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ABSTRACT 

A f o u r  year  f i e l d  and l a b o r a t o r y  s tudy  s f  permeabf l i ty  of f rozen  s o i l  

is r epo r t ed .  The f i e l d  s t u d i e s  involved s o i l  t empera ture  and mois ture  measure- 

ments over  a  two yea r  pe r iod  dur ing  which t h e r e  were no runoff  even t s  when t h e  

ground was f rozen .  A r a i n f a l l  s imu la to r  was cons t ruc t ed  and used t o  a  l i m i t e d  

e x t e n t  t h e  second year  of t h e  s tudy.  

The l a b o r a t o r y  s t udy  involved measuring t h e  pe rmeab i l i t y  of f rozen  s o i l  

columns a t  v a r i o u s  i n i t i a l  mo i s tu r e  con t en t s ,  A i r  was used a s  a  f l u i d  t o  

measure t h e  pe rmeab i l i t y  under i so the rma l  cond i t i ons  below 32' F. Data were 

ob t a ined  which r e l a t e  t h e  a i r  permeabi l i ty  t o  t h e  p o r o s i t y  of t h e  s o i l  and t h e  

mo i s tu r e  con t en t  o r  s a t u r a t i o n  a t  which f r e e z i n g  occur red ,  For t h e  t h r e e  

s o i l  t ypes  t e s t e d ,  i t  was p o s s i b l e  t o  o b t a i n  impermeable cond i t i ons  a f t e r  

f r e e z i n g  when t h e  i n i t i a l  mo i s tu r e  con t en t  was i n  t h e  neighborhood of t h e  

f i e l d  capac i t y .  The s i g n i f i c a n t  parameter a f f e c t i n g   he permeabi l i ty  was 

d ( 1  - S) where d is  t h e  p o r o s i t y  and S  i s  t h e  s a t u r a t i o n .  

The u s e  of  c e r t a i n  c r i t i c a l  v a l u e s  of t h i s  parameter  would enab l e  a  person 

t o  p r e d i c t  when t h e  p o s s i b i l i t y  of f rozen  ground f l o o d s  e x i s t  by t ak ing  s o i l  

samples i n  t h e  f i e l d .  The c r i t i c a l  va lue s  f o r  va r ious  s o i l s  would have t o  b e  

determined from f i e l d  pe rmeab i l i t y  measurements. 
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INTRODUCTION 

Frozen ground ' c o n d i t i o n s  have been t h e  p - r inc ipa l  c a u s e  of many of Idaho ' s  

wors t  f l o o d s .  Extremely low i n f i l t s a t i o n  r a f e s  a s s o c i a t e d  w i t h  f r o z e n  s o i l  

c o n d i t i o n s  can r e s u l t  i n  l a r g e  f l o o d  peaks f31  z e l a t i v e l y  moderace s t ~ m  mag- 

n i t u d e s .  

There  h a s  been l i t t l e  known c o n c e m l n g  t h e  mechanics of f r o z e n  ground 

r u n o f f ,  t h u s  making i t  d i f f i c u l t  i f  nos  i m p o s s i b l e  t a  c-onduct h y d r o l o g i c  s t u d i e s  

o f  t h i s  t y p e  o f  f l o o d .  

T h i s  p r o j e c t  was begun i n  1965 t o  a t t empt  t o  l e a r n  more abou t  t h e  mechanics 

of f r o z e n  ground r u n o f f .  O r i g i n a l l y  t h e  s p e c i f i c  o b ~ e c t f v e s  were: 

1. To de te rmine  r e l a t i o n s h i p s  berween s o i l  m o i s t u r e ,  f r o z e n  ground 

t e m p e r a t u r e s ,  runof f  w a t e r  t empera tu res  and i n f i l t r a t i o n  rates, 

2.  To r e l a t e  f r o z e n  ground paramete rs  i o  runof f  rates by hydrograph 

s t u d i e s .  

