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ABSTRACT 

The work r e p o r t e d  was under taken w i t h  t h e  i n t e n t  t o  develop a  more r e l i a b l e  
i n s t r ~ i m e n t  i n i t l . a l l y  f o r  remote s i t e  o p e r a t i o n ,  A survey  of t h e  l i t e r a t u r e  
l e d  t o  t h e  s e l e c t i o n  o f  f o u r  f i e l d s  s f  s t u d y :  svreaming p o t e n t i a l ,  the rmal  
c o n d u c t i v i t y  and s p e c i f i c  h e a t ,  a b s o r p t i o n  o f  i n f r a r e d  r a d i a t i o n  by m o i s t  
s o i l ,  and some a d a p t i o n  of t h e  p r i n c i p l e  of n u c l e a r  magne t ic  resonance.  

Exper imenta t ion  r e v e a l e d  t h a t  t h e  f a c t o r s  c o n t r o l l i n g  s t reaming  p o t e n t i a l  
were s o  d i v e r s e  t h a t  i s o l a t i o n  of s o i l  m o i s t u r e  o r  m o i s t u r e  f low v a r i a b l e s  
was n o t  f e a s i b l e  i n  f i  e l d  a p p l i c a t i o n s ,  

E x t e n s i v e  l a b o r a t o r y  t e s t i n g  of an o r i g i n a l  the rmal  measuring d e v i c e  
showed t h a t  t h i s  p r i n c i p l e  could  be  sueeessfu$$y and r e l i a b l y  used i n  c e r t a i n  
,axbPe~r-, hemperaku-ce ranges. T h e  data a l s o  reves9ed t h a t ,  when s o i l  i s  p a r t i a l l y  
f rozec  a t  3 2 ' ~ ~  i n f s r m a t i o n  r o u l d  be  de r ived  on the percen tage  s f  t h e  s o i l  
w a t e r  i n  t h e  f r o z e n  s ta te ,  p rov ided  t h e  s o i l  m o i s t u r e  c o n t e n t  was known. 

C e r t a i n  wavelengths  i n  t h e  i n f r a r e d  spectrum are r e a d i l y  absorbed by 
m o i s t u r e  i n  t h e  s o i l .  A p r o t o t y p e  i n s t r u m e n t  which u t i l i z e s  t h i s  pheno- 
menop was f a b r i c a t e d ,  C e r t a i n  problems i n  packaging t h e  u n i t  were  en- 
coun te red ,  b u t  p r e l i m i n a r y  e x p e r i m e n t a t i o n  a s s u r e d  t h a t  t h i s  measuring 
t echn ique  shows promise  and cou ld  be  f u r t h e r  developed. 

Nuclear  magnet ic  resonance may b e  d i s c o u n t e d  as a means of measur ing s o i l  
m o i s t u r e  c o n t e n t  because  o f  fundamental  d i f f i c u l t i e s ,  



PART H 

BACKGROUND DISCUSSION 

I n  many p r a c t i c a l  s i t u a t i o n s ,  i t  i s  d e s i r a b l e  t o  know something abou t  
t h e  w a t e r  c o n t e n t  of s o i l s .  A g r i c u l t u r i s t s  wish t o  know when and how much 
t o  i r r i g a t e ,  how much runof f  t h e y  can e x p e c t ,  and t h e  dep th  of t h e  w a t e r  t a b l e .  
F o r e s t e r s  and c o n s e r v a t i o n i s t s  need s o i l  m o i s t u r e  i n f o r m a t i o n  t o  be  a b l e  t o  
p r e d i c t  e r o s i o n a l  r u n o f f ,  f l o o d i n g  condf t i o n s  , and w a t e r  s t o r a g e .  When 
s o i l  is  eased as a c o n s t r u c t i o n  m a t e r i a l ,  t h e  moisture c o n t e n t  a f f e c t s  i t s  
compaction,  b e a r i n g  v a l u e ,  s h e a r  s t r e n g t h ,  and o t h e r  s t r u c t u r a l  p r o p e r t i e s ,  
R a t i o n a l  d e s i g n ,  t h e r e f o r e ,  r e q u i r e s  knowledge of  s o i l  m o i s t u r e  c o n t e n t .  
Water seepage benea th  roadbeds causes  s t r i p p i n g  of a s p h a l t  s u r f a c e s ,  T h i s  
phenomenon ,IS net f u l l y  understood becwusc of a lacl: o f  knowledge of t h e  msve- 
lnent of watc..r b e ~ n z a ~ h  The ,'2rthcs sn~nface, 

The Pack of kn,>wledge i n  t h e  f i e l d  of sa~f l moisture can b e  a t t r i b u t e d  t o  
a Back of adequate  means of measueement r a t h e r  than  a Back o f  i n t e r e s t ,  Need 
f o r  a r e l i a b l e  and p r a c t i c a l  i n s t r u m e n t  f o r  measur ing s o i l  w a t e r  h a s  e x i s t e d  
f o r  t h e  b e t t e r  p a r t  o f  t h e  p a s t  c e n t u r y ,  Almosr a l l  obvious forms of  p h y s i c a l  
phenomena p e r t a i n i n g  t o  s o i l  m o i s t u r e  have been i n v e s t i g a t e d  i n  a n  a t t e m p t  
t o  r e a l i z e  t h i s  i n s t r u m e n t a t i o n ,  These e f f e c t s  have m e t  q u e s t i o n a b l e  s u c c e s s .  
Devices f u l f i l l i n g  t h e  requ i rements  of some s p e c i f i c  a p p l i c a t i o n s  have been 
des igned ,  S o i l  s c i e n t i s t s  g e n e r a l l y  a g r e e ,  however, t h a t  improved i n s t r u m e n t a t i o n  
i s  needed. 

The purpose  of t h e  r e s e a r c h  h e r e i n  r e p o r t e d  was t o  a t t e m p t  t o  improve upon 
p r e s e n t  so11 m o i s t u r e  i n s t r u m e n t a t i o n ,  by p e r f e c t i n g  p r e s e n t  methods o r  by 
i n t r o d u c i n g  new ones ,  The b g s i c  s o i l  fundamentals  which p e r t a i n  t o  measure- 
ment of m o i s t u r e  c o n t e n t  a r e  discussed, and d e s i r a b l e  q u a l i t i e s  o f  a g e n e r a l  
s c % l  m o i s t u r e  measuring d e v i c e  a r e  l i s t e d ,  

The t h e o r e t i c a l  and p r a c t i c a l  problems encsunfcered i n  t h i s  work t o g e t h e r  
w i t h  t h e  methods and r e s u l t s  of e x p e r i m e n t a l  t e s t i n g  a r e  d i s c u s s e d  and con- 
c l u s i o n s  a r e  drawn, 

I n  a d d i t i o n  t o  t h e  P r i n c i p a l  I n v e s t i g a t o r  t h r e e  o t h e r  peop le  were t eeh-  
n i c a l l y  a s s o c i a t e d  w i t h  t h i s  p r o j e c t :  

B ,  M r ,  Howard Eugene H i t e ,  g r a d u a t e  r e s e a r c h  a s s i s t a n t  ( s p r i n g  1967 - 
s p r i n g  l 9 6 8 ) ,  and c a n d i d a t e  f o r  t h e  M,S, d e g r e e  i n  E B z e t r i c a l  Engineering. 

2 ,  M r ,  N , S ,  Harasprasad ,  c a n d i d a t e  f o r  t h e  M.S, i n  E l e c t r i c a l  Engcneering 
(suamer 1967 - s p r i n g  l 9 6 8 ) ,  

3 ,  M r ,  Roger Lackey, Senfor  i n  E l e c t r i c a l  Engineer ing ,  



S o i l  is d e f i n e d  as r h e  l o o s e  s u r f a c e  m a t e r i a l  of t h e  earth i n  which p l a n t s  
grow, Tt ha5 b t s e ~  formed from t h e  d f s i n t e g r a t i o n  of t h e  l i t h o s p h e r e  and t h e  
decc~posirioa of p3ant  l i f e ,  4 %  is  composed mostly of s i l i e a n  and oxygen, but  
contain.: aEurnin~m~ caleuiayi, carbon,  i r o n ,  so liu-r- ~ 1 . 7 1  o the r  e lements  i n  s m a l l .  
p rcpza- t fons .  Soil f s extremely h e ~ e r o g e n t l o u s  , z ~ n c e  tlne f a c t o r s  which formed 
t h e  s o i l  d i f f e r  from p l a c e  t o  p l a c e ,  Theareko~re, any g e n e r a l i z a t i o n s  from a 
sttbs s f  t h e  ~ h a r a c t e s i s t i c s  o f  a cer ta in  son] t y p e  may n o t  be  v a l i d  f o r  a n o t h e r  
tYPe 

A s  m i g h t  be expected,  t h e  che~nieal  makeup of s o i l s  also v a r i e s  frcn m e  
l o c a t i o n  t o  anorher ,  A l k a l i  metals fasund i n  scme %oca t fons  t end  t o  f s t m  -relas;-de%y 
wate r - so lub le  e a l r b ~ n a t e s ~  which may be  l eached  (washed from t h e  soi l l )  by heavy 
rams,  The c o m p o s i t i ~ n  ~f a  s o i l  t h e r e f o r e  may vary  w i t h  t h e  a t  a given l o c a t l o n ,  

GYc-t.+: c l . zc~rYl  + r  %on of -2r .y  c,~~npilt m t  o i B  L ~ , P $ ~ ~ T T S I  2s i laat i t  J 'IP n3t a con-- 
n e c t e d  m , ~ a s s ,  b ¶ a C  ,i 1 d il II" r ~ q p o s e c ?  r - %  r r i  J I , I I  uos ~f' F L y pal P ~ C % C P  - 
d i f f f ~ u l k  to C $ ~ B = I F / ~  adre t h e  tiny s p ~ ~ c e a ,  osT v s ~ d a ; ,  beil-;,;eiliesr che  p a r t f c % e s ,  TEme 
s i z e  srf a'be r ~ d F v j  dual  pd~lt't - leg a l s ~ ?  ailfil nsc:nc~& the physical and c%eem%cal 
p r o p e r t i k ;  ~f t h e  so3 l , P h y s i c a l  and cherni cal a c c i v i t  f eb ~ s u a l l y  t a k e  p l a c e  on 
t h e  S I X ~ ~ C E S  2f t h e  p;raat%cBes, 2nd tlxe t o t a l  p a r t i c l e  su r face  a r e a  of a g i v e n  
volume of soil i n c r e a s e s  a s  the p a r t i c l e  sSze  d e c r e a s e s ,  Since t h e  t e x t u r e ,  
o r  pmopoTkioas o f  different sized p a r t i c l e s ,  a l s o  i n f l u e n c e s  t h e  t o t a l  volume 
of the ve8ds,  ft i s  one s f  rhe most i m p o r t a ~ r  s o i l  pa ramete rs .  

