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ABSTXACT 

The purpose of t h i s  t he s i s  was t o  invest igate  the fac tors  

which a f f e c t  the  permeability of frozen s o i l ,  especially the e f f e c t  

of s o i l  type and i n i t i a l  moisture content before the  s o i l  i s  frozen. 

This information is necessary t o  be able  t o  predict  when the  pos- 
- 

s i b i l i t y  of frozen ground floods exis ts .  

The permeability of frozen s o i l  columns was measured under 

isothermal conditions i n  the laboratory using a i r .  The product of 

porosity and 1.0 minus the i n i t i a l  moisture content was deternined 

t o  be a s ign i f ican t  parameter a f fec t ing  the permeability t o  a i r .  

When t h i s  parameter is l e s s  than 0.13 the permeability approaches zero 

in  a l l  types of s o i l s  tested.  Using cer ta in  c r i t i c a l  values of the 

parameter would enable a person t o  predict  when the pos s ib i l i t y  of 

frozen ground floods ex i s t s  by taking s o i l  samples i n  the f ie ld .  The 

pa r t i cu l a r  c r i t i c a l  value of @(I-S) t o  be used f o r  various s o i l s  should 

be investigated i n  f i e l d  studies.  



INTRODUCTION 

Research work on frozen ground floods w a s  or iginal ly  s t a r t e d .  

at the University of Idaho i n  1965 by A. C. Robertson. This type of 

flood is qui te  common i n  many areas of the Northwest during the winter 

and early spring months. The U. S. Army Engineers reported (1966) 

tha t  some of the worst of these floods tha t  have occurred i n  recent 

years were those during the winters of 1962 and 1964 i n  southeastern 

Idaho i n  which there was extensive damage, l o s s  of income and suf- 

fer ing of the flood p la in  population i n  general. 

The prec ip i ta t ion  pat tern of t h i s  area is largely determined . 

by topography; climatic regimes range from semi-arid i n  the low 

elevation p la in  area t o  semi-humid i n  high mountain areas. Usually 

floods i n  southeastern Idaho are  of three general types: 

1. Spring melt of head-water snow, which may be augmented 

by rain. 

2 ,  Localized flooding from high in tens i ty  summer precipita- 

tion. 

3 Rain on frozen ground which may be augmented by low 

elevation snobmelt. 

I n  the upper Snake River Basin most floods a r e  of Type 1; tha t  

is, they a r e  generated by spring snotmelt floods since the snow over 

most of t h i s  high elevation area is so deep tha t  winter r a in  is 
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e i t h e r  absorbed o r  considerably impeded. 

Flood peaks of Type 3 caused by r a i n  on frozen ground a r e  

more charac te r i s t i c  of the Portneuf River basin. Although con- 

siderably more than ha l f  of the  annual flood peaks i n  the  Portneuf 

River during the  period of record a t  Pocatello a r e  primarily from 

high elevation snowmelt, several  l a rge  floods of  record have been 

caused by r a in  on frozen ground, 

Streamflow records on the  t r i b u t a r i e s  south of the  Snake River 

and west of the  Portneuf basin t o  the  Bruneau basin indicate  maximum 

flow peaks have been generated by all three  flood types. However, 

it appears t h a t  the  grea tes t  po t en t i a l  fo r  major floods i n  the  lower 

reaches of the  streams is from a winter r a in  on frozen ground aug- 

mented by snowmelt, 

The depth and a r ea l  extent of the  frozen ground were two of 

the  most important causes of the  floods. Preflood conditions were 

i dea l  fo r  development of the  frozen ground conditions, with August 

1961 prec ip i ta t ion  somewhat above normal and September and October 

p rec ip i ta t ion  well above normal throughout the  region. This, coupled 

with below-normal temperature during the  same period, provided an 

excellent  chance for  any s o i l  moisture def ic iencies  t o  be made up. 

From the  f a l l  season in to  the  winter months of November, 

December and January, p rec ip i ta t ion  was generally above normal and 

temperatures below normal throughout the  region. There were a l t e r -  

nat ing periods of thawing and freezing. Prec ip i ta t ion  t h a t  f e l l  a t  

lower e levat ions  where there  was no snow cover percolated i n to  the  
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ground and becarne frozen. A t  the  higher elevations where the  snow 

pack formed a l aye r  of insulat ion the  gromd remained unfrozen. I n  

the  areas  above 6,500 f ee t  which were apparently unfrozen, the  snow 

cover and the  ground apparently absorbed most of the excess water. 

PURPOSE OF STUDY 

A re la t ionsh ip  often discussed i n  hydrologic s tud ies  is t h a t  

runoff equals p rec ip i ta t ion  minus i n f i l t r a t i o n  and storage. I n  the  

case of winter floods, the  i n f i l t r a t i o n  may be s m a l l  due t o  frozen 

ground while the  t o t a l  water avai lable  fo r  runoff m a y  be g rea te r  than 

the  prec ip i ta t ion  during m y  one storm because of the snow pack. 

It is the  purpose of t h i s  t h e s i s  t o  inves t iga te  the ' fac tors  

which a f f ec t  the  i n f i l t r a t i o n  r a t e  fo r  frozen ground. Specif ical ly ,  

the  e f f ec t  of s o i l  type and i n i t i a l  moisture content on the  perme- 

a b i l i t y  was investigated.  



CHAPTER I1 

LITERATURE REVIEW 

When ra in  occurs on snow some of it is held i n  the snow much. 

a s  water is held i n  sand, I f  there is enough ra in  it wi l l  eventually 

flow through the snow t o  the ground surface, Some w i l l  then i n f i l -  

t r a t e  (depending on the i n f i l t r a t i o n  r a t e )  while the remainder w i l l  

tend t o  run of f  as over-land flow, There can be melting of the snow 

o r  freezing of water during t h i s  time, 

Many factors  influence the r a t e  a t  which water wi l l  move in to  

frozen s o i l ,  Five of the factors  w i l l  be considered, The type of 

snow s t ruc ture  influences the r a t e  a t  which l iqu id  water moves 

through the snowpack and is available for  i n f i l t r a t ion .  The type of 

f ros t ,  the s o i l  temperature, the r a t e  a t  which the moisture moves 

t o  the freezing front  and the formation of f ros t  i n  the s o i l  a re  

in te r re la ted  fac tors  which determine the r a t e  a t  which the frozen 

s o i l  w i l l  accept water from the r a i n f a l l  and from the snowpack. 

EXFECT OF SFOW STRUCTURE 

Often frozen ground is covered with snow, The water available 

fo r  i n f i l t r a t i n g  i n t o  the frozen s o i l  depends on the snowmelt and 

water movement through the snowpack, However, different  snow types 

allow d i f fe ren t  r a t e s  of snownelt and d i f fe ren t  r a t e s  of water move- 

ment through the snowpack, 

There have been many a r t i c l e s  writ ten concerning the transmission 
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rate of water through snow. Gerdel (1954) s tated that  Oeschim 

measured the moving front of fuchsine-dyed water through columns of 

new and compacted snow and found tha t  the transmission r a t e  was 

highest through low density snow, Gerdel also found that  a coarse- 

grained natural spring snow pack of high density has a much different  

structure and greater  permeability than an a r t i f i c i a l l y  compacted 

new snow of the same density. A r ipe  snow w i l l  not re ta in  much more 

than 2 percent l iquid  water for  more than a few hours. A l iquid  

water retention capacity of 2 percent i n  a r ipe  pack of 0.4 d c r n  3 

density is equivalent to  about 0.1 inch of water per foot of snow, 

about the same as the f i e ld  moisture capacity of a sandy so i l .  It 

was pointed out tha t  density values between 0.25 and 0.50 &cm 3 

for  r ipe  snow packs have been reported i n  the l i t e ra tu re ,  

Although the snow pack is somewhat l i k e  a coarse sand i n  its 

capacity t o  hold or  t ransni t  water, the transmission ra t e  and f i e ld  

capacity of a sand prof i le  w i l l  vary l i t t l e  from time to  time 

whereas the transmission ra t e  of snow may increase a s  r a in  o r  melt 

water moves through the pack 

By using a snow moisture capacitance meter which makes use of 

the difference i n  the d ie lec t r ic  constants of i c e  and water, Gerdel 

(1954) found tha t  the transmission ra t e  of water through snow of 

0.35 to  0.46 gm/cm3 density nay vary from 0.9 t o  24 inches per 

minute. The higher transmission ra t e s  appear to  be associated with 

high density and a r ipe pack structure. 

