the  normal and t a n g e n t i a l  wheel-soi l  i n t e r a c t i o n  stress d i s t r i b u t i o n s .  

I f  t h e s e  s o i l  stresses can be r e l a t e d  t o  appropr i a t e  s o i l  parameters 

and t h e  wheel-soil  con tac t  configurat ion,  then t h e  stress d i s t r i b u t i o n s  

can be evaluated f o r  any assumed con tac t  configurat ion.  

s o l u t i o n  w i l l  g ive  (1) compa t ib i l i t y  between t h e  assumed stresses and 

deformations i n  t h e  s o i l ,  (2) compa t ib i l i t y  between the stresses and 

deformations i n  t h e  wheel, and (3)  compa t ib i l i t y  between t h e  s o i l  and 

wheel deformations. A p o s s i b l e  technique f o r  p r e d i c t i n g  t h e  performance 

of deformable wheels i s  o u t l i n e d  i n  d e t a i l  below fol lowing a d i scuss ion  

of t h e  normal and t a n g e n t i a l  s o i l  stress d i s t r i b u t i o n s  and the  problem 

of determining t h e  expected deformed configurat ion of a wheel. 

A c o r r e c t  

The normal stress, 0 ,  and t a n g e n t i a l  stress,  vary both perpendicular,  

t o  and i n  the p l ane  of Figure 2-12a. For purposes of t h i s  discussion 0 and 

T are considered t o  be  t h e  average normal and t a n g e n t i a l  stresses a c t i n g  

on the wheel a t  any angle,  6. A s  with the S o i l  Value System t h e  normal 

stress a t  any p o i n t  along the contact  s u r f a c e  might b e  considered t o  be 

e q u a l  t o  t h a t  p re s su re  required t o  cause a p l a t e  of t h e  same width as 

the wheel t o  s i n k  t o  the same depth. Seve ra l  equations have been proposed 

t o  desc r ibe  the  p l a t e  load-sinkage behavior of s o i l s .  Bekker (1960) 

de r ived  as p a r t  of t h e  o r i g i n a l  S o i l  Value System the  following 

express  ion.  

where 

P = [> + k2 znl 

b = p l a t e  width 

p = p l a t e  p re s su re  

kl, k 2 ,  n = s o i l  sinkage parameters 

z = p l a t e  sinkage. 
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Contrary t o  common s o i l  mechanics knowledge t h e  above expression when 

app l i ed  t o  g ranu la r  s o i l s  y i e l d s  a load-sinkage r e l a t i o n s h i p  which i s  

independent of t h e  p l a t e  width, b, as - i s  small compared t o  k,. k l  
b 

Wong and Reece (1967) presented t h e  following 

p l a t e  l oad  tests on sand. 

L. 

expression as a r e s u l t  of 

Wong and Reece a l s o  recognized t h a t  t h e  maximum normal stress f o r  a 

wheel i n  sand does n o t  occur a t  t h e  po in t  of maximum sinkage as Equations 

(2-5) and (2-6) would p r e d i c t ,  s i n c e ,  i n  f a c t ,  t h e  normal stress 

approaches zero a t  t h e  p o i n t  of maximum sinkage i f  r u t  recovery is  

n e g l i g i b l e .  These authors  concluded t h a t  f o r  a r i g i d  wheel operat ing 

i n  sands under a cond i t ion  of pu re ly  s o i l - s o i l  s l i p  the  l o c a t i o n  of t he  

maximum normal stress i s  a func t ion  only of t h e  wheel s l i p .  I f  t h e  

normal stress d i s t r i b u t i o n  f o r  a deformable wheel i n  luna r  s o i l  is  found 

t o  be  s i g n i f i c a n t l y  non-uniform, an experimental  wheel test program w i l l  

be r equ i r ed  t o  p r e d i c t  t he  maximum normal stress loca t ion .  

A s  a f i r s t  approximation one could adopt a normal stress d i s t r i b u t i o n  

s i m i l a r  t o  t h a t  measured by Wong and Reece f o r  a dr iven r i g i d  wheel i n  

sand as shown i n  Figure 2-12b. However, t he  normal stress d i s t r i b u t i o n  

w i l l  l i k e l y  be more uniform f o r  a deformable wheel operat ing i n  lunar  

s o i l  than f o r  a r i g i d  wheel ope ra t ing  i n  sand because of t h e  f l e x i b i l i t y  

of t h e  wheel and the cohesion e x h i b i t e d  by the l u n a r  s o i l .  Therefore, 

an experimental  i n v e s t i g a t i o n  of t h e  normal stress d i s t r i b u t i o n  f o r  a 

deformable wheel ope ra t ing  i n  s o i l  similar t o  l u n a r  s o i l  w i l l  probably 

be required.  
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The t a n g e n t i a l  stress, T~ a t  any angle 6 is p r imar i ly  a func t ion  

of t h e  normal stress, the  s o i l  s t r e n g t h  parameters,  t he  s o i l  deformation, 

and one o r  more s o i l  stress s t r a i n  parameters. 

a t  a l l  p o i n t s  a long t h e  wheel-soil  con tac t  i s  probably s u f f i c i e n t  t o  

Since s o i l  deformation 

cause p l a s t i c  y i e ld , "  the magnitude of T can be evaluated from the  Mohr- 

Coulomb f a i l u r e  theory r e l a t i n g  T t o  the  normal stress, 0, as follows. 

T = c + 0 t a n  $I (2-7) 

where c = s o i l  cohesion 

$I = s o i l  a n g l e  of in te rna l  f r i c t i o n .  

The deformed configurat ion of a wheel might be est imated by using 

e i t h e r  an empi r i ca l  equation such as t h a t  de r ived  by Shuring and 

Howell (1967) o r  by employing t h e  f i n i t e  element method. Shuring and 

Howell's expression,  Equatione-s)?considers only the  normal wheel-soi l  

i n t e r a c t i o n  stress and probably w i l l  no t  be  s u f f i c i e n t l y  gene ra l  f o r  

d i r e c t  app l i ca t ion .  

= wheel deformation cons t an t s  
A f ' h L  where 

f = r a d i a l  pene t r a t ion  of con tac t  s u r f a c e  

0 = r a d i a l  angle.  

The f i n i t e  element method might be  appl ied most r e a d i l y  t o  t h e  metal 

e l a s t i c  wheel, b u t  i t  would b e  very d i f f i c u l t  t o  adopt f o r  t h e  w i r e  

mesh wheel. For t h e  metal e las t ic  wheel, t h e  n a t u r e  of t h e  connections 

and the  e f f e c t s  of t he  three-dimensional geometry of t h e  wheel would 

$<Such an assumption is probably very reasonable and i n  p r a c t i c e  i t  w i l l  
probably be s a t i s f i e d  f o r  wheel s l i p s  g r e a t e r  than about 20%. 
t h e  Bekker method would s impl i fy  Equation (2-1) t o  H = (Rbc i- w t a n  (6). 

Its  use i n  
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have t o  b e  evaluated c a r e f u l l y .  

t he  load-deformation c h a r a c t e r i s t i c s  of a deformable wheel o r  t h e  

a p p l i c a t i o n  of t h e  f i n i t e  element method would r equ i r e  considerable  

knowledge of t he  load-deformation behavior of t h e  wheel. 

Developing an empir ical  equat ion f o r  

Assuming t h a t  t he  r e l a t i o n s h i p  between the  normal stress d i s t r i b u -  

t i o n ,  s o i l  parameters,  and wheel-soil  con tac t  configurat ion i s  known, 

t h e  normal and t a n g e n t i a l  s o i l  stresses could be evaluated f o r  any 

assumed con tac t  configurat ion.  I f  these stresses are app l i ed  t o  an 

undeformed wheel, a p red ic t ed  wheel-soil c o n t a c t  conf igu ra t ion  could be  

obtained. I f  t h e  assumed con tac t  conf igu ra t ion  agreed wi th  the  p red ic t ed  

con tac t  conf igu ra t ion  determined by applying these  stresses t o  an 

undeformed wheel, one po in t  on t h e  s tandard wheel performance curves w i l l  

have been determined. I f  no t ,  t he  process would be repeated u n t i l  t h e  

assumed and expected con tac t  configurat ions agree.  A f t e r  a s a t i sEac to ry  

con tac t  configurat ion has been determined t h e  corresponding wheel load,  

app l i ed  torque, wheel t h r u s t ,  and wheel motion resistance, could be 

eva lua ted  from appropr i a t e  g raph ica l  i n t e g r a t i o n s  of t he  ca l cu la t ed  normal 

and t a n g e n t i a l  s o i l  stresses. The process would then b e  repeated f o r  

several wheelloads i n  order  t o  f u l l y  p r e d i c t  t he  performance of a given 

wheel. 

Applicat ion of t he  technique described above would r equ i r e  de t a i l e d  

knowledge of both t h e  stresses induced i n  the  s o i l  by t h e  r o t a t i n g  

deformable wheel and the  load-deformation c h a r a c t e r i s t i c s  of t he  wheel. 

Acqu i s i t i on  of t h i s  knowledge may prove t o  b e  a d i f f i c u l t  t a sk ,  involving 

a t  least  a considerable  number of experimental  wheel tests.  I t  i s  

recommended t h a t  f u t u r e  development of t h i s  technique, i f  i t  proves 

d e s i r a b l e ,  be performed by an o rgan iza t ion  possessing wheel tes t  

c a p a b i l i t i e s .  
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Unfortunately,  i t  is  n o t  l i k e l y  t h a t  a complete s o l u t i o n  t o  t h e  problem 

could be developed wi th in  the  t i m e  l i m i t s  e s t a b l i s h e d  f o r  design of a LRV. 

Thus,such an approach can b e s t  be  considered a d e s i r a b l e  long range goal ,  

Meeting the  s h o r t  range o b j e c t i v e s  of LRV deformable wheel design and 

performance p r e d i c t i o n  w i l l  n e c e s s a r i l y  r e q u i r e  the  use of empi r i ca l  

approaches and poss ib ly  some a s p e c t s  of t h e  quas i - theo re t i ca l  "Soi l  VaAue 

Sys t e m "  method. 

v. VEHICLE MOBILITY ON SLOPES 

Exis t ing  wheel-soi l  i n t e r a c t i o n  approaches, both q u a s i - t h e o r e t i c a l  

and empir ical ,  have been developed f o r  v e h i c l e s  t r a v e r s i n g  level ground. 

To apply these approaches t o  v e h i c l e s  OR s lopes ,  one must assume t h a t  

t he  deformation p a t t e r n s  of bo th  t h e  wheel and the  s o i l  are similar t o  

those f o r  a v e h i c l e  on l e v e l  ground. Although i t  is  p o s s i b l e  t h a t  t h i s  

may be  the  case f o r  s m a l l  s l o p e  angles ,  i t  i s  w e l l  known t h a t  t h e  

s t a b i l i t y  of a loaded s o i l  mass decreases wi th  t h e  i n c l i n a t i o n  of t he  

s lope.  

ope ra t ing  on a s l o p e  t o  become immobilized. 

There are s e v e r a l  p o s s i b l e  f a c t o r s  which may cause a v e h i c l e  

If t h e  s o i l  mass is  s t a b l e ,  t h e  S o i l  Value System approach p r e d i c t s  t h a t  

t h e  maximum s lope  t h e  veh ic l e  could climb is given by: 

DP Maximum Slope (%) = - w (2-9)  

where DP = drawbar p u l l  on l e v e l  ground 

W = v e h i c l e  weight. 

In o the r  words, t he  veh ic l e  w i l l  continue t o  climb s lopes  of i nc reas ing  

s t eepness  u n t i l  t he  t h r u s t  minus t h e  motion r e s i s t a n c e  i s  equa l  t o  the 

component of t he  veh ic l e  weight down the s lope.  The i m p l i c i t  assumption 
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i n  t h e  above s imple r e l a t i o n s h i p  is  t h a t  expressions f o r  motion resistance 

and t h r u s t  der ived f o r  v e h i c l e  ope ra t ion  on a f l a t  s u r f a c e  are a l s o  

v a l i d  f o r  a v e h i c l e  ope ra t ing  on a s lope.  

A second f a c t o r  which may cause immobilization on a s l o p e  is  f a i l u r e  

of t h e  s o i l  mass i n  a manner similar t o  t h a t  of a foo t ing  on a s lope.  

The a n a l y s i s  of t h i s  problem becomes very complex when t h e  stress d i s -  

t r i b u t i o n  induced i n  t h e  s o i l  by a r o t a t i n g  wheel and t h e  wheel f l e x i b i l i t y  

are considered i n  a d d i t i o n  t o  t h e  s l o p e  angle ,  wheel dimensions, and s o i l  

s t r e n g t h  p r o p e r t i e s .  