3.  To examine c o n d i t i o n s  p receed ing  and d u r i n g  some r e c e n t  f r o z e n  

ground f l o o d s  t o  de te rmine  whether  t h e  developed r e l a t i o n s h i p s  

app ly .  

I n  g e n e r a l ,  t h e  o b j e c t i v e s  were t o o  broad t o  b e  complete ly  accomplished 

w i t h  t h e  t i m e  and money a l l o t t e d  t o  t h e  p r o j e c t ,  There  was some d i s c o n t i n u i t y  

i n  conduc t ing  t h e  r e s e a r c h  s i n c e  t h e  o r f g l n a l  p r o ~ e c t  l e a d e r  r e s i g n e d  from t h e  

U n i v e r s i t y  i n  t h e  middle  of t h e  p r o ~ e c t  and t h e  succeedfng p r o j e c t  l e a d e r  

devoted less t h a n  one- four th  of h i s  t ime t o  t h e  p r o j e c t  f o r  t h e  las t  two y e a r s .  

P a r t s  o f  t h e  o b j e c t i v e s  were accomplished,  how eve^, and a g r e a t  d e a l  was 

l e a r n e d  abou t  how t h e  r e m a i ~ i n g  objectives cou ld  b e  accomplished i n  f o l l o w i n g  

p r o j e c t s .  

r 
- FIELD STUDIES 

I n i t i a l l y  t h e  e x p e r i m e n t a l  work was done a'. a f l e l d  s i t e  on a small (12 

a c r e s )  a g r i c u l t u r a l  watershed n e a r  Moscow w h i ~ h  was ins t rumented  and main ta ined  

by t h e  A g r i c u l t u r a l  Research S e r v i c e .  During t h e  w i n t e r  s f  1965-66 s o i l  temper- 

, a t u r e s  were measured a t  v a r i o u s  d e p t h s  from 3 :& 42 lnches  a t  two l o c a t i o n s  on 

t h e  wa te r shed ,  Temperatures below 32' F, were measured a t  t h e  6  i n c h  d e p t h  

f o r  about  two weeks d u r i n g  December 1965 and foz a kew days d u r i n g  January  1966. 



During t h e  e n t i r e  w i n t e r  t h e r e  were no runof f  e v e n t s  when t h e  ground was 

f r o z e n .  

For t h e  1966-67 w i n t e r  season  a p o r t a b l e  r a i n d r o p  s i m u l a t o r  was developed 

and t e s t e d  i n  t h e  l a b o r a t o r y .  T h i s  d e v i c e  was similar t o  one des igned  by Chow 

and Harbaugh ( ). It was planned t h a t  t h e  s i m u l a t o r  could  b e  used i n  t h e  

f i e l d  when t h e  ground was f r o z e n  t h u s  e l i m i n a t i n g  t h e  problem of  no s to rm 

e v e n t s  o c c u r r i n g .  A g r e a t  d e a l  o f  t r o u b l e  was encounte red  i n  u s i n g  t h e  

s i m u l a t o r  i n  t h e  f i e l d ,  however, s i n c e  t h e r e  i s  a n  ex t remely  narrow range  of 

a tmospher ic  t empera tu re  i n  which i t  can b e  used.  Tha t  i s ,  i f  t h e  a i r  tempera- 

t u r e  i s  32' F. o r  below t h e  w a t e r  w i l l  f r e e z e  i n  t h e  s i m u l a t o r ;  i f  t h e  a i r  
0 t empera tu re  i s  above abou t  35 F. t h e  ground w i l l  b e g i n  t o  thaw a t  t h e  s u r f a c e .  

I n  s p i t e  of t h e  d i f f i c u l t i e s  o f  o p e r a t i n g  t h e  r a i n f a l l  s i m u l a t o r  i n  t h e  

f i e l d ,  one s u c c e s s f u l  r u n  was accomplished d u r i n g  t h e  w i n t e r  of 1966-67. I n  

t h i s  test  no r u n o f f  o c c u r r e d  w i t h  a r a i n f a l l  rate of  o v e r  1" per  hour  a l t h o u g h  

i n  t h e  u n f r o z e n  s ta te  t h e  i n f i l t r a t i o n  rate was o n l y  0 .8  i n c h e s  p e r  hour .  