A snow pack may have a temporary high water storage capacity 

- 
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pending the  development of flow channels within the  pack o r  over the  

ground beneath the  pack and pending the s a t i s f ac t i on  of the  moisture 

holding capacity of the  snow. Drainage glands o r  pipes develop 

within the pack and flow channels develop a t  the  contact with the  

ground surface very rapidly. When the  drainage network is established 

within the pack and i t s  water holding capacity i s  s a t i s f i e d ,  the  

discharge of melt o r  r a in  water w i l l  be approximately equal t o  the  

r a t e  a t  which the  l i qu id  phase is avai lable  a t  the  surface of the  

snow, However, the  delay i n  development of channels does allow 

i n f i l t r a t i o n  i n t o  the ground because the snow-cover tends t o  keep 

the  ground unfrozen, Gold (1967) reported t h a t  snow cover had the 

e f f ec t  of adding t o  the s o i l  surface an insu la t ing  layer  whose depth 

varied with time and whose thermal conductivity was usually lower 

than t h a t  of the s o i l ,  The snow cover was therefore  primarily 

responsible fo r  the f ac t  t ha t  the  average s o i l  surface temperature i n  

winter was about 6 t o  llOc warmer than the average a i r  temperature. 

Some data  from Gold (1963) showing the  var ia t ion i n  ground temperature, 

air temperature and snow depths a r e  shown i n  Figure 1. 

G ,  A. Morozov (1967) reported t ha t  the s t ruc ture  and density 

of the  snow cover a r e  the main cha rac t e r i s t i c s  determining the 

mechanical and thennophysical proper t ies  of snow which must be taken 

i n t o  account when computing the  depth of s o i l  freezing. He a l so  

s t a t ed  t ha t  the  t rans fe r  of ~ a t e r  vapor i n  the  snow cover leads  i n  

time t o  changes i n  the s t ruc ture  and density of the snow. 

When there  i s  r a i n f a l l  on snow, some of the  snow w i l l  melt 
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and the  surface runoff w i l l  increase. A computational procedure fo r  

predict ing m o f f  from a rain-on-snow s t o m  using the  concept of a 

threshold density w a s  developed or ig ina l ly  by the  U, S. Army Corps 

of  Engineers, This concept has been expanded t o  recognize the shrink- 

ing of  the  snowpack a s  water is added. 

Frederick (1966) reported t h a t  Garstka, Grout, Miller ,  and 

Monfore (1951) of the  U. S. Bureau of Reclamation conducted a 

laboratory experiment t o  evaluate the  compaction r e su l t i ng  from 

added water. The procedures they used were: The f resh snow, which 

had f a l l en  at approximately 0'3' the  night before, w a s  shoveled i n t o  

a la rge  p lex ig lass  cylinder. This cylinder f u l l  of snow was s e t  i n  

a pan and placed on a weighing sca l e  i n  a controlled temperature cold 

room. Cold water was sprinkled on top of the  snow column i n  ?-pound 

increments, and the  s h r i n k q e  of the  snow was observed. 

Some of these  t e s t s  a r e  summarized i n  Figure 2 i n  which the 

depth of snowpack i n  percent of i n i t i a l  depth is p lo t ted  versus the  

i n i t i a l  water content. After the  cylinder was f i l l e d  outdoors, the  

snow had a density of 15.4 percent. This point  is p lo t ted  at 100 

percent depth and 100 percent water content. During the  time the  

sample w a s  moved indoors, the  snow compacted t o  87 percent of depth 

and the  densi ty  t o  17.7 percent. A s  water was added the  snow con- 

tinued t o  compact, as indicated by the  decreasing percentage of depth 

f o r  each of the points.  By the  time the  water content was 177 per- 

cent of the  i n i t i a l  water content, the  depth was 64 percent of the  



Initial condition- 
M ~ ' i 5 . ~ 7 ~  density (dry) 

Pw = INITIAL WATER COPTTENT PLUS ADDED WATER IN 
PERCENT O F  INITIAL WATER COYL"T1U 

Fig. 2 - Decrease in snowpack depth due to addition of water. 
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or ig ina l  depth and the density was 42.5 percent. Pr ior  t o  t h i s  

point  i n  the t e s t ,  the added water was retained i n  the snow. 

Drainage of water from the bottom of the snow column was f i r s t  

observed a t  the next point  when the density was 43.5 percent. Dur- 

ing  the t e s t ,  water was added u n t i l  no fur ther  compaction took 

place,  and a f t e r  the excess water was allowed t o  drain out,  the  f i n a l  

density was 45.7 percent. The re la t ionship between depth and 

accumulated water is represented by a s t r a igh t  l i n e  having the 

equation: 

Pd = 147.4 - 0.474 P 
W 

where : 

P is snowpack depth i n  percent of i n i t i a l  depth, 
d 

P is accumulated water content i n  percent of i n i t i a l  water 
W 

content. 

It was assumed i n  the t e s t  t ha t  the snowpack i s  homogeneous 

and f r ee  water i n  the snowpack is dis t r ibuted evenly throughout the  

depth of the pack. No compaction takes place a f t e r  the threshold 

density has been reached. Threshold dens i t ies  range from 40 t o  45 

percent. It was observed tha t  drainage occurs only a f t e r  the snow- 

pack has reached its threshold decsity. 

The conditions of the snowpack a t  the adoptedthreshold density 

can be computed from the following equations: 



vhere : 

D is density of i n i t i a l  dry snowpack i n  percent, 
S O  

D is threshold density of compacted wet snowpack i n  percent, 
p t  

D s t , i s  threshold density of dry snow i n  compacted wet snow- 

pack i n  percent. 

For calculating the depth of snowpack and drainage from snow- 

melt knowledge o r  assumption of i n i t i a l  and subsequent basic data is 

required. In  succeeding in te rva ls  of time, the precipi ta t ion i n  

inches of water must be known. I f  t h i s  precipi ta t ion f a l l s  a s  snow 

its density must be known. The poten t ia l  snowmelt during each 

in te rva l  may be coniputed by an empirical snobmelt equation developed 

by the 0. S. Army Corps of Fhgineers (1960). 

For computing the runoff from snowmelt, i t  is generally neces- 

sary t o  separate a drainage basin i n t o  elevation zones and compute 

the runoff separately for  each zone. The division of the basin area 

i n t o  zones according t o  elevation permits the use of d i f fe ren t  

i n i t i a l  snow conditions for  each of the elevation zones. Also, the 

wind speed, temperature, and the factors  producing drainage and the 

time of runoff may vary considerably from zone t o  zone. 

mPES OF SOIL FROST 

Different types of s o i l  f ro s t  may be formed due to  differences 

i n  the physical o r  chenical propert ies  of so i l .  The continuous 

change of a i r  temperature can a l so  a f fec t  the type of s o i l  f rost .  
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The permeability and storage of frozen s o i l  depend la rge ly  on the 

types of s o i l  f ros t .  

It was reported by Trimble, Sar tz ,  and Pierce (1958) t ha t  the  

i n f i l t r a t i o n  r a t e  depends t o  a considerable extent on the type of 

s o i l  f ros t .  Four terms, concrete, granular,  honeycomb, and s ta lac-  

t i t e ,  have been used t o  describe the  s t ruc ture  o r  type of s o i l  f ros t .  