A t h i r d  f a c t o r  which may cause immobilization on a s l o p e  is  the  

phenomenon of " s l i p  sfnkage." That is ,  t h e  wheel may form a r u t  

s u f f i c i e n t l y  deep t h a t  fo rces  r e s i s t i n g  motion are g r e a t e r  than fo rces  

causing motion. S l i p  sinkage cannot b e  evaluated t h e o r e t i c a l l y  a t  

t h e  p r e s e n t  t i m e .  

The amount of information a v a i l a b l e  regarding immobilization f a c t o r s ,  

wheel deformation p a t t e r n s ,  and induced s o i l  stresses observed i n  wheel 

tests on s lopes i s  small. I n  view of the  complexity of t h e  problem, 

p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e  s t a b i l i t y  of t h e  s o i l  mass and p o s s i b l e  

s l i p  sinkage, w e  b e l i e v e  t h a t  a s o l u t i o n  t o  t h e  problem of LRV mob i l i t y  

on s l o p e s  can b e s t  b e  achieved through a test program such as t h a t  

being conducted by t h e  U. S. Army Engineer Waterways Experiment S t a t i o n  

f o r  t h e  Marshall  Space F l i g h t  Center. 

V I .  CONCLUSIONS 

The following conclusions have been drawn from s t u d i e s  of lunar  

s o i l  t r a f f i c a b i l i t y  thus f a r .  
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A .  If the Bekker Soil Value System equations can be shown to give a 

reasonable measure of the performance characteristics of a lunar 

roving vehicle, then analysis based on reasonable assumptions for 

wheel dimensions, wheel loads, and soil properties shows that: 

1. Thrust increases with slip up to values of about 30%. 

Further increase in slip does not lead to significant 

increases in thrust, but may result in wasted propulsiog.1 

energy . 
2. The value of the soil sinkage constant, n, has relatively 

little effect on motion resistance. 

+ k2, has 3 .  The value of the soil sinkage constant, k = - kl 
b 

little effect on motion resistance. Unfortunately, the form 

of the pressure-sinkage relationship developed on the basis 

of this parameter is not realistic. 

4 .  Variations of soil cohesion and friction over ranges con- 

sidered to be reasonable for lunar soils; i.e., 0.05 < c < 0.2Q 

psi and 33" < (9 < 41", may lead to variations in predicted 

thrust of up to f35% from the values calculated fo r  c = 0.10 psi 

and @ = 35". Thus, accurate knowledge of lunar strength will 

be important if precise predictions of performance, fuel con- 

sumption, etc.,are to be made. 

5. According to the S o i l  Value System, the maximum slope that 

a vehicle can climb is given by the drawbar pull to weight 

r a t i o .  On this basis, wheel loads should be minimized if 

slope climbing ability is to be maximized. Unfortunately, the 



prediction of the slope climbing ability must also take 

into account slip sinkage and gross soil failure. Furthermore 

the suitability of the Soil Value System equations for thrust 

and motion resistance when applied to wheels on slopes has 

yet to be demonstrated. Thus, the question of vehicle slope 

climbing ability and stability of vehicles on slopes remain 

largely unanswered. 

6 .  The Soil Value System predicts that performance parameters 

should improve with increasing wheel width and diameter and 

increasing wheel-soil contact length. Clearly, however, there 

are other factors which will limir the size and deformability 

of the wheels that are used. 

B. In spite of the limitations of the Soil Value System method of analysis, 

a comparison between predicted behavior and that exhibited by the 

wire mesh and metal-elastic wheels tested by AC Electronics (1967) 

was reasonably good, particularly at low wheel loads. The metal 

wheels gave a performance intermediate between that to be expected 

for a rigid wheel and a track. 

C .  Proper solution of the lunar soil trafficability problem will depend 

ultimately on the solution of the basic wheel-soil interaction problem. 

An approach to this problem, which has been suggested herein, is 

based on consideration of the stresses and deformations in the soil 

and wheel and their mutual compatibility. 

the detailed knowledge of the soil and wheel load-deformation 

characteristics, and will probably require the use of iterative 

computational methods. 

Such a method will require 
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D. The s t a b i l i t y  of v e h i c l e s  on s lopes  remains l a r g e l y  unknown. 

v a .  RECOMMENDATIONS 
A s  a r e s u l t  of t h e  t r a f f i c a b i l i t y  s t u d i e s  conducted on t h i s  p r o j e c t ,  

as w e l l  as the work done previously and r epor t ed  by Mi tche l l  e t  al.(1969), 

t h e  following recommendations f o r  continued work are made. 

A. Although t h e  analyses  r epor t ed  h e r e i n  based on t h e  

System 

behavior of v e h i c l e s  on t h e  lunar  su r face ,  they were intended 

S o i l  Value 

of a n a l y s i s  g ive  some i n d i c a t i o n  of t h e  p o s s i b l e  

mainly t o  develop a f e e l  f o r  t h e  relative importance of s o i l  

condi t ions on wheel performance. More d e t a i l e d  information is 

needed concerning t h e  a c t u a l  i n f luences  of wheel load, wheel 

s i z e ,  wheel s l i p ,  s o i l  condi t ions,  and s l o p e  i n c l i n a t i o n  on 

performance. The experimental  i n v e s t i g a t i o n s  now underway by 

the  Mobil i ty  Research Branch of t h e  U. S. Army Engineer Waterways 

Experiment S t a t i o n  should provide t e n t a t i v e  answers t o  many of 

t hese  quest ions.  Determination of t h e  s o i l  cons t an t s  t o  be  

employed i n  the  S o i l  Value System method of a n a l y s i s  can n o t  

r e a d i l y  be performed during Apollo missions. On the  o the r  hand, 

simple tests such as the  cone pene t r a t ion  tes t  can be  e a s i l y  conducted. 

Thus, every e f f o r t  must be  made t o  determine whether t he  

s i m i l i t u d e  method can be  extended t o  l u n a r  cond i t ions  and t h e  

treatment of s p e c i a l  wheel types l i k e l y  t o  b e  a s s o c i a t e d  w i t h  

l u n a r  roving veh ic l e s .  

B. So lu t ion  of t h e  wheel-soil  i n t e r a c t i o n  problem following a 

procedure such as t h a t  suggested i n  Sect ion 2 - I V  w i l l  be d i f f i c u l t  

and w i l l  involve f u l l  scale tests of wheels under a v a r i e t y  of 
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C.  

condi t ions.  

t o  conduct t hese  tests9 b u t  such a program should be encouraged 

elsewhere. Our s t u d i e s  of lunar  r o l l i n g  boulders  (Vol. 11, 

Chapter 1 )  are relevant t o  t h i s  e f f o r t  and the  t h e o r e t i c a l  

analyses  t o  be  made, as w e l l  as t h e  test r e s u l t s  obtained 

during t h e  summer of 1969,should provide va luable  information. 

Our group does not  possess  t h e  experimental  c a p a b i l i t i e 6  

A s  much information as poss ib l e  must be obtained during e a r l y  

Apollo missions concerning the  s t ress-deformation and s t r e n g t h  

c h a r a c t e r i s t i c s  of lunar sur face  s o i l s .  It is recognized t h a t  

most d a t a  w i l l  no t  be i n  a form s u i t a b l e  f o r  d i r e c t  s u b s t i t u t i o n  

i n t o  t r a f f i c a b i l i t y  equat ions ; however, these  da t a  i n  conjunct ion 

with t es t  r e s u l t s  obtained on s imulated lunar  s o i l  should make 

the  de r iva t ion  of reasonable  va lues  f o r  use  i n  such a n a l y s i s  

poss ib le .  

D. It is considered t h a t  t h e  e f f o r t s  of our  group can be b e s t  

d i r ec t ed  t o  the  following t r a f f i c a b i l i t y - r e l a t e d  s t u d i e s  f o r  

the  coming year:  

1. Continued review of t r a f f i c a b i l i t y  s t u d i e s  being made 

by o ther  organizat ions.  

Evaluation of t h e  s t r eng th  and stress-deformation 

c h a r a c t e r i s t i c s  of a c t u a l  and simulated luna r  s o i l s  

and t h e i r  s ign i f i cance  i n  eva lua t ing  luna r  roving 

veh ic l e  t r a f f i c a b i l i t y .  

S tudies  of g r a v i t y  e f f e c t s  on lunar  s o i l  behavior and 

on the  s lope  climbing a b i l i t y  of lu'nar veh ic l e s .  

2. 

3.  

4 .  Lunar s lope  s t a b i l i t y  analyses .  
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5. Development and t e s t i n g  of a cone penetrometer 

f o r  gather ing l u n a r  s o i l  d a t a  a p p l i c a b l e  t o  

t r a f f i c a b i l i t y  ana lys i s .  

6, Evaluation of o t h e r  devices proposed f o r  a c q u i s i t i o n  

o f  l u n a r  s o i l  data .  

Theore t i ca l  and experimental  s tudy  of t h e  i n t e r a c t i o n  7. 

between r o l l i n g  spheres and s o i l  and ex tens ion  of t h e  

f ind ings  t o  t h e  assessment of probable wheel-soil  

i n t e r a c t i o n  mechanisms. 
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LIST OF SYMBOLS 

b - P l a t e ,  wheel, o r  t r ack  width 

C - S o i l  cohesion 

D - Wheel diameter 

DP 

H 7 Wheel o r  t r a c k  t h r u s t  

i 

R - S o i l  s t ress -deformat ion  parameter 

k - S o i l  composite sinkage parameter 

k ,k  ,n  - S o i l  s inkage parameters 

Q ,- Wheel o r  t r ack  con tac t  length 

P - P l a t e  pressure  

R - Wheel o r  t r a c k  motion r e s i s t a n c e  

T - Driving torque 

W - VehLcle weight 

W - Wheel o r  t r a c k  load 

2 

0 - Radial  angle  

T 

cr - Normal wheel-soil i n t e r a c t i o n  stress 

4) 

- Wheel o r  t r ack  drawbar p u l l  on level ground 

- S l i p  of wheel o r  t r a c k  
0 

1 2  

- Wheel o r  p l a t e  sinkage 

- Tangent ia l  wheel-soil  i n t e r a c t i o n  stress 

- S o i l  angle  of i n t e r n a l  f r i c t i o n  
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CHAPTER 3 

FOAMED PLASTIC CHEMICAL SYSTEMS 

FOR LUNAR SOIL STABILIZATION APPLICATIONS 

(T. S .  Vinson and J. K. Mi t che l l )  

I ,  INTRODUCTION 

It is  now g e n e r a l l y  accepted t h a t  a fragmental  s u r f a c e  l a y e r  e x i s t s  

on t h e  moon t h a t  o v e r l i e s  blocky o r  coherent rock material. The depth 

of unconsolidated material appears t o  range from nea r ly  zero t o  t e n s  of 

meters. Improvement of t he  engineering p r o p e r t i e s  of t h i s  l a y e r  as w e l l  

as f r a c t u r e d  rock zones, i .e. s t ab i l i za t ion ,may  b e  d e s i r a b l e  i f  no t  

necessary i n  connection with exp lo ra t ion  and f u t u r e  cons t ruc t ion  on t h e  

moon. P o t e n t i a l  a p p l i c a t i o n s  of s u i t a b l e  s o i l  and rock s t a b i l i z a t i o n  

techniques include t h e  following: 

1. Sealing of f i s s u r e s  and voids  i n  otherwise i n t a c t  s o i l  and rock 

masses t o  enable  u t i l i z a t i o n  of l u n a r  cavit ies as ,shel ters ,  

s to rage  chambers, waste d i sposa l  chambers, etc. 

2 .  Mixing of s t a b i l i z i n g  agents  with luna r  s o i l  o r  fragmental  

lunar  rock f o r  u t i l i z a t i o n  as a cons t ruc t ion  material i n  insula-  

t ion,  s h i e l d i n g  o r  launching f a c i l i t i e s .  

3. Pro tec t ion  and p rese rva t ion  of t h e  s t r u c t u r e  of l una r  su r face  

material  samples f o r  ear th-return.  

