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STRENGTHS OF SULFUR-BASALT CONCRETES 

by 

Lester  J. Crow and Robert C. Bates ' 

ABSTRACT 

T h i s  s t u d y  advances t h e  use  of e lementa l  s u l f u r  i n  s t r u c t u r a l  m a t e r i a l s  
by demons t ra t ing  i t s  v a l u e  i n  bonding h i g h - s t r e n g t h ,  well-graded b a s a l t  aggre-  
g a t e s  t o  form s u l f u r - b a s a l t  c o n c r e t e s .  S u l f u r  i s  an  e x c e l l e n t  bonding a g e n t ,  
and t h e  s t r e n g t h  of a  t h e r m o p l a s t i c  s u l f u r - a g g r e g a t e  mix ture  depends,  t o  a  
l a r g e  degree ,  on t h e  s t r e n g t h  and g r a i n - s i z e  d i s t r i b u t i o n  of t h e  a g g r e g a t e  
used.  A 3-cubic-foot,  e l e c t r i c a l l y  powered mixer w i t h  h e a t  a p p l i e d  t o  t h e  
b a r r e l  was used t o  mix t h e  s u l f u r  and a g g r e g a t e .  S u l f u r  c o n t e n t  of s e v e r a l  
m i x t u r e s  was v a r i e d  t o  o b t a i n  t h e  b e s t  w o r k a b i l i t y  w i t h  a  minimum of s u l f u r  i n  
e x c e s s  of t h a t  n e c e s s a r y  t o  f i l l  t h e  v o i d s .  The average  g r a i n  s i z e s  and g r a i n -  
s i z e  d i s t r i b u t i o n s  were a l s o  v a r i e d  t o  determine t h e i r  e f f e c t s  on s t r e n g t h .  
Unconfined compression t e s t s  of f o r t y - f i v e  6- by 12-inch c y l i n d e r s  y i e l d e d  
average  s t r e n d t h s  o f  3,348 p s i  t o  10,398 p s i .  The h i g h e s t  s t r e n g t h  s i n g l e  
c y l i n d e r  was 10,717 p s i .  The c y l i n d e r s  were t e s t e d  from 24 h o u r s  t o  6  days 
a f t e r  pour ing;  a f t e r  24 h o u r s  t h e  r i s e  i n  s t r e n g t h  w a s  v e r y  s l i g h t .  From t h e  
r e s u l t s  o b t a i n e d  i t  appears  t h a t  s u l f u r  can be a u s e f u l  c o n s t r u c t i o n  m a t e r i a l .  

An e v a l u a t i o n  was made of a  high-vacuum a p p l i c a t i o n  f o r  s u l f u r  c o n c r e t e .  
S u l f u r  h a s  a  h i g h  vapor p r e s s u r e  a t  e l e v a t e d  t empera tu res ,  50' t o  100° C;  con- 
s e q u e n t l y ,  s i g n i f i c a n t  l o s s e s  by s u b l i m a t i o n  can b e  expected.  At lower temper- 
a t u r e s  t h e  l o s s e s  a r e  n o t  s i g n i f i c a n t ;  however, t h i s  f a c t o r  w i l l  l i m i t  i t s  u s e  
a t  a h i g h e r  t empera tu re .  

INTRODUCTION 

The Bureau of Mines, sponsored by t h e  N a t i o n a l  Aeronau t ics  and Space 
A d m i n i s t r a t i o n  (NASA Cont rac t  No. R-09-040-002, A p r i l  1965) ,  i s  s t u d y i n g  var -  
i o u s  a s p e c t s  of l u n a r  m a t e r i a l  sampling and m i n e r a l  e x p l o i t a t i o n .  One phase  
of t h i s  was t o  advance t h e  ground-support technology i n  t h e  a r e a s  of b o t h  
t e r r e s t r i a l  and e x t r a t e r r e s t r i a l  mining.  To accomplish t h i s  g o a l ,  r e s e a r c h  
h a s  been conducted on ground-support m a t e r i a l s  t h a t  have a  p o t e n t i a l  f o r  
u t i l i z a t i o n  i n  b o t h  a r e a s .  One such m a t e r i a l  i s  s u l f u r .  Not on ly  can  s u l f u r  
p r o v i d e  a n  economical ,  e f f e c t i v e  s o l u t i o n  t o  t e r r e s t r i a l  c o n s t r u c t i o n  and 
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ground-support problems, i t  a l s o  might occur  on t h e  l u n a r  s u r f a c e  and cou ld ,  
the reby ,  s e r v e  i n  a n  e q u i v a l e n t  c a p a c i t y  f o r  l u n a r - s h e l t e r  c o n s t r u c t i o n .  

The l i t e r a t u r e  on t h e  use of s u l f u r  a s  a c o n s t r u c t i o n  m a t e r i a l  p o i n t s  o u t  
s u l f u r ' s  s t a b i l i t y  a s  a  foam (3) ,2 a  h i g h - s t r e n g t h  a g g r e g a t e  bond ( 4 ) ,  and a  
h i g h - s t r e n g t h  c o a t i n g  ( 2 ) .  - Dale and Ludwig (4) a t  t h e  Southwest ~ e s e a r c h  
I n s t i t u t e ,  San Antonio,  Tex. , performed t h e  b a s i c  r e s e a r c h  on s u l f u r - a g g r e g a t e  
c o n c r e t e ;  however, a s  t h e y  p o i n t  o u t ,  t h e  m i x t u r e  s t r e n g t h s  were low (400 p s i  
t o  6,000 p s i ,  median abou t  3,200 p s i )  because  t h e  l i m e s t o n e  a g g r e g a t e s  t h e y  
used were g e n e r a l l y  of low s t r e n g t h ,  One m i x t u r e  w i t h  a  b a s a l t  a g g r e g a t e  had 
a  compressive s t r e n g t h  of 6 ,700 p s i .  I t  appears  t h a t  t h e  s t r e n g t h  of a  w e l l -  
graded s u l f u r - a g g r e g a t e  c o n c r e t e  would t h e n  depend on t h e  s t r e n g t h  of t h e  
aggrega te  a s  sugges ted  by t h e  one m i x t u r e  w i t h  b a s a l t .  

E s s e n t i a l l y  no work had been done u s i n g  b a s a l t ,  one of t h e  rocks  t h a t  
appear  t o  be indigenous t o  t h e  l u n a r  s u r f a c e .  Some forms of b a s a l t  y i e l d  a  
h i g h - q u a l i t y  a g g r e g a t e ,  and a  s t r o n g  a g g r e g a t e  when combined w i t h  s u l f u r  cou ld  
produce a  t o p - q u a l i t y  c o n s t r u c t i o n  m a t e r i a l .  

Laboratory  exper iments  were conducted t o  measure t h e  unconf ined compres- 
s i v e  s t r e n g t h  of v a r i o u s  s u l f u r - b a s a l t  c o n c r e t e s .  Th i s  r e p o r t  d e s c r i b e s  t h e  
methods used and g i v e s  t h e  r e s u l t s  of t h e s e  t e s t s .  