During t h i s  w i n t e r  t empera tu res  were  u n u s u a l l y  m i l d  and t h e  d e e p e s t  f r o s t  

p e n e t r a t i o n  was approx imate ly  112 i n c h .  

The w i n t e r  of 1967-68 was a l s o  u n u s u a l l y  m i l d  b u t  t h e r e  was one v e r y  

small f r o z e n  ground runof f  e v e n t .  The wei r  measur ing t h e  f low from t h e  

e n t i r e  wa te r shed  d i d  n o t  f u n c t i o n  p r o p e r l y ,  however, and t h e  d a t a  were n o t  

r e l i a b l e .  C o n d i t i o n s  were  n o t  s a t i s f a c t o r y  anyt ime d u r i n g  t h e  w i n t e r  t o  u s e  

t h e  r a i n f a l l  s i m u l a t o r .  

During t h e  1968-69 w i n t e r  season  t h e r e  was t h e  lowes t  r ecorded  tempera- 

t u r e  i n  h i s t o r y  i n  Moscow, -42' F . ,  w i t h  u n o f f i c i a l  t empera tu res  of -50' F. 

b e i n g  common. However, t h e r e  was i n  e x c e s s  of two f e e t  of snow on t h e  ground 

when t h e s e  t empera tu res  o c c u r r e d  and i n  many p l a c e s  t h e  ground was n e v e r  

f r o z e n .  The snow went o f f  g r a d u a l l y  d u r i n g  t h e  s p r i n g  and t h e r e  was no f lood-  

i n g  of any k i n d  i n  s p i t e  of t h e  heavy snow pack. 

I n  summary, t h e  f i e l d  work on t h i s  p r o j e c t  was n o t  p r o d u c t i v e  of d a t a  

p r i n c i p a l l y  because  t h e  wea ther  c o n d i t i o n s  t o  b e  i n v e s t i g a t e d  o c c u r r e d  on ly  

once i n  f o u r  y e a r s  o f  o p e r a t i o n ,  and t h a t  was a r a t h e r  l i m i t e d  occur rence .  

It is  f e l t ,  however, t h a t  c o n s i d e r a b l e  was l e a r n e d  abou t  t h e  o c c u r r e n c e  of 

t h i s  t y p e  df f l o o d  from o b s e r v a t i o n  and from t h e  l i t e r a t u r e .  

1. I f  s o i l  is  f r o z e n  i t  is p o s s i b l e  t o  have a g r e a t e r  p e r m e a b i l i t y  

t h a n  i n  t h e  unf rozen  state. T h i s  h a s  p r e v i o u s l y  been r e p o r t e d  



i n  t h e  l i t e r a t u r e .  

2. I f  t h e r e  i s  cons iderable  snow cover the  ground i s  n o t  l i k e l y  t o  

f r e e z e  un le s s  t h e r e  a r e  long per iods  of cold weather ,  This  has  

a l s o  been previous ly  repor ted .  

3. Since the re  must be  a  p a r t i c u l a r  s e t  of weather occurrences i n  

a  p a r t i c u l a r  o rde r  a  cond i t i ona l  p r o b a b i l i t y  a n a l y s i s  should be 

made. This  w i l l  be  d iscussed  more ex tens ive ly  l a t e r  i n  t h e  

r e p o r t  . 

LABORATORY STUDIES 

When s o i l  f r e e z e s  i n  i t s  n a t u r a l  s t a t e  i n  a r e a s  without  permafrost ,  i t  

i s  a  one dimensional h e a t  flow problem wi th  q u i t e  complex boundary condi t ions .  