Re la t ive  t o  luna r  payload l i m i t a t i o n s ,  i t  i s  d e s i r a b l e  t o  s t a b i l i z e  

a l a r g e  volume of s o i l  p e r  u n i t  weight of s t a b i l i z i n g  agent t r anspor t ed  

t o  t h e  moon. Ex i s t ing  terrestrial  chemical s t a b i l i z e r s  do not  change 

volume s i g n i f i c a n t l y  when i n j e c t e d  i n t o  a s o i l ,  and, t h e r e f o r e  they g ive  

a r e l a t i v e l y  low r a t i o  of s t a b i l i z e d  s o i l  volume t o  i n i t i a l  weight of 
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s t a b i l i z e r ,  A more d e s i r a b l e  material might be one t h a t  w i l l  expand when 

i n j e c t e d  i n t o  a s o i l ,  thus  s t a b i l i z i n g  a g r e a t e r  amount of s o i l  p e r  u n i t  

weight of s t a b i l i z e r  t r anspor t ed ;  provided, of course, t h a t  t h e  des i r ed  

improvement of t h e  engineering c h a r a c t e r i s t i c s  of t he  s o i l  mass can b e  

obtained. 

Apart from t h e  cons ide ra t ion  of earth-to-moon t r a n s p o r t  of a s t a b i l i z e r ,  

d e s i r a b l e  f e a t u r e s  of t h e  s t a b i l i z e r  include (1) low v i s c o s i t y  p r i o r  t o  

se t  s o  t h a t  r e l a t i v e l y  f ine-grained materials can be t r e a t e d ,  (2) contrcrl 

over  s e t t i n g  t i m e s ,  (3) simple app l i ca t ion ,  ( 4 )  ease i n  handling, 

(5) d u r a b i l i t y ,  ( 6 )  a p p l i c a b i l i t y  over a wide range of temperature 

condi t ions and i n  vacuo, and ( 7 )  r e l a t i v e  absence of t o x i c i t y  o r  o t h e r  

hazards.  

I n  view of t h e s e  c o n s t r a i n t s  a t t e n t i o n  has  been d i r e c t e d  a t  t h e  

p o t e n t i a l  a p p l i c a b i l i t y  of foamed p l a s t i c s .  Foamed p l a s t i c s  are resinous 

materials, expanded o r  blown t o  form a c e l l u l a r  s t r u c t u r e .  The f i n a l  

volume can be as g r e a t  as 50 t i m e s  t h e  volume be fo re  expansion. 

Expansion may b e  by chemical, physical ,  o r  mechanical methods. Basic 

p l a s t i c  formulations can be v a r i e d  t o  g ive  almost any degree of f l e x i b i l i t y ,  

and any dens i ty  from 0.5 l b / f t 3  t o  70 l b / f t 3  i n  some materials. The foam 

s t r u c t u r e  can range from 95% c losed  cells t o  completely open cells 

(Gersten, 1965). 

The use of foams f o r  t h e  s o l u t i o n  of engineering problems has been 

ex tens ive  i n  r e c e n t  years .  They have been used on e a r t h  f o r  t he  s t o r a g e  

of hydrocarbon f l u i d  i n  n a t u r a l  subterranean s to rage  r e s e r v o i r s  (O'Brien, 

1968). A g l a s s - l i k e  foam, similar t o  p l a s t i c  foams, produced by sub- 

j e c t i n g  a hydrous s o l u t i o n  of sodium o r  potassium s i l ica te  t o  e i t h e r  

h e a t  o r  vacuum, i s  being considered as material f o r  t h e  cons t ruc t ion  of 
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l u n a r  s h e l t e r s  (Corp,1967), 

research  on the  use  of foamed p l a s t i c  as a means f o r  s t a b i l i z i n g  t e r -  

restrial s o i l ,  much less lunar  s o i l .  Our i n v e s t i g a t i o n s  t o  da t e ,  how- 

ever, would sugges t  t h a t  t he  p o t e n t i a l  is very  g rea t .  

There appears t o  have been l i t t l e  o r  no 

There are f i v e  types of foamed plastics:  expanded polys tyrene ,  

urethane,  epoxy, s i l i c o n ,  and phenol ic  (Gersten, 1965). The require-  

ments of impermeabi l izat ion and high s t r e n g t h ,  as we l l  as t h e  p h y s i c a l  

and environmental  c o n s t r a i n t s  i n  lunar app l i ca t ion  may b e s t  be s a t i s f i e d  

through the  use of urethane and epoxy foams. Urethane is  a l o g i c a l  f i r s t  

choice between t h e s e  two foamed p l a s t i c s  because of i ts g r e a t e r  

ve  rs a t  il i t y  . 
Urethanes are produced by the  combination of a polyisocyanate  wi th  

r e a c t a n t s  which have a t  least some hydroxyl groups,  e.g. polyols .  

Urethanes expand upon mixing t o  form a c e l l u l a r  s t r u c t u r e  and have an 

e x c e l l e n t  strength-to-weight r a t i o ,  extremely low thermal conduct iv i ty ,  

and s i g n i f i c a n t  compressive, shear ,  t e n s i l e ,  and f l e x u r a l  s t r eng ths .  

They a l s o  have a h igh  d i e l e c t r i c  s t r eng th ,  r e s i s t a n c e  t o  flame (with 

a d d i t i v e s ) ,  very l o w  water vapor t ransmission and water absorp t ion ,  good 

v i b r a t i o n  r e s i s t a n c e ,  and r e s i s t a n c e  t o  oxygen, most so lven t s ,  and d i l u t e  

ac ids .  

any s u b s t r a t e  o r  m e t a l  wi th  which they come i n  contac t  (Reference 7 ) .  

They are i n e r t  and non-abrasive materials t h a t  w i l l  n o t  a f f e c t  

Both polyols  and polyisocyanates  are i n  l i q u i d  form. Foaming does 

not occur immediately a f t e r  they are mixed, b u t  can be delayed a pre- 

determined amount of t i m e  by proper  manipulation of the  d i f f e r e n t  

components t h a t  make up the  poly01 and polyisocyanate  s o l u t i o n s .  

v i s c o s i t y  of t h e  l i q u i d  be fo re  i t  foams can approach t h a t  of water. 

t h e r e f o r e  p o s s i b l e  t h a t  urethane foam p l a s t i c  could be used t o  s t a b i l i z e  

l u n a r  s o i l s  of r a t h e r  low permeabi l i ty .  

The 

It is 



3-4 

I n  a pre l iminary  l abora to ry  i n v e s t i g a t i o n  i t  w a s  determined t h a t  

u re thanep la s t i c  can be made t o  foam and set up wi th in  t h e  pores  of a 

uniform coarse sand ,  and t h a t  a g r e a t e r  volume of s o i l  may be  t r e a t e d  

p e r  uni t  weight of s t a b i l i z e r  than can be t r e a t e d  using more convent ional  

chemical s t a b i l i z a t i o n  s y s  terns, e. g . AM-9 chemical group (Karol, 

1957). 

ing  t h a t  a d e t a i l e d  research  program w a s  planned and executed. 

program has involved: 

The r e s u l t s  of these  pre l iminary  tests were s u f f i c i e n t l y  encourag- 

This 

Study of t h e  organic  chemistry of urethane foamed p l a s t i c .  

Development of urethane foamed p l a s t i c  systems wi th  (1) an 

i n i t i a l  low v i s c o s i t y ,  (2) a c o n t r o l l a b l e  g e l  t i m e ,  and 

(3)  a h igh  r a t i o  of s t a b i l i z e d  volume t o  weight of i n j e c t e d  

chemical. 

Evaluat ion of t he  s t r e n g t h ,  permeabi l i ty ,  and o t h e r  p e r t i n e n t  

mechanical p r o p e r t i e s  of s o i l s  s t a b i l i z e d  using foamed p l a s t i c s .  

I a v e s t i g a t i o n  of l u n a r  environmental  f a c t o r s ,  p r imar i ly  l ack  of 

an atmosphere and extreme temperature condi t ions ,  on t h e  foaming 

process .  

Formulation of conclusions and recommendations f o r  the work 

completed s o  far. 

Each of t hese  phases i s  d iscussed  i n  the  fol lowing sec t ions .  

11. ORGANIC CHEMISTRY OF URETHANE FOAMED PLASTICS 

Urethanes are produced by the  r eac t ion  of polyhydroxy compounds w i t h  

polyisocyanates  . The gene ra l  r eac t ion  is : 

p ' I ]  
R - NCO + R' - OH 3 R N - C OR' + h e a t  
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where ,, 

R - NCO = a polyisocyanate  such as to luene  d i i socyanate  

R = t o l y l  r a d i c a l  

R’ - OH = any pQlyhydroxy1 compound (e.gl  polyol ,  g lyco l ,  po lyes t e r ,  
o r  po lye ther )  

R ”  = a non-reactive hydrocarbon r a d i c a l  

1 - 1’1 = t he  urethane l inkage  

The above r e a c t i o n  involves  mono-functional r e a c t a n t s ,  however, i f  

po lyfunct iona l  chemicals are used polymers r e s u l t .  Funct iona l i ty  r e f e r s  

t o  t h e  number of r e a c t i v e  sites pe r  molecule. For example, toluene 

d i i socyanate  (TDI) may be  represented as NCO - R - NCO. Since there  are 

two NCO groups pe r  molecule, TDI  i s  s a i d  t o  be  di-funct ional ,  I f  a tri- 

func t iona l  po lyol  i s  used w i t h  a d i i socyanate  then a cross-linked s t r u c t u r e  

r e s u l t s .  This may be represented  d iagramet r ica l ly  as follows: 

Quadrifunct ional  and 6-funct ional  polyols  are a l s o  ava i l ab le .  

Ca ta lys t s ,  s u r f a c t a n t s ,  and blowing agents  may be incorporated i n  t h e  

r eac t ion  expressed by equat ion (3-1). Commonly used c a t a l y s t s  are t e r t i a r y  

amines and t i n  salts. They are added t o  c o n t r o l  o r  accelerate the  rate of 

r eac t ion  s o  t h a t  g e l a t i o n  w i l l  be  synchronized wi th  maximum rise of t h e  

foam. Sur fac t an t s  con t ro l  cel l  su r face  tens ion  and thus can render the  

foam la rge-ce l led  o r  f ine-ce l led .  Polyglycol-s i l icone polymers represent  

a gene ra l  class of compounds t h a t  can be used as su r fac t an t s .  
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Blowing agen t s  expand t o  form a gas i n  the  polymer s t r u c t u r e  hence 

they are t h e  agent  r e spons ib l e  f o r  t h e  foam-like s t r u c t u r e .  

of chemical blowing agents  are poss ib l e .  

produced by a chemical r e a c t i o n  w i t h i n  the polymer. 

chemical blowing agent decomposes i n  the presence of t h e  exothermic 

h e a t  of t h e  r e a c t i o n  t o  produce t h e  gas. Water and carboxyl ic  ac ids  

would be i n  the former class of compounds. The gas produced i n  t h i s  

i n s t ance  is  CO Low b o i l i n g  acetates o r  fluorocarbons would be i n  t h e  

la t ter  class of compounds. 

Two classes 

I n  t h e  f i r s t  t h e  gas  i s  

I n  t h e  second a 

2 '  

The f l e x i b i l i t y  o r  r i g i d i t y  of urethane foamed p l a s t i c  is  c o n t r o l l e d  

by t h e  f u n c t i o n a l i t y  and molecular weight of t h e  po lyo l  and isocyanate  

used. e i g i d  foams r e s u l t  when low molecular weight h igh ly  r 'unctional 

polyols  are used. Conversely, f l e x i b l e  foams r e s u l t  when high molecular 

weight low f u n c t i o n a l  polyols  are used. Var i a t ions  between t h e s e  two 

extremes f o r  s p e c i f i c  a p p l i c a t i o n s  are poss ib l e .  

I d e a l l y ,  t h e  urethane l inkage would be  t h e  only one found i n  the  

polymeric s t r u c t u r e .  This i s  n o t  t h e  usual  case. There are s e v e r a l  

o t h e r  important l inkages t h a t  may be present .  One of t he  most common 

subordinate  l i nkages  occurs when water is p resen t .  The g e n e r a l  r e a c t i o n  

is : 
H 
I 

R - NCO + HOH -+ R - N - H + C 0 2 f  

This reacts with another  isocyanate  as fol lows 

i (/I i 
R - NH2 + R - NCO -f R - N - C - N - R 

(3 -2)  

(3-3)  

where, 
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H O H  
I I I  I 

R - N - C - N = a urea 

Another important subordinate  r e a c t i o n  can occur when carboxylic 

groups are present .  These groups may occur i n  t h e  p o l y e s t e r  polyols  o r  

may be  added t o  t h e  system. They react with di isocyonate  as follows: 

H O  

(3-4) 
I I I  

R - NCO + R'  - COOH -f R - N - C - R' i- C 0 2 +  

Fur the r ,  a cross- l inking r eac t ion  w i l l  occur when the  hydrogen on t h e  

n i t r o g e n  atom of t h e  urethane group reacts w i t h  an isocyanate  group. 