Concrete f r o s t  is characterized by an extremely complex 

formation of a g rea t  many th in  i c e  lenses ,  with the ground surface 

being very hard, l i k e  concrete. This kind of  f r o s t  usually forms i n  

bare agr icu l tu ra l  land. 

Granular f r o s t  is of ten found i n  woodland s o i l s  t h a t  contain 

organic matter. It cons i s t s  of s m a l l  f r o s t  c r y s t a l s  intermingled 

Kith the  s o i l  par t i c les .  These gra ins  aggregate around the  s o i l  

p a r t i c l e s  but remain separate from each other. Those a r e  eas i ly  

broken up. 

Honeycomb f r o s t  has a loose,  porous s t ruc ture  resembling honey- 

comb. It is very of ten found i n  highly aggregated so i l s .  

S t a l a c t i t e  f r o s t  consis ts  of loosely fused, columnar i c e  

c rys ta l s .  It of ten forms i n  bare ground where the  surface is saturated.  

Haupt (1967) considered two dominant types of s o i l  f r o s t  -- 
s t a l a c t i t e  and porous concrete. 

Alternate freezing and thawing probably form these f r o s t  types 

i n  the  following manner. Rapid dwtirne melting of a shallow snowpack 

sa tura tes  1 t o  2 inches of the  surface s o i l  and forms the  loosely 

fused, columnar s t a l a c t i t e  i c e  crysta ls .  A s  these c rys t a l s  enlarge 



13 

at night,  they heave the  surface s o i l  and form an i r r egu la r  pa t te rn  

of s m a l l  columns. But when the shallow snowpack disappears, the  

exposed surface layer  thaws and gradually d i e s  out. These phenomena, 

together with refreezing a t  n ight ,  cause l a rge  c rys t a l s  t o  reform 

i n t o  the s m a l l ,  c ry s t a l l i ne  s t ruc ture  of the porous concrete type. 

Very slow o r  in te rmi t ten t  daytime melting of a snowpack causes both 

f ro s t  types t o  coexist.  On the  other  hand subfreezing daytime 

temperatures probably favor development of porous concrete f ros t .  

S t a l a c t i t e  f r o s t ,  with its rough and very porous microrel ief ,  

absorbs rainfall-snoimelt  l i t e r a l l y  l i k e  a sponge. T'e l a ck  of 

overland flow associated with t h i s  f r o s t  type substant ia tes  other  

findings t h a t  ind ica te  t ha t  c e r t a in  types of frozen s o i l  actual ly  

cause an increase of i n f i l t r a t i o n  ra te .  

A granular type of f r o s t ,  found typical ly  i n  eas tern woodland 

s o i l s  has been reported by Trimble, Sar tz  and Pierce (1958) a s  more 

permeable than unfrozen so i l .  

According t o  Haupt (19671, porous concrete f r o s t  reduces the 

i n f i l t r a t i o n  capacity so  tha t  overland flow i s  increased on burned 

o r  sparsely vegetated s i t e s  r e l a t i ve ly  f ree  of exposed rock i f  the 

r a i n f a l l  i n t ens i t y  exceeds 3 inches per  hour. 

Usually, a s  s t a l a c t i t e  f r o s t  melts, the  i n f i l t r a t i o n  r a t e  

decreases; but a s  the  denser porous concrete f r o s t  melts, water 

in take increases. 

When s o i l  i s  frozen, snow cover and its cooling e f f ec t  on 

rainwater tend t o  pregerve s o i l  f r o s t  i n  its or ig ina l  form and to  
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keep i t  v i s ib ly  i n t a c t  during a storm by a subs tan t ia l  heat  t r ans fe r  

from rainwater t o  the  snow matrix. After the snow melts completely, 

d i r ec t  exchange of heat  between r a i n  and frozen s o i l  takes place;  

then the f ro s t  breaks down and a mud veneer is formed. During a 

rainstorm, pers is tence of snow cover over porous concrete s t a l a c t i t e  

f r o s t  prevents overland flow. 

MOISTURE MOVENENT DURING FREEZING 

The formation of  d i f fe ren t  types of ground f ro s t  i n  winter i s  

p a r t i a l l y  due t o  moisture movement t o  the freezing front.  This 

movement is d i f fe ren t  fo r  d i f fe ren t  kinds of s o i l  with d i f fe ren t  

moisture contents. The dependency of moisture movement on the time 

and temperature can be theore t ica l ly  analyzed. 

The physics of  moisture movement i n  porous media under 

temperature gradients has been described i n  many a r t i c lec .  Smith 

(1943) supposed t h a t  moisture movement fo r  hot t o  cold occurs pa r t l y  

i n  the  l i qu id  phase; but t h i s  hypothesis was not supported by data  

offered by Gurr, Fiarshall and Hutton (1952). 

The existence of l a rge  temperature gradients i n  the  a i r  voids 

was experimentally measured by Woodside and Kuzmak (1958) on a l a rge  

sca le  model. Cary (1963) l a t e r  applied the  theory of  nonisothermal 

di f fusion of water vapor t o  vapor transport  under a temperature 

gradient across an a i r  gap. Dirksen (1964) indicated t ha t  the  process 

of moisture movement is considerably a l te red  by the  presence of  an 

i c e  phase i n  a porous medium. Tne direct ion of water flow can be 
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predicted i n  an isothermal system by macroscopic quan t i t i e s  such a s  

tension and water content but i n  a nonisothermal system the  tempera- 

t u r e  difference must be considered also. 

Hoekstra (1967) reported t h a t  i n  the  unkrozen s o i l  a l l  the  

water is i n  the  l i q u i d  form. I n  the  frozen s o i l  some of the  water 

is i n  the  form of i c e  and some i n  the  form of unfrozen water. Any 

addi t ional  water t ha t  moves t o  a pa r t i cu l a r  locat ion does not  i n p e a s e  

the  thickness of the  unfrozen f i lm but f reezes  t o  ice.  The amount 

of unfrozen water is determined by the temperature a t  t h a t  location.  

The water content a t  the  freezing f ron t  is the  amount of unfrozen 

water. From Figure 3 it is c l ea r  t h a t  i n  the  frozen s o i l  the  "l iquid 

water contentrr depends on temperature only. 

Gardner (1959) discussed so lu t ions  f o r  flow equations for  

water i n  porous media f o r  the  drying of so i l s .  One can make use of 

Gardnerfs treatment t o  derive some per t inen t  equations f o r  the  

cumulative t ranspor t  of water from the  unfrozen i n t o  the  frozen s o i l .  

A s  boundary conditions, Gardner (1959) used a uniform i n i t i a l  

water content and a constant water content a t  tne  boundary of a 

semi-infinite column. A constant water content boundary is equiva- 

l e n t  t o  a constant tension boundary, i f  one assumes a unique 

r e l a t i o n  between water content and tension i n  a s o i l .  

These boundary conditions of uniform i n i t i a l  water content and 

a constcant water content a t  the  boundary approximately correspond t o  

the  water movement t o  a freezing f ron t ,  especia l ly  i n  the  case where 

the  f reezing f ron t  remains at the  saae posi t ion,  Following Gardnerfs 
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treatment one can proceed t o  derive some per t inent  equations f o r  the  

cumulative t ransport  of water from the unfrozen i n t o  the frozen s o i l .  