A t  a  depth of 20 t o  30 f e e t  t he  temperature i s  r e l a t i v e l y  cons tan t  throughout 

t h e  yea r .  When atmospheric temperature i s  lower than t h i s  cons tan t  tempera- 

t u r e ,  h e a t  flow w i l l  be upward a s  t h e  s o i l  coo l s - - f i r s t  a t  t he  su r f ace  and 

p rog res s ive ly  downward. There a r e  e s s e n t i a l l y  t h r e e  sources  of t h e  h e a t  

which flows upward: 1 )  t h e  hea t  s t o r e d  i n  t h e  s o i l  p a r t i c l e s ,  2) t h e  h e a t  

s t o r e d  i n  t h e  water  o r  i c e a n d  3)  t h e  hea t  of fu s ion  which water r e l e a s e s  when 

i t  becomes i c e .  

There have been many ana lyses  of va r ious  a s p e c t s  of t h i s  problem i n  the  

l i t e r a t u r e ,  some of which a r e :  Smith (1943), Gurr and o t h e r s  (1952), Woodside 

and Kuzmak (1958), Cary (1963), Dirksen (1965), Hoekstra (1966), and Gardner 

(1959). A complete review of t hese  a r t i c l e s  appears  i n  t h e  t h e s i s  by Wang (1969). 

Severa l  of t h e  above a r t i c l e s  cons ider  t h e  mois ture  movement i n  t h e  

vapor phase due t o  temperature g rad ien t s  and t h e  r e s u l t i n g  vapor p re s su re  

g rad ien t s .  Movement of mois ture  both i n  t h e  l i q u i d  and vapor phases i s  t h e  

cause of formation of i c e  l e n s e s  which a r e  of such importance i n  t h e  f a i l u r e  

of highway pavement. Considering t h e  reduct ion  of i n f i l t r a t i o n  r a t e  due t o  

f rozen  s o i l ,  however, i t  i s  f e l t  t h a t  i c e  l enses  a r e  of l e s s  importance. This  

i s  because l enses  a r e  u sua l ly  of l i m i t e d  h o r i z o n t a l  ex t en t  and do n o t  tend t o  

form a t  t he  ground su r f ace .  The reduct ion  of t he  i n f i l t r a t i o n  r a t e  due t o  

f r eez ing ,  i t  i s  f e l t ,  i s  l a r g e l y  a  phenomena occurr ing  in t h e  t o p  t h r e e  t o  

s i x  inches of s o i l .  

I n  t he  i n i t i a l  l abo ra to ry  work p l a s t i c  boxes approximately 1 f t .  by 1 f t .  

by 1 f t .  were packed w i t h  s o i l .  Af t e r  we t t i ng  t o  a  uniform moisture content ,  



t he  s o i l  was f rozen  from t h e  top by i n s u l a t i n g  t h e  s i d e s  and bottom and p l ac ing  

i n  a  co ld  room. A f t e r  f r e e z i n g ,  r a i n f a l l  was s imulated and the  runoff  was 

measured and t h e  d a t a  were used t o  c a l c u l a t e  t h e  i n f i l t r a t i o n  r a t e ,  These 

experiments were l a r g e l y  inconc lus ive  i n  t h a t  i t  was d i f f i c u l t  t o  o b t a i n  and 

measure uniform mois ture  conten t .  Thus i t  was no t  p o s s i b l e  t o  o b t a i n  a  r e l a t i o n -  

s h i p  between moisture  conten t  and i n f i l t r a t i o n  r a t e .  

The next  experimental  work involved packing s o i l  i n t o  p l a s t i c  c y l i n d e r s  

approximately 2  112 inches  i n  diameter  and f r eez ing .  These c y l i n d e r s  were 

a l s o  i n s u l a t e d  on the  bottom and s i d e s  i n  o rde r  t o  a l low f r e e z i n g  from t h e  top 

only.  It was hoped t h a t  by u s ing  c y l i n d e r s  i t  would be  e a s i e r  t o  o b t a i n  a  

uniform mois ture  con ten t .  With c y l i n d e r s  i t  would a l s o  be p o s s i b l e  t o  measure 