This i s  known as t h e  al lophanate  l inkage and may be  represented as 

follows : 

0 

I I  
R - O - C - N - R b R - N C O + R - O - C - N - R  

I 
O p C - N - R  

I 
H 

(3-5) 

Pre-polymerization techniques enable t h e  chemical system designer  

t o  d i r e c t  t h e  o rde r  of buildup i n  the  polymeric s t r u c t u r e  and t o  reduce 

t h e  h e a t  of r eac t ion .  Pre-polymerization involves  t h e  mixing of a 

measured amount of p o l y o l w i t h  an excess amount of polyisocyonate.  

Usually t h e  r e s u l t a n t  "pre-polymer" i s  i n  the  r a t i o  5 equ iva len t s  of 

polyisocyanate t o  1 equivalent  of polyol.  

The preceding paragraph summarizes t h e  chemistry of urethane foamed 

p l a s t i c s  as i t  a p p l i e s  i n  t h i s  r e sea rch  program. More d e t a i l e d  t reatments  

are presented by Dombrow (19631, Ferrigno (1963), and P h i l l i p s  (1964). 
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111. DEVELOPMENT OF URETHANE FOAMED PLASTIC SYSTEMS 

A. Analy t i ca l  Laboratory Procedure 

It was necessary f i r s t  t o  determine what proport ions of chemicals 

should be used f o r  given poly01 and polyisocyanate  types.  This w a s  

accomplished by developing a conceptual framework f o r  t he  r e s u l t a n t  

urethane molecule. 

urethane molecule wi th  cross- l inking i n  t h e  polymer s t r u c t u r e .  

framework f o r  such a system may be seen i n  Figure 3-la. Figure 3-lb shows 

For  example, suppose i t  is  des i r ed  t o  form a 

A 

the  u n i t  cel l  f o r  t h e  framework. It i s  now a simple matter t o  count 

t h e  number of molecules of t he  respec t ive  chemical types i n  t h e  u n i t  

c e l l  and then t o  mul t ip ly  t h e  number by t h e  molecular weight of the  

a c t u a l  chemical used t o  f ind  the  amount of a chemical necessary,  i n  

terms of gram molecular weights ,  t o  form the  des i red  urethane molecule. 

For t h e  u n i t  c e l l  of the urethane molecule i n  Fig.  3-lb t h e r e  are 2-1/2 

polyisocyanate  groups, 1 d i func t iona l  poly01 group, and 1 t r i f u n c t i o n a l  

poly01 group. 

i s  an i d e a l i z a t i o n  of t he  a c t u a l  urethane molecules formed i n  a given 

system, i t  is t h e  most r ep resen ta t ive  molecule f o r  t he  system t h a t  can 

be v isua l ized .  

While the  conceptual framework of the  urethane molecule 

By simple proport ions t h e  amount of any chemical i n  a mix can be  

determined i f  t h e  weight of any o the r  component i n  the  m i x  is known. 

Al t e rna t ive ly ,  t he  percentage by weight of t he  t o t a l  molecule can be 

determined f o r  each component. The la t ter  approach has been followed 

i n  t h i s  research program. When chemicals w e r e  employed t h a t  w e r e  n o t  a p a r t  

of t he  o r i g i n a l  urethane molecule, t h e i r  percentages are reported as a 

percentage (by weight) of t h e  t o t a l  weight of t he  chemicals making up t h e  or ig in-  

a l  urethane molecule. Chemicals such as the  blowing agents  
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( a )  TWO-LJIMENSIONAL FRAMEWORK 

WHERE: 
POLY ISOCYANATE, SPECIFICALLY 
TOLYLENE DIISOCYANATE 

ANY DIFUNCTIONAL POLYOL 

NUMBER OF REACTIVE SITES PER MOLECULE) 
8 (FUNCTIONALITY REFERS TO THE 

8 ANY TRIFUNCTIONAL POLYOL 

(b) U N I T  CELL 
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s u r f a c t a n t s  ~ co-solvents,  and most c a t a l y s t s  f a l l  i n t o  t h i s  

category e 

Many d i f f e r e n t  chemical systems were eva lua ted  while  t r y i n g  t o  

determine those which had an i n i t i a l  low v i s c o s i t y ,  a c o n t r o l l a b l e  g e l  

tizhe,and a high r a t i o  of s t a b i l i z e d  volume t o  weight of i n j e c t e d  chemical. 

Table 31 presen t s  a l i s t i n g  of t h e  chemicals used i n  these systems. 

Toluene d i i socyana te  (TDI) w a s  common t o  every chemical system. It 

c o n s t i t u t e d  from 30.3% t o  70% of t h e  t o t a l  composition f o r  t h e  chemical 

systems t r i e d .  The po lyo l s  c o n s t i t u t e d  from 30% t o  69.7% of t h e  t o t a l  

composition, depending on the  given chemical system. Blowing agents  and 

co-solvents were used i n  proport ions up t o  10% of the  t o t a l  weight of 

polyols  + TDI. 
Generally, t h e  blowing agent  and c a t a l y s t  were premixed wi th  the  

polyol,  and the  s u r f a c t a n t  w a s  premixed with t h e  TDL. 

v i s c o s i t y  of t h e  po lyo l  o r  TDI d i d  n o t  change appreciably with a d d i t i o n  

The o r i g i n a l  

of c a t a l y s t  and s u r f a c t a n t .  The i n i t i a l  v i s c o s i t y  of t h e  po lyo l  can be  

changed appreciably depending on the percentage of co-solvent o r  blowing 

agent added, however. For amounts of co-solvent and blowing agent 

g r e a t e r  than approximately 5% t h e  v i s c o s i t y  w a s  no t i ceab ly  decreased. 

It should b e  noted t h a t  a laboratory a n a l y s i s  i n d i c a t e d  t h a t  0.15 

equ iva len t s  of carboxyl ic  a c i d  (COOH groups) w e r e  p re sen t  p e r  mole of 

t r i e t h y l e n e  g l y c o l  used i n  some of t h e  experiments r epor t ed  he re in ,  

s p e c i f i c a l l y  experiments 3 4 ,  35, 37, and 39. This implies  some oxidat ion 

had taken p l ace  i n  t h i s  polyol.  

t r i e t h y l e n e  g l y c o l  a d i f f e r e n t  sample w a s  used which had n o t  oxidized. 

For the o t h e r  experiments involving 
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TABLE 3-1 

CHEMICALS USED I N  UWTHANE SYSTEMS 

Chemical 

Polyisocyanate:  

to luene  d i i socyanate  (TDI) 

Polyols  : 

c a s t o r  o i l  111 
1,3-propanediol 
1,5-pentanediol 
d ie thylene  g l y c o l  
t r i e t h y l e n e  g lyco l  
polyethylene g l y c o l  
2-ethyl-2- (hydroxymethy1)- 

1,3-propanediol (W) 
t 1: i e  than o lamine 

Co-solvents : 

normal b u t  an01 
methyl ce l lo so lve  

Blowing agenqs : 

a d i p i c  a c i d  
methyl e t h y l  ketone (MEK) 
b u t y l  acetate 
me thy1  buty 1 ketone 
diacetone a l coho l  
ce l loso lve  acetate 
water 

C a t a l y s t s  : 

4-me thy lmorpholine 

Surf actants : 

Union Carbide L-530 
Union Carbide L-531 

Mole c u l a r  
Weight 

174.0 

664.0 
76 09 

104.00 
106.12 
150.0 

=400.0 

134.18 
149.19 

74.12 
76.09 

146.14 
72.10 

116. 

116. 
132. 

18.0 

101.15 

Boil ing Poin t ,  O C  

(atmospheric pressure)  

118-120 

97-98 
2 39 
244.5 
165-167 

melting p o i n t  58-60 
2 78 

117.71 
124.3 - 

melting p o i n t  15 1- 15 3 
79.6 

124-126 
12 7 
164-166 
156.2 
100.0 

112-115 
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B e  Experimental Laboratory Procedure 

It w a s  necessary t o  have a s t anda rd  procedure f o r  conducting 

l abora to ry  tests so t h a t  r e s u l t s  could be compared i n  o r d e r  t o  determine 

the  b e s t  chemical system. The mixing t i m e  ( t i m e  from start of mixing of 

a chemical system t o  association*) and r e a c t i o n  t i m e  ( t i m e  from onset  of 

a s s o c i a t i o n  t o  v i s i b l e  r e a c t i o n )  are g r e a t l y  inf luenced by t h e  e f f i c i e n c y  

of t h e  mixer, t h e  temperature of t h e  components and t h e  mixing con ta ine r ,  

and t h e  s i ze  of t h e  ba t ch  being processed. 

conducted using a cons t an t  speed mixer, t h e  s a m e  s i z e  g l a s s  con ta ine r ,  

and, gene ra l ly ,  t h e  same t o t a l  weight of p o l y o l  p lus  T D I  (20 grams t o t a l  

weight).  

components i n  the system are somewhat toxic .  

In  t h i s  r ega rd  tests were 

Tests w e r e  conducted under a chemical hood since several of t h e  

C. Mixing and Reaction T i m e s  

Mixing and r e a c t i o n  times were determined using a stopwatch. 

Typical ly ,  a measured amount of TDI  was poured i n t o  a g l a s s  jar  containing 

t h e  polyol .  The combined system w a s  then placed OR a mixer and the stop- 

watch s t a r t e d .  As  soon as the chemicals a s s o c i a t e d  the  t i m e  w a s  noted 

(mixing time). A t  t he  onset  of "bubbling" o r  extreme h e a t  the t i m e  w a s  

again noted ( r e a c t i o n  t i m e ) .  The reac t ion  t i m e  i n d i c a t e s  t h e  t i m e  t h a t  

would be a v a i l a b l e  t o  i n j e c t  a chemical system i n t o  a s o i l  m a s s .  The 

r e s u l t s  of t hese  tests are presented i n  Table 3-2. A l l  of t hese  systems 

w e r e  developed by t h e  "conceptual framework" approach previously explained. 

One of the most s i g n i f i c a n t  f i nd ings  i l l u s t r a t e d  by t h e  d a t a  i s  t h a t  

The decrease adding water t o  a given system decreases t h e  r e a c t i o n  t i m e .  

is  i n  proport ion t o  t h e  amount of water added. It does n o t  change t h e  

mixing t i m e .  Adding a d i p i c  a c i d  a l s o  decreases  t h e  r e a c t i o n  t i m e .  The 

e f f e c t  of a d i p i c  a c i d  on t h e  mixing t i m e  i s  uncertain.  Adding the  

*"Association" may b e  thought of as a chemical s ta te  i n  which t h e  p o l y o l  and 
TDI  molecules i n  a given system have come i n t o  alignment. That i s  t o  say,  OH 
groups on the po lyo l  molecules are i n  c l o s e  proximity t o  the NCO groups on the 
TDI molecules. They have n o t  a t  t h i s  t i m e  r eac t ed  i n  t h e  sense of forming a 
polymeric s t r u c t u r e ,  b u t  t h e r e  is  a d i s t i n c t  formation of a homogeneous s o l u t i o n ,  
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TABLE 3-2 

M I X I N G  AND REACTION TIMES FOR CHEMICAL SYSTEMS 

Percen t  Mixing Reaction 

Weight (Sec.) (Sec.) 
T r i a l  Chemical Sys tern T i m e  Time Comments by 

34A TDI 53.7 Strong, r i g i d ,  some foam 
due t o  vaporizat ion of 

Triethylene g l y c o l  46.3 1'0" 1' 30" TDI 

34G as 34A + Water 1.0 1'0" 30" strong, r i g i d ,  l a r g e  
c e l l e d  - t oo  much 
blowing agent  

38A as 34A + water 0.1 1' 20" 50" r i g i d  b u t  weak, uniform 
L-5 3 1  0.5 c e l l  s i z e ,  b u t  unfoamed 

p l a s t i c  a t  bottom 

38B as 34A + water 
L-5 31 

0.3 1' 4" 40" r i g i d  b u t  weak, uniform 
0.5 c e l l  s i z e  b u t  unfoarned 

p l a s t i c  a t  bottom 

34H as 34A + water 
L-5 31 

1.0 1'0" 10" r i g i d  but weak uniform 
0.5 c e l l  s i z e  bu t  unfoamed 

p l a s t i c  a t  bottom 

38C as 34A + water 
L-5 31 
diacetone a l coho l  

0.2 1'25" 40" r i g i d  b u t  weak, uniform 
0.5 c e l l  s i z e  b u t  unfoamed 
0.4 a t  bottom 