The d i f fu s iv i t y  equation fo r  water i n  s o i l  has been wri t ten 

as: 

where : 

is water content,  

D ( 0 )  is the s o i l  water d i f f u s i v i t y ,  

x is  a horizontal  coordinate,  

t is time, 

The boundary conditions discussed above correspond to:  

e = K > O ,  t = o  

8 = O , ,  X = O ,  t 2 0  

where : 

8, is the i n i t i a l  water content,  

8, is the constant water content a t  Vne boundary X =  0, 

Subst i tu t ion of the Boltzman transformation, W = X / 2  d D t  
0 

i n t o  equation (8) reduces i t  t o  an ordinary d i f f e r e n t i a l  equation of 

the  form, 



with the boundary conditions , 
8 = e 1 ,  W - 0 0  

8 = 8 0 ,  W =  0 

Do is the value of d i f fus iv i ty  when e = 8.. I n  the experiment 

under consideration, & c a n  be considered the unfrozen water content 

a t  the freezing front ,  The water w i l l  migrate i n t o  the frozen s o i l  

at  a r a t e  g, given by; 
\ 

A r e l a t ive  water content C ,  is defined by, 

c =  8 - 6 0  
9 - Qo 

However, 

so we can write, 

Subst i tut ing this expression in to  equation (10) when x = 0, 

W = 0,  we ge t ,  



- 
I f  a weighted-mean d i f fu s iv i t y ,  D is defined a s  

equation (11) reduces t o ,  

Equation (13) can be used t o  characterize the  flow of unfrozen 

water i n t o  the  frozen so i l .  The cumulative flow of the water moving 

from the unfrozen i n t o  the  frozen region is given by, 

Thus, when the freezing f ron t  remains a t  the  same posi t ion the 

cumulative water t ransport  i n t o  the  frozen pa r t  of the  s o i l  column is 

proportional t o  the square root of time, and is independent of the  

manner i n  which 5 depends upon 8 . 
I n  Figure 4, the  cumulative water movement from the  unfrozen 

in to  the  frozen s o i l  is plot ted versus the  square root  of time. The 

po in t s  on the  graph represent the  cumulative water movement a t  the 

time indicated on the curves of Figure 6. The r e s u l t s  agree well 

with the  derived equation (14). From equations (111, (121, and (13) 

the d i f fu s iv i t y  of the water content a t  the freezing f ront  c a ~  be 
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DISTANCE F E M  CGLD FLATS 
I 

Fig. 3 - T'e " l iquid  water content" as a function of 
d i s t ance  fro:n the  cold p l a t e ,  I n  t h e  frozen 
p a r t  o f  the  s o i l  i c e  is a l s o  ?resent.  

0 I to 2.0 3 -0 
t ime, hrs .  

Fig. 4 - Cu~.u l . i t ive  m t e r  t r anspor t  f ron t h e  
frozen i n t o  t h e  unfrozen p a r t  of 
the s o i l ,  
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evaluated from the slope of the l i n e  i n  Figure 4. 

I n  Figure 5 the  water content versus time and temperature a re  

shown a t  2 inches from a cold plate .  I n  the experimental work the  

0 
cold p l a t e  temperature is -10 C. I f  the pores become f i l l e d  with 

i c e ,  i c e  l ens  formation can be expected t o  take place. 

Figure 5 shows tha t  the  water content f i r s t  decreases, but 

when the freezing front  reaches a par t icu la r  locat ion the moisture 

content starts to  increase. 

The same s i t ua t ion  can be expressed as shown i n  Figure 6 where 

t he  water content is plot ted as a fmc t ion  of distance from the cold 

plate .  The cold p l a t e  temperature was -5'~ and the i n i t i a l  water 

3 content 0.266 g/cm . The breaks i n  the curves indicate  the  boundary 

between frozen and unfrozen so i l .  The freezing front  a f t e r  1.44 

hours became r e l a t i ve ly  s t ab l e  and progressed l e s s  than 1 cm during 

9 hours. 





CHAPTER I11 

FUNDAMENTAL CONCEPTS 

Frost  develops i n  the  s o i l  due t o  heat  movement upward toward 

the cold s o i l  surface. The problem of the  temperature d i s t r ibu t ion  
- 

i n  the  s o i l  is therefore associated with a one-dimentional heat  flow 

problem. An analysis  of t h i s  problem w i l l  be considered a s  well a s  

the  ac tua l  formation of i c e  c rys t a l s  and the  measurement of the  

permeability of frozen s o i l  under temperatures below freezing. 

TEMPERA- DISTRIBUTION 

The var ia t ion  of temperature with depth below the s o i l  surface 

may be p lo t ted  f o r  any pa r t i cu l a r  time. Examples of t h i s  a r e  shown 

i n  Figures 7 and 8 as given by Terzaghi (1952). Two conditions of 

the  f r o s t  f ron t  a r e  shown; these a r e  an ac t ive  layer  and an act ive  

layer  with a permafrost layer .  

It was reported by Yong and Warkentin (1966) t h a t  the var ia t ion 

of s o i l  temperature with time can be p lo t ted  t o  show the in tens i ty  

of temperature. Since there is a l o c a l  f luctuat ion i n  temperature 

between day and night ,  the mean dai ly  temperature is  used. The 

temperature i n t ens i t y  is the a rea  under the curve i n  Figure 9. The 

temperature in tens i ty ,  considered i n  terms of degree days below 

freezing, determines the  penetration of the f r o s t  front.  The mean 

dai ly  temperature is p lo t ted  f o r  a period of one year. The freezing 

index, F is the  shaded area  defined by the  temperature curve. I f  t ' 



- T e q e r a t u r e  below freezing C) semperature above freezing 3.. 

I 
I Ground surface 

U~frozen  layer 

Fig. 7 - Ground t e c ~ e r a t u r e  p r o f i l e  showing: 

Active layer only 

4- Tezperature belog f reezing 
I 

Teqe ra tu r e  above f r eez i r e  ~7 

I 

Frozen zone 

Unfrozen '\ l aye r  

Fig. 8 - G r o u l d  ten.peratl.ire p r o f i l e  showing: 

Permafrost z ~ d  ac t ive  l aye r  
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T3 represents the mean surface temperature during the freezing period 

t, then the freezing index Ft is Tf x t degree days. It is 

evident tha t  the higher F+ is, the greater w i l l  be the f ros t  penetra- 

tion. 

Yong and Warkentin also reported tha t  the f ros t  penetration, 

o r  the depth of the f ros t  front in to  the subsoil depends on several 

factors. 

7. Freezing index and associated temperature factors. 

2. So i l  type and grain-size distribution. 

3. Thermal properties of the soil-water system. 

a. Specific heat of mineral part ic les .  

b. Volumetric heat of the system. 

c. Latent heat of the pore water. 

d. Thermal conzuctivity of the so i l .  

4. Nature of the pore water. 

The specif ic  heat represents the quantity of heat required t o  

r a i se  the temperature of a unit  mass of material one degree (Fahren- 

h e i t  or  centigrade). The volumetric heat depends on the specif ic  heat 

and can be obtained by multiplying the specif ic  heat by the dry 

density of the material. This is different  for  frozen and unfrozen 

so i l s .  Using values of S for  water and i c e  as 7.0 and 0.5 ~ t u / l b / O ~  
P 

respectively, the volumetric heats for  frozen and unfrozen s o i l  may 

be calculated. I f  C U  is the volumetric heat of unfrozen s o i l s  then, 

c, = 'Kl s, Ld ( s o i l  par t ic les)  + ---- 6 S,, (water). (15) 
I 0 0  



For clay we have, 

Sp ( s o i l  pa r t i c l e s )  = 0.17 

and Sp (water) = 1.0 

Therefore, 

In the  above equations, 

S p  is q e c i f i c  heat ~ t u / l b P ~  

b(d is dry density of the s o i l ,  lb / f t  
3 

and & is water content, l b  of waterfib of dry so i l .  

For frozen s o i l s ,  C is the volumetric heat ,  so tha t ,  
f 

oil 
Cf = S p  ( s o i l  pa r t i c l e s )  + ---- , Q P  rd S Sp ( i c e ) ,  (17) 

The heat content and change i n  thermal energy of a soil-water 

system as i t  freezes o r  thaws depend on CU , Cf , and L h  . The 

relat ionship between these factors  is shown i n  F i p r e  10. The thermal 
L 

energy change is l i n e a r  with temperature both below and above freez- 

i n g  but interru9ted by the l a t e n t  heat of fusion L h  , of the pore 

water a t  the  freezing point. 