As vatex i s  added t o  a  d ry  s o i l ,  i t  first f o ~ m s  a f i l m  around t h e  s o t i  
pa r t i c l e s ,  The rernalnder of t h e  void spaces are then f i l l e d ,  

The r a t i o  0% t h e  vord volume co t h e  t ~ t a P  volume of the  s o i l  mass i s  t h e  
p o r o s i t y .  The d e g r e e  of s a t u r a t i o n ,  S, i s  ttne r a t i o  of t h e  volume of v o i d s  
f i l l e d  with water t o  t h e  t o t a l  volume of the v o i d s ,  L ike  t h e  p o r o s i t y ,  the  
d ~ g r e e  of  sar r l ra t ion  i s  usua%ly stated as a p e r  cent ,  

The & i P i t y  of w a t e r  t o  t r a v e l  through s o i l  is determined by t h e  s i z e  s f  
Ehe i n d i v i d u a l  par t ic les  and v o i d s ,  rather t h a n  by t h e  p o r o s i t y ,  Film w a t e r ,  
i n  t h e  o r d e r  of a few molecu les  t h i c k ,  i s  he ld  by v e r y  s t r o n g  t e n s i l e  f o r c e s  
to t he  s o i l  particles, and will move from p a r t i c l e  t o  p a r t i c l e  on ly  very s l o w l y ,  
The remainder of t h e  w a t e r  I n  s o i l  moves more f r e e l y "  The f u r t h e r  a g iven  
water molecule  i s  from a s o i l  particle, t h e  more e a s i l y  i t  can move t o  an 
ad jacent  void.  Bt f o l l o w s  t h a t  w a t e r  moves more f r e e l y  i n  coarse-textured 
s o i l s  such as sa-nds t h a n  i n  f i n e - t e x t u r e d  clays, 

Water is held rs t h e  s o i l  particles by a d e f l n f t e  and lneasurable  po- 
tential and i s  u~sualliy taken t c  be  negative, MOJ s t u x e  can be  removed f rotn 
rbe s o i l  by any  device which exerts a more n e g a t i v e  p o t e n t i a l ,  or vdcvu.~n, 
o n  the u7ater, 



S o i l  m o i s t u r e  may a l s o  b e  removed from t h e  s o i l  by any powerful  chqmical  
d e h y d r a t i n g  a g e n t ,  o r  by r a i s i n g  t h e  t empera tu re  above 105OC f o r  a few h o u r s .  
Care must be  t aken  n o t  t o  burn  o f f  o r  o x i d i z e  organf  c  c o n s t i t u e n t s  of tqe s o i l  
d u r i n g  dehydra t ion .  Chemical decomposi t ion of t h e  s o i l  must a l s o  b e  avoided 
under  most a p p l i c a t i o n s  which n e c e s s i t a t e  d ry ing  t h e  s o i l .  

Dry s o i l  is a poor  e l e c t r i c a l  conductor ,  Water i n  t h e  s o i l  r e a d i l y  d i s r  
s o l v e s  enough m i n e r a l  m a t t e r  t o  become an e l e c t r o l y t e ,  t h e r e b y  i n c r e a s i n g  t h e  
c o n d u c t i v i t y  of t h e  s o i l .  Th i s  c o n d u c t i v i t y  i s  r e l a t e d  t o  t h e  i o n i c  c o n t e n t  
of t h e  s o i l  m o i s t u r e  as w e l l  as t o  t h e  m o u n t  of w a t e r  p r e s e n t .  

The s p e c i f i c  h e a t  of m i n e r a l  s o i l s  i s  about  0 - 2 ,  hence any a d d i t i o n  of 
w a t e r  t e n d s  t o  i n c r e a s e  t h e  s p e c i f i c  h e a t  of t h e  s o i l  mass measurably.  Thermal 
c o n d u c t i v i t y  o f  t h e  mass a l s o  i n c r e a s e s ,  s i n c e  t h e  w a t e r  c r e a t e s  l a r g e r  c w r a c t  
areas between p a r t i c l e s  and f i l l s  i n  t h e  i n s u l a t i n g  v o i d s .  

There  a r e  s e v e r a l  methods of e x p r e s s i n g  s o i l  m o i s t u r e ,  each  w i t h  9 d i f s e r e n t  
a p p l i c a t i o n .  The most common a r e :  

1. t h e  energy c o n d i t i o n  of t h e  s o i l  wa te r .  

2 .  t h e  m o u n t  of w a t e r  i n  a g i v e n  volume of s o i l .  

3 .  t h e  amount of w a t e r  i n  a g iven  mass of s o i l .  
For t h e  p r e s e n t  purpose  t h e  t h i r d  method w i l l  b e  used ,  and t h e  p e r  c e n t  s o i z  
m o i s t u r e  w i l l  b e  d e f i n e d  as 

weigh t  of w a t e r  i n  s o i l  
p e r  c e n t  s o i l  m o i s t u r e  = x  100. 

we igh t  o f  d r y  s o i l  

The q u a n t i t y  Itper c e n t  s o i l  mois tu re"  i s  used many t i m e s  i n  t h e  t e x t  of 
t h i s  r e p o r t  and w i l l  b e  d e s i g n a t e d  f'PCM''o 



DESIRABLE CHARACTERISTICS OF A 

SOIL MOISTURE SENSOR 

It i s  d e s i r a b l e  t h a t  t h e  ins t rument  b e  a e c u - z t e  and dependable, and must 
g ive  reproducib le  r e s u l t s .  For most a p p l i c a t i o n s  an accuracy of 1% s o i l  
mois ture  i s  acceptab le .  Determinations should r e q u i r e  no longer  than  about 
15  minutes t o  be most u s e f u l  i n  cons t ruc t ion  a p p l i c a t i o n s .  A p o r t a b l e  i n s t r u -  
ment would be  b e s t  h e r e ,  and i t  should be  s imple enough f o r  a  layman t o  ope ra t e .  

Many t i m e s  i t  i s  d e s i r e d  t o  monitor t h e  mois ture  a t  a  given po in t  con- 
t i nuous ly  and au toma t i ca l l y  throughout a  long pe r iod  of t ime,  i .e.  runoff  
p r e d i c t i o n s  a t  remote si tes,  and au tomat ic  i r r i g a t i o n  systems. A s enso r  
f o r  such a p p l i c a t i o n s  should  no t  d i s t u r b  t h e  s o i l  whi le  ope ra t i ng ,  and must 
be  a b l e  t o  measure t h e  same p o s i t i o n  many t i m e s  wi thout  changing t h e  su r -  
rounding a r ea .  It must be  du rab l e  and no t  s u b j e c t  t o  cor ros ion  o r  weather ing.  
Power consumption, i f  any, must be  kep t  a t  a  minimum, s i n c e  b a t t e r i e s  may b e  
t h e  only sou rce  of power. Output d a t a  should b e  i n  a  form t h a t  can e a s i l y  
be  te lemetered  o r  used t o  c o n t r o l  e l e c t r i c a l  o r  mechanical systems. 

The ins t rument  should work i n  any s o i l  type  without  f r equen t  r e c a l i b r a t i o n ,  
It should sample a  l a r g e  enough volume of s o i l  t o  g i v e  read ings  r e p r e s e n t a t i v e  
of t h e  surrounding a r ea .  Of course ,  such a  device  should be inexpensive and 
s imple t o  c o n s t r u c t ,  bu t  f o r  some permanent a p p l i c a t i o n s  t he se  may b e  secondary 
requirements .  

A method f o r  measuring s o i l  mois ture  need no t  possess  every q u a l i t y  l i s t e d  
h e r e  t o  be  u se fu l .  Rather ,  t h e s e  q u a l i t i e s  should b e  used a s  guides  when 
eva lua t ing  a  proposed measuring method. 



CHOICE OF FIELDS OF STUDY 

Af te r  a  lengthy and d e t a i l e d  s tudy ~f  t h e  a v a i l a b l e  l i t e r a t u r e  on s o i l  
moisture ins t rumenta t ion ,  a  dec i  s i o n  was requi red  a s  t o  which methods seemed 
t o  warrant more developmental research ,  The reasons f o r  t h e  e l iminat ion  of 
many methods and the  f i n a l  acceptance f o r  s tudy o f  o the r s  w i l l  now be s t a t e d .  
A complete l i s t i n g  wf a l l  re ferences  consul ted i s  given a t  t h e  end of t h i s  
r e p o r t .  

G r a v i m t r i c  methods a r e  genera l ly  time-consuming and a r e  d e s t r u c t i v e  i n  
t h a t  a  given sample may be used only once, Human presence i s  requi red  and t h e  
method i s  not  s u i t e d  t o  automatic  o r  remote-controlled operat ion.  This method 
i s  gene ra l ly  accepted,  and much l i t e r a t u r e  i s  a v a i l a b l e  on t h e  s u b j e c t ,  
Although t h i s  method w i l l  be used f o r  c a l i b r a t i o n  and/or checking accuracy, i t  
warrants  no f u r t h e r  s tudy here .  

Chemical methods a r e  d e s t r u c t i v e ,  usua l ly  n e c e s s i t a t e  d e l i c a t e  o r  ex- 
pensive equipment, r e q u i r e  human presence,  and a r e  no t  s u i t e d  t o  remote-si te  
automatic  opera t ion .  While t h i s  f i e l d  i s  s o  broad t h a t  f u r t h e r  s tudy may be  
d e s i r a b l e ,  o the r  methods p resen t ly  show more promise. 

Tension methods have an inherent  delay i n  response t o  quick changes of 
moisture content  which render  them unsu i t ab le  t o  many app l i ca t ions .  They 
a r e  undependable f o r  low moisture contents ,  

Penetrometers w i l l  probably never be  accura t e  because of v a r i a b l e  s o i l  
d e n s i t i e s  encountered i n  t h e  f i e l d .  

Lysimeter weighing methods a r e  genera l ly  acceptable  i n  experiments on 
s o i l  masses, but  do no t  apply here .  

Nuclear methods may b e  t h e  most promising, b u t  they have been el iminated 
he re  because e x c e l l e n t  measuring u n i t s  a r e  a l ready on t h e  market. These 
u n i t s  a r e  too  c o s t l y  t o  procure f o r  pure ly  observa t ional  purposes, and a  
s u b s t a n t i a l  understanding of t he  inhe ren t  dangers of r a d i a t i o n  usage would 
be requi red  by a p o t e n t i a l  u se r ,  

Much has been published on e l ec t~LcAP conduction methods and i t  would 
appear t h a t  l i t t l e  remains t o  be  s a i d ,  Capacitance measurements and humidity , 

de tec t ion  i n  bur ied  a i r  pockets were s tud ied  by Brown (26) with no success.  
Radio frequency absorpt ion  and aecous t i ca l  a t t e n u a t i o n  suggest  f u r t h e r  ex- 
amination, but  a r e  n o t  included he re  because of t h e  l imi t ed  time a v a i l a b l e  
Tor t h i s  s tudy.  