~ 

34T as 34A + methyl b u t y l  s t rong  r i g i d ,  l a rge  
ketone 2.0 1'20" 1'15" c e l l e d  - too much 

blowing agent  
~~~ ~ 

345 as 34A + methyl b u t y l  s t rong  r i g i d ,  l a r g e  
ketone 4.0 1'20" 1'30'' c e l l e d  - t o o  much 
L-531 0.5 b lowing agent unf oamed 

a t  bottom 

35L as 34A + methyl b u t y l  4.0 1'20" 1'10" s t rong ,  r i g i d ,  l a r g e  
ketone 1.0 c e l l e d  - t o o  much 
L-5 31 blowing agent ,  unfoamed 

a t  bottom 

35U as 34A + methyl e t h y l  r i g i d  foam, uniform ce l l  
ketone 0.5 1'20" 1'17" s i z e ,  b u t  unfoamed 
L-5 31 0.5 p l a s t i c  a t  bottom 

34K as 34A + methyl e t h y l  0.5 s t r o n g  r i g i d  large cel led 
ketone 4.0 1'15" 1'25" - too much blowing agen t  
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Percent  Mixing Reaction 

Weight (Sec. ) (Sec.) 
T r i a l  Chemical System by Time Time Comments 

37L as 34A + methyl bu ty l  ketone 0.5 3 7" - i n j e c t e d  i n t o  s o i l  
diacetone a l coho l  0.5 
L-531 0.5 
4-me thy lmorpho l i n e  0.2 

37M as 37L 33" - 40g, i n j e c t e d  i n t o  s o i l  

37N as 37L 35 " - 40g, i n j e c t e d  i n t o  s o i l  

37P as 37L 43" - 40g, i n j e c t e d  i n t o  s o i l  

35V as 34A+methyl b u t y l  ketone 0.5 2 8" 18" s t rong ,  r i g i d ,  very good 
d iace  t one a l coho l  0.5 foam s t r u c t u r e *  
L-531 0.5 
4-me thy lmorpho l i n e  0.2 

34B TDI 62.2 1'0" 1'06" s t rong  r i g i d  p l a s t i c  
d ie thylene  g l y c o l  37.8 1'20" 1'10" no blowing agent  

36B as 34B water 0 .1  1' 55" 35" no foam, s t rong  and 
L-5 31  0.5 r i g i d ,  no t  enough 

blowing agent 

36C as 34B water 0.2 1' 55" 30" r i g i d  but  very weak, 
L-5 31 0.5 foam cel l  s i z e  too l a r g e  

36A as 34B water 1.0 1'20" 20" r i g i d  but very  weak, 
L-5 31 0.5 f r i a b l e  foam, unfoamed 

at bottom 

39A TDI 60.5 s t rong ,  r i g i d ,  some TDI 
Trie thylene  g l y c o l  20.9 5 '  10" 33" vaporized 
TMP 18.6 

39D as 39A + 0.4 5 '20'' 26" s t rong ,  r i g i d ,  bu t  
L-5 31 0 . 1  non-uniform cel l  s i z e  
water 

39B as 39A + water 0.2 5'17" 36" s t rong  r i g i d ,  l a r g e  
c e l l e d  - too much 
blowing agent  

39C as 39A + 
L-531 
water 

0.4 4 ' 20" 22 If s t rong ,  r i g i d ,  but  
0.3 non-uniform cel l  s i z e  

*See Footnote a t  end of t ab le .  
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Percent  Mixing Reaction 

Weight (Sec.) (Sec.) 
T r i a l  Chemical Sys t e m  by T ime  T i m e  C mmen t s 

35P as 34A + methyl e t h y l  4.0 2 1" 2 8" s t rong  , r i g i d ,  l a r g e  
ketone 1.0 c e l l e d  - too  much blow- 
L-5 31 .25 ing  agent 
4-me thy lmo r p  h o l  i n e  

35N as 34A + methyl b u t y l  4.0 lot1 10" s t rong ,  r i g i d ,  l a rge  
ke tone 1.0 c e l l e d  - t oo  much blow- 
L-5 31 0.5 ing  agent 
4-methylmorpholine 

35s as 34A + 0.5 1'20" 1'10" s t rong  r i g i d  foam un- 
diacetone a l coho l  0.5 t r e a t e d  a t  bottom 
L-5 31 

35T as 34A + methyl b u t y l  0.5 1'20" 1'20" r i g i d  foam, f a i r l y  
ketone diacetone a lcohol  0.5 uniform c e l l  s i z e ,  some 
L-531 0.5 p l a s t i c  i n  bottom l e f t  

un f o ame d 

37A as 35T 1'20" - poured sand i n t o  j a r  
wi th  a s soc ia t ed  system 

37H as 35T 1' 12" - i n j e c t e d  i n t o  s o i l  
~~ ~~ 

37R as 35T 1' 13" - i n j e c t e d  i n t o  s o i l  

35W as 34A + methyl b u t y l  0.5 s t rong  r i g i d ,  uniform 
ketone diacetone a lcohol  0.5 45 ' 39" c e l l  s i z e ,  very good foam 
L-5 31 0.5 
4-me thy lmorpho l i n e  0.1 

37B as 35W 48" - poured sand i n t o  j a r  
wi th  a s soc ia t ed  system 

37C as 35W 49 - i n j e c t e d  i n t o  s o i l  

i n j e c t e d  i n t o  s o i l  37D as 35W 5 3" - 

i n j e c t e d  i n t o  s o i l  37E as 35W 55" - 
37F as 35W 5 7" - i n j e c t e d  i n t o  s o i l  

37G as 35W 51" - i n j e c t e d  i n t o  s o i l  

37J as 35W 52" - i n j e c t e d  i n t o  s o i l  
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Percent  Mixing Reaction 

Weight (Sec.) (Sec.) 
T r i a l  Chemical Sys t e m  by T i m e  Time Comments 

37K as 35W 5 1" - i n j e c t e d  i n t o  s o i l  

374 as 35W 46 It - i n j e c t e d  i n t o  s o i l  

34A1 TDI 53.7 1' 30" 2'00" s t rong ,  bu t  weak and 
t r i e t h y l e n e  g l y c o l  46.3 1' 15" 2'10" f r i a b l e ,  poly01 oxidized 

42A TDI 53.7 good foam* 
b u t  too much blowing 

30" agent;  react t o  bottom 56" t r i e  thy lene g l y  c o l  46.3 
water 1.0 
L-5 31 0.5 

42B as 42A, b u t  w i t h  water 0.5 1'22" 45" good foam, 
bubbles too l a rge ,  un- 
foamed a t  bottom 

42K as 42B 1' 18" 48" as 42B 

4 2 1  as 42A, but w i t h  w a t e r  0 .3  1' 20" 1'00" good fosm, 
unfoamed a t  bottom 

42D as 42A, but- w i t h  water 0.2 1 ' 18" 1' 30" poor foam* 

42E TDI 
t r i e t h y l e n e  g l y c o l  
d iace  t one a l c o h o l  
L-5 31 

53.7 
46.3 it3011 

1.0 
0.5 

2'30" poor foam 

42F as 42E3 but with  5.0 56" 1'35" looks good, perhaps t o o  
diacetone a l coho l  much b lowing unf oamed 

a t  bottom 

42M as 42E + c a t a l y s t  0.2 22" 38" not  enough blowing agent,  
unfoamed a t  bottom 

42N as 42A, but  wi th  water 0.4 5 4" 28" weak and f r i a b l e ,  
c a t a l y s t  0 .1  unfoamed a t  bottom 

42P TDI  53.7 
t r i e t h y l e n e  g l y c o l  46.3 
water 0.4 52" 31" as 42N 
c a t a l y s t  0.1 
L-5 31 1.0 
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TABLE 3-2 (Con' t.) 

Pe rcen t  Mixing Reaction 

Weight (Sec.) (See.) 
Trial  Chemical System by T i m e  T ime  Comments 

424 as 42A, b u t  w i t h  water 0 .3  uniform, b u t  l a r g e  
diacetone a l c o h o l  0.5 1'23" 1'19" bubbles, unfoamed a t  
MlBK 0.5 bo t  tom 

42R as 424, b u t  w i th  water 0.4 1'19" 1'01" weak and f r i a b l e ,  uniform 
foam w/medium bubbles 

42s as 424 + c a t a l y s t  0 .1  50" 38" as 42R 

43D TDI 53.7 very goo< foam, 
t r i e t h y l e n e  g l y c o l  46.3 1' 30" 53" s m a l l  bubbles, uniform, 
polye thy lene g l y c o l  1.5 s t rong  , n o t  f r i a b l e  
a d i p i c  a c i d  3.0 
L-5 31  0.5 

43E as 43D, b u t  w i th  
a d i p i c  a c i d  

2.0 good foam b u t  n o t  
as w e l l  r eac t ed  as 43D 

43F as 43D, b u t  w i th  no 1'25" 45" good foam, s t r o n g  r i g i d ,  
polyethylene g l y  co 1 unfoamed a t  bottom 

42H as 43D, bu t  w i th  0.5 1'25" 42" as 43F 
polyethylene g l y c o l  

43G as 43D, bu t  w i th  3.0 l t 2 1 "  49" as 43F 
p o l y e  thy lene g l y  c o 1 

431 as 43D, b u t  w i th  0.5 1' 30" 47" as 43F 
diacetone alcohol  

43J T D I  53.7 s t rong,  r i g i d  good 
t r i e t h y l e n e  g l y c o l  46.3 foam b u t  perhaps 
polyethylene g l y c o l  1.5 a l i t t l e  too  much 
a d i p i c  a c i d  3.0 1'07" 50" blowing agent 
d i ace  tone a l coho l  0.5 
L-531 0.5 
c a s t o r  o i l  5.0 

43K as 435, b u t  w i th  L-531 1.0 1'06" 48" very good foam, 
1'02" 5 3" s m a l l ,  uniform, s l i g h t l y  
1'021f 55" unfoamed a t  bottom 
1'02" 59" 



3-18 

TABLE 3-2 (Con't.) 

Percent  Mixing Reaction 

Weight (Sec.) (Sec,)  
T r i a l  Chemical Sys t e m  by Time Time Comments 

43L as 43K, b u t  w i t h  1.0 1'00" 55" mixer speed f a s t e r  than  
diacetone a l coho l  i n  435 and 43K 

43M as 43J, b u t  no  1'02" 55" 
d iace  tone a l coho l  

434 as 43K, b u t  w i th  3.0 51" 1'10" as 43K, but  perhaps too  
diace  tone a l coho l  5 1'' 1' 10" much blowing 

46A TDI 57.8 unblown, s t r o n g ,  r i g i d  - 
t rie thylene g l y c o l  24.9 1' 19" 45" only some TDI  vaporized 
1,5 pentanedio l  17 .3  

46B as 46A, + 1 ' 1 7 "  45" as 46A, bu t  some s m a l l  
L-531 1.0 1' 13" 42" bubbles a t  s u r f a c e  

46C as 46B + 1.0 1' 44" 26" s t rong ,  r i g i d ,  s m a l l  
a d i p i c  ac id  uniform, n o t  enough 

b lowing 

46D as 46B + 2 .o 1'24'' 19" as 46C 
a d i p i c  aced 

46E as 46B + 3.0 1'37" 11" e x c e l l e n t  foam b u t  too 
a d i p i c  ac id  f a s t  

46F as 46D, + 5.0 1'24" 22" as 46C 
polyethylene g lyco l  

46H as 46B, f 2.0 1'29" 46" as 46B 
p o l y e  thy l ene  g 1 y c o 1 

46G as 46B, + 5.0 1 ' 30" 54" as 46B 
polyethylene g l y c o l  

461 as 46B, + 10.0 1'08" 1'03" as 46B 
polyethylene g lyco l  

465 as 46B, + 15.0 1'02" 1'15" as 46B 
polyethylene g l y c o l  

46K as 46B, + c a s t o r  o i l  2.0 1'16" 45" as 46B 

46L as 46B, + c a s t o r  o i l  5.0 l ' o l l l  52" as 46B 



3-19 

TABLE 3-2 (Con' t - )  

Percent  Mixing Reaction 

Weight (Sec.) (Sec.) 
T r i a l  Chemical System by T i m e  Time Comments 

46M as 46B, + c a s t o r  o i l  10.0 1'00" 1'07" as 46B 

46N TDI  57.8 good foam, s t r o n g  2 

t r i e t h y l e n e  g l y c o l  24.9 55" 24" r i g i d ,  small bubbles, 
1,5 pentonediol  17.3 1'03" 26" uniform, s l i g h t l y  un- 
c a s t o r  o i l  10.0 1'02" 27" foamed a t  bottom 
a d i p i c  a c i d  2.0 
L-531 1.0 

46P as 46N, b u t  w i t h  1.0 58" 4 1" poor foam 
a d i p i c  a c i d  

46DD as 46N, b u t  no 
a d i p i c  a c i d  

45 55" poor foam 

46R as 46N, + 0.5 59" 1'16" very poor foam 
diacetone a l coho l  

464 as 46N, + 1.0 5 8" 1'11" very poor foam 
diacetone a l coho l  

46BB as 46P, + 3.0 52" 40" st rong,  r i g i d ,  too much 
diacetone a l c o h o l  blowing 

46X as 46N, + 
diacetone a l coho l  

4.0 46 1'35" poor foam 

46CC as 46P, + 4.0 47" 40" as 46BB 
diacetone a l coho l  

46FF as 46N, bu t  w i t h  0.5 50" 52" s t rong ,  r i g i d ,  too much 
a d i p i c  a c i d  54" 5 1" blowing 

46GG as 46FF, b u t  w i th  0 . 3  52" 55" s t rong ,  r i g i d ,  
a d i p i c  a c i d  good foam 

46HH as 46N, b u t  w i t h  as 46BB b u t  t oo  much 
a d i p i c  a c i d  0 . 3  56" 56" blowing 
diacetone a l coho l  4.0 

4611 as 46HH, b u t  1.5 50" 54" as 46HH, s l i g h t l y  
L-5 31 smaller foam bubbles 
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TABLE 3-2 (ConVtt . )  

Percent  Mixing Reaction 

Weight (Sec.) (Sec.) 
T r i a l  Chemical System bY Time Time Comments 

4655 as 46HH, but  
L-5 31  1.5 
