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INTRODUCTION 

The genera l  subject  of permeabi l i ty  of f rozen  soi l  and pa r t i c -  

u la r ly  the infi l trat ion r a t e  of f rozen soil  i s  of par t i cu la r  i n t e r e s t  t o  

hydrologists  in the Northwest. A g rea t  many of our  wor s t  floods have 

been caused by s t o r m s  occur r ing  when the soi l  was  f rozen  such that  

the infi l trat ion r a t e  was  ex t remely  slow. When this  occu r s ,  a l l  o r  

near ly  a l l  of the s t o r m  precipi ta t ion appears  a s  sur face  runoff. Some 

of the m o r e  recen t  s t o r m s  of th is  type w e r e  dur ing the win te rs  of 

1962 and 1964, when t h e r e  w e r e  s e v e r a l  of these  flood occurances  in 

var ious  sect ions  of Idaho, e a s t e r n  Oregon, and Washington. 

Before  consider ing th is  par t i cu la r  r e s e a r c h  on the effect of 

mo i s tu r e  content on permeabi l i ty ,  we should consider  some background 

information.  We will consider  f i r s t  the type of wea ther  and topography 

in which th is  type of flood occu r s .  It  has  been observed  that  these  floods 

a r e  mos t  common f r o m  b a r e  agr icu l tu ra l  o r  sagebrush  lands  that  a r e  

below about 6500 feet  in elevation.  The weather  usually cons i s t s  of a 

f a i r l y  wet fa l l  season  followed by a cold spe l l  of sufficient durat ion t o  

f r e e z e  the soil  a t  l e a s t  s eve ra l  inches  deep  over  wide a r e a s .  This i s  

followed by a significant s t o r m  period which may  be a l l  r a in ,  but m o r e  

l ikely will  cons i s t  of a significant snow fall  followed by up to s e v e r a l  

days  of ra in .  Of cou r se ,  i f  the s t o r m  is of sufficient magnitude,  t he r e  

will be a flood r ega rd l e s s  of whether o r  not the ground i s  f rozen.  

PREVIOUS RESEARCH 

The re  have been many f ie ld  s tudies  of the infi l trat ion r a t e  of 

var ious  so i l  types under f rozen  conditions. Some of these  a r e  the sub- 

ject of a r t i c l e s  by Augustine (1941), P o s t  and Dreibelbis  (1942), 

Komarov  (1957a, 1957b), Kvasov (1957), Mosienko (1958), Stoeckeler 



and Weitzman (1960) and Haupt (1967). Severa l  of these  au thors  used 

some  type of ra infa l l  s imulator  a s  a n  in f i l t romete r  and found that  i t  i s  

poss ible  to  obtain a higher infi l trat ion r a t e  when the soi l  i s  f rozen than 

when i t  i s  not f rozen.  This  often occurs  when the soi l  f r o s t  i s  of the 

so-ca l led  s ta lact i te  type and i s  m o s t  common under  fo res ted  conditions 

where  t he r e  i s  considerable  ground cover .  Most of th is  r e s e a r c h  was 

m o r e  concerned with the effect of var ious  types of ground cover  and 

so i l  type on the  infi l trat ion r a t e  than on the e f f ec t  of so i l  mois tu re  con-  

tent .  However,  P o s t  and Dreibelbis  did r e p o r t  a l imi ted amount of 

soi l  mo i s tu r e  data .  They found that  concre te  f r o s t  occu r r ed  when the 

mo i s tu r e  content was  g r e a t e r  than 46% but when honeycomb and s ta lact i te  

f r o s t  occu r r ed ,  the mo i s tu r e  content was  a s  much a s  10370 of d r y  weight. 

They did not s ta te  whether  th is  was  under b a r e  o r  fo res ted  soil .  

Mosienko ment ions  that  ini t ial  mo i s tu r e  content was  above 60-65% of 

field capaci ty  when impermeable  conditions occur red .  In summary ,  

t h e r e  has  been l i t t le  work  done towards  re la t ing the permeabi l i ty  o r  

infi l trat ion r a t e  of f rozen  soi l  d i rec t ly  to  the mois tu re  content a t  which 

the soi l  was  f rozen.  

Another a r e a  of r e s e a r c h  that  should be considered br ief ly  i s  

that  dealing with mo i s tu r e  movement  both in vapor and liquid phases  

dur ing the f reez ing  p r o c e s s .  These  p r o c e s s e s  of movement  have been 

deal t  with in numerous  publications. Mois ture  movement  by these  p ro -  

c e s s e s  i s  l a rge ly  responsible  fo r  the format ion of ice  l ense s  in  the soil .  

In genera l ,  t h e r e  i s  l e s s  movement  of mo i s tu r e  in  c o a r s e  grained soi ls  

than f ine  grained so i l s  and l e s s  movement  when f reez ing  occu r s  rapidly.  