t h e  moisture  d i s t r i b u t i o n  by means of a  gamma r a y  a t t e n u a t i o n  device .  With t h e  

s o i l  i n  c y l i n d e r s  i t  was n o t  p r a c t i c a l  t o  s imu la t e  r a i n ,  s o  an  o rd ina ry  permea- 

b i l i t y  t e s t  was conducted. I n  o rde r  t o  do t h i s  under i so thermal  cond i t i ons  i t  

was necessary  t o  use a  f l u i d  o t h e r  than  water  s o  t h e  experiments could be  run a t  

a  temperature  below f r e e z i n g .  

The most obvious f l u i d  t o  use  was a i r .  An unsteady flow appara tus  was 

used s i n c e  i t  is  more d i f f i c u l t  t o  measure t h e  amount of a i r  i n  a  s teady  flow 

s i t u a t i o n .  It was r e a l i z e d ,  of course ,  t h a t  t h e  a c t u a l  va lue  of permeabi l i ty  

t o  a i r  would no t  be  t h e  same a s  f o r  water  due t o  s l i p  flow and t h e  so-ca l led  

Klinkenberg e f f e c t  which occurs  f o r  flow of gases  through porous media, however, 

i t  was f e l t  t h a t  i t  would be p o s s i b l e  t o  o b t a i n  a  r e l a t i v e  va lue  of permeabi l i ty  

a s  a  func t ion  of t h e  mois ture  con ten t  o r  s a t u r a t i o n .  

It was decided t h a t  every e f f o r t  should be  made t o  e l i m i n a t e  i c e  l e n s e s  

and non-uniform f r e e z i n g  cond i t i ons .  There a r e  s e v e r a l  reasons f o r  t h i s :  

1. I c e  l e n s e s  a r e  probably n o t  of g r e a t  importance i n  r educ t ion  of in- 

f i l t r a t i o n  r a t e  a s  prev ious ly  s t a t e d .  

2 .  It i s  impossible  i n  t h e  l abo ra to ry  t o  d u p l i c a t e  a l l  t h e  combinations 

of depth t o  water  t a b l e ,  non-uniform mois ture  cond i t i ons ,  d i u r n a l  

temperature  f l u c t u a t i o n s ,  temperature  extremes,  and s o i l  types which 

may occur  under f i e l d  s i t u a t i o n s .  A l l  of t he se  f a c t o r s  a f f e c t  t h e  

formation of i c e  l enses .  

3 .  It i s  d i f f i c u l t  t o  o b t a i n  t r u e  one dimensional h e a t  flow i n  a  

cy l inde r  so  t h a t  i c e  l e n s e s  would form a s  they  do i n  t h e  f i e l d .  



I n  t h e  f i n a l  procedure,  t o  o b t a i n  a  completely uniform mois ture  d i s t r i b u -  

t i o n  t h e  s o i l  w a s  mixed wi th  water  be fo re  packing i n  t h e  p l a s t i c  c y l i n d e r ,  The 

samples were then f rozen  w i t h  no i n s u l a t i o n  being used such t h a t  f r e e z i n g  OCCUP- 

r ed  from a l l  s i d e s ,  A i r  permeabi l i ty  tests were then  run  on each sample w i th  t h e  

equipment shown i n  F igure  1. F i r s t  t he  tank  was pumped t o  a  p re s su re  s e v e r a l  p s i  

g r e a t e r  than  atmospheric  and the  f rozen  sample was f a s t ened  t o  t h e  i n l e t  dev ice ,  

