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Les phgnom8nes a g i s s a n t  l o r s  du g e l  des  s o l s  f i n s  non soumis 3 
une surcharge  s o n t  d g c r i t s  e t  r e l i g s  au taux  d ' e x t r a c t i o n  n e t t e  
de chaleur .  Des expgriences unidimensionnel les  de  soulkvement 
dQ au g e l  on t  Et6 f a i t e s  au Canada s u r  un s o l  limoneux pour 
d i f f s r e n t e s  cond i t i ons  l i m i t e s  de  tempgrature.  11 a 6 t 6  6 t a b l i  
que l e  taux  de soulkvement dQ 3 l a  formation de l e n t i l l e s  de 
g l a c e  e s t  for tement  dspendant du taux d ' e x t r a c t i o n  de l a  
chaleur .  Aucun Ecoulement d 'eau n'a Eti5 observ'e a des  taux  
d ' e x t r a c t i o n  s i tu 'es  e n t r e  0,35 e t  0,45 uiW/mm2. Les t aux  de 
soulkvement s6grGgationnel maximums s o n t  survenus B envi ron  
0 , l  d / m m 2 .  Tou te fo i s ,  pour l e  mGme s o l ,  des  v a r i a t i o n s  
importantes  du soulkvement sgg r sga t ionne l  o n t  6 t 6  relev'ees pour 
un taux d ' e x t r a c t i o n  de cha l eu r  donnG au cours  d'un g e l  
t r a n s i t o i r e .  Les p r6d ic t ions  du soul&vement dQ au  g e l  

e n r e g i s t r s e s  l o r s  d ' e s s a i s  e f f e c t u s s  2 des  taux  d ' e x t r a c t i o n  de 
cha l eu r  r e p r 6 s e n t a t i f s  des  cond i t i ons  i n  s i t u  s o n t  Ggalement 
examin6es. 
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Soil Freezing characteristics Versus Heat Extraction Rate 

J.-M. KONRAD 
Division of Building Research, National Research Council of Canada, Ottawa, Ontario, K I A  OR6 

ABSTRACT 

The processes  t h a t  a r e  o p e r a t i v e  du r ing  

f  i n e g r a i n e d  s o i l  f r e e z i n g  w i t h  n o  a p p l i e d  su rcha rge  

a r e  descr ibed and r e l a t e d  t o  t h e  r a t e  of n e t  h e a t  

e x t r a c t i o n .  One-dimensional f r o s t  heave exper iments  

were c a r r i e d  ou t  on a  Canadian s i l t y  s o i l  under v a r i o u s  
f r e e z i n g  cond i t ions .  It was e s t a b l i s h e d  t h a t  t h e  

seg rega t iona l  heave r a t e  is  s t r o n g l y  dependent on t h e  

r a t e  of h e a t  removal. No water  flow was observed a t  

hea t  e x t r a c t i o n  r a t e s  between 0.35 and 0.45 m w / m 2 .  
Maximum s e g r e g a t i o n a l  heave r a t e s  occurred a t  r a t e s  of 

about 0.1 m w / m 2 .  For t h e  same s o i l ,  however, 
s i g n i f i c a n t  v a r i a t i o n s  i n  s e g r e g a t i o n a l  heave r a t e s  

were measured f o r  a  g iven hea t  removal r a t e  du r ing  
t r a n s i e n t  f r eez ing .  F ros t  heave p r e d i c t i o n s  u s i n g  

f r e e z i n g  t e s t s  a t  r a t e s  of h e a t  e x t r a c t i o n  r ep resen ta -  
t i v e  of f i e l d  cond i t ions  a r e  a l s o  discussed.  

INTRODUCTION 

The propensi ty  f o r  heave of a  s o i l  under f r e e z i n g  
cond i t ions  i s  mainly a f f e c t e d  by f a c t o r s  such  a s  g r a i n  

s i z e ,  pore  s i z e  d i s t r i b u t i o n ,  a v a i l a b i l i t y  of wa te r ,  

app l i ed  l o a d s  and t h e  r a t e  of f reezing.  

This  paper is  concerned wi th  t h e  i n f l u e n c e  of t h e  

thermal  boundary c o n d i t i o n s  i n  a  f r o s t  heave t e s t .  

Therefore ,  i t  is  r e s t r i c t e d  t o  a  f u l l y  s a t u r a t e d  s o i l  
w i t h  t h e  same g r a i n  s i z e  d i s t r i b u t i o n  a t  a g iven  

poros i ty ,  sub jec t ed  t o  z e r o  e x t e r n a l  l oad ing  and f r o z e n  

w i t h  f r e e  a c c e s s  of water  from an  e x t e r n a l  sou rce ,  

i .e . ,  an open system f reez ing .  