PROPERTIES OF SULFUR 

S u l f u r  m e l t s  a t  115" C and t h i c k e n s  t o  a d a r k  amber l i q u i d  a t  160" C .  I t  
has  t h r e e  a l l o t r o p i c  forms: monocl inic ,  or thorhombic ,  and amorphous ( 5 ) .  - 
Whether t h e  form i s  monoc l in ic  o r  or thorhombic  depends on h e a t ,  c u r i n g  temper- 
a t u r e ,  and t ime. S u l f u r ,  when i t  f i r s t  congea l s ,  i s  i n  t h e  form of monoc l in ic  
c r y s t a l s .  On f u r t h e r  c o o l i n g ,  i t  t a k e s  on t h e  s t a b l e r  orthorhombic form. The 
unconfined compressive s t r e n g t h  i s  about  3 , 3 0 0 ' p s i .  S u l f u r  i s  a n  e x c e l l e n t  
bonding m a t e r i a l ,  and i t  s h r i n k s  upon coo l ing .  

The low m e l t i n g  p o i n t  o f  s u l f u r  poses  one problem f o r  i t s  use  i n  a  l u n a r  
environment.  Su l fu r - suppor ted  s t r u c t u r e s  could  n o t  be  exposed d u r i n g  t h e  
l u n a r  day, where t h e  t empera tu res  a r e  e s t i m a t e d  t o  range as h i g h  a s  
120" C t 50". However, t h e  use  of s u l f u r  underground may be  f e a s i b l e ,  because  
t h e  o v e r l y i n g  l u n a r  m a t e r i a l s  w i l l  p r o v i d e  an adequa te  h e a t  b a r r i e r . ,  

Another problem i s  t h e  tendency f o r  s u l f u r  t o  subl ime w e l l  below i ts  
m e l t i n g  p o i n t  because  of i t s  r e l a t i v e l y  h i g h  vapor  p r e s s u r e  ( 4 . 7  x t o r r  
a t  50" C; 6 .6  x t o r r  a t  100' C). Following t h e  method of J a f f e  and 
Ri t t enhouse  (8) ,  - t h e  s u b l i m a t i o n  r a t e  can be  c a l c u l a t e d  from t h e  e q u a t i o n  

where S = r a t e  of s u b l i m a t i o n  i n  cm/yr, 

P = vapor p r e s s u r e  i n  t o r r  (mm Hg) , 
?-Underlined numbers i n  p a r e n t h e s e s  r e f e r  t o  i t e m s  i n  t h e  l i s t  of r e f e r e n c e s  a t  

t h e  end of t h i s  r e p o r t .  



p = d e n s i t y  of s o l i d ,  g/cm3 (2.07 g/cm3 f o r  s u l f u r ) ,  

M = molecu la r  weight  of vapor  ( 8  t imes  a tomic wt of s u l f u r )  , 3  

and T = t empera tu re  i n  degrees  Kelvin .  

The d e r i v a t i o n  o f  t h i s  e q u a t i o n  assumes t h a t  none o f  t h e  molecules  l e a v i n g  
t h e  s u r f a c e  r e t u r n s  due t o  c o l l i s i o n  w i t h  a tmospher ic  molecules ,  a  r e a s o n a b l e  
assumption i n  l u n a r  vacuum. 

Applying e q u a t i o n  1 and u s i n g  t h e  a v a i l a b l e  i n f o r m a t i o n  on s u l f u r  vapor  
p r e s s u r e s  shows t h e  dependence of s u b l i m a t i o n  r a t e  on t empera tu re .  At 
60' C (140" F) a s u l f u r  l a y e r  o v e r  3-112 f e e t  t h i c k  would be l o s t  by subl ima-  
t i o n  i n  a  y e a r .  Near room tempera tu re ,  20" C (68' F ) ,  o n l y  1 / 3  i n c h  p e r  y e a r  
would be  l o s t  by s u b l i m a t i o n .  For  a  lower t empera tu re  such  a s  -20" C (-4" F ) ,  
t h a t  might e x i s t  j u s t  below t h e  l u n a r  s u r f a c e ,  t h e  s u b l i m a t i o n  r a t e  is  a  micro- 
s c o p i c  0.0007 i n c h  p e r  y e a r .  T a b l e  1 and f i g u r e  1 show s u b l i m a t i o n  r a t e s  c a l -  
c u l a t e d  f o r  a wide range of t empera tu res .  The d a t a  g i v e n  i n  t a b l e  1 and f i g -  
u r e  1 must be  viewed w i t h  a l i t t l e  c a u t i o n  because  t h e  l i t e r a t u r e  on s u l f u r  
vapor p r e s s u r e s  is  n o t  a s  r e l i a b l e  a s  i t  s h o u l d  be .  F o u r e t i e r  (3 a p p e a r s  t o  
p r e s e n t  t h e  b e s t  d a t a ,  a s  t h e y  were based on a  s e r i e s  o f  e x p e r i m e n t a l  d e t e r -  
mina t ions  i n  t h e  t empera tu re  range 20' t o  80' C. H i s  d a t a  were d e s c r i b e d  by 
t h e  e q u a t i o n  

5.166 
l o g  P = 11.664 - - T ' 

where P = vapor  p r e s s u r e  i n  t o r r  and T = t empera tu re  i n  degrees  K e l v i n .  

Equa t ion  2 was used t o  c a l c u l a t e  t h e  vapor  p r e s s u r e s  g iven  i n  t a b l e  I. The 
e x t r a p o l a t i o n  from +20° C t o  -50' C i s  c e r t a i n l y  open t o  c r i t i c i s m ,  s i n c e  
t h e r e  a r e  no exper imenta l  d a t a  below 20" C a v a i l a b l e .  Furthermore,  t h e  vapor  
p r e s s u r e s  r e p o r t e d  by d i f f e r e n t  exper imente r s  v a r y  s i g n i f i c a n t l y ,  s u g g e s t i n g  
t h a t  t h e  c a l c u l a t e d  vapor  p r e s s u r e  and  s u b l i m a t i o n  r a t e s  might b e  i n  e r r o r  by 
a f a c t o r  of two from t h e  a c t u a l  b u t  unknown c a s e .  

It i s  obvious  from t h e s e  d a t a  t h a t  s t e p s  w i l l  have t o  be  t aken  t o  s h i e l d  
t h e  m a t e r i a l  from h i g h  t empera tu res  and from t h e  l u n a r  vacuum, o r  c o n s i d e r a b l e  
q u a n t i t i e s  of i t  w i l l  be  l o s t .  These s a f e g u a r d s  app ly  b o t h  i n  h a n d l i n g  and 
a f t e r  emplacement. 

B ~ u l f  u r  v a p o r i z e s  a s  S  molecules .  



TEMPERATURE, "C 

FIGURE 1. - P lo t  of Sulfur Sublimation Rates As a Function of Temperature. 