The va lue  was then  opened and t h e  time was measured u n t i l  t h e  p re s su re  had dropped 

a  s p e c i f i e d  amount a s  measured by t h e  manometer. Knowing t h e  i n i t i a l  p r e s s u r e ,  

t h e  f i n a l  p r e s su re  and t h e  time increment i t  was p o s s i b l e  t o  c a l c u l a t e  t he  permea- 

b i l i t y  c o e f f i c i e n t  by means of t h e  equa t ion  below. This  equa t ion  was o r i g i n a l l y  

developed by Kirkham and s t a t e s  t h a t  

where K i s  pe rmeab i l i t y  i n  u n i t s  of l eng th  squared;  L is  t h e  l e n g t h  of sample; A 

is t h e  c r o s s - s e c t i o n a l  a r e a  of sample; V i s  t h e  volume of t h e  tank;  p i s  t h e  abso- 

l u t e  v i s c o s i t y  of a i r ;  Pa i s  atmospheric  p re s su re ;  Y1, Y2 a r e  t h e  corresponding t i m e s .  

A f t e r  t h e  pe rmeab i l i t y  was determined t h e  sample was weighed, oven d r i e d ,  

and aga in  weighed t o  o b t a i n  t h e  p o r o s i t y  and s a t u r a t i o n  of  t h e  sample, The va lue  

of permeabi l i ty  was then p l o t t e d  ve r sus  4 ( 1  - S) where d i s  p o r o s i t y  and S is  the  

water  s a t u r a t i o n  on t h e  percentage  volume of vo ids  o r i g i n a l l y  f i l l e d  w i th  water .  

This  p a r t i c u l a r  parameter i s  f e l t  t o  be  the  most s i g n i f i c a n t  parameter a f f e c t i n g  

t h e  permeabi l i ty  s i n c e  i t  should i n d i c a t e  the  r e l a t i v e  volume of pores  which a r e  

no t  f i l l e d  w i t h  e i t h e r  s o i l  p a r t i c l e s  o r  i c e  and a r e ,  t h e r e f o r e ,  a v a i l a b l e  f o r  

f l u i d  flow, F igures  2 and 3 a r e  p l o t s  on semi-logarithmic paper of pe rmeab i l i t y  

ve r sus  d (1 - S) f o r  a  coa r se  sand and a  f i n e  sand r e s p e c t i v e l y ,  A s t r a i g h t  l i n e  

was f i b t e d  t o  t he se  d a t a  by t h e  method of l e a s t  squares .  The c o e f f i c i e n t s  of 

de te rmina t ion  were "75  and .90 r e s p e c t i v e l y ,  t h a t  i s ,  75 and 90 percent  of t he  

v a r i a t i o n  i n  pe rmeab i l i t y  i s  accounted f o r  by t h i s  parameter us ing  a  s t r a i g h t  

l i n e  r e l a t i o n s h i p  on semi- logari thmic paper .  

Figure 3 shows t h e  same d a t a  f o r  a  s i l t  s o i l .  There i s  cons iderab le  s c a t t e r  

i n  t h e  d a t a  t h a t  i s  due to  problems i n  the  experimental  procedure,  The procedure 

of we t t i ng  t h e  s o i l  and mixing i t  t o  o b t a i n  a  uniform mois ture  con ten t  worked 

w e l l  wi th  g ranu la r  m a t e r i a l s  such a s  sand bu t  d i d  n o t  work w e l l  w i th  s i l t  s i n c e  

t h e r e  was cons iderab le  aggrega t ion  and formation of small s o i l  b a l l s .  Since t h e r e  

was cons iderab le  s c a t t e r  a l i n e  was n o t  f i t t e d  t o  t h e  d a t a ,  



Screen 

F i g .  1 - S c h e m a t i c  d i a g r a m  of :he v q u i p m c n t .  



Fig.  2 Relationship between k and d (1 -S)  for course sand. 
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Fig. 3 Relationship between k and d ( l  -S) for fine sand. 



0 Group 1 - undisturbed soi l  

X Group 2 - so i l  mixed with wa t e r  

A Group 3 - so i l  placed in column then wetted 

F ig .  4 Relat ionship between k and d (1 -S) f o r  s i l t .  