Attempts t o  e s t a b l i s h  a  r e l a t i o n s h i p  between t h e  

r a t e s  of hea t  e x t r a c t i o n ,  f r o s t  p e n e t r a t i o n  and heave 
have been made by s e v e r a l  i n v e s t i g a t o r s .  The 

conclus ions  of t h e s e  s t u d i e s  a r e  con t rad ic to ry .  
Beskow [ l ]  demonstrated, w i th  experiments i n  which t h e  

a i r  temperature above t h e  specimen v a r i e d  between -2'C 

and -lO°C, t h a t  t h e  heaving r a t e  is n o t  always 

inf luenced s i g n i f i c a n t l y  by t h e  r a t e  of f r o s t  

pene t r a t ion .  He concluded t h a t ,  a t  c o n s t a n t  l o a d  on 

t h e  s o i l ,  t h e  r a t e  of heave is  independent of t h e  r a t e  
of f reezing.  The U.S. Army Corps of Engineers  [2]  

s t a t e d  the  same conclus ion,  but s p e c i f i e d  t h a t  i t  was 

only v a l i d  f o r  t h e  r ange  of f r e e z i n g  r a t e s  employed i n  

i t s  i n v e s t i g a t i o n .  Loch [ 3 ]  found no dependence 
between t h e  r a t e s  of heave and h e a t  e x t r a c t i o n  i n  many 

of t h e  s o i l s  t e s t e d  i n  h i s  study. He emphasized t h a t  

h i s  conclus ion was only v a l i d  f o r  t h e  r ange  of h e a t  

e x t r a c t i o n  r a t e s  used i n  h i s  experiments.  

Kaplar [ 4 ] ,  on t h e  o t h e r  hand, concluded t h a t  t h e  

heave r a t e  is dependent on, o r  c o n t r o l l e d  by, t h e  r a t e  

of h e a t  e x t r a c t i o n .  Kaplar ' s  conclus ion was suppor ted 

by experiments performed by Penner [ 5 ]  e s t a b l i s h i n g  

t h a t  t h e  i c e  s e g r e g a t i o n  e f f i c i e n c y  r a t i o  proposed by 

Arakawa [ 6 ]  ( t h e  s e g r e g a t i o n a l  heave r a t e )  was s t r o n g l y  

dependent on t h e  r a t e  of h e a t  e x t r a c t i o n .  
Horiguchi [7 ]  p re sen ted  d a t a  f o r  powder m a t e r i a l s  

t h a t  showed t h a t  t h e  t o t a l  heave r a t e  i s  s t r o n g l y  

dependent on t h e  r a t e  of h e a t  removal. Furthermore,  

d i f f e r e n t  forms of t h i s  r e l a t i o n s h i p  were ob ta ined  f o r  

d i f f e r e n t  types  of powdered z e o l i t e s  depending on t h e  

p a r t i c l e  s i z e .  F i n a l l y ,  Loch [ a ]  s t u d i e d  f i v e  
Norwegian s i l t y  s o i l s  and found t h a t  t h e  r a t e  of heave 

obta ined by f r e e z i n g  s a t u r a t e d ,  unloaded s o i l  does  

depend on t h e  n e t  r a t e  of h e a t  e x t r a c t i o n .  He a l s o  
e s t a b l i s h e d  t h a t  a  maximum heave r a t e  i s  ob ta ined  a t  a  

c e r t a i n  va lue  o r  range of h e a t  e x t r a c t i o n  r a t e s .  

HEAT TRANSFER I N  FREEZING SOILS 

When a  sudden s t e p  temperature below f r e e z i n g  is 
a p p l i e d  t o  t h e  s u r f a c e  of a  s o i l  sample, unsteady h e a t  

f low is  i n i t i a t e d .  The p rogres s  a f  f r o s t  f r o n t  i n t o  
t h e  s o i l  i s  a  f u n c t i o n  of t h e  imbdlance of t h e  h e a t  

suppl ied  t o  t h e  h e a t  removed. Heat a s s o c i a t e d  wi th  

coo l ing  i s  n e g l i g i b l e  compared t o  t h a t  a s s o c i a t e d  wi th  

t h e  l a t e n t  hea t  of f r e e z i n g  water.  
When a  wet s o i l  i s  sub jec ted  t o  f r e e z i n g ,  t h e  

l i qu id - so l id  phase change invo lves  two simultaneous 

processes .  Pore water  i n  t h e  s o i l  f r e e z e s  i n  s i t u  a t  

t h e  " i n  s i t u "  f r e e z i n g  temperature.  Ti, and water  

supp l i ed  from t h e  unfrozen s o i l ,  o r  poss ib ly  an  

e x t e r n a l  sou rce ,  i s  sucked t o  t h e  f r e e z i n g  f r o n t  where 

i t  f r e e z e s  a t  t h e  seg rega t ion  f r e e z i n g  temperature ,  T 

The second process  u s u a l l y  l e a d s  t o  t h e  develqpment o f '  
i c e  l e n s e s  i n  s a t u r a t e d  s o i l s .  For f i n e  g ra ined  s o i l s ,  

depending on t h e i r  f r o s t  s u s c e p t i b i l i t y ,  Ts may range 



from about  -0.05OC t o  -0.50°C. In  some c l a y s ,  T can 
even tua l ly  be below -0.5OC. For many s o i l s  t h e  f n  s i t u  
f r e e z i n g  temperature  i s  c l o s e  t o  O°C and i s  p r i m a r i l y  

a f f e c t e d  by pore  s i z e ,  a s  Ti r e f e r s  t o  t h e  warmest 
temperature a t  which i c e  can p e n e t r a t e  a pore. Both Ts 
and Ti a r e  a l s o  dependent on s o l u t e  concentra t ion.  