With t h e  r ecen t  a v a i l a b i l i t y  of s u i t a b l e ,  inexpensive d e t e e t s r s ,  i n f r a r e d  
r e f l e c t i o n  measurements have become f e a s i b l e ,  While i t  has been demonstrated 
t h a t  i n f r a r e d  r e f l e c t i o n  from s o i l  i s  r e l a t e d  t o  s o i l  mofsture content ,  no e f f o r t s  
t o  implement t h i s  phenomenon have been found i n  t h e  l i t e r a t u r e .  Research i n  
Chis d i r e c t i o n  i s  the re fo re  suggested,  



S e v e r a l  a u t h o r s  have recommended f u r t h e r  work on t h e  thermal  conduc t i v i t y  
method. A comparat ively  sma l l  amount of l i t e r a t u r e  i s ,  however, a v a i l a b l e  on 
t h i s  s u b j e c t "  This  method i s  e a s i l y  adap t ab l e  t o  au tomat ic ,  remote o p e r a t i o n ,  
s i n e c  i t  is  con -des t ruc t i ve  and can e a s i l y  be  used w i t h  e l e c t r o n i c  t e l e m e t e r i n g  
equipment,  Th is  method has  t h e r e f o r e  been chosen f o r  p a r t i c u l a r  emphasis. 

hTt-lenever a P iqu id  is d r a m  through a serbstal;ce by osmotic  ( o r  o t h e r )  
p r e s s u r e ,  an e l e c t r i c a l  p o t e n t i a l  i s  induced a t  t h e  boundar ies  of t h e  b a r r i e r  
subs t ance .  Th is  p o t e n t i a l  i s  c a l l e d  s t reaming  p o t e n t i a l ,  A s tudy  of t h e  
f e a s i b i l i t y  of u t i l i z i n g  t h i s  p o t e n t i a l  i n  s o i l  mo i s tu r e  measurements i s  d i s -  
cussed i n  t h i s  r e p o r t .  

Nuclear  magnet ic  resonance appa ra tu s  i s  being used r e g u l a r l y  f o r  mo i s tu r e  
measurements i n  o rgan i c  m a t e r i a l s o  While t h i s  method would r e q u i r e  some 
e l a b o r a t e  appz ra tua ,  i t  would seen., o t h e r  fac to rs  equal ,  t h a t  a t  least an 
auger  basring coiuld be 2i:iapky .iad qrtiekby n~easurc-.:i~ Mr, Bsrasprasad i n v e s t i g a t e d  
t h i s  p o s s i b l i l i t y  and t h z  f i n d f a g s  *ire srrarilined S r .  3 i a t c r  s e c t i o n ,  



PART I% 

STUDIES AND EXPERIMENTAL 
WORK PERFOWD 

A ,  STFXAMING AND ZETA POTENTIALS 

Whenever a l i q u i d  i s  forced through a porous ma te r i a l ,  such a s  a c l a y  d i a -  
phram o r  c a p i l l a r y  tube, a d i f f e rence  i n  e l e c t r i c a l  p o t e n t i a l  can be observed 
between t h e  two ends of each conducting pore, This p o t e n t i a l ,  known as t h e  stream- 
i n g  p o t e n t i a l ,  i s  p ropor t iona l  ts t h e  pressure  fo rc ing  the  movement of t h e  l i q u i d ,  
bu t  i s  independent of t h e  su r face  a r e a  on which t h e  pressure  a c t s .  Forcing an 
e l e c t r i c  cu r ren t  t o  flow through a clay diaphram causes a l i q u i d  mass t o  be t r ans -  
ported through t h e  d i a p h r m ,  and flow can be reversed simply by revers ing  t h e  
p o l a r i z a t i o n  of impressed vol tage .  

The p o t e n t i a l  involved i n  electro-osmosis and a l l i e d  phenomena between 
the  f ixed  and f r e e l y  mobile por t ions  i s  c a l l e d  z e t a  p o t e n t i a l .  Zeta p o t e n t i a l  
i s  a fupct ion  of t h e  f ixed  s u r f a c e  and of t h e  i o n i c  content  of t h e  mobile sub- 
s t ance  (39).  I n  any measurement of streaming p o t e n t i a l ,  c a r e  must be  taken t o  
avoid t h e  i n t e r a c t i o n  of t h e  z e t a  p o t e n t i a l  wi th  t h e  streaming p o t e n t i a l .  

Since t h e  s treaming p o t e n t i a l  is a funct ion  of t h e  mass of l i q u i d  flowing 
through a porous substance, such a s  clay,  i t  may be  poss ib l e  t o  determine t h e  
quan t i ty  s f  water  flow i n  a porous s o l i d  by measuring the  streaming p o t e n t i a l .  
A v a r i a n t  of t h i s  might conceivably be where the  p o t e n t i a l  i s  measured by d i s t i l l e d  
water being drawn through a s e p a r a t e  porous media somewhat i n  a manner analogouy 
t o  t h e  tensiometer .  

Test c e l l s  were f a b r i c a t e d  from smal l  c y l i n d r i c a l  porous cups. Wire mesh 
e l ec t rodes  were placed aga ins t  t h e  i n s i d e  the  outs fde  of t h e  cups. Elec t rodes  
of b ra s s ,  bronze, and s t a i n l e s s  s t e e l  were t r i e d ,  Copper wire,  so ldered  t o  the  
e l ec t rodes  with lead- t in  so lde r ,  connected t h e  c e l l s  t o  measuring equipment. 

A General Radio B-C Amplifier and Electrometer ,  Type 1230-A, was used t o  
measure p o t e n t i a l s  between t h e  e lec t rodes .  Thf s instrument  was equipped wi th  
v a r i a b l e  inpu t  impedances ranging t o  i n f i n i t y  and with output  te rminals  f o r  
connections t o  recording equipment. 

A dry t e s t  c e l l  was suspended i n  a l a r g e *  empty beaker.  Tap water was 
poured i n t o  the  c e l l ,  and a vol tage  immediately appeared between e l ec t rodes .  
This  vo l t age  decreased a s  the  porous cup was s a t u r a t e d .  I n  most cases t h e  
p o l a r i t y  of t he  induced vol tage  a c t u a l l y  reversed f o r  a s h o r t  period.  This 
phenomenon has n o t  y e t  been explained,  I n  a11 eases the  vol tage  between the  
e l ec t rodes  decayed t o  a va lue  very  nea r ly  the  same as  t h e  p o t e n t i a l  before  the  
add i t ion  of water .  



The exper iment  was r epea t ed  w i th  d ry  sand w i t h i n  t h e  beaker  o u t s i d e  t h ~  
t e s t  c e l l .  The p o t e n t i a l  v a r i e d  i n  much t h e  same manner, excep t  t h e  t ime  r equ i r ed  
f o r  t h e  p o t e n t i a l  t o  reach  i t s  i n i t i a l  (dry)  v a l u e  was much l onge r ,  p robab ly  
due t o  t h e  t ime r e q u i r e d  f o r  t h e  f low of wa t e r  from t h e  c e l l  t o  s a t u r a t e  t h e  
sur rounding  sand.  Both exper iments  were r epea t@$  wi th  t h e  wate r  added t o  t h e  
o u t s i d e  of t h e  cup, r e s u l t i n g  i n  s i m i l a r  p o t e n t i a l s  bu t  w i th  t h e  o p p o s i t e  
p o l a r i t i e s .  

I n  a l l  exper imenta t ion ,  p l o t s  o f  p o t e n t i a l  a s  a  f u n c t i o n  of t ime were 
ob t a ined  u s ing  a Honeywell 500 x-y r e c o r d e r ,  The shape  of t h e  curves  ob- 
t a i n e d  were s i m i l a r ,  bu t  t h e  magnitude v a r i e d  from t r i a l  t o  t r i a l .  The po- 
t e n t i a l s  were ve ry  s e n s i t i v e  t o  v i b r a t i o n  and shock, A f t e r  over  one hundred 
t e s t s ,  no c o r r e l a t i o n  could be  observed between r a t e  of f low of wa t e r  through 
t h e  w a l l s  of t h e  cup and t h e  p o t e n t i a l  magnitude,  Apparent ly ,  s o  many un- 
c o n t r o l l a b l e  v a r i a b l e s  e x i s t  t h a t  i t  i s  imposs ib le  L s  i s o l a t e  one,  such as 
l i q u i d  f low,  f o r  s t udy  w i thou t  h i g h l y  s o p h i s t i c a t e d  equipment. 

It appears  s a f e  t o  conclude t h a t  measurement o f  s t reaming  p o t e n t i a l s  
f o r  d e t e m i n a t l o n  of s o i l  mo i s tu r e  does n o t  appear  f e a s i b l e  f o r  f i e l d  
a p p l i c a t i o n s .  

B. DEVELOPMENT OF A SYSTEM FOR INFRARED MEASUREMENT OF SOIL MOISTURE 

Water s p e c i f i c a l l y  absorbs  energy a t  1 - 3 8 ,  1 .9 ,  2 .7 ,  3 .2 ,  and 6 . 2 ~ .  ( 4 5 )  
The a b s o r p t i o n  bands a t  1 .38 and 1 .9v thave  been shown t o  r e p r e s e n t  over tones  
of t h e  fundamental  f r e q u e n c i e s  a t  which wa t e r  molecules  v i b r a t e .  The o t h e r  
a b s o r p t i o n  bands have n o t  y e t  been i d e n t i f i e d  (241, S o i l  i s  opaque t o  
f r equenc i e s  i n  t h e  v i c i n i t y  of v i s i b l e  l i g h t ,  t h a t  i s ,  l i t t l e  o r  no t r a n s -  
m i s s ion  w i l l  occur .  A l l  e l e c t romagne t i c  energy i n  t h i s  range f a l l i n g  upon a  
sample of s o i l  i s  e i t h e r  r e f l e c t e d  o r  absorbed,  Water i n  t h e  s o i l  causes  
i n c r e a s e d  a b s o r p t i o n ,  a s  evidenced by t h e  s o i l  becoming da rk  i n  co lo r .  
Th is  e f f e c t  i s  e s p e c i a l l y  pronounced a t  1 , 9 ~ ,  R e s u l t s  o f  s t u d i e s  on t h e  
energy r e f l e c t e d  from "Newtonia s i l t  loam" a s  r e p o r t e d  by Bowers (24) a r e  
summarized i n  f i g u r e s  2 and 3 ,  

A s  a r e s u l t  of t h e  l i t e r a t u r e  s e a r c h  and e v a l u a t i o n  of t h e  m a t e r i a l s  
a v a i l a b l e  f o r  expe r imen t a t i on ,  t h e  1 ,9v  a b s o r p t i o n  band of wa t e r  was chosen 
f o r  use  i n  an exper imenta l  s o i l  mo i s tu r e  measuring dev ice .  Ordinary g l a s s  
i s  opaque t o  wavelengths  g r e a t e r  t han  2 , 2 v ,  and s i n c e  t h e  s p e c i a l  o p t i c s  r equ i r ed  
f o r  t h i s  range were n o t  r e a d i l y  a v a i l a b l e ,  expe r imen t a t i on  was n e c e s s a r i l y  
l i m i t e d  t o  t h e  ve ry  n e a r  i n f r a r e d ,  t h a t  i s ,  wavelengths  very  n e a r  v i s i b l e  l iglqr.  