a d i p i c  ac id  0 . 4  56" 52" as 46HH 
diace tone  a l coho l  3.0 

46KK as 4655, but  15.0 49 1'02" s t rong ,  r i g i d ,  bu t  
c a s t o r  o i l  l a r g e  c e l l e d  

46LL as 4655,  bu t  
c a s t o r  o i l  15.0  51" 55" as 46KK 
a d i p i c  ac id  0.5 

~ ~ ~~ ~~ ~ ~ ~~ 

46MM as 4655,  but  
a d i p i c  ac id  0 . 5  5 1" 52" as 46HH 
diacetone a lcohol  3.5 

46NN as 4655 b u t  wi th  1.0 49" 37" too much biowing 
a d i p i c  ac id  

46PP as 4655 ,  bu t  w i th  
a d i p i c  ac id  

l a r g e  ce l l ed ,  too  much 
0 . 8  52" 45" blowing 

46QQ as 4655, but  w i th  good foam, s t rong ,  r i g i d ,  
a d i p i c  ac id  0.8 5 1" 44" small ce l l ed ,  uniform 
diacetone a lcohol  2.0 

*The terms "very good foam," "good foam," "poor foam," "very poor foam," r e f e r  t o  
a v i s u a l  q u a l i t a t i v e  assessment of t h e  s u i t a b i l i t y  of t h e  foam f o r  lunar  s o i l  
s t a b i l i z a t i o n .  
uniform cel l  s i z e  (approximately 1 mm i n  diameter i n  t h e  mixing jar) i t  would 
be termed a "very good foam." 

I f  a foam is r i g i d ,  no t  f r i a b l e ,  completely "blown," and of 



3-21 

c a t a l y s t  4-methylmorpholine decreases  both t h e  mixing and r eac t ion  t i m e ,  

A system employing 0.5% c a t a l y s t  i s  unworkable due t o  t h e  extremely 

s h o r t  mixing and r e a c t i o n  times. Adding e i t h e r  polyethylene g lyco l  o r  

c a s t o r  o i l  decreases  t h e  mixing t i m e  and inc reases  t h e  r eac t ion  t i m e .  

The s u r f a c t a n t ,  L-531, has  no e f f e c t  on the  mixing o r  r eac t ion  t i m e .  

Systems o t h e r  than those repor ted  i n  Table 3-2 were tried A 62.6% 

TDI,  37.4%, 1,5-pentanediol system assoc ia ted  a f t e r  approximately 2 

minutes mixing b u t  reac ted  15 seconds later, which i s  probably too f a s t  

f o r  p r a c t i c a l  app l i ca t ion .  The 67.1% TDI, 32.9% 1,3-propanediol system 

never assoc ia ted .  

an extremely w e a k ,  f r i a b l e  foam. It i s  now be l ievcd  t h a t  t h e  1,3- 

The system would r e a c t ,  b u t  when i t  d i d  i t  produced 

propanediol may have been of a poor qua l i t y .  Addit ional  chemical systems 

wi th  an uncontaminated sample of t h i s  polyol  may be inves t iga t ed  subse- 

quent l y  . 
The b a s i c  systems l i s t e d  i n  Table 3-2 (34A, 34B, 39A, 434, 46PP) a l l  

have con t ro l l ab le  mixing and r eac t ion  t i m e s  and low i n i t i a l  v i s c o s i t i e s .  

The dec is ion  as t o  which system would i n i t i a l l y  be i n j e c t e d  i n t o  a 

l abora to ry  s o i l  m a s s  w a s  made on a q u a l i t a t i v e  bas i s .  I f  t h e  foam i n  a 

test jar could be  made s t rong ,  no t  f r i a b l e ,  uniform i n  cel l  s i z e ,  s m a l l  

c e l l ed ,  and completely "blown" then i t  w a s  f e l t  i t  would have the  g r e a t e s t  

p o t e n t i a l  i n  a c t u a l  l una r  s o i l  s t a b i l i z a t i o n  appl ica t ion .  Pursuant t o  

t h e s e  criteria systems 34A,, 398, 434 and 46PP were se l ec t ed .  

D. Viscos i ty  Determination and Resul ts  

V i s c o s i t i e s  of t h e  separate chemical components and a mixture 

poss ib ly  s u i t a b l e  f o r  s t a b i l i z a t i o n  were determined using a Stormer 

Viscosimeter,  

c y l i n d e r  immersed i n  the  sample. 

I n  t h i s  apparatus  v i s c o s i t i e s  are measured by r o t a t i n g  a 

Table 3-3 p re sen t s  t he  average v i s c o s i t y  
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TABLE 

VISCOSITY 

3- 3 

RESULTS 

Average V i s  cos i t y  
Chemical cen t i p 0  is e 

TDI 5.8 

Tr ie thylene  g l y c o l  44 .3  

Diethylene g lycol  28 .3  

1,5 pentanedio l  87.8 

46.3% t r i e t h y l e n e  g l y c o l  
+ 53.7% TDI 13.0 

Water ( a t  20°C) 1.0 
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determined from s i x  tr ials.  A s  can be  seen t h e  v i s c o s i t i e s  of the  compo- 

nents  are r a t h e r  high compared wi th  water; however, they are s t i l l  wi th in  

a range t h a t  may b e  u s e f u l  f o r  i n j e c t i o n  of some s o i l  types.  

v i s c o s i t y  a f t e r  a s soc ia t ion  f o r  a TDI, t r i e t h y l e n e  g lycol  system is  

a l s o  shown i n  t h e  t a b l e .  This i s  an average v i s c o s i t y  of only two 

runs,  s i n c e  i t  w a s  found t h a t  r o t a t i n g  the cy l inder  i n  t h i s  sample 

decreased i ts  r e a c t i o n  t i m e  t o  t h e  ex ten t  t h a t  only two runs  could b e  

made. It  is  of interest t h a t  t h e  v i s c o s i t y  of t h e  system is in te rmedia te  

between t h e  v i s c o s i t i e s  of t h e  two components bu t  is  s u b s t a n t i a l l y  

lower than t h a t  which would be  ca lcu la ted  on a weighted propor t ion  

b a s i s .  

The 

Time-viscosity r e l a t ionsh ips  for  t i m e s  a f t e r  a s soc ia t ion  of var ious 

polyol ,  TDI systems would have been extremely hard t o  o b t a i n  due t o  t h e  

change i n  v i s c o s i t y  of t h e  system, a f t e r  a s soc ia t ion ,  wi th  mixing, since 

only r o t a t i o n a l  type viscometers,  which mix t h e  system, were ava i l ab le  

f o r  t he  research program. 

E. Ra t io  of S t a b i l i z e d  Volume t o  Weight of In j ec t ed  Chemicals 

Table 3 4 p r e s e n t s  da t a  on r a t i o s  of s t a b i l i z e d  volume t o  weight of 

chemical i n j e c t e d  i n t o  s o i l  masses i n  the  labora tory .  

void r a t i o  ( r a t i o  of t h e  volume of the  voids  of the  s o i l  mass t o  the  

volume of t h e  s o l i d s ) ,  desc r ip t ion  of t he  s o i l ,  and t h e  dens i ty  of the  

foam i n  t h e  voids.  Typical ly  t h e  s i z e  of t h e  foam bubbles produced i n  a 

g l a s s  j a r  f o r  a given chemical system are considerably l a r g e r  than t h e  

foam bubbles produced i n  a s o i l  mass. The foam dens i ty  i s  a usefu l  para- 

meter f o r  comparing a polyurethane chemical system with a t y p i c a l  

terrestrial chemical impregnation system f o r  the same s o i l  condi t ions.  

Also given is  t h e  
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S p e c i f i c a l l y ,  f o r  a s o i l  with a given void r a t i o  the  dens i ty  of a 

t y p i c a l  terrestrial  grout  would be approximately 1 gram/cc, 

a foam dens i ty  of 0.5 g /cc  i t  m e a n s  the  foam system would use one-half 

the weight of chemicals t o  achieve the  same s t a b i l i z e d  volume. 

I f  w e  have 

For systems 11, 1 2 ,  25, and 37K i n j e c t i o n s  i n t o  s o i l  masses were 

made by placing t h e  sand i n  a mold and then i n s e r t i n g  a sy r inge  cannula 

t o  a depth of 5 inches .  A surcharge was  added t o  t h e  sand. A given 

urethane mixture w a s  poured i n t o  t h e  syr inge  and i n j e c t e d  i n t o  t h e  s o i l  

mass producing a s p h e r i c a l  s t a b i l i z e d  mass. 

i n j e c t i o n s  were made i n t o  s o i l  contained i n  e i t h e r  a 1.4" o r  2.0" diameter 

t e f l o n  mold. The procedure i n  t h i s  case w a s  t o  i n s e r t  a sy r inge  cannula 

through a hole  i n  a rubber s toppe r  a t  one end of t he  mold t o  approximately 

the  midpoint of t h e  mold. The mold w a s  f i l l e d  wi th  sand and a rubber 

s toppe r  w a s  placed a t  the  o t h e r  end t o  prevent  any movement of t he  sand 

mass. The chemical system w a s  i n j e c t e d  i n t o  t h e  mold, t h e  syr inge  

For a l l  o t h e r  systems 

removed, and a l a r g e  "C-clamp" fas tened  over both ends of the  mold t o  

prevent  movement of t he  s o i l  m a s s  as the  chemical r eac t ion  took place.  

I n  t h i s  type of i n j e c t i o n  it  w a s  determined experimentally t h a t  b e s t  

r e s u l t s  were achieved when t h e  t o t a l  weight of t he  chemical system w a s  

40 grams. This y i e lded  a s t a b i l i z e d  mass approximately 6-1/2" long i n  

the 1.4" diameter mold and approximately 3" long i n  the  2.0" diameter. 

It should be  noted t h a t  i n  tests 11, 1 2 ,  25, and 27 t he  da t a  given 

are f o r  chemical systems i n  which the re  w a s  no v i s i b l e  a s soc ia t ion  

before  i n j e c t i o n .  These systems a l s o  contained l a rge  propor t ions  of 

blowing agents  and/or  co-solvents which were added i n  an at tempt  t o  

reduce i n i t i a l  v i s c o s i t i e s .  It w a s  concluded later t h a t  even though they 

produced low foam d e n s i t i e s  i n  the  s o i l  voids  the  q u a l i t y  of t he  system 
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could not  be guaranteed, 

d i spersed  state. 

This is  a consequence of i n j e c t i n g  them i n  a 

Thus, these  systems have been r e j e c t e d  f o r  f u t u r e  use. 

I n  systems 11 through 27 several d i f f e r e n t  sand types  were used 

ranging from a coarse  Monterey sand t o  a f i n e  Antioch river sand. 

systems 37, 39, 44 and 48 a 1/20 Monterey sand (medium sand) w a s  used. 

For 

No conclusions can be drawn a t  t h i s  t i m e  as t o  the  r e l a t i o n s h i p  of 

foam dens i ty  t o  c a t a l y s t  content .  

t h a t  low dens i ty  foams can be  formed i n  g ranu la r  s o i l s  and t h a t  s i g n i f i -  

can t  savings i n  s t a b i l i z e r  q u a n t i t i e s  may be  r ea l i zed  r e l a t i v e  t o  usua l  

s o i l  g routs .  

The r e s u l t s  i n d i c a t e  c l e a r l y ,  however, 

I V .  ENGINEERING PROPERTIES OF INJECTED SOIL MASSES 

Engineering p rope r t i e s  of i n j e c t e d  s o i l  masses were eva lua ted  f o r  

t h e  following f o u r  chemical systems: 34A, 39A, 434, and 46PP. To 

eva lua te  the e x t e n t  t o  whit:? t h e  chemical systems could impermeabilize 

the  s o i l ,  i t  w a s  necessary t o  measure the  permeabi l i ty  of an i n j e c t e d  