I n  the so-called Stefan model of the teniperature d is t r ibu t ion ,  

it is assumed tha t  the var ia t ion of tenserature from the top of the 

ground surface t o  the f ros t  l i n e  is l inea r ,  and tha t  the temgerature 

remains constant below the f r o s t  l i n e .  This is show i n  Figure 11. 



Area = F = Freezing index 

Above . . 

freezing ------ F r e e z i n ~  te9 .  --- 
Below 

freezing 

Fig,'g - Freezing index from annual var ia t ion i n  surface t eqe ra tu re .  

TnR;'%L 3iZIPGI Btu --c 

Fig, 10 - neat co2tent or  thermal ecergy diagran for an 
idealized soil-water system, 
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The heat flow fo r  t h i s  model can be calculated as follows: By the 

pr inciple  of  conduction, 

where : 

Qh is heat t ransfer ,  

i is thermal gradient, 

k h  is thermal conductivity, 

A is area,  

s,, = QdA 

y is depth taken a s  downward from the top of the  ground sur- 

face. 

A t  a point  "AT1 on the f r o s t  f ront ,  the equation of continuity 

must be sa t i s f ied .  This  requires t ha t  the  l a t e n t  heat released a s  

the pore water freezes t o  a depth A y i n  time A t  be equal t o  the 

rate of heat conduction t o  tne ground surface. For s m a l l  values of 

A y and A t t h i s  may be wri t ten as, 

where : 

Tf is  temperature below freezing a s  shorn i n  Figure 11, 

and L h  is l a t e n t  heat  of the  pore water. 

Rearranging and integrat ing 

--K,hf--Tfdt = ydy , 
Lh 



therefore 

The term Tfdt i n  degree hours is equal t o  the freezing index 

F i n  degree days times 24. This gives, t 

This equation is called the  Stafen equation since i t  i s  

developed from the  model shown i n  Figure 11. 

It has been found t'nat prediction of the depth of f r o s t  penetra- 

t i on  y made on the above basis  tends t o  overestimate the  actual  

penetration,  and a development by Aldrich (1956) is sometimes used. 

From the theory of the  conservation of thermal energy, i t  can 

be shown t h a t  

where u is thermal energy, ~ tu / f t ' ,  

Since 

dlL= Chdt , 

where C h i s  volumetric heat of s o i l ,  



then 

Diffe ren t ia t ing  equation ( 1 9 ) ~  we ge t ,  

Subst i tu t ing equations (26) and (27) i n t o  equation (241, 

Defining %/Ch a s  rla'l, the  d i  f fus iv i ty  constant, the equation 

can be wri t ten as ,  

The above equation is  the dif fusion o r  heat  flow equation, 

which represents the temperature p r o f i l e  i n  the subsoi l  a t  any i n s t an t  

of  time, 

The use of the dif fusion equation provides an estimation of 

f r o s t  penetration and the  t e q e r a t u r e  d i s t r ibu t ion  a s  shown i n  Figure 

12. The s o i l  terngerature p r o f i l e  is for  any time lltl ' ,  

I n  the frozen s o i l  l aye r ,  the ground t e ~ p e r a t u r e  p r o f i l e  is 

given by the dif fusion equation a s  



-Temperature below freezing Temperature above freezing - 
I 

Frozen 
60 i l  

Tempera 
curve 

2-Depth of f r o s t  
penetrat ion 

Unfrozen s o i l  

Fig. 11 - Tnennal conditions assdned fo r  the  Stefan E4odel. 

Temperature below freezing I Temperature above f r e e z h g  

I I-- f -,4~l*.tl 

I x - Depth of  f r o s t  
penetra t ion 

M E i  

Unfrozen 
s o i l  

Fig. 12 - Ground te::;perature p r o f i l e  f o r  codified 
Berggren Piodel. 



Similar ly ,  i n  the  unfrozen s o i l  l ayer ,  

where : 

a+ = K+/C+ is d i f fu s iv i t y  coeff ic ient  i n  frozen s o i l ,  

a,= Ku/cu is d i f fu s iv i t y  coeff ic ient  i n  unfrozen so i l .  

A t  point  "At' on the f r o s t  f ron t ,  the equation of continuity may 

be used. That is, the ne t  r a t e  of heat  flow from the f r o s t  f ron t  must 

be equal t o  the l a t e n t  heat  supplied by the s o i l  water a s  it freezes 

t o  a depth a y i n  time a t. 

Hence , 

where : 

vh is the ne t  r a t e  of heat  flow a t  the f r o s t  in terface.  So 

t h a t ,  

The solut ion of y has been given by Aldrich' (19561, 

as: 

The correction h depends on the thermal proper t ies  of both 

the frozen and unfrozen so i l s .  



FORFlATION OF ICE I N  SOIL 

I n  general, when the temperature of the water a t  a point drops 

below the freezing point,  i c e  c rys ta l s  w i l l  begin t o  form, The type 

of i c e  formation depends on the r a t e  of freezing and the chemical 

properties of the s o i l ,  There is considerable movement of water i n  

vapor and l i qu id  form towards the point of freezing due to  vapor 

pressure gradients and other pressure gradients. 

Hogentogler (1937) reported tha t  the formation- of i c e  layers  

i n  completely saturated permeable s o i l s  may be accounted for  by the 

f luctuat ion i n  the depth of the f ros t  l i ne .  This is due t o  the chaage 

i n  a i r  temperature when the tenperature remains below the freezing 

point. 

A s  shown i n  Figure 13, "A" represents a columq of unfrozen 

so i l .  With-a drop i n  temperature the f ros t  l i n e  penetrates a s  shown 

in t t ~ w  , and the s o i l  freezes, resu l t ing  i n  a heave equal. t o  the 

moisture expansion of  9 percent, When temperature r i s e s ,  the under 

portion of the frozen layer  melts and returns  t o  normal volume, thus 

leaving a crevice under the frozen layer  equal i n  thickness t o  9 

percent of the or ig ina l  thickness of the water i n  the portion thawed. 

This crevice then f i l l s  with water a s  shorn i n  "C", and on the next 

temperature drop becomes an i c e  layer  a s  sho~m i n  llD". A repe t i t ion  

of t h i s  process produces a second crevice and i c e  layer  a s  shown i n  

tlEfl and lfF11, 
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Yong and Warkentin (1966) analyzed how i ce  layers  form i n  

coarse and fine-grained s o i l s  under freezing temperatures. I n  coarse- 

grained s o i l s  (granular) so i l s ,  because of the  s i z e  of the  pa r t i c l e s ,  

the gravity forces have an e f fec t  both on the mineral and l i qu id  
' 

phases. The surface forces a re ,  by comparison with the gravi ty  forces, 

so  s m a l l  t h a t  t h e i r  e f fec t  may be neglected. Thus, the  bulk of the 

water i n  a saturated granular s o i l  may be considered a s  f ree  water, 

When such a soil-water system freezes,  the i c e  can penetrate from 

one void i n t o  the next, That is, water i n  the s o i l  voids freezes 

as individual i c e  c rys t a l s  without movement of water t o  points  of i c e  

c rys ta l l i za t ion .  Both experimental investigations and f i e l d  s tudies  

indicate  l i t t l e  o r  no heaving of s o i l s  a s  a r e s u l t  of freezing i n  a 

granular soil-water system, 

The beginning of i ce  growth i n  a saturated soil-water systen 

composed of coarse-grained pa r t i c l e s  may be thought of a s  ordinary 

freezing of water within the interspaces of the  porous s o i l  mass. 

Growth of the i c e  c rys t a l  w i l l  progress a s  long a s  the energy 

avai lable  due t o  heat t ransfer  is greater  than the ice-water in te r -  

f a c i a l  pressure e n e r a ,  The ice-water i n t e r f ac i a l  pressure Pi, depends 

on the curvature of the  freezing plane and on a constant which is 

re la ted  t o  the i n t e r f a c i a l  energy between water and ice .  The equation 

for  Piw is given as; 

I p i , = C i w (  ---- + ----- 
h I ) ,  v, (35 

where : 
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Ciw is a constant depending on i n t e r f a c i a l  energy between water 

and i ce ,  

r, , r2, a r e  pr inciple  r a d i i  of curvature of the  curved in te r -  

face. 