TABLE 1. - C a l c u l a t e d  s u b l i m a t i o n  r a t e s  o f  s u l f u r  
i n  vacuum f o r  v a r i o u s  t e m p e r a t u r e s  

LABORATORY EXPERIMENTS 

Work by Dale and Ludwig (4) s u p p l i e d  some background on which t o  o r g a n i z e  
t h e  exper iments .  T h e i r  work i n d i c a t e d  t h a t  samples i n  which a l l  of t h e  a v a i l -  
a b l e  v o i d  space  w a s  f i l l e d  w i t h  s u l f u r  were s t r o n g e r  t h a n  t h o s e  i n  which t h e  
a g g r e g a t e  was on ly  coa ted  by s u l f u r .  A f a i r l y  well-documented s u l f u r -  
a g g r e g a t e  c u r i n g  curve  f o r  4.5- by 9.0-inch c y l i n d e r s  was g i v e n  i n  t h e i r  
r e p o r t .  F igure  1 0  i n  t h e i r  r e p o r t  shows t h a t  60 p e r c e n t  o f  t h e  28-day com- 
p r e s s i v e  s t r e n g t h  w a s  ach ieved  i n  45 minutes  a f t e r  pour ing .  I n  3  hours  t h e  
s t r e n g t h  w a s  8 1  p e r c e n t  of t h e  28-day s t r e n g t h .  I n  12 hours  i t  was 87 per -  
c e n t ,  and i n  24 hours  i t  was 88 p e r c e n t .  Beyond t h i s  t ime t h e r e  was a  ve ry  
g r a d u a l  i n c r e a s e  i n  s t r e n g t h  t o  t h e  28-day s t r e n g t h .  S i n c e  t h e r e  a r e  no t ime 
and m o i s t u r e  c o n t e n t  r e a c t i o n s  t a k i n g  p l a c e  i n  a  s u l f u r  c o n c r e t e  as  t h e r e  a r e  
i n  a  r e g u l a r  c o n c r e t e ,  t h e  major c r i t e r i o n  f o r  c u r i n g  i s  t h e  speed o f  h e a t  
removal.  A s  mentioned e a r l i e r ,  i t  appeared t h a t  t h e  s t , r eng th  of t h e  aggrega te  
a l s o  a f f e c t e d  t h e  s t r e n g t h  o f  t h e  s u l f u r  c o n c r e t e .  Less obvious  t h a n  t h e s e  
f a c t o r s  was a  c l u e  t o  t h e  i n f l u e n c e  of g r a i n  s i z e  on t h e  s t r e n g t h  o f  s u l f u r  
c o n c r e t e .  A f t e r  examining,  r e c a l c u l a t i n g ,  and p l o t t i n g  Dale  and Ludwig's d a t a  
w i t h  s t r e n g t h  a s  a  f u n c t i o n  o f  two g r a i n - s i z e  d i s t r i b u t i o n  paramete rs ,  t h e r e  
appeared t o  be  a t r e n d  toward h i g h e r  s t r e n g t h s  a s  t h e  average g r a i n  s i z e 4  
became s m a l l e r  and t h e  c o e f f i c i e n t  of u n i f o r m i t y 5  became l a r g e r .  Hence, i t  

Temperature,  
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4Average g r a i n  s i z e  (50 p e r c e n t  f i n e r  g r a i n  s i z e )  i s  t h e  p a r t i c l e  s i z e ,  
u s u a l l y  i n  m i l l i m e t e r s ,  below which i s  h a l f  of t h e  sample by weigh t .  I t  i s  
u s u a l l y  t aken  from a  g r a i n - s i z e  d i s t r i b u t i o n  graph.  

5 ~ o e f f i c i e n t  of un i fo rmi ty  ( D 6 0 / ~ 1 0 )  i s  t h e  r a t i o  of t h e  60-percent f i n e r  
g r a i n  s i z e  d i v i d e d  by t h e  10-percent  f i n e r  g r a i n  s i z e ,  and d e s c r i b e s  t h e  
p a r t i c l e - s i z e  d i s t r i b u t i o n  i n  a  sample.  A c o e f f i c i e n t  o f  u n i f o r m i t y  o f  1 
i n d i c a t e s  a sample c o n s i s t i n g  of o n l y  one s i z e  of p a r t i c l e s  (uniform).  

Vapor p r e s s u r e ,  
t o r r  
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appeared f o r  t h e  purpose of t h i s  experiment t h a t  t h e  g r a i n - s i z e  pa ramete rs ,  
among o t h e r  f a c t o r s ,  had t o  be  e i t h e r  c o n t r o l l e d  o r  measured. 

Considerat ion of a l l  of t h e  in format ion  a v a i l a b l e ,  a long w i t h  some deduc- 
t i v e  reasoning,  l e d  t o  t h e  b e l i e f  t h a t  s t r e n g t h  a s  t h e  dependent v a r i a b l e  
would be some n o n l i n e a r  f u n c t i o n  of t h e  independent v a r i a b l e s .  The average 
g r a i n  s i z e  and t h e  c o e f f i c i e n t  of un i fo rmi ty  were chosen as t h e  independent 
v a r i a b l e s  t o  be  s t u d i e d ,  and a  s l i g h t  excess  of s u l f u r  was s p e c i f i e d  f o r  most 
of t h e  t e s t s  t o  i n s u r e  f i l l i n g  a l l  t h e  void  space.  A f ine-grained b a s a l t  
aggregate  was chosen because of i t s  high s t r e n g t h  and a v a i l a b i l i t y .  Standard 
6- by 12-inch c y l i n d e r s  were chosen f o r  a l l  unconfined compression t e s t s .  

Once some s t a r t i n g  p o i n t s  were e s t a b l i s h e d ,  t h e  n e x t  c o n s i d e r a t i o n  was 
t h e  planning of t h e  experiment t o  answer t h e  s a l i e n t  q u e s t i o n s  and t o  supply 
t h e  answers w i t h  a  s a t i s f a c t o r y  s t a t i s t i c a l  base .  The type  of exper imental  
des igns  invo lv ing  f i x e d  increments  of t h e  independent v a r i a b l e ,  such a s  a  
f a c t o r i a l  des ign,  d i d  n o t  appear a p p l i c a b l e  he re  because of t h e  t ime and 
expense r e q u i r e d  t o  p roper ly  composite t h e  aggrega tes .  It would have been 
necessa ry  t o  acqu i re  and sc reen  s e v e r a l  tons  of aggrega te ,  and t h e r e  was no 
assurance of p r o p e r l y  b r a c k e t i n g  any maximum o r  minimum s t r e n g t h  va lues .  
Likewise, i t  was f e l t  t h a t  i t  would n o t  be economical t o  sample a  l a r g e  number 
of combinations i n  a  measured but  uncon t ro l l ed  f a s h i o n  and t h e n  employ 
regress ion-ana lys i s  t echn iques  t o  f i n d  t h e  maximum and minimum va lues .  