For a l l  t h r e e  types  of m a t e r i a l  t h e r e  were s e v e r a l  samples t h a t  had ze ro  

pe rmeab i l i t yn  These d a t a  p o i n t s  were no t  used i n  t he  r eg re s s ion  a n a l y s i s  s i n c e  

ze ro  cannot be  p l o t t e d  on a  l oga r i t hmic  s c a l e ,  I n  a l l  c a s e s  d (1 - S) was l e s s  

than 0 , l 3  when t h e  permeabi l i ty  was ze ro ,  T h e o r e t i c a l l y ,  d ( 1  - S)  would be  ze ro  

when t h e  permeabi l i ty  was zero ;  p r a c t i c a l l y ,  however, t h e r e  a r e  l i k e l y  t o  be 

some empty pores  l e f t  which a r e  no t  in te rconnec ted  and, t h e r e f o r e ,  have zero  

pe rmeab i l i t y ,  It seems l i k e l y  t h a t  i n  any type of s o i l  t h e r e  is  some va lue  of 

4 ( 1  - S) below which t h e  permeabi l i ty  approaches z e r o ,  

Assuming t h a t  n a t u r a l  s o i l s  of t h e  type  worked w i t h  he re  have t y p i c a l  

p o r o s i t i e s  s f  approximately 0.4 and assuming t h e  maximum va lue  of @ ( 1  - S) a t  

which a  n e g l i g i b l e  permeabi l i ty  occurs  is 0,15 then s a t u r a t i o n  would have t o  be 

a t  l e a s t  0.625 t o  have n e g l i g i b l e  permeabi l i ty  when t h e  s o i l  i s  f rozen .  This  

is  q u i t e  wet--greater  than t h e  f i e l d  capac i ty  f o r  most s o i l s .  

I n  summary t h e  l abo ra to ry  work i n  t h i s  p r o j e c t  produced knowledge of t h e  

mechanics of flow i n  a  f rozen  s o i l  by developing a  parameter which is  a  good 

index t o  t h e  permeabi l i ty .  More work w i l l  have t o  be done i n  t h e  f i e l d  on 

s o i l s  i n  s i t u  t o  determine c r i t i c a l  va lues  of d ( 1  - S) f o r  va r ious  s o i l  types ,  

t h a t  i s ,  t h e  va lues  of $ (1 - S) a t  which t h e  permeabi l i ty  i s  n e a r l y  ze ro ,  This  

f i e l d  work should be done using an a i r  permeameter under f rozen  s o i l  condi t ions .  

I f  t h e  c r i t i c a l  va lues  of d ( 1  - S) were determined f o r  a l l  t h e  s o i l  types  i n  an 

a r e a  then i t  would only be  necessary  t o  determine t h e  po ros i t y  and s a t u r a t i o n  

from f i e l d  samples t o  determine whether t h e r e  i s  t h e  p o s s i b i l i t y  of a  f rozen  

ground f l o o d .  

PREDICTION OF FLOODS 

Af t e r  observ ing  weather  condi t ions  c l o s e l y  f o r  t h e  four  yea r s  of t h i s  

s tudy  i t  i s  f e l t  t h a t  f rozen  ground f loods  a r e  due t o  a  p a r t i c u l a r  s e r i e s  of 

weather phenomena, These a r e :  

1. There must be cons ide rab l e  r a i n  be fo re  t h e  ground f r e e z e s  because 

t h e  s o i l  moisture  must be  q u i t e  h igh  - g r e a t e r  than f i e l d  capac i ty  

i n  many s o i l s ,  

2 ,  The s o i l  must f r e e z e  t o  a  depth of a t  l e a s t  s e v e r a l  i nches ,  

3. There must then be a  s i g n i f i c a n t  s t o m  per iod .  This  i s  usua l ly  snow 

followed by r a i n  al though h igh  i n t e n s i t y  r a i n  on f rozen  ground could 

a l s o  produce s i g n i f i c a n t  f l oods .  