I n  o r d e r  t o  i s o l a t e  t h e  d e s i r e d  1 ,9v  energy ,  i t  was nece s sa ry  t o  f i l t e r  
o u t  o t h e r  wavelengths.  F igu re  2  i n d i c a t e s  t h a t  f o r  h i g h e s t  s e n s i t i v i t y ,  a  
ve ry  narrow bandwidth cen t e r ed  a t  1 ,9v would be d e s i r a b l e ,  Spike f i l t e r s  hav in  
a  bandwidth of l e s s  t han  0 , l  a r e  a v a i l a b l e  i n  t h e  nea r  IR r eg ion ,  bu t  t h e i r  
c o s t  ($500 t o  $2000 p e r  u n i t )  was cons idered  p r o h i b i t i v e  i n  t h i s  s t udy .  A 
r e l a t i v e l y  inexpens ive  ($6,00 p e r  u n i t )  wide band f i l t e r  was chosen. Ava i l ab l e  





from Corning Laboratory Products ,  t h e  type  7-56 I R  Bandpass f i l t e r  t r ansmi t s  
wavelengths from 1 .0  t o  2.7511. Longer wavelengths were f u r t h e r  f i l t e r e d  by a  
crown g l a s s  window and by t h e  g l a s s  bulb  which p r o t e c t s  t h e  f i lament  I R  source.  
Glass  does n o t  t r ansmi t  wavelengths above 2.211, The t r ansmi t t ed  wavelengths 
of t h e  g l a s s - f i l t e r  combination a r e  t h e r e f o r e  i n  t h e  range 1.0 t o  2.211. 

Spectrophotometry s t u d i e s  i n d i c a t e d  a  6 . 0 ~  f l a s h l i g h t  bu lb ,  type  GE-27 
could be  used a s  a  source  of I R  energy i n  t h e  d e s i r e d  range,  e s p e c i a l l y  i f  i t  
were opera ted  a t  a  s l i g h t l y  reduced vo l t age .  The s p e c t r a l  emission of t h i s  
bulb a t  5 . 5 ~  i s  shown i n  f i g u r e  4. 

Parameters considered i n  t h e  s e l e c t i o n  of a  d e t e c t o r  were frequency response,  
temperature c h a r a c t e r i s t i c s ,  power requirements ,  phys i ca l  s i z e ,  and t h e  a s soc i a t ed  
equipment and c i r c u i t r y  requi red .  Avai lab le  d e t e c t o r s  w i t h  t h e  necessary  frequency 
response inc luded:  l e a d  s u l f i d e ,  indium a r s e n i d e ,  indium antimonide, and doped 
germanium photoconduct ive d e t e c t o r s ;  thermopiles;  thermocouples; photomulti-  , 

p l i e r s ;  and photodiodes. Photoconductive d e t e c t o r s  r e q u i r e  cool ing  f o r  ade- 
qua te  s e n s i t i v i t y .  Systems us ing  these  d e t e c t o r s  u s u a l l y  i n c l u d e  some means 
f o r  ho ld ing  t h e  d e t e c t o r  temperature nea r  t h a t  of l i q u i d  n i t rogen .  Thermo- 
e l e c t r i c  devices  a r e  a v a i l a b l e  f o r  t h i s  purpose, b u t  t h e i r  power requirements 
was considered p r o h i b i t i v e  f o r  b a t t e r y  ope ra t ion  a t  remote s t a t i o n s .  Photo- 
m u l t i p l i e r  tubes  would r e q u i r e  a  h igh  v o l t a g e  supply. These a r e  i n e f f i c i e n t  
and would r e s u l t  i n  excess ive  b a t t e r y  d r a i n ,  S o l i d - s t a t e  photodiode devices  
possess  t h e  d e s i r e d  frequency,  power and s i z e  c h a r a c t e r i s t i c s  and a r e  r e a d i l y  
compatible w i th  t r a n s i s t o r i z e d  c i r c u i t r y ,  

The Texas Ins t ruments  type H-38 photodiode i s  very  s e n s i t i v e  i n  t h e  des i r ed  
I R  region.  The o p e r a t i o n a l  p r i n c i p l e  i s  s i m i l a r  t o  t h a t  of a  t r a n s i s t o r  whose 
base  c u r r e n t  r e s u l t s  from t h e  bombardment of an exposed base  reg ion  by e l e c t r o -  
magnetic waves. This  device was a v a i l a b l e  from t h e  Department of E l e c t r i c a l  
Engineering a s  p a r t  of Texas Ins t ruments '  Educa t iona l  G i f t  P lan ,  Tes t ing  wi th  
a  b i a s  p o t e n t i a l  of 6 . 0 ~  impressed from source  t o  d r a i n  i n d i c a t e d  t h a t  t h e  d r a i n  
c u r r e n t  was a  func t ion  of t h e  I R  energy f a l l i n g  upon i t s  s e n s i t i v e  window. The 
d r a i n  cu r r en t  v a r i e d  from much l e s s  than 1 .0  microamps i n  dark  condi t ions  t o  20 
microamps under b r i g h t  incandescent  l i g h t s ,  

Once t h e  d e t e c t o r  had been chosen, a  means was r equ i r ed  f o r  conver t ing  t h e  
extremely sma l l  d e t e c t o r  c u r r e n t s  i n t o  a  more u s e f u l  quan t i t y .  Af t e r  some 
cons iderable  examination of convent ional  means of doing t h i s ,  i t  was found t h a t  
a  s a t i s f a c t o r y  approach was t o  use  an a s t a b l e  m u l t i v i b r a t o r  con f igu ra t ion  
i n  which one time pe r iod  would be determined by t h e  photodiode cu r ren t .  The 
c i r c u i t  i s  shown i n  f i g u r e  5. T r a n s i s t o r s  Q 1  and Q2 a r e  t h e  s tandard  mul t i -  
v i b r a t o r  swi tch ing  t r a n s i s t o r s .  Capac i tor  C1 i s  charged by t h e  c o l l e c t o r  c u r r e n t  
of 45 dur ing  "OFF" time. This  c u r r e n t  i s  c o n t r o l l e d  by t h e  much sma l l e r  c u r r e n t  
through t h e  base  of Q5 and t h e  photodiode, A cons t an t  v o l t a g e  of 5 . 5 ~  remains 
ac ros s  t h e  photodiode r e g a r d l e s s  of t h e  cu r r en t  through i t .  Diode Dl was added 
t o  p r o t e c t  Q5 from pos i t ive-going  n o i s e  s i g n a l s  which might des t roy  t h e  f r a g i l e  
base-emi t te r  j unc t ion .  









I f  t h e  inpu t  l e v e l  of t he  I R  t o  the  d e t e c t o r  i s  smal l ,  t h e  c o l l e c t o r  cur rent  
of Q5 may not  be  s u f f i c i e n t  t o  hold Q2 on while  C2 is  charging, T rans i s to r  Q4 
was added t o  provide s u f f i c i e n t  base cu r r en t  to Q2 to hold i t  s a t u r a t e d  even 
under dark cond i t ions r  T r a n s i s t o r  Q3 s i m i l a r l y  holds Ql s a t u r a t e d  properly i f  
t h e  cu r ren t  through a  temperature compensating nr-twork, C, i s  smal l ,  

The temperature compensating network was n o t  worked out ,  Its funct ion  would 
be t o  ad jus t  the  "ON" time wfth temperature s o  t h a t  s e n s i t i v i t y  v a r i a t i o n s  of t h e  
d e t e c t o r  would be cancel led ,  Thermistors can be used a s  temperature sensors  i n  
t h e  network, Since temperature response eurves were not  a v a i l a b l e  f o r  t h e  de- 
t e c t o r ,  t h e  des i r ed  funct ion  of t h e  compensating network would need t o  be  de ter -  
mined experimental ly,  Lacking t h i s ,  a 200 K r e s i s t o r  was used f o r  C, Trans i s to r  
Q6 opera tes  a s  a  b u f f e r  ampl i f i e r  t o  prevent  output c i r c u i t r y  from loading t h e  
a s t a b l e .  

The mul t iv ib ra to r  c i r c u i t r y  was f i r s t  eva lua ted  by p lac ing  t h e  d e t e c t o r  and 
a  poin t  source on an o p t i c a l  bench, The per iod  of t h e  mul t iv ib ra to r  was shown 
t o  vary wi th  t h e  i n t e n s i t y  of l i g h t  i nc iden t  on the  d e t e c t o r  and was s e n s i t i v e  
t o  i n t e n s i t i e s  a s  smal l  a s  1% of t h e  maximum i n t e n s i t y  measurable, This  range 
appeared adequate,  

A simple pa rabo l i c  r e f l e e t o r  of t h e  type commonly found i n  f l a s h l i g h t s  was 
b i sec t ed  symet r i ca l ly  through i t s  f o c a l  ax i s ,  Owe s e c t i o n  served t o  concen- 
t r a t e  r a d i a t i o n  from t h e  bulb source pos i t ioned  a t  i t s  f o c a l  poin t  onto a  s o i l  
sample. The I R  bandpass f i l t e r  was placed d i r e c r l y  Fn f r o n t  of t h e  source re- 
f l e c t o r  t o  e l imina te  unwanted wavelengths, Reflected energy was i n t e g r a t e d  and 
focused on t h e  d e t e c t o r  by t h e  o t h e r  h a l f  of t h e  r e f l e c t o r ,  The two s e c t i o n s  
were separa ted  by a  sma l l  shee t  of p i 4  i n ,  pPexigPas, A b ra s s  s h f e l d  pre- 
vented d i r e c t  t ransmiss ion  from source t o  d e t e e t e r ,  

The a s t a b l e  mul t fv ib ra to r  c i r c u i t  was f a b r i c a t e d  on a  semi-c i rcu lar  vector-  
board and mounted d i r e c t l y  behind t h e  r e f l e c t o r  assembly, The d e t e c t o r ,  which 
i s  s i t u a t e d  a t  t h e  f o c a l  poin t  of one s e c t i o n  of t h e  r e f l e c t o r ,  was connected 
t o  t h e  mul t iv ib ra to r  c i r c u i t  by a s h o r t  l eng th  of 0,0% i n ,  diameter coax ia l  cable.  

For experimentat ion the  system was mounted on a r i n g  s tand  with a b u r e t t e  
clamp and positiganed P,5 i n ,  above prepared sand samples of known moisture content .  
The output  wave form was monitored on a Tektronic type 545 osc i l l o scope ,  while  
average va lue  of t h e  output  vol tage  was read on an H O P o  410-B vacuum tube vo l t -  
meter.  Resul t s  of t e s t i n g  a r e  summarized in t a b l e  4 and i l l u s t r a t e d  i n  f i g u r e  
6. 

To p r o t e c t  t he  instrument  during field t e s t i n g ,  a  b ra s s  canister was fab- 
r i c a t e d  t o  enc lose  t h e  instrument  package and bactery power source ,  The c a n i s t e r  
was hermet ica l ly  sea l ed  using s f l i e o n  rubber ,  A c~nnnector a t  t h e  top of t h e  
c a n i s t e r  allowed e x t e r n a l  monitoring of t h e  enclosed c i r c u i t r y ,  S o i l  samples 
were observed through a crown g l a s s  window a t  the  bottom of t h e  u n i t ,  This  
window, which was placed i n  d i r e c t  eontac t  wi th  t h e  s o i l  sample, i s  necessary 
s i n c e  an a i r  space i n  contac t  wi th  the  s o i l  would s e r i o u s l y  a l t e r  t h e  moisture 







c o n t e n t  r e a d i n g  of  t h e  so11 s u r f a c e  because o$ cvhpcl-aaion i n t o  t h e  space  i n t r o -  
duced, The window a l s o  p s e v e n t s  m o i s t u r e  f ~rsira r e a c h i n g  t h e  e l e c t r o n i c s  package. 