A f t e r  e l i m i n a t i n g  t h e s e  and s e v e r a l  o t h e r  p o s s i b l e  s t a t i s t i c a l  exper i -  
mental  des igns ,  i t  appeared t h a t  t h e  most s u i t a b l e  technique was t h e  Method 
of S t e e p e s t  Ascent (9). I n  t h i s  method t e s t s  a r e  made us ing  t h r e e  o r  f o u r  
combinations of t h e  independent v a r i a b l e s  a t  some convenient arrangement about 
a  s t a r t i n g  p o i n t .  The f i r s t  r e s u l t s  a r e  analyzed t o  determine how t h e  magni- 
tude of t h e  independent v a r i a b l e s  shou ld  be changed t o  ach ieve  t h e  f a s t e s t  
improvement i n  t h e  r e s u l t ,  i n  t h i s  case  h i g h e r  s t r e n g t h .  Then e t e s t  ( o r  two) 
i s  run a t  some convenient l e v e l  away from t h e  s t a r t i n g  group i n  t h e  d i r e c t i o n  
i n d i c a t e d  by t h e  f i r s t  a n a l y s i s .  These new r e s u l t s  a r e  examined a long w i t h  
t h e  preceding r e s u l t s  t o  determine what change, i f  any,  should  be made i n  t h e  
d i r e c t i o n  of t h e  i n v e s t i g a t i o n .  Th is  method i s  most e a s i l y  v i s u a l i z e d  by con- 
s i d e r i n g  t h e  analogy of a mountain cl imber who a d j u s t s  h i s  eas t -west  p o s i t i o n  
and h i s  north-south p o s i t i o n  i n  such a  manner t h a t  h e  cl imbs t h e  mountain by 
t h e  s t e e p e s t  pa th  p o s s i b l e .  A s  i n  t h e  analogy, e v e n t u a l l y  t h e  top is  reached,  
and then a l l  t h a t  remains i s  t o  e s t a b l i s h  t h e  s i z e  and shape of t h e  peak. 
Where a p p l i c a b l e ,  t h i s  method can achieve t h e  d e s i r e d  r e s u l t  f a s t e r  and a t  
l e s s  expense than t h e  more formal  des igns .  The main c r i t e r i o n  is  t h a t  new 
d a t a  must be analyzed immediately t o  determine t h e  nex t  s t e p .  

The m a t e r i a l s ,  equipment, and procedures  used i n  t h i s  s tudy  a r e  desc r ibed  
i n  t h e  fol lowing s e c t i o n s .  

M a t e r i a l s  

B r i g h t  e lementa l  s u l f u r  wi th  a  minimum p u r i t y  of 99.9 p e r c e n t  was used.  
The s o l i d  f l a k e  form was purchased i n  50-pound bags and i n  t h i s  form t h e  s u l f u r  
had a  u n i t  weight of 69 pounds p e r  cub ic  f o o t .  The f l a k e  form was used because 
i t  was more convenient i n  weighing and e a s i e r  t o  mix than  t h e  lump form. 



The aggregate  was a crushed-flow b a s a l t  rock der ived  near  Spokane, Wash., 
from t h e  n o r t h e a s t e r n  l i m i t  of t h e  Columbia River  Basa l t  formation. This 
l o c a l  m a t e r i a l  i s  r e p r e s e n t a t i v e  of t h e  flow b a s a l t  s e l e c t e d  by Fogelson (6) 
i n  t h e  Columbia River  B a s a l t  a t  Madras, Oreg., a s  a s imulated l u n a r  basalt: 
Both rock si tes have the  c h a r a c t e r i s t i c  columnar flow b a s a l t  s t r u c t u r e  i n  s i t u .  
Pe t rog raph ica l ly ,  bo th  rock m a t e r i a l s  e x h i b i t  dense,  f ine-grained minera l  
p r o p e r t i e s  w i th  no v e s i c u l a r  s t r u c t u r e .  The compressive and t e n s i l e  s t r e n g t h  
p r o p e r t i e s  of t h e  Spokane flow b a s a l t  a r e  a l s o  be l i eved  t o  be  s i m i l a r  t o  t hose  
of t h e  s imula ted  l u n a r  flow b a s a l t  a t  Madras, Oreg., s i t e  (6) .  - Two s i z e s  of  
aggrega te  t h a t  w e r e  produced by a s tandard  c rush ing  and screening  p l a n t  w e r e  
chosen f o r  t he se  experiments.  The coa r se r  was minus 1-114 inches  and conforms 
t o  a No. 57 graded aggrega te  (1,  - p. 1 9 ) ;  i t  i s  represen ted  by gra in-s ize  d i s -  
t r i b u t i o n  curve 1 i n  f i g u r e  2. The f i n e r  aggrega te  was produced a s  minus 
518 inch ;  however, f o r  t h e s e  tests t h e  p l u s  4-mesh p o r t i o n  was removed, leav-  
i n g  an aggregate  w i t h  t h e  g ra in - s i ze  d i s t r i b u t i o n  given by curve 2 i n  f i g u r e  2. 
One cons ide ra t i on  i n  t h e  choice of commercially produced aggregates  was t h a t  
any b e n e f i c i a l  r e s u l t s  from t h e  experiments could be  e a s i l y  s c a l e d  up wi thout  
t he  n e c e s s i t y  of producing s p e c i a l l y  composited g ra in - s i ze  d i s t r i b u t i o n s .  Any 
g r a i n  d i s t r i b u t i o n  between the  coarse  and f i n e  aggrega tes ,  l i k e  curve 3 i n  
f i g u r e  2, w a s  produced by mixing app rop r i a t e  amounts of t h e  two. 

Commercially prepared 6,000- and 10,000-psi concrete-cyl inder  capping 
compounds were used t o  cap t h e  t e s t  cy l inde r s  p r i o r  t o  compression t e s t i n g .  
Standard capping procedures  were used. 

FIGURE 2. - Grain-Size Distribution Curves of Three Aggregates Used in Studies 



Equipment and Procedure 

A 3-cubic-foot, e l e c t r i c a l l y  powered concre te  mixer was used t o  mix the  
aggregate .  To ob ta in  b e t t e r  mixing, the  f l i g h t s  i n  t h e  mixer were extended 
from the  bottom t o  the  top of t he  b a r r e l .  The end of t he  mixer b a r r e l  was 
covered wi th  a cap t o  prevent  excess ive  l o s s  of f i n e s  and t o  conserve t h e  h e a t  
i n  t h e  b a r r e l  while  t h e  aggregate  was being heated. I t  a l s o  tended t o  reduce 
the  p o s s i b i l i t y  of s u l f u r  i g n i t i o n ,  i n  case  po r t ions  of the  mixer b a r r e l  
became too  ho t .  A meta l  funnel  was a t t ached  t o  t h e  mixer frame, and two 
i n f r a r e d  l i g h t s  mounted underneath on t h e  mixer frame were used t o  keep t h e  
funnel  warm when t h e  mixer was i n  use. 

The mixer b a r r e l  and i t s  contents  were hea ted  by two burner  heads us ing  
butane gas.  The burner  heads, f l a r e d  a t  t h e  ends t o  al low f o r  more coverage 
of t h e  b a r r e l  su r f ace ,  were mounted from t h e  bottom of t h e  mixer on t h e  oppo- 
s i t e  s i d e  from t h e  funnel  and pos i t i oned  6 inches from t h e  b a r r e l .  The butane 
tank was equipped wi th  a p re s su re  gage, and a t  10 pounds of gas p re s su re ,  t h e  

FIGURE 3. - Measuring Temperature of M i x  With Thermocouple Probe. 



FIGURE 4. - Steel Molds (6- by 12-Inch) Used i n  Making Compression Test  Cyl inders(Left)  
and Smaller Molds Used i n  Incidental Tests (Right). 

burner  heads d e l i v e r  approximately 55,200 Btu pe r  hour.  A thermocouple i n  a  
p e r f o r a t e d  s t e e l  rod ( f i g .  3) was used t o  check t h e  temperature of t he  
aggregate.  