s o i l  mass and t o  compare i t  t o  t h e  permeabi l i ty  of the  unt rea ted  s o i l .  

The permeabi l i ty  of t h e  i n j e c t e d  masses w e r e  determined using 1.4" 

diameter samples. 

a 6-1/2" long s t a b i l i z e d  cy l inde r  of s o i l .  

j acke ted  by rubber membranes and placed i n  a t r i a x i a l  test ce l l  (Seed, 

Mitche11,and Chan, 1960). 

surrounding the  jacke ted  specimen. 

p re s su re )  was used t o  force  w a t e r  i n t o  t h e  specimen. 

w a s  achieved t h e  permeabi l i ty  of t h e  mass could be  r ead i ly  determined 

by e s t a b l i s h i n g  a pressure  g r a d i e n t  across  t h e  sample and measuring t h e  

volume of water passing through the  sample over  a given per iod of t i m e .  

The procedure used w a s  t o  c u t  two 3" long samples from 

These samples w e r e  then  

A cel l  pressure w a s  appl ied  t o  the  water 

A back pressure  ( l e s s  than  t h e  ce l l  

A f t e r  s a t u r a t i o n  
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The permeabi l i ty  of the un t r ea t ed  s o i l  (#20 Monterey sand) w a s  

determined with a f a l l i n g  hea permeabi l i ty  apparatus  (Gray, 1 9 5 7 ) .  

Figure 3-2 presents  a comparison of t h e  permeabi l i ty  of t he  i n j e c t e d  s o i l  

masses and the  un t r ea t ed  s o i l  m a s s  f o r  var ious  void r a t i o s .  For the  

t r e a t e d  s o i l  masses t h e  void r a t i o s  ind ica t ed  are those determined 

before  i n j e c t i o n  of t he  chemical system. It can be  seen from t h i s  

f i g u r e  t h a t  a s o i l  wi th  an i n i t i a l  permeabi l i ty  of approximately 10' 

cm/sec had i ts  permeabi l i ty  reduced t o  

systems. 

b a r r i e r  t o  f l u i d  flow. 

impermeable. This, of course, is  t h e  des i red  state. 

1 

cm/sec by two of t h e  chemical 

would be a f a i r l y  e f f e c t i v e  -5 A s o i l  w i th  a permeabi l i ty  of 10 

For system 48 the s o i l  mass w a s  apparent ly  made 

Figures  3-3 and 3-4 present  t he  r e s u l t s  of s eve ra l  unccnfined compressive 

tests conducted on grouted samples 3" long and 1.4" i n  diameter. 

Untreated and unconfined sand would have no s t r eng th .  Figure 3-3 shows t h e  

e f f e c t  of v a r i a t i o n s  i n  c a t a l y s t  content  on t h e  s t r e s s - s t r a i n  behavior 

of system 37 .  It should be noted t h a t  as c a t a l y s t  content  i nc reases  the  

s t r e n g t h  increases .  These samples tended t o  f a i l  on moderately w e l l  

def ined f a i l u r e  planes o r  along a x i a l  planes ( ax i s  i n  t h e  d i r e c t i o n  of 

loading) .  Figure 3-4presents s t r e s s - s t r a i n  curves f o r  system 39 .  One 

might expect t h a t  such a system (highly cross-linked polymeric s t r u c t u r e )  

would y i e l d  considerably g r e a t e r  s t r eng ths  than  those i n  which there  w a s  

no c ross l ink ing  (such as Figure 3-3 systems). However, t he  system i n  

Figure 3-4 was too "br i t t l e"  due t o  the  extremely high degree of cross- 

l i nk ing  and t h i s  tended t o  reduce the  s t r eng th  considerably.  Table 3-5 

summarizes the s t r e n g t h  and permeabi l i ty  r e s u l t s  of t hese  tests and 

tests 44 and 48.  
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TREATED SOIL 4 

( NUMBERS INDICATE 
CHEMICAL INJECTION 
SYSTEM IN TABLE 5 )  

VOID RATIO, e 

FIGURE 3-2 PERMEABILITY (TO WATER) VS VOID RATIO FOR NO. 20 MONTEREY 
SAND AND INJECTED SOIL MASSES. 
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TABLE 3-5 

RESULTS OF STRENGTH AND PERMEABILITY TESTS 
ON STABILIZED MONTEREY SAND SOIL CYLINDERS 

T e s t  
No. Chemical Sys tern Unconfined Permeabi l i ty  Compressive 

Strength,  p s i  cm/sec 

53.7% TDI  
46.3% t r i e t h y l e n e  g l y c o l  

0.5% (of t o t a l  weight) d iace tone  a l coho l  
0.5% (of t o t a l  weight) MLBK 

as i n  371 
+ 0 . 1  (of t o t a l  weight) c a t a l y s t  

371 0.5% (of t o t a l  weight) L-531 5.10 x low4  

1.28 x 37G1 

as i n  371 
+ 0 . 1  (of t o t a l  weight) c a t a l y s t  37G2 1.65 x10-4 

as i n  371 
+ 0.2 (of t o t a l  weight) c a t a l y s t  37M1 0.85 x 

as i n  371 
+ 0.2 (of t o t a l  weight) c a t a l y s t  37M2 2.96 

3 7R1  1960 

3741 as 37G1 o r  37G2 3460 

37P1 as 37M1 o r  37M2 3700 

60.5% TDI 

18.6% TMP 
39F1 20.7% t r i e t h y l e n e  g l y c o l  10 80 

53.7% TDI 
46.3% t r i e t h y l e n e  g l y c o l  
1.5% (of t o t a l  weight) polyethylene g lyco l  

0.5% (of t o t a l  weight) d iace tone  alcohol  
5% (of t o t a l  weight) c a s t o r  o i l  
1% (of t o t a l  weight) L-531 

44G1 3.0% (of t o t a l  weight) a d i p i c  a c i d  
(MW= 40 0) 

5240 

44H1 as 44G1 5265 

4451 as 44G1 5190 

4452 as 44G1 2.77 
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TABLE 3-5 (Con't) 

T e s t  
NO. 

Chemical Sys tern 
Unconfined Permeabi l i ty  
Compressive 

S t r eng th ,  p s i  cm/sec 
~~ 

57.8% TDI 
24.9% t r i e t h y l e n e  g l y c o l  
17.3% 1,5 pen taned io l  

0.8% (of t o t a l  weight) a d i p i c  a c i d  
3.0% (of t o t a l  weight) diacetone alcohol  
1.0% (of t o t a l  weight) L-531 

48A1 10.0% (of t o t a l  weight) c a s t o r  o i l  5140 

48B1 as 48A1 4780 

48D1 as 48A1 4540 

48D2 as 48A1 Impermeable 
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The r e s u l t s  of t he  research  t o  t h i s  po in t  e s t ab l i shed  c l e a r l y  t h a t  

under atmospheric condi t ions:  

(1) Urethane foams could be  made t o  form i n  the pores  of g ranu la r  

s o i l s .  

In j ec t ed  s o i l  masses could be obtained which were nea r ly  

impervious and exh ib i t ed  apprec iab le  s t rength .  

The weight of s t a b i l i z e r  needed p e r  u n i t  volume of t r e a t e d  

s o i l  w a s  considerably less than would be required using 

convent ional  s o i l  g routs .  

(2) 

(3)  

These r e s u l t s  were s u f f i c i e n t l y  encouraging t h a t  t he  nex t  phase of 

t he  research  w a s  i n v e s t i g a t i o n  of t he  formation of foamed p l a s t i c s  i n  

vacuo. This phase i s  descr ibed i n  the  next  s ec t ion .  

v. DEVELOPMENT OF FOAMED PLASTIC SYSTEMS FOR USE I N  VACUO 

A. Behavior of a Foamed P la s t i c  Bubble i n  Vacuo. 

I f  a foamed p l a s t i c  bubble is formed under atmospheric condi t ions 

i t  w i l l  tend t o  expand t o  the  po in t  where t h e  i n t e r n a l  gas  pressure  is  

i n  equi l ibr ium wi th  the  atmospheric pressure  and the  t e n s i l e  stress i n  

the  bubble skin.  I n  vacuo the  bubble formation mechanism is  exac t ly  t h e  

s a m e  except  t h e  i n t e r n a l  gas pressure  is  r e s t r a i n e d  only by the  t e n s i l e  

stress i n  the bubble sk in .  Hence, i n  vacuo, t h e  t e n s i l e  s t r e n g t h  i n  t h e  

bubble s k i n  must be s u f f i c i e n t  t o  contain the  i n t e r n a l  gas  pressure  o r  

the  bubble w i l l  b u r s t .  These condi t ions are i l l u s t r a t e d  i n  Figure 3-5. 

B. 

To e f f e c t i v e l y  so lve  the  problem of producing a foam i n  vacuo i t  

w a s  necessary f i r s t  t o  def ine  a p o t e n t i a l l y  s u i t a b l e  chemical system. 

Such a system should m e e t  t he  following genera l  requirements: 

Required Chemical System i n  Vacuo. 



3-3 

SPH 

A. ATMOSPHERIC CONDITIONS. 

+  TENSILE 

“INTERNAL 

8. IN VACUO, TENSILE STRESS IN 
SKIN LESS THAN TENSILE STRENGTH. 

0, TENSILE STRESS IN SKIN I 

THAN TENSILE STRENGTH. 

FIGURE 3-5 BEHAVIOR OF A FOAMED PLASTIC BUBBLE 
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1. 

2. 

It should have a rap id  polymer formation a b i l i t y .  This  w i l l  

enable  t h e  gas produced i n  t h e  polymeric s t r u c t u r e  t o  be used 

immediately i n  bubble formation. 

r ap id  polymer formation t h e  gas would merely go t o  the  su r face  

of t h e  a s soc ia t ed  chemical system and be  evacuated. 

cons idera t ions  are: 

I f  t h e  system d i d n * t  have 

Addit ional  

a. The w a l l  s t r e n g t h  of t h e  foam bubble must be  s u f f i c i e n t  

t o  withstand t h e  i n t e r n a l  gas  pressure.  

b. The r eac t an t s  must be a b l e  t o  proceed i n  polymer 

formation once the  r eac t ion  i s  i n i t i a t e d .  

There must be  a high degree of al!.gnment i n  t h e  

assoc ia ted  system. 

of t h e  polymer s t r u c t u r e .  

c. 

This w i l l  a i d  i n  t h e  r ap id  buildup 

The foam should be semi-rigid.  

r e l i e f  of i n i t i a l  gas pressure  by expansion bu t  would co l lapse  

A f l e x i b l e  foam would allow 

too much when the  i n t e r n a l  and e x t e r n a l  pressures  equal ized.  A 

r i g i d  foam wouldn't allow any r e l i e f  of gas pressure  by expansion 

bu t  wouldn't co l lapse  as t h e  i n t e r n a l  and e x t e r n a l  pressures  

equal ized.  A semi-rigid foam would al low some r e l i e f  of  the 

i n i t i a l  i n t e r n a l  gas pressure  but  wouldn' t co l lapse  too much 

when the  i n t e r n a l  and e x t e r n a l  pressures  equal ized.  

Addit ional  cons idera t ions  are: 

a. 

b. 

The s t r u c t u r e  must be s l i g h t l y  cross-linked. 

The s t r u c t u r e  must employ a " f rex ib le"  polyol .  

The f a c t  t h a t  t h e  chemical system must be designed t o  m e e t  t he  

s p e c i f i c  demands of t h e  environment cannot be  overemphasized. 

r e a c t i v e  cons t i t uen t s  t h a t  may be  added t o  t h e  system such as t h e  c a t a l y s t  

The non- 
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and t h e  s u r f a c t a n t  can only change the  p r o p e r t i e s  of a given system w i t h i n  

limits. The system must f i r s t  be  properly s e l e c t e d  then the  non- 

reactive c o n s t i t u e n t s  can be used f o r  refinement.  Table 3-6 presen t s  a 

list of several chemical systems t h a t  were reac t ed  i n  vacuo to  exemplify 