Cons iderab le  r e f l e c t i o n  from t h e  lnnes  f a re  ok t h e  window g r e a t l y  reduced 
s e n s i t i v i t y ,  E f f o r t s  t o  a l l e v i a t e  t h i s  e o n d i t j a  by t i l t i n g  t h e  window s o  
t h a t  t h e  r e f l e c t i o n  from t h e  g l a s s  was d i s e s r s d  away from t h e  d e t e c t o r ,  were  
somewhat s u c c e s s f u l ,  Magnesium f l u o r i d e  n o n - r e f l e c t i v e  c o a t i n g s  on t h e  i n n e r  
f a c e  o f  t h e  window have been sugges ted  as a means s f  minimizing unwanted re- 
f l e c t i o n s .  F i l t e r  o p t i c s  might b e  used i n s t e a d  af a window w i t h  some advantage.  

CONCLUSIONS AND RECOMMENDATIONS 

The a b s o r p t i o n  of I R  energy by m o i s t  sol1 is  a n  i n d i c a t i o n  o f  i t s  m o i s t u r e  
c o n t e n t .  Data  t a k e n  w i t h  i n e x p e n s i v e  equiparrent have shown t h a t  a s o i l  m o i s t u r e  
measuring d e v i c e  which measures energy a t  *:erira.n"ml wa ~ e l e n g t h s  r e f l e c t e d  from t h e  
s o i l  i s  f e a s i b l e ,  Thi  s t y p e  d e v i c e  would b e  esp~; iaPBy v a l u a b l e  f o r  measure- 
ment a t  remote s i tes ,  S p e c i a l  a s t a b l e  mendtivibrators c o n t r o l l e d  by pho tod iodes  
have been s u c c e s s f u l l y  des igned t o  prsv5de s o i l  m s i s t u r e  i n f o r m a t i o n  i n  a  form 
which may b e  t e l e m e t e r e d ,  

F u r t h e r  i n v e s t i g a t i o n  of an  HR m o i s t u r e  meher i s  warran ted ,  The wavelength  
b e s t  s u i t e d  f o r  u s e  I f  l , 9 ~ ,  Magnesium f l u o r i d e  o r  s f m i l a s  c o a t i n g s  on g l a s s  
shou ld  b e  s t u d i e d  a s  a p o s s i b l e  means of fhltering, s i n c e  t h e  t r a n s m i s s f o n  
c h a r a c t e r i s t i c s  of t h e  c o a t i n g s  are a f u n c t i o n  of c s a t n n g  t h i c k n e s s ,  Recen t ly  
a v a i l a b l e  s o l i d  s t a t e  d e t e c t o r s  s h o u l d  be  i n v e s t i g a t e d  t o  de te rmine  whether  
t h e s e  i n e x p e n s i v e  d e v i c e s  w i l l  stand up under field u s e ,  The e f f e c t  of t h e  
s o i l ' s  t e x t u r e ,  c o l o r ,  m i n e r a l  c o n t e n t ,  i o n i c  e o n c e n t r a t i o n ,  e t c ,  on I R  
a b s o r p t i o n  must a l s o  b e  s t u d i e d ,  C a l i b r a t i o n  curves  w i l l  p robab ly  need t o  b e  
p r e p a r e d  f o r  d i f f e r e n t  s o i l  t y p e s .  

I n  t h i s  r e p o r t ,  t h e  I R  exp@rfmentabfon i s  d i s c u s s e d  b e f o r e  t h e  t h e r m a l  probe 
deselopment f o r  s a k e  o f  c o n t i n u i t y ,  ChrsnoPogica l ly ,  t h e  I W  s t u d i e s  o c c u r r e d  
Bast, and t h e  t ime a v a i l a b l e  f o r  r e s e a r c h  was Bimfced, 



e ,  usme THERMAL PRLNCIPLES 
FOR MEASURING SOIL MOTSTURF CONTENT 

1, Discuss ion  

It i.s we11 known tha.k &he add ik ion  of waber to a. 6 0 f P  mass i n c r e a s e s  bo th  
t h e  h e s t  capac i ty*  and. t h e  thermal ;ondue t lv i ty ,  Here beak capac i ty  i s  eon- 
s i d e r e d  t o  be  the amount s f  h e a t  Energy r equ i r zd  t o  r a i s e  a u n i t  volume of s o i l  
mass one tempera ture  d e g l ~ e e  - che units are t h e r e f o ~ ~ r e  c ~ B Q  (ce)  (OC) Hea.t 
c a p a c i t y  i s  equa l  t o  the specific:. h;at- times t h e  d e n s i t y ,  For  l i q u i d  wa t e r  bo th  
t h e  quan t f  ties a r e  ,very n9a.rl-y 1 , , a ,  

Before  a t t emp t ing  t a  realnze a PCM mzaisur ing desfpe usnng t h e  phenomenon 
of i n c r e a s i n g  heat capacf ty and thenrnal  r o n d u ~ t a v i c y ,  a b r f e t  look ar fund+ 
menta l s  w i l l  be ~ n s t r u c t i v e ,  

HEAT CAPAGTTP - S o i l  is eomposed sf t i sy !p :~r t f c l loe  and 'voids,. The p a r t f c l e s  a.re 
o f t e n  some combfnatksn of s i , B f  on and oxygen, which toge,th,ex rna.ke up 75% of t h e  
mass of t h e  l f t h o s p h e r e  (581, The ,voids may be f i . 4 l e d  w i t h  wa t e r  sr a i r ,  o r  oc- 
c a s i o n a l l y  some o t h e r  f l u i d ,  Add i t . i sn  of wten-  t o  a s o i l  mavss causes  a i r  t o  be  
d r i v e n  o u t  of t h e  vo id s ,  Since she heat capec i ty  of water i s  .very much g r e a t e r  
t h a n  t h a t  of air, t he  h e a t  c apac i t y  o f  t h e  s o i l  m a s s  i n c r e a s e s  measurably when- 
e v e r  t h e  water con t en t  fne:reases ,  The R e g f ,  e .apacl ty  sf t h e  s o l i d  p a r t i c l e s  i n  
t h e  s o i l  is  v i r t u a l l y  unaffected by ehe p,resenee of water, 

Masonry ( cons t ruc t i on )  sand was exCens~ \ , e ?y  uw~sd as a l a b o r a t o r y  sample 
because t h e  coa r s e  t excu re  allowed water t o  pa s s  f r e e l y  and minimized t h e  
t ime r e q u i r e d  for a c a p i l l a r y  eqnsilfbrnnm to be reached a f t e r  t h e  a d d i t i o n  of 
wa t e r ,  The sand a v a i l a b l e  had a bulk d e n s i t y  of 1 - 4 9  g j c c  when v i b r a t e d  f o r  
two minutes  after d ry ing  for 24 hours a r  105QC, A t  t h i s  ~ smpae t i ow ,  t h e  sand 
s a t u r a t e d  a t  28 PCM- 

The s p e c i f ~ e  volume of t h e  d ry  sand ~ s :  

For  each gram o f  dry  sand ,  8,28 g O X  water ss r e q u i r e d  t o  fill t h e  v o i d s ,  
I f  t h e  dens f t y  of water is assumzd ka be un i t y ,  then t h e  volume of t he  vofds  
i s  0,28 c c  f o r  each gram o f  d r y  sand, The aolinnne occupied by t h e  p a r t i c l e s  
i s  : 

%k A s  d i s t i n c t  from s p e c f f f c  h a t  = a c o-nbenieni-e f o r  t h e  p r e s e n t  purpose.  









SORPTION BLOCKS - The l i t e r a t u r e  d e s c r i b e s  many a t t e m p t s  a t  imbedding the rmal  
d e v i c e s  i n  gypsum, n y l o n ,  o r  f i b e r g l a s s  b locks  of t h e  g e n e r a l  t y p e  used i n  e l e c -  
t r i c a l  c o n d u c ~ f v i t y  s o i l  m o i s t u r e  measure d e v i c e s ,  Aldous e t . a l .  (2 )  cons idered  
t h e  porous  b l o c k  rype  t h e m a l  d e v i c e  u n s u i t a b l e  because  b lock  m o i s t u r e  wgs n o t  
always r e p r e s e n t a t i v e  of s o i l  m s s i t u r e ,  (A porous  b l o c k  w i l l  b e  n e a r l y  complete ly  
dehyra ted  i n  c l a y  s o i l s  w h i l e  m o i s t u r e  s t i l l  e x i s t s  i n  t h e  c l a y . )  A d i r e c t  
coDtac2 t h e r m a l  d e v i c e  would seem s u p e r i o r  t o  a  d e v i c e  imbedded i n  a s o r p f i a n  
bBosk, p rov ided  c o n s t a n t  c o n t a c t  cou ld  be  m a i n t a m e d  between t h e  d e v i c e  and t h g  
sur rounding  sa f  l ,  

Devices which p r o v i d e  a  c o n s t a n t  power t o  a h e a t e r ,  then measure t h e  heat 
l o s s  to t he  s u r r o u n d i n g  medium i n d i r e c t l y  by observ ing  t h e  t empera tu re  rive of 
t h e  h e a t e r ,  u t i l i z e  changes i n  h e a t  c a p a c i t y  and the rmal  c o n d u c t i v i t y  i n  a  con7 
s t r u c t i v e  manner. Neat l o s s  t~ t h e  s u r r o u n d i n g  medium i n c r e a s e s  w i t h  any i n -  
c r e a s e  i n  t h e  medium's h e a t  c a p a c i t y  o r  i t s  thermal  c o n d u c t i v i t y .  

A d e v i c e  which would compare t h e  the rmal  c h a r a c t e r i s t i c s  of a  c o n s t a n t ,  
s p e c i f i e d  m a t e r i a l  w i t h  t h o s e  of t h e  su r rounding  medium ( s o i l )  was favored .  
The h e a t e d  known m a t e r i a l  i s  p l a c e d  i n  i n t i m a t e  c o n t a c t  w i t h  t h e  s o i l ,  s o  t h a t  
a r e l a t i v e l y  high s o i l  t h e r m a l  c o n d u c t f v i t y  combined w i t h  a  h i g h  h e a t  c$pgc+ty 
w i l l  ca.use auch energy l o s s  from t h e  known m a t e r i a l  t o  occur .  T h i s  energy l o s s  
can be  measured i n d i r e c t l y  by observ ing  t h e  t empera tu re  r i s e  o f  t h e  m a t e r i a l  
ssme d i s t a n c e  from t h e  p o i n t  of a p p l i c a t i o n  of h e a t  energy,  

2 ,  EXPERIMENTAL - While many problems and f i n e  p o i n t s  were encountered i n  l a b  
o r a t o r y  work, t h e y  a r e  n o t  a l l  r ecorded  i n  d e t a i l  h e r e .  Ra ther ,  r e f e r e n a e  may 
b e  made to HOE, ~ $ t e ' s  o r i g i n a l  t h e s i s  (42) from which most of t h i s  s e c t i o n  is 
taken  , 

Data  t a k i n g  was e x t e n s i v e l y  automated as i n d i c a t e d  i n  t h e  i l l u s t r a t i o n s  
f s l%owing .  Environmental  c o n d i t i o n s  were s i m u l a t e d  and some c o n s i d e r a b l e  e f f o r t  
r x t e ~ d e d  i n  o r d e r  $0 have ssme ready c o n t r o l  o v e r  v a r i a b l e s  such as m o i s t u r e  
and t empera tu re .  