S t e e l  molds, 6-inch-diameter by 12 inches high ( f i g .  4 ,  l e f t )  were used 
t o  c a s t  t h e  t e s t  cy l inde r s .  The smal le r  molds ( f i g .  4 ,  r i g h t )  were used f o r  
s e v e r a l  i n c i d e n t a l  t e s t s .  They were too smal l  f o r  ca s t ing  specimens wi th  
l a rge - s i ze  aggrega te ;  t he re fo re ,  they were no t  used i n  t h e  main s e r i e s  of 
compression t e s t s .  The molds were preheated on a  l a r g e  h o t p l a t e  t o  prevent  
premature cool ing  of t h e  mix when t h e  t e s t  specimens were being c a s t .  Small 
d o l l i e s  were used t o  move them around a f t e r  being removed from the  h o t p l a t e .  
Tes t  cy l inde r s  ( f i g .  5),  c a s t  i n  t he  6- by 12-inch molds, l e v e l  f u l l ,  weighed 
an average of 32 pounds. 

The f i r s t  cy l inde r s  were broken using a  200,000-pound-capacity T in ius  
01sen6 compression t e s t e r .  On l a t e r  t e s t  cy l inde r s ,  through b e t t e r  s e l e c t i o n  
of g r a i n  s i z e s  and improved techniques,  t h e  unconfined compressive s t r e n g t h s  
of t h e  t e s t  specimens exceeded t h e  capac i ty  of t h i s  machine. Rather than t r y  

6Reference t o  s p e c i f i c  t r ade  names i s  made f o r  i d e n t i f i c a t i o n  only and does 
n o t  imply endorsement by the  Bureau of Mines. 



FIGURE 5. - Compression Test Cylinders (6- by 12-Inch) Being Removed From Mold. 

t o  use t h e  sma l l e r  test cy l inde r s ,  t h e  improved specimens were broken on a 
400,000-pound Tin ius  Olsen un ive r sa l  t e s t i n g  machine. On both machines a 
compression loading r a t e  of about 1,500 p s i  per  minute was used. 

Workabi l i ty  

Workabili ty i s  t h e  q u a l i t y  o r  s t a t e  of being workable. The amount of 
s u l f u r  used i n  t h e  aggregate  mixes has t o  be c a r e f u l l y  con t ro l l ed  t o  com- 
p l e t e l y  f i l l  t he  voids and y e t  maintain good workabi l i ty .  The index of work- 
a b i l i t y  is  descr ibed  i n  Dale 's  r e p o r t  (&) : 

The sulfur-sand-aggregate mixture should be of such a cha rac t e r  
t h a t  when t h e  mix i s  poured onto a l e v e l  su r f ace  from t h e  he igh t  of 
18  inches ,  t he  height-to-diameter r a t i o  of the  r e s u l t a n t  poured mate- 
r i a l  should be between 1:6 and 1:8 and t h e r e  should be no t r a c e  of 
excess s u l f u r ,  which can be e a s i l y  d is t inguished  by i t s  show of co lo r  
o r  by i t s  c r y s t a l l i n e  p a t t e r n s  t h a t  develop i n  s o l i d i f i c a t i o n s .  



I n s u f f i c i e n t  s u l f u r  l e a v e s  v o i d s  i n  t h e  specimen t h a t  reduce t h e  s t r e n g t h  con- 
s i d e r a b l y ,  and t o o  much s u l f u r  causes  e x c e s s  s h r i n k a g e ,  t h a t  a l s o  reduces  t h e  
s t r e n g t h .  When t h e  p r o p e r  mix i s  a t t a i n e d ,  t h e  whole m a s s  moves e a s i l y  upon 
be ing  h e a t e d  t o  t h e  p r o p e r  t empera tu re ,  and t h e r e  i s  no f r e e  s u l f u r  showing. 

Hea t ing  

The a g g r e g a t e  was f i r s t  h e a t e d  i n  t h e  mixer t o  a  t empera tu re  between 
140" and 150" C.  T h i s  working t empera tu re  range was chosen because  i t  is  con- 
s i d e r a b l y  above t h e  m e l t i n g  p o i n t  of s u l f u r  and below t h e  t empera tu re ,  160" C ,  
where l i q u i d  s u l f u r  becomes v i s c o u s .  A f t e r  a c h i e v i n g  t h i s  a g g r e g a t e  tempera- 
t u r e  range ,  t h e  s u l f u r  was p l a c e d  on t h e  h o t  a g g r e g a t e  and a l lowed t o  mel t  and 
mix wi thou t  any f u r t h e r  a d d i t i o n  of h e a t .  The mix t empera tu re  dropped some- 
what d u r i n g  t h i s  t ime,  b u t  n o t  enough t o  cause  problems i n  working t h e  mix ture  
i n  t h e  molds b e f o r e  i t  congealed.  

A low h e a t  was found t o  be  most d e s i r a b l e  i n  b r i n g i n g  t h e  a g g r e g a t e  t o  
t h e  p r o p e r  t empera tu re .  When a  h i g h  h e a t  was a p p l i e d ,  t h e  mixer b a r r e l  became 
c o n s i d e r a b l y  h o t t e r  t h a n  t h e  a g g r e g a t e  c o n t e n t s ;  sometimes i t  was w e l l  above 
t h e  i g n i t i o n  p o i n t  of s u l f u r .  I n  such  c a s e s  t i n y  f i r e s  would s t a r t  when t h e  
s u l f u r  was i n t r o d u c e d  i n t o  t h e  mixer ,  b u t  t h e s e  were  q u i c k l y  e x t i n g u i s h e d  by 
t h e  con t inued  mixing and cover ing  o f  t h e  mixer b a r r e l .  During t h e  h e a t i n g  of 
t h e  a g g r e g a t e ,  t h e  t empera tu re  was always measured d i r e c t l y  w i t h  a  thermo- 
coup le  probe.  However, w i t h  a  l i t t l e  exper ience  i n  checking t empera tu res  a t  
g iven  t i m e  i n t e r v a l s  on a  s e l e c t e d  weight  of a g g r e g a t e ,  an  a g g r e g a t e  charge 
cou ld  be  b rought  t o  t h e  p r o p e r  t empera tu re  on a  t ime b a s i s  a lone .  

Pour ing 

The mixer i s  k e p t  r e v o l v i n g  d u r i n g  a  pour .  By keep ing  t h e  f u n n e l  and 
molds h e a t e d ,  t h e  w o r k a b i l i t y  of t h e  poured m a t e r i a l  was main ta ined  f o r  abou t  
60 seconds .  The molds were  f i l l e d  i n  t h r e e  l i f t s ,  w i t h  rodding between l i f t s  
t o  e l i m i n a t e  any l a r g e  bubbles  from e n t r a i n e d  a i r  and t o  produce some compac- 
t i o n .  The molds were puddled and s t r u c k  o f f  as l e v e l  as p o s s i b l e .  