LABORATORY RESEARCH 

Initially in the l abora tory  work we a t tempted to  f r eeze  soil  



columns in such a way that  ice l enses  could f o r m .  That i s ,  the  

columns,  which were  2- 1 /2 inches in  d i ame te r ,  w e r e  insulated on 

the bottom and s ides  such that f reezing would occur  f r o m  the top 

only. This ,  of cou r se ,  i s  the way that f reezing occu r s  in the soil .  

However, it  soon became apparent  that  it  would be difficult if not i m -  

possible to reproduce in the labora tory  a l l  the possible combinations 

of soi l  type, depths to  wate r  table ,  non-uniform mois ture  conditions, 

d iurnal  t empera ture  fluctuations and tempera ture  ex t r emes  which may  

occur  under field conditions. All of these f ac to r s  have an affect on the 

format ion of i ce  l enses .  I t  was  a l s o  noted in the l i t e r a tu re  that the  

f reez ing  of the top four  inches of soi l  has  the g rea t e s t  affect on the 

infi l trat ion ra te .  Since ice  lenses  do not tend to f o r m  that  nea r  the  

sur face  under b a r e  soi l  conditions, i t  i s  fe l t  that  i ce  l enses  in the soil 

probably have a minor  effect on the infi l trat ion ra te .  

In the final  work,  there fore ,  the s ides  and bottom were  not 

covered with insulation s o  that the soil columns w e r e  f rozen  f r o m  a l l  

s ides .  This  allowed f reez ing  to occur  in such a way that t he re  were  no 

ice  lenses .  

In o rde r  to m e a s u r e  the permeabi l i ty ,  i t  was  decided to main-  

tain a constant t empera ture  below f reez ing  such that  no thawing would 

occur  during the measurement .  This  made i t  n e c e s s a r y  to  use a fluid 

with a lower  f reezing point than wate r  for  the permeabi l i ty  measurement .  

Air was  used although it was  real ized that  permeabi l i ty  to a i r  i s  not 

the s ame  a s  to wa te r ,  due to s l ip  flow o r  the so-cal led Klinkenberg 

effect which occu r s  fo r  flow of gases  in  porous media.  I t w a s  fe l t ,  

however,  that i t  would be possible to  obtain a re la t ive  value for  the 

permeabi l i ty .  



At f i r s t ,  the  soi l  columns were  packed and then wet to  the 

de s i r ed  mo i s tu r e  content, but i t  was  difficult to  obtain a uniform 

moi s tu r e  distr ibution.  In the final p rocedure ,  t he r e fo re ,  the  soi l  

was  f i r s t  mixed with wate r  and the m a t e r i a l  was  packed into the p las -  

t i c  column. This  p rocedure  worked well  for the m o r e  g ranu la r  

m a t e r i a l  such a s  c o a r s e  o r  fine sand,  but was  l e s s  sa t i s fac tory  fo r  

the f iner  m a t e r i a l s .  

The en t i re  exper imental  p rocedure  was  a s  follows: The so i l  

was  mixed with wa te r  and packed into the plas t ic  columns a s  uniformly 

a s  poss ible  by vibrating.  The samples  w e r e  then placed in  a cold 

0 
r o o m  a t  approximately  20 F until completely f rozen.  This  took a t  

m o s t  a period of 24 hours .  The sample  was  then connected to the 

p r e s s u r e  tank a s  shown in F igu re  1. The p r e s s u r e  tank was pumped 

to  a p r e s s u r e  s e v e r a l  p s i  g r e a t e r  than a tmospher ic  and the manometer  

was  read .  The valve was  then opened a t  t ime  z e r o  to  allow the a i r  to  

flow through the sample .  When the manometer  reached  a specified 

reading,  the t ime  was  recorded  and the t e s t  was  ended. The p e r -  

meabil i ty was  then calculated by the following equation originally de-  

veloped by Ki rkham ( 1946): 

2 . 3 L  vu (logloY - log 
k =  A D  1 0 ~ 2 )  

where  k i s  permeabi l i ty  in units of length squared.  

L i s  length of sample  

A i s  c ro s s - s ec t i ona l  a r e a  of sample  

V i s  volume of the  tank 

p i s  the absolute viscosi ty  of a i r  

P i s  a tmospher ic  p r e s s u r e  



Screcln 

F i g .  1 - Schcma: ic  c;~ag:.arn of :ie cquipmc,>f .  



Y and Y a r e  readings on the manometer  and 
1 2 

t and t a r e  the corresponding t imes  

After the permeabili ty was determined,  the sample was weighed, 

oven dr ied ,  and again weighed to determine the porosity and the initial 

mois ture  content of the sample.  The porous ma te r i a l  was then used 

again a t  a different mois ture  content. I t  was possible to approximate 

the des i red  mois ture  content by controlling the amount of water  which 

was mixed with the soil.  