For  much of t h e  work, a 6 i n c h  d iamete r  by 45 i n c h  long  P l e x i g l a s s  cy l$qder ,  
f i t t e d  w i t h  ends ,  s e r v e d  as a sample chamber, T h i s  was mounted i n  a recon- 
s t r u c t e d  u p r i g h t  freezer. A copper t u b i n g  h e l i x  for c i r c u l a t i n g  h o t  o r  c o l d  
w a t e r  r a n  through t h e  chamber and connec t ion  t o  a vacuum pump was made through 
a 30 i n c h  column s f  s i l i c a  g e l .  Mois tu re  was added through s m a l l  h o l e s  w i t h  a 
hypodermic s y r i n g e ,  t h e  h o l e s  t h e n  covered w i t h  t s p e .  Most s u c c e s s f u l  d r y i n g  
occur red  by a l t e r n a t i n g  vacuum w i t h  upward f l ~ w  of a i r  w h i l e  c i r c u l a t i n g  hpq 
w a t e r  in t h e  c o i l ,  N e v e r t h e l e s s ,  g r a v i t y  g r a d i e n t s  o f  m o i s t u r e  c o n c e n t r a t i o n  
were t roublesome.  

I n  f i n e  s o i l s  and c l a y s ,  e q u i l i b r i u m  c o n d i t f o n s  cou ld  n o t  b e  e s t a b l i s h e d  
Per s e v e r a l  daysm 

F i g u r e  PO f l l u s t r a t e s  a  v a r i a n t  of one o f  t h e  f i r s t  exper imenta l  models,  
R e p r e s e n t a t i v e  d a t a  i s  g i v e n  i n  t h e  t a b l e  and f i g u r e  12,  A r e l a t i v e l y  c o n s t a n t  
h e a t e r  c u r r e n t  of 300 microamperes was s u p p l i e d  by p l a c f n g  a 100 K r e s i s t o r  
i n  s e r i e s  w i t h  a 30v. s u p p l y ,  Connection t o  a c h a r t  r e c o r d e r  was made th rough  
an e m i t t e r  f o l l o w e r  ( f i g u r e  11), 





ean  10.0  1 4 , 9  16.6 17.9 1 9 . 1  20.0 21.0 
1 4  16 1 7  

Ambient Temperature:  35' - 4 0 ' ~  
*Number of d a t a  runs  made a t  each PCM l e v e l .  

Tab le  2. Data  o b t a i n e d  w i t h  Model No. 2 i n  c o n s t r u c t i o n  
s and. 

I n  o r d e r  t o  move t h e  low m o i s t u r e  l e v e l  l i n e s  t o g e t h e r  on f i g u r e  1 2 ,  and 
t o  s p r e a d  t h e  h f g h e r  m o i s t u r e  l i n e s  a p a r t ,  t h e  geomet r ic  c o n f i g u r a t i o n  of t h e  
d e v i c e  was a l t e r e d  s o  t h a t  more o f  t h e  h e a t  g e n e r a t e d  i n  t h e  r e s i s t o r  would 
r e a c h  t h e  t h e r m i s t o r ,  The conduct ing a r e a  of t h e  m e t a l  s t r i p  was i n c r e a s e d  
w i t h o u t  s u b s t a n t i a l l y  i n c r e a s i n g  t h e  s u r f a c e  a r e a  exposed t o  t h e  s o i l .  For  
t h f s  purpose  and i n  o r d e r  t o  a r r a n g e  t h i n g s  i n  a  geometry amenable t o  s o i l  
p e n e t r a t i o n ,  a  "Pro to type  I" was c o n s t r u c t e d .  T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  13 
and t h e  c i r c u i t  diagram i n  f i g u r e  1 4 -  

The h e a t  conductor  was b r a s s  and ho l low,  and f l a n g e d  smoothly out-  
ward a t  t h e  t o p  t o  p r o v i d e  c o n t a c t  area f o r  t h e  inexpens ive  Fenwal t y p e  
LA3BJ1 d i s k  t h e r m i s t o r ,  T h i s  t h e r m i s t o r  i s  a s i n t e r e d  d i s k  o f  114 i n c h  
d i a m e t e r  and 118 i n c h  t h f c k ,  Both f a c e s  a r e  s i l v e r e d ,  and l e a d s  a r e  s o l d e r e d  
t o  t h e  s i l v e r i n g .  For  u s e  i n  P r o t o t y p e  I ,  t h e  l e a d  and s o l d e r  were f i l e d  
o f f  one f a c e ,  and t h e  f l a t  s i l v e r i n g  was h e l d  a g a f n s t  t h e  h e a t  conductor  









, , ?  F ~ T ^ : R ~ F  c,; I- _ I L ~ r _ m .  tubber washer i n  s l i g h L  e ~ r n p l r e s ~ i o n .  The h e a t e r  c o n s i s t e d  
o f  [PfF GC36 at .,,*BE LrLs~1.iite$ nichrome w l r e  wrapped  t f g b t l y  around t h e  h e a t  
C I _ ' P ~ U C ~ - P _ I - ;  and ;DLC;PCIS~~ by dipp ing  f n  the %:I ut~,Lure of Duco Cement and ace tone .  
A ~ u b s l - z g t f ~ a l  pPexigT~,:, base W ~ B  machined ko r,ontzect t h e  p r o t o t y p e  w i t h  a 30 
zm- lengL1: zt ap  2 err, 5 t 7 f n l e s s  s t e e l  t u b i n g ,  ~ $ 3  h  s e r v e d  t o  b r i n g  Beads o u t  
~f "he gro-1n.i t ~ h e r l  r h e  knstr-merat  was i n  place, 'CRe o r i g i n a l  d e s i g n  c a l l e d  f o r  
i hall:~w p2ex1 g l a s  s r r e w  :o h o l d  t h e  h e a t  conduesor f i r m l y  a g a i n s t  t h e  base .  The 
h ~ g h  t e r n p e r P t - ~ r e s  e n e o * ~ m : ~ r s d  d i r e c t l y  b e n e a t h  t h a  h e a t e r  winding weakened t h e  
p-?.exlglas s---er, 3s ~ - F L ~ * L  Fr h e l d  f o r  on ly  t h r e e  d a t a  runs ,  The screw was 
d~sc ;~-cdeG,  P L ~ Z  2 p c l ~ t r d  pLug machined f o r  t h e  lower end of t h e  h e a t  conduc tor ,  

D3ta c - b c a ~ ~ e d  J ~ L C ~  P r o t o t y p e  I i n  sand d u r n a g  i n c r e m e n t a l  w a t e r  a d d i t i o n  
lis shc~rn.~~~ IT 51ge~;r? 25 Ar 5 PCM c o n s e c u t i v e  r e a d i n g s  i n d f c a t e d  l e s s  and l e s s  
m o i s 2 ~ - e  ~ - 3 s e - 0 ~ ~  z1;p7.~ently because  waeer was d r i v e n  o u t  of t h e  immediate 
x2r.c.;pa-I-; G P  r h e  p r - 3 ~  by t h e  h e a t  produced and s u f f i c i e n t  t ime  t o  r e t u r n  t o  
F ~ L  i ; ~ b r f  "dm Twab njs - . 7 i l l i 2~ iedO 

Bt 1 3  PClq sa.2e.r ran out  of  t ,he bottom u f  ehe sample h o l d e r ,  i n d i c a t i n g  
6aturstic:n a t  the bottcm l e v e l , ,  The sand  a c t u a l l y  s a t u r a t e s  a t  28 PCMn It 
was cttq~cl:lded eh,?As_ c h e  f 'srce o f  g ra .v f ty  was cre,stf ng a  v e r t i c a l  m o i s t u r e  g r a d i e n t  

> .  

in t b  s:a.qp.ie h s l d ~ r ~ .  T5e data presanced  f o r  P r o t o t y p e  H I  can t h e r e f o r e  b e  
used only to show the ircend o f  t h e  e f f e c t  of m o i s t u r e  on probe r e a d i n g s ,  The 
grepRs rmn~cr  bs used  as i - a l i b r a t i o n  c h a r t s  s5rmc.e fshe m o i s t u r e  l e v e l s  g i v e n  
,A 31-e aaly wis:-age rc?o"rstta..re c s n t e n t  sf t h e  e n t i r e  sample ,  and may be quf t e  
df i feranr,  t i r ~ i l a  t5e ' i l ic~i.,~, cure level i n ,  t h e  i r n e d i a t e  v i c i n i t y  of t h e  p r o t o t y p e .  

* ,  The -ample h n l b c r  was wa l o n g e r  used i n  t h i s  p r o j e c t  because  sf t h e  ob- 
c ~ i r * , - @ d  m . ; i s t v J 7 ?  gr;di&:,i,r~, could be used in s u l i l s  p o s s e s s i n g  c a p i l l a r y  
F x e n i r  141s g-cat i . ~ i ? ~ ~ g h  LC rrc..~fst t h e  g r a v i t s ~  l:lrnall f o r c e s ,  Perhaps  o t h e r  
oJSe3 f n r  ~ Z I U , - - T !  2 CC~~TT-P"  r b o l d e r  zxis t  i n  s o i l  s r u d i e s ,  

D-~r;asg tli- ter t~Fsrde:  s ! t h e  e x p e r l m ~ a t a l l  work, s t h r e e  pound c o f f e e  can 
~ . ~ 1 3  ~tseci jS 2 s+:npL~ RoB$e;-. Prsba.bly t h e  Bzwer 1sye.1- of s o i l  had a h i g h e r  
? -  , ~ - c a i * . +  - -*  c - r ~ t z a s  Lhnrr >:he t ~ p  :abyer i n  t h i s  sample h o l d e r ,  as w e l l ,  b u t  t h e  

- i t2  ibme pi eiae s?~m~-h;- wb5c:t-n ac~ua3Ly  affected t h e  probe was a  l a r g e  p r o p o r t i o n  
:if * h e  roit,+i -,.G~?:E;+ c.f Ehe sz,wple, E r r o r s  i a ~ r s 2 d r ~ c e d  by u s i n g  t h e  average  

i r  cats trere r-si.ate~ryr  re i l ~ e r e b j -  reduced, 

A p r  lab? ~ O L  so L B  mnxk t-,ur e measurement might conce ivab ly  be  r e q u i r e d  t o  
c p e r a t e  an) tgrmsre ;n 9 1 5  sernprk-ature range from about -20°F t o  +lOOQF. Each 
t i m e  t he  p:irbc ?t,.mpe~sture T~VRS lowered below f r eez ing ,  t h e  t h e r m i s t o r  c i r c u i t  
c,r;.-,ad, M ~ i , ~ t u ! e  h i 4  entezed t h e  p robe ,  a n d  Liay i c e  c r y s t a l s  f o r c e d  t h e  
h h ~ e ~ m - ~ s ~ o r  ~zxdy F ~ r z m  t h c  h e a t  ~ o ~ d ; c t o r  f B a n g ~ ,  It became n e c e s s a r y  t o  i m -  
plpcv" t h e  7 : tb~  ncs- tgr i ,  3 ~ d  P r 3 ~ 0 t y p e  I T  t;as d: '*~~-- loped~ t h i s  be ing  s imply 