When t h e  s u l f u r  a g g r e g a t e  starts t o  c o o l  i n  t h e  mold, t h e  t o p  p o r t i o n  
which i s  exposed t o  t h e  a i r  s e a l s  over  a lmost  immediate ly .  I f  t h i s  c r u s t  i s  
a l lowed t o  remain u n t i l  t h e  c y l i n d e r  i s  complete ly  c o o l ,  a  f l a t  pocke t  forms 
about  an i n c h  under t h e  top  s u r f a c e  and weakens t h e  specimen. T h i s  v o i d  was 
e l i m i n a t e d  by b r e a k i n g  t h e  c r u s t  and c o n t i n u i n g  t o  puddle  t h e  m a t e r i a l  as i t  
cooled.  Th is  e l i m i n a t e s  t h e  l a r g e  v o i d ,  b u t  n o t  n e c e s s a r i l y  a l l  t h e  medium- 
s i z e d  vo ids .  To e l i m i n a t e  a l l  l a r g e  and medium-sized v o i d s ,  t h e  c r u s t  on t o p  
w a s  broken,  and some e x t r a  mix added w i t h  puddl ing  con t inued  u n t i l  t h e  s p e c i -  
men congealed.  T h i s  p rocedure  t o  e l i m i n a t e  v o i d s  i s  e a s i l y  reproduced.  

A s i m i l a r  problem w i t h  s h r i n k a g e  would be  encountered i f  t h e  m a t e r i a l  
were  poured i n  l a r g e r  molds. S i n c e  shr inkage  a f f e c t s  t h e  u n i f o r m i t y  and 
d e n s i t y  of any g i v e n  pour  and i n  t u r n  reduces  i t s  u l t i m a t e  s t r e n g t h ,  proce- 
d u r e s  would b e  needed t o  e l i m i n a t e  i t  by puddl ing  t h e  m a t e r i a l  a s  i t  c o o l s  
and by adding a  s m a l l  amount of mix. 



Resu l t s  of T e s t i n g  

A v a r i e t y  of aggregate-su l fur  mixtures  were examined i n  t h i s  s e r i e s  of t e s t s .  
The average g r a i n  s i z e ,  g ra in - s i ze  d i s t r i b u t i o n ,  and percentage  of s u l f u r  were 
va r i ed  from t e s t  t o  t e s t  i n  a  c o n t r o l l e d  manner t o  a r r i v e  a t  t h e  h ighes t  s t r e n g t h  
s u l f u r  concre te  p o s s i b l e .  Described i n  t h e  fo l lowing paragraphs  a r e  t h e  r e s u l t s  of 
t h e  experiments .  A few s u l f u r  concre tes  were prepared ,  u s ing  s u l f u r  and a  coa r se  
(minus 1-114-inch, p l u s  4-mesh) No. 57 graded aggregate ,  and a  few were made w i t h  
a l l  f i n e  (minus 4-mesh) aggregate .  However, most of t h e  s u l f u r  concre tes  were made 
us ing  a  double-graded aggregate  mixture c o n s i s t i n g  o f  coa r se  (No. 57) and f i n e  
(minus 4-mesh) aggregates .  The complete g rada t ions  f o r  each mix a r e  given i n  
t a b l e  2 ,  and t e s t  d a t a  f o r  each cy l inde r  specimen a r e  g iven  i n  t a b l e  3. 

TABLE 2. - Sieve a n a l y s i s  o f  a g g r e g a t e s  e m p l o y e d  

I Amounts pass ing  each l abo ra to ry  s i e v e  (square  o ~ e n i n g s l ) ,  
S amp l e  

1-112- 11-inch 1 112- 1 Number 
I i nch  I I i n ch  1 4 

A 1 100 1 95.00148.00 1 9 . 5  
1 100 99.16 89.94 61.91 
2  - 100 .0098 .87  77.80 

3  - 100 .0082 .68  68.04 

4  - 100 .0092 .12  78.56 

5  - 100 .0095 .10  86.54 

6  100 9 6 . 8 8 8 6 . 9 3  83.07 
7  - - - 100.00 
8  - - - 100.00 

9  - - - - 
10 - - - - 
11 100 90.20 75.00 51.50 

11n inches ,  except  where o therwise  
S t a t e s  s t anda rd  s i e v e  s i z e s .  

weight-percent 
  umber l ~ u m b e r  I~umber  I   umber I   umber I~umber 

36.00 1 - 123.80 115.0 110.40 1 9.20 
.ndica ted .  Numbered s i e v e s  a r e  those  of 1 

TABLE 3 .  - T e s t  d a t a  o n  i n d i v i d u a l  s p e c i m e n s  

Aggregate, 

l u s  4  mesh ,e,?, 
S u l f u r ,  
weight- 
percent  

6.0 

25.7 

29.0 

Aver- 
age 

g r a i n  
s i z e ,  
mm 
- 

3.30 

3.30 

3.30 

3.30 

Coef - 
f i c i e n t  

of 
uni- 

formity 
- 

51.1  

51 .1  

51 .1  

51 .1  

F a i l u r e  
load  of 

i n d i v i d u a l  
c y l i n d e r s ,  

l b  
707 
667 
(9 

64,000 
75,000 

145,000 
94,000 

116,500 
( I >  

130,000 
146,000 
150,000 
187,000 
187,000 
167,000 

Compressive 
s t r e n g t h  

Pe r  Average, 
c y l i n d e r ,  p s i  

p s i  
250 243 
2  36 

( I >  
2,264 3,348 
2,653 
5,128 
3,325 3,714 

Number 
200 
- 

8.64 
10.50 

9.42 
12 .10  
11.02 

7.77 
10.05 

3.79 
12.00 
19 .01  

Stan- 
dard  
devia-  
t i o n  

1 0  

See fod tno te s  a t  end of  t i b l e .  



TABLE 3. - T e s t  d a t a  on i n d i v i d u a l  specimens--Continued 

Compressive 

p s i  
(1) 

7,692 
6,649 

( I >  
7,533 
8,524 
8,294 
8,258 

9,461 
8,312 
8,312 

10,717 
10,363 

9,974 
( I >  

10,398 
8,807 
9,443 
9,337 
8,471 
8,930 
8,656 

( I >  
9,266 
9,903 
6,225 
5,482 
7,357 
7,604 
8,064 
8,064 
6,543 
6 ,481 
9,585 

F a i l u r e  
load  of 

i n d i v i d u a l  
c y l i n d e r s ,  

l b  
( I >  

217,500 
188,000 

( I >  
213,000 
241,000 
234,500 

Stan-  
da rd  
devia-  
t i o n  

l c y l i n d e r  unacceptable  f o r  t e s t i n g .  
2 ~ v e r a g e  of samples 7a-7d: 9,246 p s i .  
3 ~ i n u s  4 p lus  200 mesh. 
4 ~ i n u s  10 mesh. 