The above equation is very s imilar  t o  the i n t e r f ac i a l  pressure 

equation. 

The energy avai lable  due t o  temperature depression o r  heat  

t r ans fe r  may be examined i n  terms of thermodynamics. Assuming a 

closed univariant  system, then the second law of thermodynamics can 

be expressed as: 

1 2  

where : 

F is f r ee  energy o r  energy avai lable ,  

T,,Ti a r e  i c e  and water temperature respectively,  

Qhs LzG s ince the heat  t ransferred from T, t o  T ,  excluding 

L h  is  s m a l l .  

Equation ( 3 6 )  may be wri t ten i n  the form of pressure o r  suction 

i f  F i s  divided by the  volume V. Thus 

where : 

HS is  s o i l  suction. 



0 m ---- 
Water I c e  Unfrozen s o i l  Frozen s o i l  Frost  l i n e  

Fig. 13 - I c e  layer  formed by f luctuat ions  i n  f r o s t  l i ne .  

Soil p a r t i c l e  

So i l  p a r t i c l e  

Fig. 14 - Schematic diagram of i c e  f ront  and curvature 
of  freezing plane. 
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A s  long a s  HS is grea te r  than Piw , freezing of the  pore 

water i n  a saturated granular s o i l  mass w i l l  continue. H5 is a 

measure of the  matric and osmotic potent ia ls .  For granular s o i l ,  

the  osmotic po t en t i a l  is insignif icant .  Hence HS r e f l e c t s  the  

matric potent ia l .  

It is l i k e l y  t h a t  each void space i n  the  s o i l  mass would contain 

one o r  more i c e  c rys ta l s .  The formation of i c e  c rys t a l s  may occur 

on t h e  bas i s  of both heterogeneous and homogeneous nucleation. 

Heterogeneous nucleation is i n i t i a t i o n  of growth o r  formation of an 

i c e  c r y s t a l  by a foreign substance and homogeneous nucleation is . 
i n i t i a l  growth on the bas i s  of a bud of c rys t a l l i z a t i on  formed within 

the  water phase. 

I f  water within the  s o i l  mass is supercooled suddenly, spon- 

taneous nucleation would l i k e l y  occur. The soil-water system would 

freeze instantaneously, giving r i s e  t o  mul t icrysta l  formation. I f  

nonspontaneo~s nucleation were t o  occur, fewer c r y s t a l s  would be 

formed and the  i c e  mass would be composed of l a rge  crysta ls .  A l l  of  

those w i l l  depend on fac tors  such a s  temperature and duration of 

freezing. 

Figure 15 shows a schematic view of s o i l  freezing i n  a coarse- 

grained soil-water system. The system is assumed t o  be completely 

saturated and i n  t h i s  case the uniaxial  d i rec t ion  of freezing is a 

val id  assumption. 

The f r o s t  l i n e  is not necessari ly a s t r a i g h t  horizontal  l i n e  

because several  physical  proper t ies  of t he  s o i l  mass have t o  be 
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considered. The water i n  the s o i l  pores immediately behind the f r o s t  

l i n e  is supercooled and w i l l  nucleate when the f r o s t  l i n e  advances 

further.  

When fine-grained s o i l s  expand due t o  freezing,  the  volume may 

increase 100 percent a s  a r e su l t  of formation of l enses  of i c e  i n  the 

subsoil .  

I n  order t o  explain the phenomenon'of i c e  l e n s  growth, the  

water surrounding the s o i l  p a r t i c l e s  may be c l a s s i f i ed  i n t o  two types: 

a. Water absorbed by the  s o i l  p a r t i c l e ,  

b. Free o r  bulk water. 

The d i s t i nc t i on  between these two c lasses  is shown i n  Figure 

16 but the ac tua l  separation between the two c lasses  of water is 

i n d i s t i n c t  and cannot be readi ly  measured. 

Adsorbed water is always affected by the  forces associated 

with s o i l  p a r t i c l e s  so  t ha t  nucleation is most l i k e l y  t o  occur i n  

the  f r ee  water. When nucleation and subsequent c rys t a l l i z a t i on  occur 

i n  the  f ree  water por t ion,  growth continues a s  long as heat  l o s s  

exceeds heat  gain. Unless heat  l o s s  from the buds is equal t o  o r  

g rea te r  than the  heat  gain from water brought i n  t o  the  bud t o  fo s t e r  

growth, subsequent melting would occur. I f  heat l o s s  is equal t o  

heat  gain, equilibrium is maintained. 

Yong and Warkentin a l so  s t a t e  when a l l  the f r ee  water i n  the 

pore space is used up fo r  c rys t a l  growth, e i t he r  one o r  both of two 

things must happen i f  fu r ther  grorJth is t o  occur. 



Soil 
particle 

Frost 
line 

Heat in A 
- Water in contact with surface of particles and subject to 

surface forces 

ice 
1- 

Supercooled water in bulk-water phase 

Fig. 15 - Schematic view of soil freezing in coarse-grained   oils. 

-Free water 

Clay 
platelet 

adsorbed 
water 

Fig. :6 - Schematic pictcre of the two classes of water in a 
fiaturated fine-grairrcd soil. 
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a. The adsorbed water would be used fo r  fu r ther  growth. 

b, More f ree  water is drawn t o  the bud of c rys t a l l i z a t i on  

from lower unfrozen l aye r s  of the  s o i l .  

Ei ther  of these processes w i l l  require greater  energy; tha t  

is, the  temperature must be fur ther  depressed. A s  the  temperature is 

decreased, a pressure deficiency is induced a t  the  i c e  front.  Whether 

t h i s  deficiency i n  pressure is su f f i c i en t  t o  move water t o  the growing 

bud o r  not w i l l  depend on the  ava i l ab i l i t y  of the  f ree  water i n  

adjacent pores and of the  adsorbed water. Freezing continues u n t i l  

the  energy required t o  bring i n  water t o  keep growing becomes too 

l a rge  and growth stops. Then another nucleus would be formed fa r ther  

ahead of the i c e  f ron t*  

The p i c t o r i a l  sequence for  growth of i c e  lenses  is presented 

i n  Figure 17, 

I n  s tage  1, the  bud of c rys t a l l i z a t i on  is formed i n  the f r ee  

water. I f  the  heat  balance conditions a r e  s a t i s f i e d ,  the  i c e  c rys t a l  

w i l l  grow u n t i l  all the f ree  water within this pore space is added 

t o  the  growing crysta l .  \hen a l l  the  f r ee  water i n  the  pore has  been 

used up, a s  shown i n  Stage 2 ,  f r ee  water i s  drawn from the adjacent 

pore, and water under the influence of the  p a r t i c l e s  is  a l so  used t o  

add t o  i c e  growth. P a r t i c l e  displacenent occurs as a r e s u l t  of both 

water l o s s  and c rys t a l  growth. 

With fur ther  temperature decreases, more p a r t i c l e  displacement 

occurs a s  water is  d r a m  from sources f a r the r  away from the bud of 

c rys t a l l i z a t i on ,  and the  i c e  c rys t a l  grows. This is shown i n  Stage 3. 
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Since heat t ransfer  is essent ial ly  upward, the c rys ta l  begins 

t o  develop such a s  to  form a horizontal i ce  lens. I f  the growth of 

the i ce  lens  is t o  continue, the temperature must be decreased further 

and the heat t ransfer  must consequently be much greater. The more . 

the water i n  the immediate pore space is held to  the s o i l  par t ic les ,  

the nore free water from adjacent pores must be drawn up t o  the ice  

lens. 