- 0 

a i(?E;nl-:d l~:ccl=~:j~pe 1 " l h ~  h e a t e r  was a BOO ohm, one-watt r e s i s t o r  p l a c e d  in -  
~ 1 ~ r S c  *ijrp~ r i ~ ~  c3rtdr~(:tU:1c. Shim brass assured  a t i g h t ,  h e a t  conduc t ing  f i t  
c,r2r . * e - ~ :  - - G  :i~?rt7-r ai?d h f i ~ :  ;.:nd2~,ctor. P r o f i l ~ ~ i y p e  711 maid b e  pushed i n t o  a  sample 

9 r - aa s r l j  t b 2 n  t - o ~ ~ s y p e  Z since t h e  e ~ t k n n a l  heater  winding was n o t  used,  

r n  pnF:vGrp, 10;s a f  conrae r  a t  f r e e z i n g  t e m p e r a t u r e s ,  t h e  t h e r m i s t o r  
was s ,l3e - ~ d  d ~ ~ .  ~~zc?:,T iomro the heat  conduc+=lr f i a n g e ,  A f t e r  many f a i l u r e s  





a  good s o l d e r  j o i n t  was ach ieved  u s i n g  Alpha 0.062 i n .  d i a m e t e r  50/50 a l l o y  
s o l d e r ,  and Salment non-cor ros ive  f l u x . "  

Attempts t o  s e a l  o u t  m o i s t u r e  by c o a t i n g  seams w i t h  wax were  p a r t i a l l y  
s u c c e s s f u l ,  b u t  t h e  w a t e r p r o o f i n g  f a i l e d  a t  m o i s t u r e  c o n t e n t s  n e a r  s a t u r a t i o n .  
When m o i s t u r e  e n t e r e d  t h e  p robe ,  a p p l i c a t i o n  of h e a t e r  v o l t a g e  changed t h e  
t h e r m i s t o r  r e a d i n g .  

The d a t a - t a k i n g  system was made complete ly  a u t o m a t i c  by t h e  a d d i t i o n  of 
a system of r e l a y s  and an e l e c t r i c  c l o c k ,  whose hands were used a s  e l e c t r i c a l  
c o n t a c t s .  The o p e r a t o r  s imply added w a t e r  t o  t h e  d e s i r e d  l e v e l  and s t a r t e d  
t h e  sys tem.  A p o t e n t i a l  of 20v was a p p l i e d  t o  t h e  h e a t e r  f o r  a t e n  minu te  
p e r i o d  each  h o u r ,  and t h e  c h a r t  d r i v e  o p e r a t e d  o n l y  d u r i n g  t h i s  p e r i o d  and a 
f i v e  minu te  c a l i b r a t i o n  check p e r i o d  immediately p reced ing  h e a t i n g  t i m e .  Sample 
t empera tu re  was lowered t o  abou t  OOF i n  twelve h o u r s ,  t h e n  s lowly  warmed t o  room 
tempera tu re .  S i n c e  t h e  t h e r m i s t o r  r e s i s t a n c e  was many t i m e s  h i g h e r  a t  t h e  low 
t e m p e r a t u r e s ,  t h e  Brown p o t e n t i o m e t e r  tended t o  r u n  o f f  t h e  upper  end of t h e  
s c a l e .  The d a t a  sys tem a u t o m a t i c a l l y  reduced t h e  sys tem g a i n  t o  a  new v a l u e  
s u i t a b l e  f o r  low t e m p e r a t u r e  runs .  During t h e  warming c y c l e ,  t h e  g a i n  was 
r e s e t  t o  i t s  o r i g i n a l  v a l u e .  To check f o r  m o i s t u r e  i n  t h e  probe,  t h e  h e a t e r  
was t u r n e d  o f f  f o r  one, second each  minute  dur ing  i t s  "on" t i m e .  I f  m o i s t u r e  
were p r e s e n t ,  p u l s e s  appeared on t h e  o t h e r w i s e  smooth t empera tu re  t r a c i n g .  
A schemat ic  diagram of t h e  sys tem is g i v e n  i n  f i g u r e  16.  

Over 400 i n d i v i d u a l  d a t a  runs  were made, The sample s o i l s  used were 
Rober ts  F i n e  Ash and C o n s f r u c t i o n  Sand. E f f o r t s  t o  t e s t  t h e  p robe  i n  a c lay-  
t y p e  s o i l  from t h e  a r e a  s o u t h  of Moscow, Idaho ,  were  u n s u c c e s s f u l  due t o  t h e  
t ime  r e q u i r e d  f o r  m o i s t u r e  t o  r e a c h  a  c a p i l l a r y  e q u i l i b r i u m  i n  t h i s  s o i l  type .  
P r e l i m i n a r y  w e t t i p g  exper jments  i n d i c a t e d  a t  l e a s t  one week must b e  a l lowed 
f o r  e q u i l i b r i u m  t o  b e  reached a f t e r  t h e  a d d i t i o n  of w a t e r  t o  a sample a t  s o i l  
m o i s t u r e  l e v e l s  below gbout 15% i n  t h e  c lay- type  s o i l .  

A summary of t h e  d a t a  o b t a i n e d  w i t h  P r o t o t y p e  II i s  g iven  i n  f i g u r e s  1 7 ,  
1 8 ,  and 19 .  

"Salment non-cor ros ive  f l u x  i s  a v a i l a b l e  from Hascol  E n t e r p r i s e s ,  Sharon,  
Pennsy lvan ia .  











RESULTS, OBSERVATIONS, AND RECOMMENDATIONS 

The p r o t o t y p e s  were des igned  t o  b e  l e s s  a c c u r a t e  a t  lower  m o i s t u r e  l e v e l s  
and more a c c u r a t e  a t  t h e  h i g h e r  l e v e l s ,  a s  compared t o  Model No. 2. The con- 
d u c t i o n  a r e a  was t h e r e f o r e  e n l a r g e d  w i t h  r e s p e c t  t o  t h e  s o i l  c o n t a c t  a r e a ,  The 
d a t a  i n d i c a t e s  t h a t ,  w h i l e  t h e  p r o t o t y p e s  a r e  b e t t e r  t h a n  t h e  e a r l i e r  models 
i n  t h i s  r e s p e c t ,  a  s t i l l  g r e a t e r  enlargement  of t h e  h e a t  conduct ing a r e a  wi th-  
o u t  i n c r e a s i n g  t h e  s o i l  c o n t a c t  a r e a  i s  r e q u i r e d .  T h i s  cou ld  b e  accomplished 
$imply by i n c r e a s i n g  t h e  t h i c k n e s s  o f  t h e  h e a t  conductor  c y l i n d e r  w a l l s .  

S o l d e r i n g  t h e  Thermis to r  d i r e c t l y  t o  t h e  h e a t  conductpr  f l a n g e  e l i m i n q t e d  
open c i r c u i t s  a t  low tempera tu res .  However, a  b e t t e r  w a t e r p r o o f i n g  i s  r e q u i r e d  
b e f o r e  t h e  p r o t o t y p e  can b e  used i n  t h e  f i e l d .  

A wide v a r i a t i o n  i n  t empera tu re  r ise r e a d i n g s  o c c u r r e d  f o r  a  g i v e n  m o i s t u r e  
c o n t e n t  even when measuremepts were  made w i t h  i d e n t i c a l  i n i t i a l  t e m p e r a t u r e  
r e a d i n g s .  A t  f i r s t  t h i s  v a r i a t i o n  seemed t o  i n d i c a t e  t h e  r e l i a b i l i t y  o f  t h e  
probe wgs i n  q u e s t i o n .  An a d d i t i o n a l  series of d a t a  runs  was t aken  i n  which 
t h e  ambient s o i l  t empera tu re  was h e l d  c o n s t a n t  a t  65OF i n  Rober ts  F i n e  Ash a t  
23% s o i l  m o i s t u r e .  T h i r t y - n i n e  c o n s e c u t i v e  r u n s  spaced  one hour  a p a r t  gave 
i d e n t i c a l  temperaqure r i s e s  of 1 9 O ~  f o r  a  t e n  minu te  h e a t i n g  p e r i o d  a t  20v 
h e a t e r  p o t e n t i a l .  Water was added t o  31% and two days  were  a l lowed f o r  t h e  
m o i s t u r e  t o  reach  c a p i l l a r y  e q u i l i b r i w .  Twenty-six c o n s e c u t i v e  runs  gave 
t empera tu re  rises of e x a c t l y  1 6 O ~ .  The p r o t o t y p e  was t h e r e f o r e  cons idered  t o  
b e  c o n s i s t e n t  under  c o n s t a n t  t empera tu re  and w a t e r  c o n d i t i o n s .  A t  31% m o i s t u r e  
c p n t e p t ,  t h e  t empera tu re  was lowered t o  47OP and a l lowed  t o  s t a b i l i z e .  
Twenty-two c o n s e c u t i v e  runs  a g a i n  gave 16OF. The t empera tu re  was lowered t o  
4QF and a g a i n  a l lowed t o  s t a b i l i z e .  Twenty-five c o n s e c u t i v e  r e a d i n g s  f e l l  
between 1 5  and 1 6 ' ~  w i t h  a  mean r e a d i n g  of 1 5 . 7 ,  which shou ld  correspond t o  
32% s o i l  mois tu re .  

To de te rmine  t h e  cause  of t h e  v a r i a b l e  r e a d i n g s  found i n  t h e  d a t a ,  t h e  
sample t empera tu rq  was warmed t o  750F and a l lowed  t o  s t a b i l i z e .  Again, r e a d i n g s  
of 1 6 ' ~  r i s e  were t a k e n  a t  t h e  32% m o i s t u r e  l e v e l .  The f r e e z e r  was t u r n e d  on 
t o  beg$n lower ing  t h e  sample t empera tu re .  One h a l f  hour  l a t e r ,  t h e  p robe  
t e m p e r a t u r e  had dropped t o  72OF and a  d a t a  r u n  r e s u l t e d  i n  a  t empera tu re  r i s e  
of 13.5OF. The sample  t empera tu re  wap lowered t o  4 5 ' ~  and a l lowed t o  s t a b i l i z e .  
The f r e e z e r  was then  t u r n e d  q f f  and t h e  door  was opened a l lowing  warm a i r  ( 7 6 ' ~ )  
t o  r a i s e  t h e  sample  t empera tu re .  One h a l f  hour  la ter  t h e  p robe  t empera tu re  r e a d  
47' and q d a t a  run  produced a  t empera tu re  rise of 1 8 ' ~ .  

A s t u d y  of The p r e v i o u s l y  a c q u i r e 4  d a t a  a f f i r m e d  t h a t  t e m p e r a t u r e  r i s e s  were 
c o n s i s t a n t l y  low d u r i n g  c o o l i n g  and c o n s i s t a n t l y  h i g h  d u r i n g  warmup. T h i s  
phenomenon can b e  a t t r i b u t e d  t o  t h e  t empera tu re  g r a d i e n t s  i n  t h e  s o i l  sample  
d u r i n g  warming o r  c o o l i n g  c y c l e s .  The c e n t r a l  a r e a  of t h e  sample,  which t h e  
probe measures ,  i s  t h e  l as t  t o  b e  a f f e c t e d  by a changing ambient t e m p e r a t u r e  of 
t h e  s u r r o u n d i n g  s o i l  volume, and e r roneous  r e a d i n g s  o c c u r .  S i n c e  t empera tu re  
f l u q t u a t i o n s  occur  much more a l o ~ l y ~ ' d e e p  i n  t h e  ground,  t h e  e r roneous  r e a d i n g s  
would p robab ly  n o t  b e  encounte red  i n  f i e l d  use .  