Coef- 
f i c i e n t  

of  
uni- 

formi ty  
47.5 

40.7 

50.0 

Sample 

2 

3 

4 

Aggregate, 
weight-percent  S u l f u r ,  

w e i g h t - g r a i n  
pe rcen t  

22 .1  

22 .1  

21.7 

Minus 
1-114-inch 
p l u s  4 mesh 

34.6 

30.3 

26.0 

Aver- 
age 

s i z e ,  
mm 

2.20 

2.30 

2.01 

Minus 
4 mesh 

43.3 

47.6 

52 .3  



A prel iminary t e s t  using coarse,  No. 57  graded aggrega te  and about 
6  weight-percent s u l f u r  (sample A) was made t o  examine the  c h a r a c t e r i s t i c s  of 
a s u l f u r - d e f i c i e n t  concrete .  When the  s u l f u r  was melted over t he  coarse  
aggregate ,  only a t h i n  coa t ing  of s u l f u r  was r e t a ined  on the  p a r t i c l e s ,  and 
any s u l f u r  i n  excess of t h i s  t h i n  coa t  ran  l i k e  water  through the  aggrega te  t o  
the  bottom of the  mixer.  When poured, t h e  f r e e  s u l f u r  ran  ou t  f i r s t  and co l -  
l e c t e d  on t h e  bottom of t he  mold, leav ing  t h e  remainder of t he  specimen an  
open c e l l u l a r  s t r u c t u r e  ( f i g .  6 ) .  Unconfined compression s t r e n g t h s  of t h e s e  

FIGURE 6. - Wetted and Partially Filled Coarse Aggregate. 



specimens d id  n o t  exceed 250 p s i  and were not  good samples, s i n c e  they were 
p a r t i a l l y  f i l l e d  and p a r t i a l l y  open s t r u c t u r e s .  It was q u i t e  ev ident  by 
in spec t ion  t h a t  f i n e  aggregate  should be added t o  f i l l  t h e  voids  i n  t h e  coarse  
aggregate  and hold t h e  s u l f u r  i n  suspension. 

The f i r s t  experiments us ing  composited aggregates  (sample 1 )  were made 
wi th  equa l  po r t ions  by weight of coarse and f i n e  ma te r i a l .  I n  p a r t ,  t h e s e  
experiments were designed t o  ga in  knowledge of t h e  workab i l i t y  wi th  d i f f e r e n t  
percentages of s u l f u r  a s  w e l l  a s  t o  maximize t h e  compressive s t r e n g t h .  The 
f i r s t  s e t  of t h r e e  cy l inde r s  (sample l a )  contained 25.7 weight-percent s u l f u r .  
The workab i l i t y  of t h i s  mix was good, but t h e r e  was some f r e e  s u l f u r  showing. 
These cy l inde r s  when t e s t e d  broke i n  t h e  top one-third of t h e i r  he igh t .  
Average unconfined compressive s t r e n g t h  of these  cy l inde r s  was 3,348 p s i .  
A second s e t  of t h r e e  cy l inde r s  (sample l b )  contained 29 weight-percent su l -  
f u r .  This  mixture was q u i t e  f l u i d .  While capping t h e s e  cy l inde r s ,  t h e  top 
snapped o f f  one of them, showing a l a r g e  f l a t  shr inkage void ( f i g .  7 ) .  Of t h e  
remaining two cy l inde r s ,  t he  average unconfined compressive s t r e n g t h  was 
3,714 p s i .  On a t h i r d  s e t  of cy l inde r s  (sample l c )  22 weight-percent s u l f u r  
was added. The workabi l i ty  of t h i s  m a t e r i a l  was good, and t h e  average uncon- 
f i ned  compressive s t r e n g t h  was 5,022 p s i ,  considerably h ighe r  than t h a t  i n  t h e  

FIGURE 7. - Void Created by Shrinkage and Resulting Growth of the Sulfur Crystals. 



p r i o r  t e s t s .  However, a l l  of t h e  c y l i n d e r  f a i l u r e s  were i n  t h e  t o p  one- th i rd  
of t h e  specimens. I n s p e c t i o n  of t h e  broken m a t e r i a l  r e v e a l e d  a  f l a t  v o i d  i n  
t h e  upper p o r t i o n  of each o f  t h e  c y l i n d e r s ,  b u t  n o t  as pronounced as t h e  one 
shown i n  f i g u r e  7. 

I n  s e e k i n g  a  way t o  e l i m i n a t e  v o i d s ,  e s p e c i a l l y  t h e  f l a t  one i n  t h e  top  
c e n t e r  c o r e  of t h e  specimen, a n o t h e r  s e t  of t h r e e  c y l i n d e r s  (sample I d )  was 
made up of t h e  same composi t ion.  When t h e  specimen f i r s t  s e a l e d  o v e r  on t h e  
t o p  w h i l e  c o o l i n g  i n  t h e  mold, t h e  c r u s t  was broken open, and some of t h e  h o t  
s u l f u r  a g g r e g a t e  m i x t u r e  was added and puddled u n t i l  t h e  e n t i r e  mix began t o  
congeal .  The average  compress ive  s t r e n g t h  of t h e s e  specimens was 6,378 p s i ,  
27 p e r c e n t  more than t h a t  of t h e  p rev ious  ones .  These samples broke i n  a  
c l a s s i c  double-cone f a s h i o n .  On i n s p e c t i n g  t h e  broken p i e c e s  from t h e s e  
specimens,  i t  was observed t h a t  more f i n e  a g g r e g a t e  would be b e n e f i c i a l  i n  
more complete ly  f i l l i n g  t h e  v o i d  s p a c e  between t h e  c o a r s e  p a r t i c l e s .  

Ana lys i s  o f  t h e  unconf ined compression s t r e n g t h s  i n d i c a t e d  f u r t h e r  
improvement by d e c r e a s i n g  t h e  average  g r a i n  s i z e .  The p e r c e n t a g e  of f i n e  
a g g r e g a t e  was i n c r e a s e d  and t h e  s t r e n g t h  i n c r e a s e d .  T h i s  p r o c e s s  was con- 
t i n u e d  (samples 2-6),  and t h e  b r e a k i n g  s t r e n g t h s  were i n c r e a s e d  by adding 
f i n e s  u n t i l  t h e  f ine - to -coarse  a g g r e g a t e  r a t i o  was 8-to-1 by weight  (sample 6 ) .  
A t  t h i s  r a t i o  t h e  average  compressive s t r e n g t h  was 10 ,351  p s i .  Throughout 
t h i s  p r o c e s s  t h e  Method of S t e e p e s t  Ascent guided t h e  p r o p o r t i o n i n g  of c o a r s e  
and f i n e  a g g r e g a t e .  

Then i t  was dec ided  t o  u s e  an  a l l  minus 4-mesh a g g r e g a t e  (sample 7 ) .  
Samples of a l l  minus 4-mesh a g g r e g a t e  when mixed w i t h  22.4  weight-percent  
s u l f u r  (sample 7a) became q u i t e  spongy and d i f f i c u l t  t o  tamp i n t o  t h e  molds. 
They were a l s o  a  l i t t l e  e r r a t i c  on t h e  b reaks .  Four s e t s  of t h r e e  c y l i n d e r s  
each were mixed w i t h  s u l f u r  c o n t e n t s  up t o  25 weigh t -percen t ,  b u t  t h i s  d i d  n o t  
s u b s t a n t i a l l y  improve t h e  w o r k a b i l i t y  of t h e  mix ture .  The average compressive 
s t r e n g t h  on t h e s e  c y l i n d e r s  was 9,246 p s i .  F i g u r e  8  shows t h e  manner i n  which 
t h e s e  c y l i n d e r s  broke.  

I n  sample 8 ,  most o f  t h e  minus 200-mesh g r a i n  s i z e  was removed from t h e  
a g g r e g a t e ,  g i v i n g  t h e  sample a lower c o e f f i c i e n t  of u n i f o r m i t y .  The s m a l l  
amount, 3 . 8  p e r c e n t  by weigh t ,  of minus 200-mesh a g g r e g a t e  l e f t  i n  t h i s  sample 
caused t h e  s u r f a c e  of t h e  c y l i n d e r  t o  look  rough a s  t h e  s u l f u r  d r a i n e d  away. 
These samples averaged 6 ,355 p s i  compressive s t r e n g t h .  