Stage 4 of the growth of an i ce  lens  occurs when a l l  the 

available water within the neighboring area has been used up and a 

further supply is not available because of the high energy require- 

ments. When t h i s  happens, another l ens  w i l l  begin t o  grow lower down 

i n  the sane way. The process w i l l  be repeated a s  long as  the cold 

front moves downward and water is available. 



PERMEABILITY 

I n  order t o  determine the  e f f ec t  of moisture content and 

s o i l  type on the permeability i t  is necessary t o  freeze s o i l  samples 

at a pa r t i cu l a r  moisture content and then measure the permeability. 

It is not possible to  use water for  these permeability measurements, 

since i f  the water is  a t  a temperature above freezing the i c e  i n  

the  s o i l  sample would melt and the  permeability would not be con- 

s tan t .  

It was therefore necessary t o  use a f l u id  which has a lower 

freezing temperature than water t o  measure the  permeability. It 

was decided t o  use a i r  fo r  the  measurement as the  equipment could 

be placed i n  a cold room and isothermal conditions could be main- 

tsined.  

A steady s t a t e  measurement with a i r  is not p rac t ica l ,  s ince 

the  measurement of the  quanti ty of a i r  is ra ther  d i f f i c u l t .  A non- 

steady s t a t e  analysis  i s  possible however, t h a t  is somewhat analogous 

t o  t ha t  used i n  the  case of the  f a l l i n g  head perfleameter, used for  

laboratory measurernents of permeability with water. 

I n  the  case of unsteady flow of a i r  a closed tank is used for  

the  supply. Knowing the  pressure at the  beginning and the  end and the 

volume of t he  t a ~ ,  it is possible t o  calculate  the  volume of a i r  from 

Boyle's law. 

The development of the  expression f o r  permeability by t h i s  

method was or ig ina l ly  done by Kirkham (1946). 



According t o  Darcyfs l a w ,  

where : 

q is veloci ty  of  flow, 

Ka is  permeability coef f ic ien t  f o r  air , 
is absolute viscosi ty  of  a i r ,  

P is pressure i n  the  supply tank a t  any time , 
pa is atmospheric p ressure ,  

L is  the  length of the sample. 

The veloci ty ,  q, is the  volume of flow i n  an increment of 

time, d t ,  divided by the  cross-sectional area  of flow, o r ,  

Val - Var  A K a  P - Pa ------------- = - --------- ---------- 
A t  P L 

(9) 

where Val is the  volume of the  air i n i t i a l l y  i n  the tank a t  atmospheric 

pressure ,  

Vo2 is the  volume tha t  the  air i n  the  tank at  time t2 would 

have a t  atmospheric pressure. 

By Boylets Law 

P,V = PaVal 

where V is the  volume of the  tad: , 
is the i n i t i a l  pressure i n  the  tank , 

P2 is the pressure i n  the  tank a t  t i n e  t 2 ' 



Combining equations (39) and (40) 

where d P is an increment of  pressure. 

Subs t i tu t ion  i n t o  equation (38) rearranging, we obta in  

In t eg ra t i ng  and solving f o r  A, , 

As shown i n  Figure 18 the  pressure measurement is done with a mercury 

manometer so the  pressure r a t i o  is 

Changing t o  logarithms t o  the base 70 t h i s  can be wri t ten  as 

Ka = 2.30 LV /cl Iogw UI  - 104 to  92 ) ------------- ( ...................... 
A Pa tz - t c  

- _ 
----____-I_-___ 2.30 L V f i  5* 

A Pa 



Screen 

Fig. 18 - Schematic diagram of the equiinent.  



where St  is the slope of a l o g  y versus time curve. 
10 



CHAPTER IV 

EXPEIIIMEWAL PROCEDURE 

I n  the  laboratory,  i t  would be very d i f f i c u l t  t o  attempt t o  

invest igate  all the s o i l  moisture conditions and s o i l  types t h a t  

lead t o  the  formation of  i c e  lenses  a s  considered i n  the l i t e r a t u r e  

review. 

For t h i s  reason every e f f o r t  was made t o  eliminate the formation 

of i c e  lenses  i n  the s o i l  columns. This was done by freezing the 

samples from a l l  s i de s  and a s  quickly a s  possible. 

This was f e l t  t o  be j u s t i f i ed  since the low i n f i l t r a t i o n  r a t e  

which leads  t o  floods is la rge ly  a surface phenomenon. Larin (1963) 

has  reported t ha t  t o  a depth of 5 t o  10 crn the  i n f i l t r a t i o n  r a t e  does 

vary with var ia t ions  i n  the a i r  permeability of the layer .  

Before t e s t i n g  the permeability of the  froze^ s o i l ,  it was 

necessary t o  determine some of the physical proper t ies  of the  s o i l  

p a r t i c l e s  such a s  the  p a r t i c l e  s i z e  d i s t r ibu t ion  and the  spec i f ic  

gravi ty  . 
The p a r t i c l e  s i z e  charac te r i s t i cs  of the  samples a re  shown i n  

Table 1 and Figure 19. The standard s ieves  used included Nos. 100, 

80, 48, 28, 14, and 8. 

A Christ ian Becker spec i f i c  gravi ty  balance was used t o  deter- 

mine the  spec i f ic  gravity of a hydrocarbon l i qu id  which was then used 

t o  deternine the spec i f ic  gravity of the s o i l  p a r t i c l e s  with standard 

procedures. 







The equipment f o r  t e s t i n g  the  permeability of frozen s o i l  is 

shown i n  Figure 20. A schematic d i ag rm of the  equipment showing the  

manometer, valves and a i r  tank ( 1 ~  cu in.), is shown i n  Figure 18. 

When preparing the  s o i l  f o r  freezing,  the  s o i l  sample was f i r s t  

mixed thoroughly with water i n  a Hobart A-200 mixer (as  shown i n  

Figure 211, and packed i n  p l a s t i c  columns of about 5, 10, and 14.5 cm 

long and 6.4 crn i n  diameter. Grooves were machined around the  

ins ide  of the  p l a s t i c  cylinders a t  2 t o  3 crn i n t e rva l s  t o  prevent air  

from flowing along the  w a l l .  After  packing the  columns were covered 

with p l a s t i c  paper t o  el iminate evaporation and were put i n  a f reezer  

f o r  about 24 hours before the  permeability t e s t s  were conducted. 

A i r  was f i r s t  p w p d  i n t o  the  tank with the  hand pump and the  

air pressure i n  the  tank was noted. The valve was opened and the  timer 

was turned on. After a period grea te r  than several  seconds, the  valve 

was closed and the  time and the  air pressure i n  the  tank were recorded. 

When a l l  nine cdlunns of soil were t es ted ,  the  s o i l  and moisture 

were weighed by an e l e c t r i c  balance. The s o i l  was then placed i n  a 

vacuum drying oven f o r  a t  l e a s t  20 hours, a f t e r  which the  weight of 

dry s o i l  was obtained. 

The moisture i n  the  s o i l  was changed and the  procedure was 

repeated t o  obta in  the  permeability at d i f f e r en t  values of sa turat ion.  



Fig.  20 - The tes t ing  equi 



Fig. 21 - Hobart A-200 mixer. 



CHAPTER V 

RESULTS AND DISCUSSION 

The experimental data a r e  given i n  Tables 2, 3, and 4, and the  

values of permeability a r e  p lo t ted  versus the  parameter $ ( 1 0 s )  i n  

Figures 22, 23, and 24. This parameter was used because it gives an 

indicat ion of the  pore space t ha t  is avai lable  fo r  flow of a f l u id  

a f t e r  the  s o i l  is frozen. I n  the  experimental work t h i s  f lu id  was a i r  

but i n  a f i e l d  s i t ua t i on  it would be unfrozen water. From a theore t ica l  

standpoint there  would be zero permeability when the  paraneter is zero 

s ince  there  would be no empty pores. From a p rac t i ca l  standpoint the  

permeability should become zero before the  parameter does s ince it is 

l i k e l y  t ha t  the  e q t y  pores would not be interconnected a t  low values 

of  $ ( 1-S ) . LOW values of $ ( I-S ) a re  obtained e i t he r  by having a 

s m a l l  porosity o r  high saturat ion.  