t h i s  po in t .  These systems a l l  produce good foams under atmospheric 

condi t ions .  Typica l ly ,  however, i n  vacuo, the gas  produced as t he  

chemicals r eac t ed  formed bubbles t h a t  went immediately t o  t h e  s u r f a c e  

of t h e  a s soc ia t ed  chemical system and bu r s t .  The r e s u l t a n t  foam was n o t  

a foam a t  a l l  b u t  only a hardened mass of urethane p l a s t i c .  

F ina l ly ,  it is  known t h a t  t h e  vapor iza t ion  temperature of c e r t a i n  

chemicals decrease as t h e  p re s su re  i n  t h e i r  surroundings decrease.  This 

is  t r u e  f o r  the to luene  d i i socyanate  (TDI) common t o  a l lure ihane  chemical 

systems. To accommodate t h i s  f a c t  a s m a l l  excess of TDI should be added 

t o  any chemical system designed. I n  genera l ,  t h e  polyols  i n  t h e  chemical 

systems w i l l  n o t  vaporize under vacuum. 

C. 

A s  i nd ica t ed  above it is d e s i r a b l e  t o  develop a semi-r igid foam w i t h  

Example of Design of Chemical System f o r  Vacuum Condition. 

a r a p i d  polymer formation a b i l i t y  f o r  vacuum app l i ca t ions .  Two poss ib l e  

diagrammatic s t r u c t u r e s  of a semi-r igid foam are shown i n  Figures  3-6a and 

3-6b. Figures 3-6c and 3-6d show t h e  same s t r u c t u r e s  a f t e r  bubble formation. 

This is an over-s implif ied representa t ion .  However, i t  is r e a d i l y  seen 

t h a t  t h e  s t r u c t u r e  i n  Figure 3-6d would tend  t o  y i e l d  s p h e r i c a l  foam bubbles 

whereas t h e  s t r u c t u r e  i n  Figure 6c  would tend  t o  y i e l d  e longated  and i r r e g u l a r l y  

shaped foam bubbles.  The s p h e r i c a l  foam bubble would o f f e r  t h e  g r e a t e s t  

s t a b i l i t y  i n  vacuo, t he re fo re ,  i t  is  l o g i c a l  t o  use Figure 3-6b as t h e  

b l u e p r i n t  f o r  a conceptual  framework. 
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TABLE 3-6 

UNSUCCESSFUL URETHANE FOAM SYSTEMS I N  VACUO 

Test 
No. Chemical System I n i t i a l  Vacuum 

53.7% TDI 
56.3% t r i e t h y l e n e  g l y c o l  
3% (of t o t a l  weight) a d i p i c  a c i d  
1.5% (of t o t a l  weight) polyethylene g l y c o l  (MW=400) 
5.0% (of t o t a l  weight) c a s t o r  o i l  
1.0% (of t o t a l  weight) L-531 

5 x l o e 3  mm Hg 43K1 

53.7% T D I  
46.3% t r i e t h y l e n e  g l y c o l  
2% (of t o t a l  weight) a d i p i c  a c i d  
1.5% (of t o t a l  weight) polyethylene g l y c o l  (MW=400) 
5.0% (of t o t a l  weight) c a s t o r  o i l  
10.0% (of t o t a l  weight) L-531 

7 x mm Hg 43K2 

53.7% TDI  
46.3% t r i e t h y l e n e  g l y c o l  
1% (of t o t a l  weight) L-531 
0.2% (of t o t a l  weight) c a t a l y s t  

43p1 3 x mm Hg 

44.5% TDI 
30.7% polyethylene g l y c o l  (MW1600) 
24.8% 2-e thyl-2- (hydroxymethyl) -1,3-propanediol 
1% (of t o t a l  weight) c a t a l y s t  
2.0% (of t o t a l  weight) diacetone a l coho l  
2.0% (of t o t a l  weight) L-531 

3 x mu Hg 4D 

44.5% TDI  
30.7% polyethylene g lyco l  (MW=600) 
24.8% 2-ethyl-2-(hydroxymethyl)-l, 3-propanediol 
5% (of to ta l  weight) c a t a l y s t  
1% (of t o t a l  weight) a d i p i c  a c i d  
1% (of t o t a l  weight) L-531 

3 x mm Ng 4E 
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FIGURE 3-6 DIAGRAMMATI C STRUCTURES OF TWO P O S S I B L E  S E M I  - R I  G I  D FOAMS 
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Rapid polymer formation a b i l i t y  i s  a func t ion  pr imar i ly  of t he  

relative rate of r e a c t i v i t y  of TDI  wi th  var ious cons t i t uen t s  i n  the  

chemical system. Table 3 7  presents  a scale of r e l a t i v e  r e a c t i v i t y  rates 

f o r  TDI wi th  d i f f e r e n t  molecular groups. 

d e s i r a b l e  t o  have a group similar t o  -CH20H. 

experience t h a t  t h i s  should al low the  buildup of t h e  polymeric s t r u c t u r e  

a t  a rate s u f f i c i e n t l y  f a s t  t o  produce a workable foam i n  vacuo. 

For our  purposes i t  would be 

It has been found by 

Fmre 3-7 p re sen t s  a conceptual  framework showing s e l e c t e d  urethane 

chemical spec ies  t h a t  incorpora te  both of t h e  concepts mentioned i n  the  

las t  two paragraphs. Tr ie thylene  g lyco l  is  used i n  the  s t r u c t u r e  t o  

in su re  t h a t  some degree of f l e x i b i l i t y  w i l l  be  present .  

D .  

Figure3-8shows a schematic diagram of t h e  apparatus used f o r  s tudy 

Laboratory Apparatus Used f o r  Vacuum Systems 

of t h e  formation of p l a s t i c  foams i n  vacuum. The T D I  and poly01 are 

introduced i n t o  a mixing jar i n  the  vacuum des i cca to r  through sepa ra t e  

l i n e s .  Mixing of t h e  chemicals is accomplished by an a i r  magnetic 

stirrer placed under t h e  vacuum des icca tor .  

placed i n  the  jar .  

chemicals are introduced i n  t h e  vacuum des icca tor .  The range of t he  

McLeod gage used w a s  no t  s u f f i c i e n t  t o  measure the  vacuum a f t e r  t he  

chemicals were introduced toge the r  wi th  a small amount of a i r .  

f e l t ,  however, t h a t  t he  vacuum during foaming remained s u f f i c i e n t l y  low 

t o  a l low meaningful i n t e r p r e t a t i o n  of the r e s u l t s  t o  be made. 

The s t i r r i n g  b a r  magnet is  

The vacuum i n  t h e  system is  measured before  the  

It i s  

E. Resul t s  of Laboratory T e s t s  i n  Vacuo 

One urethane system w a s  developed t h a t  formed a foam i n  vacuo. It 

cons is ted  of 60.9% TDI ,  26.0% tr ie thanolamine,  13.1% t r i e t h y l e n e  g lycol  

0.5% (of t o t a l  wt . )  s u r f a c t a n t ,  and 0.5% (of t o t a l  weight) ad ip i c  acid.  
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TABLE 3-7 

R E L A T I m  REACTIVITY RATES OF T D I  

W I T H  VARIOUS MOLECULAR GROWS 

- NH2 

= NH 

- CH20H 

amine 

a lc  oho 1 

Mos t reactive 

approximately equal 
'I 

acid (carboxyl) Least reactive 

= CH - OH 

- COOH 
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ALLY t YANATE 

FIGURE 3-7 TWO-DIME AL CONCEPTUAL FRAMEWORK 
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This is  the  same system shown i n  the  conceptual framework of Figure 3-7. 

The t e x t u r e  of t h e  foamwas coarse  and might no t  be  the  most d e s i r a b l e  

i n  luna r  app l i ca t ion .  

i n  vacuo. 

However, i t  is  evidence t h a t  a foam can be  produced 

Tests on t h i s  type of system are cont inuing,  

V I .  CONCLUSIONS AND RECOMMENDATIONS 

The encouraging r e s u l t s  of t he  engineering performance tests on 

s t a b i l i z e d  s o i l  cy l inde r s  and t h e  success fu l  formation of urethane foamed 

p l a s t i c  i n  vacuo suggest  t h a t  t h e  p o t e n t i a l  l u n a r  engineer ing app l i ca t ions  

of urethane foamed p l a s t i c s  might become realities. However, t h e  techniques 

developed t o  t h i s  po in t  f a l l  f a r  s h o r t  of those necessary i n  f u l l - s c a l e  

lunar  app l i ca t ion ,  

research program t h e  following emerge as the most cri t ical:  

Among many proposals  t o  be considered f u r t h e r  i n  the  

The continued development of foamed p l a s t i c  chemical systems 

f o r  use i n  vacuo. 

Study of the  e f f e c t  of extreme temperature condi t ions  on t h e  

foaming process  and t h e  subsequent development of chemical 

systems t o  opera te  e f f e c t i v e l y  under these  condi t ions.  

Study of t h e  r e l a t i o n s h i p  of the p rope r t i e s  of s t a b i l i z e d  s o i l  

cy l inde r s  t o  those of s t a b i l i z e d  s o i l  depos i t s  as simulated by 

l a r g e r  scale tests a 

Combining the  r e s u l t s  of the  research  on ( l ) ,  (2), and (3) f o r  

s t a b i l i z a t i o n  of a s imulated lunar  s o i l  depos i t  under s imulated 

lunar  environmental  condi t ions 

Concurrent with t h i s  research i t  would be des i r ab le ,  a l though secondary 

i n  importance, t o  i n v e s t i g a t e  the  following: 

(1) C h a r a c t e r i s t i c s  of s t a b i l i z e d  s o i l  t h a t  might be  achieved by 

mixing a chemical foamed p l a s t i c  system d i r e c t l y  wi th  s o i l .  



3-4 

(2) The use  of foamed p l a s t i c  f o r  p r o t e c t i o n  and p rese rva t ion  of 

lunar s u r f a c e  mat r i a l  samples f o r  ear th- re turn  opera t ions ,  

With r e spec t  t o  t h i s  w e  have found t h a t  t he  s imulated luna r  s o i l  descr ibed 

i n  Vole 1, Chapter 1 is too f ine-grained f o r  s t a b i l i z a t i o n  by i n j e c t i o n  

wi th  any l i q u i d  system. 

samples of t h i s  material wi th  foamed p l a s t i c ,  however, thus  suggest ing a 

p o s s i b l e  technique f o r  preserv ing  samples f o r  e a r t h  r e t u r n ,  Such a 

technique might r e s u l t  i n  less d is turbance  than sampling wi th  core  tubes 

o r  d r i l l s .  

It has  been poss ib l e  to  encapsulate  "undisturbed" 

I f  t h e  a c t u a l  l una r  s o i l  proves t o  be  as impervious as t h e  s imulated 

s o i l ,  i n j e c t i o n  grout ing  w i l l  n o t  be  a sug tab le  means f o r  s t a b i l i z a t i o n ,  

although d i r e c t  mixing w i t h  foamed p l a s t i c s  might be. 

j o i n t e d  rock masses and rubble  MY s t i l l  b e  d e s i r a b l e  ob jec t ives .  

Furthermore d i r e c t  a p p l i c a t i o n  of foams t o  t h e  w a l l s  of c a v i t i e s  on 

s t r u c t u r e s  may be  u s e f u l  f o r  s e a l i n g  and i n s u l a t i n g  purposes. 

I n j e c t i o n  of 

Because 

of t h e  v e r s a t i l i t y  and a d a p t a b i l i t y  of t hese  materials f o r  such purposes, 

continued se r ious  s tudy  is  recommended i n  conjunct ion wi th  planning f o r  

extended lunar  exp lo ra t ion  and f u t u r e  development of t h e  moon. 
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