I n  a n o t h e r  sample,  No. 9,  t h e  average  g r a i n  s i z e  was reduced f u r t h e r  by 
u s i n g  on ly  minus 10-mesh m a t e r i a l  f o r  t h e  aggrega te .  These c y l i n d e r s  had an  
average  compressive s t r e n g t h  of 7,911 p s i .  Specimens o f  t h i s  composi t ion 
broke i n  a  b locky manner ( f i g .  9 ) .  

Sample 10 c y l i n d e r s  a l s o  used a minus 10-mesh g r a d a t i o n ,  b u t  had double  
(19.01 weight-percent)  t h e  normal amount of minus 200-mesh m a t e r i a l  i n  o r d e r  
t o  d e c r e a s e  t h e  average  g r a i n  s i z e  and i n c r e a s e  t h e  c o e f f i c i e n t  of u n i f o r m i t y .  
The mix ture  was q u i t e  d i f f i c u l t  t o  work because  of i t s  exceed ing ly  spongy 
n a t u r e .  The average compress ive  s t r e n g t h  was 7,536 p s i .  



FIGURE 8. - Test Cylinder Using Minus 4-Mesh Basalt, Fai led at 9,200 psi. 

The las t  sample,  No. 11, was manufactured t o  have a l a r g e  average g r a i n  
s i z e  and a  c o e f f i c i e n t  o f  un i fo rmi ty  of 26.0. The average  compressive 
s t r e n g t h  was 6,974 p s i .  

The s i n g l e  sample t h a t  had t h e  h i g h e s t  unconf ined compressive s t r e n g t h  
of 10,717 p s i  was one c o n t a i n i n g  8-to-1 r a t i o  by weight  of coarse - to - f ine  
a g g r e g a t e s  w i t h  22.7 weight-percent  s u l f u r  (sample 6 ) .  F i g u r e  1 0  shows how 
t h i s  c y l i n d e r  broke.  

These r e s u l t s  a r e  summarized i n  t a b l e  4. One method of d i s p l a y i n g  t h e s e  
d a t a  is  t o  c o n t o u r  t h e  unconf ined compressive s t r e n g t h s ,  a s  i n  f i g u r e  11. 
Here t h e  a b s c i s s a  and o r d i n a t e  a r e  t h e  average  g r a i n  s i z e  and c o e f f i c i e n t  of 
u n i f o r m i t y ,  r e s p e c t i v e l y .  The con tour  l i n e s  i n d i c a t e  t h e  unconfined compres- 
s i v e  s t r e n g t h  as a f u n c t i o n  o f  b o t h  g r a i n - s i z e  v a r i a b l e s .  The g r a i n  s i z e s  f o r  



FIGURE 9. - Test Cylinder Using Excess Fines, Fai led at 7,900 psi. 



FIGURE 10. - Test  Cylinder Using Well-Graded Basalt Aggregate, Fai led at 10,700 psi. 

0 

AVERAGE GRAIN SIZE, millimeters 

FIGURE 11. - Contour Plot  of Unconfined Compressive Strength As a Function o f  Average 
Grain Size and Coefficient of Uniformity. 



samples 9 ,  10,  and 1 1 w e r e  a d j u s t e d  o r  composited i n  o r d e r  t o  d e f i n e  t h e  peak. 
The optimum appears  t o  be  a t  an average g r a i n  s i z e  of 1 .7  mm and a c o e f f i c i e n t  
of un i fo rmi ty  of 22.7; t h i s  i s  an  8-to-1 r a t i o  by weight of f ine- to-coarse  
aggrega te .  The contour l i n e s  on t h e  map a r e  i n t e r p o l a t i o n s  between sample 
va lues .  

TABLE 4. - Summary of da ta  used i n  f i n a l  a n a l y s i s  

CONCLUSIONS 

The fol lowing conc lus ions  a r e  reached regard ing  t h e  s t r e n g t h  and work- 
a b i l i t y  of s u l f u r - b a s a l t  aggrega te  concre te  : 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 

1. To o b t a i n  maximum s t r e n g t h  and f a c i l i t a t e  mixing, i t  is  e s s e n t i a l  t o  
have a double-graded aggrega te .  The coarse  p a r t i c l e s  f u r n i s h  s t r e n g t h  and a i d  
i n  t h e  w o r k a b i l i t y  of t h e  mix. The f i n e  p a r t i c l e s  f i l l  t h e  vo id  spaces  
between t h e  coarse  p a r t i c l e s ,  a l lowing s u r f a c e  bonding w i t h  t h e  s u l f u r  where 
i t  h a s  i t s  g r e a t e s t  s t r e n g t h .  

Average g r a i n  
s i z e ,  mm 

3.30 
2.20 
2.30 
2.01 
2.10 
1.70 
1.64 
1.94 

.60 

.48 
4.40 

2. U s e  of  10 percen t  minus 200-mesh m a t e r i a l  c o n t r i b u t e s  toward t h e  
s t r e n g t h  of t h e  mixture  by ho ld ing  t h e  p roper  amount of s u l f u r  i n  suspension.  

Average compressive 
s t r e n g t h ,  p s i  

6,400 
7,200 
8,000 
8,300 
8,700 

10,400 
9,200 
6,400 
7,900 
7,500 
7,000 

C o e f f i c i e n t  of 
un i fo rmi ty  ( D ~ ~ / D ~ ~ )  

51 .1  
47.5 
40.7 
50.0 
46.7 
22.7 
27.7 
10.4 
14.4  
28.4 
26.0 

3. The problem of sh r inkage  i s  a major one, which can be overcome by 
puddl ing t h e  top  s u r f a c e  of t h e  mix t o  prevent  i t  from s e a l i n g  over .  As t h e  
s u l f u r  c o n t r a c t s  i n  t h e  c e n t e r ,  a d d i t i o n  of t h e  same mix s u b s t a n t i a l l y  reduces  
t h e  voids .  

S u l f u r ,  
weight-percent 

22.6 
22 .1  
22.1 
22.7 
24.0 
21.7 
23.4 
23.7 
25.0 
23.7 
21.7 

4. A g r a d a t i o n  w i t h  e x c e s s i v e  f i n e s  r e q u i r e s  more s u l f u r  and is  l e s s  
workable t h a n  an optimum mix of 8-to-1 r a t i o  by weight of f ine- to-coarse  
aggrega tes  w i t h  22.7 weight-percent s u l f u r .  

5. With p roper  c o n t r o l  of aggregate  g r a i n - s i z e  d i s t r i b u t i o n ,  s u l f u r -  
b a s a l t  concre tes  having compressive s t r e n g t h s  of over  10,000 p s i  can be  
produced. 

6. To minimize t h e  sub l imat ion  l o s s  of s u l f u r  i n  a l u n a r  environment, 
t h e  b e s t  approach i s  t o  i n s u r e  a temperature  of 20' C o r  l e s s  where t h e  s u l f u r  
i s  exposed t o  high vacuum c o n d i t i o n s .  Another approach,  of course ,  would be 
t o  s e a l  t h e  exposed s u r f a c e  w i t h  a t h i n  coa t ing  of impervious i n s u l a t i n g  
m a t e r i a l .  
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