The p r e d i c t i o n  of f rozen  ground f loods  could b e  approached by two d i f f e r e n t  

procedures ,  

1. A s t r i c t l y  p r o b a b i l i s t i c  approach i n  which t h e  p r o b a b i l i t y  d l s t r i -  

bu t ion  of each of t h e  above phenomena i s  determined from weather 

r eco rds ,  These d i s t r i b u t i o n s  would have t o  be  combined us ing  a  

cond i t i ona l  p r o b a b i l i t y  a n a l y s i s  t o  determine t h e  p r o b a b i l i t y  of 

t h e  f l n a l  event--the f rozen  ground f lood .  This  procedure has  a  

number of difficulties t o  be solved.  Among them a r e :  1) Before 

weather recosds can b e  used l i m i t a t i o n s  have t o  be a t t ached  to each 

weather phenomena, t h a t  i s ,  a  c e r t a i n  amount of r a i n  must occur i n  

a  g iven  time, temperature  must reach a  c e r t a i n  v a l u e  f o r  a  s p e c i f i e d  

time and then  a  s p e c i f i e d  s torm must occur;  2 )  For most c o n d i t i o n a l  

p r o b a b i l i t y  ana lyses  t h e  v a r i a b l e s  must be independent"  I n  t h i s  c a s e  

they would be  h i g h l y  dependent. A t  b e s t  t h i s  a n a l y s i s  could only 

g i v e  t h e  p r o b a b i l i t y  t h a t  a  f rozen  ground f lood  would occur any 

g iven  yeas -  

An approach t h a t  t h e  U.S, Army Corps of Engineers has  expressed 

i n t e r e s t  i n  would be  t o  determine when cond i t i ons  a r e  such t h a t  a  

f rozen  ground f lood  i s  p o s s i b l e ,  i - e . ,  when t h e  ground is f rozen  

such a s  t o  be  impermeable. The work done i n  t h i s  p r o j e c t  i s  a  s t a r t  

towards developing t h e  d a t a  and procedures  f o r  such a  program, The 

p r e d i c t i o n  procedure would involve  ex t ens ive  s o i l  mois ture  measure- 

ments dur ing  t h e  f a l l  and e a r l y  w i n t e r ,  I f  t h e  s o i l  mois ture  was 

high enough warnings could be i s sued  about t h e  p o s s i b i l i t y  of f l oods  

if t h e  weather  became co ld .  When t h e  ground a c t u a l l y  f r o z e ,  warnings 

could be i s sued  a s  t o  t h e  p o s s i b i l i t y  of f l o o d s  i s  a  s torm of suf-  

f i c i e n t  i n t e n s i t y  occur red ,  Under a  system such a s  t h i s  t h e r e  i s  

t h e  p o s s i b i l i t y  of us ing  photographic  techniques such a s  i n f r a - r ed  

photography t o  survey l a r g e  a r e a s  which might have cond i t i ons  s u i t a b l e  

f o r  a  f l ood  

RECOMMENDATIONS FOR FURTHER WORK 

1, F i e l d  s t u d i e s  should be  done wi th  an a i r  permeametes i n  va r ious  s o i l s  under 

f rozen  s o i l  c o n d i t i o n s ,  i n  o r d e r  t o  determine c r i t i c a l  mois ture  con ten t s  

f o r  va r ious  t ypes  of s o i l ,  



2.  I n v e s t i g a t i o n  should be c a r r i e d  out  t o  determine whether t h e r e  a r e  

any photographic  techniques which could be  used f o r  f rozen  s o i l  detec- 

t i o n ,  I f  s o ,  t h i s  would then be c o r r e l a t e d  w i th  t h e  insormarion under 

1 t o  g i v e  warnings of f lood  dangers ,  

3 .  A b a s i c  l a b o r a t o r y  s tudy  should be  done on t h e  mass t r a n s f e r  of water  

from t h e  s o l i d  ( i c e )  t o  l i q u i d  phase during non-isothermal movement 

of water  through f rozen  s o i l .  This would l e a d  t o  in format ion  on t h e  

r a t e  a t  which t h e  i n f i l t r a t i o n  r a t e  may i n c r e a s e  when r a i n  begins ,  
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