The probe  cannot  b e  used f o r  m o i s t u r e  d e t e r m i n a t i o n  i f  t h e  probe temp- 
e r a t u r e  must p a s s  through t h e  f r e e z i n g  p o i n t  dur ing  i t s  tempera tu re  r i s e .  Con- 
s i d e r a b l e  h e a t  i s  r e q u i r e d  ( h e a t  o f  f u s i o n )  t o  conver t  t h e  s o i l  m o i s t u r e  from 
a s o l i d  t o  l i q u i d  f o m ,  Very low tempera tu re  rises t h e r e f o r e  occur  when runs  
a r e  made w i t h  ambient t empera tu re  a t  o r  j u s t  below t h e  f r e e z i n g  p o i n t .  From 
o b s e r v a t i o n  of t h e  d a t a ,  however, i t  a p p e a r s  p o s s i b l e  t o  c a l c u l a t e  how much 
of t h e  s o i l  w a t e r  i s  i n  t h e  f r o z e n  s t a t e  a t  3 2 ' ~  ambient t empera tu re  i f  t h e  
m o i s t u r e  l e v e l  i s  known. (Below 3 2 ' ~  most of t h e  s o i l  w a t e r  i s  probab ly  i c e ,  
above 32OF, i t  i s  a l l  l i q u i d ) .  I f  t h e  f r o z e n  p o r t i o n  of t h e  s o i l  w a t e r  i s  l a r g e ,  
v e r y  low tempera tu re  rises occur  i n  d a t a  r u n s ,  

Comparison of d a t a  on sand  and on Rober t s  F i n e  Ash a s s u r e s  t h a t  a c a l -  
i b r a t i o n  curve i s  r e q u i r e d  f o r  each s o i l  t y p e ,  A f i e l d  c a l i b r a t i o n  a t  t h e  
s i t e  t o  b e  moni tored would be  p r e f e r a b l e  t o  a l a b o r a t o r y  c a l i b r a t i o n ,  s i n c e  
i t  is d o u b t f u l  t h a t  t h e  s ta te  of compaction i n  t h e  f i e l d  could  b e  d u p l i c a t e d  
i n  t h e  l a b o r a t o r y .  A f i e l d  c a l i b r a t i o n  could  b e  o b t a i n e d  by c o r r e l a t i n g  
t h e r m a l  probe r e a d i n g s  w i t h  g r a v i m e t r i c  measurements a t  t h e  same s i t e  f o r  
s e v e r a l  d i f f e r e n t  PCM l e v e l s .  The sampling f o r  g r a v i m e t r i c  m o i s t u r e  d e t e r -  
m i n a t i o n  shou ld  n o t  d i s t u r b  t h e  s o i l  su r rounding  t h e  t h e r m a l  p robe ,  b u t  t h e  
sample shou ld  b e  t aken  a t  t h e  same dep th  and i n  t h e  fmmediate v i c i n i t y  of t h e  
t h e r m a l  probe.  

The PCM l e v e l  a t  t h e  p robe  s i t e  would b e  determined by observ ing  t h e  
ambient s o i l  t e m p e r a t u r e ,  a p p l y i n g  a s p e c i f i e d  power i n p u t  t o  t h e  p robe  
h e a t e r  f o r  a g i v e n  l e n g t h  of t i m e ,  and o b s e r v i n g  t h e  t e m p e r a t u r e  rise. Pre- 
v i o u s l y  a c q u i r e d  c a l i b r a t i o n  t a b l e s  would t h e n  relate t e m p e r a t u r e  rise t o  
s o i l  m o i s t u r e  c o n t e n t .  

The the rmal  p robe  gave a c c e p t a b l e  r e s u l t s  i n  t h e  t e m p e r a t u r e  range  34' 
t o  80°F, Probe t e m p e r a t u r e  r i s e  i s  independen t  of ambient t empera tu re  i n  t h i s  
range.  The p robe  i s  v e r y  a c c u r a t e  a t  low m o i s t u r e  c o n t e n t s  b u t  becomes less 
a c c u r a t e  n e a t  s a t u r a t i o n .  Mois tu re  l e v e l s  can c o n s i s t a n t l y  b e  determined 
t o  w i t h i n  1% s o i l  m o i s t u r e  n e a r  25% s a t u r a t i o n ,  w i t h i n  2% s o i l  m o i s t u r e  n e a r  
502 s a t u r a t i o n ,  and w i t h i n  3% s o i l  m o i s t u r e  above 75% s a t u r a t i o n  i n  Rober t s  
F i n e  Ash, which s a t u r a t e s  a t  43% m o i s t u r e  c o n t e n t .  

The the rmal  p robe  may n o t  b e  used i n  t h e  t e m p e r a t u r e  range  20' t o  33OF 
because  t h e  h e a t  of f u s i o n  r e q u i r e d  t o  m e l t  t h e  f r o z e n  s o i l  w f l l  r e s u l t  i n  
ve ry  Pow tempera tu re  rises i n  t h e  p robe ,  At 32" ambient t empera tu re ,  t h i s  
d e p r e s s i o n  o f  probe t e m p e r a t u r e  rise i n d i c a t e d  what p o r t i o n  of s o i l  m o i s t u r e  
i s  i n  t h e  f r o z e n  s t a t e .  Mois tu re  c o n t e n t  must b e  known t o  u s e  t h i s  phenomenon. 

The p robe  w a s  u s a b l e  a t  t e m p e r a t u r e s  from -5' t o  2 0 ' ~ ~  b u t  t empera tu re  r i s e  
r e a d i n g s  were  s l i g h t l y  less t h a n  t h o s e  above 3 5 ' ~  a t  t h e  same m o i s t u r e  c o n t e n t ,  
T h i s  e f f e c t  was most pronounced a t  below-zero t e m p e r a t u r e s ,  

The probe r e a d i n g s  were i n f l u e n s e d  by r a p i d  t e m p e r a t u r e  changes i n  t h e  s o i l .  
F i n e  s o i l s  were  more s u i t a b l e  f o r  t h i s  p robe  because  t h e y  p r o v i d e  b e t t e r  the rmal  
c o n t a c t  w i t h  i t .  



An a c c u r a t e  and dependable  the rmal  probe f o r  measur ing s o i l  m o i s t u r e  appears  
f e a s i b l e  u s i n g  t h e  g e n e r a l  d e s i g n  of P r o t o t y p e  11. Necessary m o d i f i c a t i o n s  i n c l u d e  
b e t t e r  w a t e r p r o o f i n g  and i n c r e a s i n g  t h e  h e a t  conductance between h e a t e r  and t h e r -  
m i s t o r  t o  p r o v i d e  b e t t e r  accuracy  a t  h igh  m o i s t u r e  c o n t e n t s .  C a l i b r a t i o n  f o r  each 
l p c a t i o n  w i l l  be  n e c e s s a r y  because  t h e  the rmal  c h a r a c t e r i s t i c s  of t h e  s o i l  v a r y  
s l i g h t l y  w i t h  s o i l  t y p e .  Once c a l i b r a t i o n  h a s  been e s t a b l i s h e d ,  however, i t  shou ld  
remain c o r r e c t  u n l e s s  t h e  probe i s  p h y s i c a l l y  d i s t u r b e d .  

A probe o f  t h i s  t y p e  would be  i n e x p e n s i v e  and cou ld  be  i n s t a l l e d  by t ech-  
n i c i a n s  w i t h  l i t t l e  t e c h n i c a l  background, Systems f o r  remote u s e  cou ld  be e a s i l y  
b u i l t  around t h i s  p robe ,  T e s t i n g  is n o n d e s t r u c t i v e ,  e x c e p t  t h a t  t i m e  must b e  
a l lowed a f t e r  each r e a d i n g  f o r  t h e  s o i l  t o  r e a t t a i n  energy  e q u i l i b r i u m .  S i n c e  
t h i s  p robe  i s  i n s e n s i t i v e  t o  changes i n  i o n i c  c o n c e n t r a t i o n s  of t h e  s o i l ,  i t  i s  
s u p e r i o r  t o  t h e  r e s i s t a n c e  block t e c h n i q u e ,  

D. NUCLEAR MAGNETIC RESONANCE 

Noting some p u b l i s h e d  m a t e r i a l  on t h e  u s e  of NMR f o r  m o i s t u r e  d e t e r m i n a t i o n  
i n  t h e  food i n d u s t r y  (651, t h e  p o s s i b l e  u s e  f o r  s o i l  w a t e r  d e t e r m i n a t i o n  appeared 
worth  e x p l o r i n g .  N ,  S  . Harasprasad ,  f o r  h i s  M. S. t h e s i s  p r o j e c t ,  under took t h e  
c o n s t r u c t i o n  of a  s i m p l i f i e d  v e r s i o n  of an NMR a p p a r a t u s  (67) .  Improved e l e c -  
t r o n i c s  were  subsequen t ly  b u i l t  (7%) i n  an  a t t e m p t  t o  improve t h e  f i r s t  v e r s i o n .  
A magnetron magnet w i t h  added p o l e  f o r c e  was used ,  a l t h o u g h  i t  was c l e a r  t h a t  
t h e  f i e l d  homogeneity f e l l  q u i t e  s h o r t  of t h e  d e s i r e d  v a l u e  f o r  s h a r p  resonance (71) .  

While a  s m a l l  i n d i c a t i o n  was o b t a i n e d  f o r  d i s t i l l e d  w a t e r ,  any a t t e m p t  t o  
observe  resonance  w i t h  s o i l  p r e s e n t  m e t  w i t h  complete f a i l u r e .  

Samples were t h e n  p r e p a r e d  and r u n  on a  h i g h l y  s o p h i s t i c a t e d  i n s t r u m e n t  
a v a i l a b l e  i n  t h e  P h y s i c a l  S c i e n c e s  Department (Varian-AGO). A s h a r p  peak ,  ob- 
t a i n e d  w i t h  d i s t i l l e d  w a t e r ,  was compared w i t h  a s h i f t e d ,  s m a l l e r  and b r o a d e r  
peak o b t a i n e d  w i t h  10% s o i l  p r e s e n t .  With 90% s o i l  p r e s e n t ,  t h e  resonance  i n -  
d i c a t i o n  was wiped o u t .  A  number of o t h e r  tests were  made. A l l  samples were  
k e p t  s p i n n i n g  d u r i n g  a n a l y s i s  s i n c e  t h i s  improves t h e  e f f e c t i v e  f i e l d  homogeneicy ( 7 3 ) .  

The phenomena known a s  "paramagnet ic  broadening"  (75,  76) i s  obv ious ly  
r e s p o n s i b l e  because  pa ramagne t ic  m e t a l s  and s a l t s  a r e  i n  abundance i n  a lmos t  a l l  
s o i l s .  The hydrogen bonding e x i s t i n g  between t h e  p a r t i c u l a t e  s u r f a c e  and f i r s t  
l a y e r  of i n t e r f a c i a l  water h a s  a l so  been v a r i o u s l y  d i s c u s s e d  and no doubt  h a s  
e f f e c t s  which were n o t  f o r e s e e n  a t  t h e  o u t s e t .  
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