I n  Figures 22 and 23, i t  appears t ha t  there  is a l i n e a r  re la t ion-  

sh ip  between permeability and $ ( 1-S ) when p lo t ted  on semi-logarithmic 

paper. The p lo t ted  l i n e s  a r e  the best  f i t  s t r a i g h t  l i n e s  a s  determined 

by a l e a s t  squares analysis.  The equations f o r  these l i n e s  are: 

and 

f o r  coarse and f i ne  sand respectively.  The simple correla t ion coef- 

f i c i e n t s  a r e  0.866 and 0.950 respectively. 



TABLE 2. PERMEABILITY DATA 

Sample; Coarse Sand Sp. G r .  = 2.616 

Cross- 
Length Section 

No. of of Porosity Saturation Permeability @ (I-s ) 
of Column Column 

Column cm cm @ s 2 -6 2 10 cm 



TABLE 3. PERl*mILITY DATA 

Sample: Fine sand Sp. gr. = 2.660 

Cross 
Length Section 

No . of of Porosity Saturation Permeability 9 ( I-S) 
of Column Column 

cm2 pr S 
-6 2 

Column cm 10 cm 



TABLE 3. (continued) 

Cross 
Length Section 

No. o f of Porosity Saturation Permeability @ (I-S) 
of Column Column 

Column cm cm2 @ s -6 2 10 cm 



TABLE 4. PERMEABILITY DATA 

Sample: S i l t  Sp. gr. = 2.449 

Length 
No. of 
of Column 

Column cm 

Cross 
Section 
of Porosity Saturation Pemeabi l i  ty  fd (I-S) 

Column 
cm2 fd S 

-6 2 10 cm 



TABLE 4. (continued) 

Cross 
Length Section 

No. of of Porosity Saturation Perrneabili t y  $ (A-S ) 
of Column Column 

Column crn crn B s 2 -6 2 10 cm 



A 5 cm C O ~ L ~ F J I  

x 111.5 cn column 

Fig. 22 - k vs $(I-S) Xelationship for  coarse sand. 
a 



A 5 crn column 

Fig. 23 - t vs g(l-S) Relationship for fine sa-rd. 
a 



O 0. I 0.2 0.3 0.4 0.6 
B ( 1 4 )  

G ~ t a u ~  7 - urldisturbed s o i l  

x Group 2 - s o i l  nixed with water 

A Group 3 - s o i l  p laced  i n  colutm then wetted 

Fig. 24 - k vs $(I-S) Rela t ionship  for  silt. 
a 
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For each of these curves there  were several  samples which had 

zero permeability and these po in t s  were not used i n  ca lcu la t ing  the  

cor re la t ion  coeff ic ients .  I n  all such cases the  value of $(I-S ) 

was l e s s  than 0.13. Assuming t ha t  a reasonable value fo r  the  porosi ty  

of an undisturbed sc2i.l is 0.3, t he  sa tu ra t ion  would have t o  be approxi- 

mately 0.6 o r  g rea te r  f o r  t he  s o i l  t o  be impermeable when frozen. 

There a re  other  samples which had s ign i f ican t  permeability fo r  values 

of the  parameter l e s s  than 0.13. 

For the  silt (Figure 24) t he  data  appear t o  be grouped i n  several  

areas. It is  f e l t  t h a t  t h i s  is due t o  the d i f f e r en t  procedures of 

wetting the  s o i l  and then placing i t  i n  the  container. Tnis procedure 

was very satisfactory.  f o r  coarse grained material  such a s  sand but wzs 

not s a t i s f ac to ry  with silt due t o  forming aggregates which give non- 

uniform porosity.  The data  i n  group 1 were obtained when the  silt 

was r e l a t i v e l y  undisturbed; a f t e r  drying, rewetting a ~ d  remixing, the  

other  po in t s  were obtained. The l a rge r  than expected values of 

permeability a r e  almost ce r ta in ly  due t o  l a rge  pores occurring between 

aggregates. 

I n  general there  i s  considerable s c a t t e r  i n  a l l  the  experimental 

data;  however, according t o  the corre la t ion coef f ic ien t s ,  90 and 75 

percent of the  var ia t ion  i n  f i ne  and coarse sand respectively is 

accounted fo r  by the  one parameter ~ i c h  is f e l t  t o  be good fo r  the  

f i r s t  attempt a t  t h i s  type of exyeriment. 

Several l im i t a t i ons  should be noted before attempting t o  a ~ p l y  

any of these re la t ionsh ips  to  a f i e l d  sa turat ion:  



6.3 

1. The permeabi l i t ies  measured here are a i r  permeabi l i t ies  

which may not be the  same a s  water permeabi l i t ies  due t o  s l i p  flow and 

the so-called Rli&&enberg e f fec t . .  nis e f f e c t  g ives  a permeability 

f o r  gases which depends on the  pressure  of t h e  gas. 

2. There was no attempt made i n  the  f reezing of  the  columns 
I 

t o  dupl ica te  f i e l d  condit ions i n  which i c e  l enses  form. I n  f a c t ,  

every e f f o r t  w a s  made t o  el iminate the  formation of i c e  l enses  and 

have homogeneous condit ions throughout t he  sample. This was evidently 

accomplished s ince  t he r e  was no s i gn i f i c an t  d i f ference between various 

length  columns. 

3. A r a t h e r  l imi ted  range of  s o i l  types were used i n  the  

experimental work. F iner  textured s o i l s  a r e  harder t o  wet uniformly 

and a re  uuch more l i a b l e  t o  have i c e  lenses.  Therefore, d i f f e r e n t  

experimental procedures would have t o  be used i n  f i n e r  grained s o i l s .  



CHAPTER V I  

CONCLUSIONS fiNlj REC O&fMXNDAF I C N  S 

Based on the  r e s u l t s  shown previously,  the  follokjing conclusions may 

be made: 

1. It is  poss ib le  t o  measure the permeabi l i ty  of f rozen  s o i l  

under isothermal  condi t ions  by using a f l u i d  ~ 5 t h  a lower f r eez ing  

0 po in t  than water whilz kee?ing t h e  temperature below 32 F. 

2 .  The parameter fl ( 1 4 )  i s  d i r e c t l y  r e l a t e d  t o  the 

permeabil i ty by an exponent ia l  r e l a t i o n s h i p .  The permeabil i ty 

decreases  a s  fl (1-S) decreases.  

3 .  The va.lue of the  parameter fl (1-S) must be l e s s  t h m  

about 0.13 i n  s i l t s  and sands f o r  the permeabil i ty t o  be zero when t h e  

s o i l  i s  f rozen ,  

Some aspec t s  of t h i s  which should be xorked on i n  the  f u t u r e  a re  : 

1. Isothermal experiments using a l i q u i d  should be run t o  g e t  

b e t t e r  d a t a  of permeabil i ty of t h e  f rozen s o i l .  If a l i q u i d  i s  used 

it i s  much simpler  t o  s e t  up a s teady s t a t e  measurement of permeabi l i ty  

bes ides  avoiding the  Klinkenbsrg e f f e c t .  

2. Non-isot bermal experiments using water a s  t h e  l i q u i d  should 

be run t o  obta in  some i n f o r m a t i ~ n  on the  mass t r a n s f e r  of water from 

the  s o l i d  t o  l iq i l id  s t . te  under con t ro l l ed  condi t ions .  

3. Air p ~ r r n c m e t c r  measurexents should be conducted i n  the f i e l d  

under c o n d i t i o ~ s  below f r e e z i n c  t h e  ground i s  f rozen  i n  order  t o  



see whether t h e  re la t ionsh ips  developed he re  a r e  v a l i d  i n  the  

f i e l d .  
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