I t  was felt that the mos t  significant pa rame te r  affecting the 

permeabili ty should re f lec t  the c ross -sec t iona l  a r e a  of voids avai l -  

able fo r  a i r  flow a f t e r  the soil  i s  frozen. The pa rame te r  d (1-S),where 

d i s  the porosity and S i s  the saturation was determined to be the bes t  

pa rame te r .  This i s  because the porosity i s  the f ract ion of total c r o s s -  

sectional a r e a  that i s  made up of pores  and the saturation i s  the 

fraction of cross-sect ional  a r e a  of pores  which a r e  filled with water .  

The t e r m  (1-S), therefore ,  would give the fraction of c ross -sec t iona l  

a r e a  of pores  which i s  available for  a i r  flow af te r  the water  i s  frozen. 

The experimentally determined values of permeabili ty a r e  

plotted ve r sus  d (1-S)  on semilogarithmic paper in F igures  2 ,  3 and 

4 for  a coa r se  sand, a fine sand, and a s i l t  respectively.  In Figures  

2 and 3 ,  a s t ra ight  line was fitted to the data by the method of l ea s t  

squares .  The coefficients of determination were  0. 75 and 0.90 r e s -  

pectively; that i s ,  75 and 90 percent  of the var ia t ion in permeabili ty 

i s  accounted f o r  by this pa rame te r  using a s t ra ight  line relationship 

on semilogarithmic paper .  

In F igure  4, a s t ra ight  line was not fitted to the data since there 

was considerable sca t te r  due to  the experimental  procedure of packing 



A 5 c m  column 

0 10 c m  column 

x 14.5 c m c o l u m n  

F ig .  2 Relationship between k and d (1-S) for course  sand. 



A 5 cm column 

o 10 c m  column 

X 14.5 c m  column 

Fig.  3 Rela t ionship  between k and d(1-S) fo r  fine sand. 



0 Group 1 - undisturbed soi l  

X Group 2 - so i l  mixed with wate r  

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

F ig .  4 Relationship between k and # (1 -S) f o r  s i l t .  



the soil  af ter  i t  was wet. Although this  procedure was sat isfactory 

for granular ma te r i a l s  such a s  sand, i t  did not work well with s i l t  

since the r e  was considerable aggregation which gives non-uniform 

conditions throughout the sample.  In this f igure i s  a l s o  shown the 

effect of using various o ther  procedures  f o r  wetting the soil .  

F o r  all  t h r ee  types of mater ia l  there  were  severa l  samples  

that had ze ro  permeabili ty.  These  data points a r e  plotted below the 

horizontal  axis  but were  not used in the regress ion  analysis since z e r o  

cannot be used on a logarithmic scale .  In all  c a s e s  d (1-S) was l e s s  

than 0. 13 when the permeabili ty was zero .  Theoretically,  d (1-S) 

would be z e r o  when the permeabili ty was  ze ro ;  practically,  however, 

when (1-S) i s  smal l ,  the pores  which remain  empty a r e  likely t o  be 

non -interconnected and the re fore  this  soi l  would have z e r o  permeabili ty.  

I t  s e e m s  likely that in  any type of soil there  i s  some value of d (1-S) 

below which the permeabili ty approache s zero .  

Assuming that natural  soi ls  of the type worked with he re  have 

typical porosi t ies  in the neighborhood of 0 . 4  and that the maximum value 

of d (1-S) a t  which a negligible permeabili ty occurs  i s  0. 15; saturation 

would have to  be a t  l ea s t  0. 625 to have negligible permeabili ty when the 

soi l  i s  frozen. This i s  quite wet - grea te r  than the field capacity for many 

soils .  As previously mentioned, Mosienko mentioned a moisture  content 

of 60 to  65% of field capacity when impermeable  conditions occur red .  

In summary ,  this laboratory work gives information on the 

mechanics of flow in a f rozen soil  by developing a parameter  which i s  a 

good index to the  permeabili ty.  More work will have to be done in the 

field on soi ls  in  s i tu  to  de te rmine  c r i t i ca l  values of 4 (1-S)  for  various 

soil types ,  that  i s ,  the values of d (1-S)  a t  which the permeabili ty i s  near ly  



z e r o .  This  f ield work  could be  done using an  a i r  p e r m e a m e t e r  under  

f rozen  soi l  conditions. If the c r i t i c a l  values  of d ( l - S )  w e r e  de te rmined  

f o r  a l l  the soi l  types  in a n  a r e a ,  then i t  would only be n e c e s s a r y  to  

de t e rmine  the  porosi ty  and sa tura t ion f r o m  field s amp le s  to  de t e rmine  

whether  t h e r e  i s  the  possibil i ty of nea r l y  impe rmeab l e  conditions 

occu r r i ng  when the soi l  f r e eze s .  This  informat ion could then be used 

in a flood warning p r o g r a m .  
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