S a t i s f y i n g  bo th  c o n t i n u i t y  of temperature  and h e a t  
f l u x  a t  each boundary r e s u l t s  i n  Equation (1) a t  t h e  Ti 
i sotherm and Equation ( 2 )  a t  t h e  Ts isotherm: 

where Kf, Kfr ,  K r e p r e s e n t  r e s p e c t i v e l y  t h e  thermal  
c o n d u c t l v i t l e s  o? t h e  f r o z e n  l a y e r ,  t h e  f r o z e n  f r i n g e  

between Ts and T. and t h e  unfrozen s o i l .  w i s  t h e  
i n i t i a l  vo lumet r i c  moi s tu re  con ten t  of t h e  s o i l ,  T i s  
t h e  temperature ,  dX i s  t h e  f r o s t  p e n e t r a t i o n  r a t e ,  z i s  

d t 
t h e  dep th ,  L i s  t h e  l a t e n t  h e a t  of f u s i o n  of water  and 
v is  t h e  water i n t a k e  r a t e .  

Since  t h e  abovementioned f r e e z i n g  p rocesses  a r e  

o p e r a t i v e  s imul taneously  and cont inuously ,  and 
cons ide r ing  c o n t i n u i t y  of  h e a t  f l u x  i n  t h e  f r o z e n  

f r i n g e ,  Equations (1) and ( 2 )  can be combined a s :  

The lef t -hand term i n  Equation (3)  i s  t h e  n e t  h e a t  
e x t r a c t i o n  r a t e ,  and r e p r e s e n t s  t h e  h e a t  f low o u t  of 

t h e  sample minus t h e  h e a t  f low i n t o  t h e  sample. 

FROST HEAVE VERSUS HEAT EXTRACTION RATE 

To ta l  heave r a t e ,  ti, i s  t h e  sum of t h e  
s e g r e g a t i o n a l  heave r a t e ,  ds ,  and t h e  heave r e s u l t i n g  

from t h e  volume expansion of pore  water by i n  s i t u  
f r eez ing .  The l a t t e r  is r e l a t e d  t o  t h e  f r o s t  
p e n e t r a t i o n  r a t e .  Segrega t iona l  heave r a t e ,  h',, i s  
r e l a t e d  t o  t h e  water  i n t a k e  r a t e  a s :  

where Vi and Vw r e p r e s e n t  r e s p e c t i v e l y  t h e  s p e c i f i c  
volumes of i c e  and water.  

Combining Equat ions  (3) and (4 )  : 

where 4 i s  t h e  n e t  h e a t  e x t r a c t i o n  r a t e .  

To ta l  heave r a t e  i s  obta ined as :  

When conducting f r e e z i n g  t e s t s  i n  t h e  l a b o r a t o r y ,  
i t  i s  s t anda rd  procedure  t o  measure temperatures  w i t h i n  

t h e  sample, water movement t o  t h e  f r e e z i n g  f r o n t  and 
t o t a l  heave v e r s u s  time. Any f r e e z i n g  t e s t  can 
t h e r e f o r e  be cha rac te r i zed  adequate ly  a t  any t ime t by 

t o t a l  heave, s e g r e g a t i o n a l  heave and p o s i t i o n  of  t h e  
O°C isotherm. Figure  l ( a )  r e p r e s e n t s  a t y p i c a l  r e s u l t  
of a f r e e z i n g  t e s t  under cons tan t  thermal boundary 

condi t ions .  Unsteady h e a t  f low p e r s i s t s  a s  long a s  t h e  
f r o s t  f r o n t  con t inues  t o  p e n e t r a t e ,  i .e . ,  from S t o  A". 

A per iod oE s t a t i o n a r y  p o s i t i o n  of t h e  O°C i so the rm 
fo l lows ,  du r ing  which a major i c e  l e n s  grows u n t i l  
t e s t i n g  is  s topped a t  p o i n t s  B, B' and B". 

For a g iven  s o i l  and temperature  boundary 

cond i t ions ,  it is  a l s o  p o s s i b l e  t o  c h a r a c t e r i z e  t h e  

e n t i r e  f r e e z i n g  p rocess  by t h e  r e l a t i o n s h i p  between t h e  

n e t  hea t  e x t r a c t i o n  r a t e ,  t o t a l  heave r a t e  and 
s e g r e g a t i o n a l  heave r a t e ,  a s  shown by Equat ions  (5) 
and (6).  Using t h e  example given i n  Fig. l ( a ) ,  t h i s  

p a r t i c u l a r  f r e e z i n g  t e s t  w i l l  be c h a r a c t e r i z e d  a t  any 

t ime t by t h e  n e t  h e a t  e x t r a c t i o n  r a t e  { ob ta ined  from 

Equation (3) and by t h e  s l o p e  of t h e  tangent  a t  p o i n t s  
M and M' of t h e  t o t a l  and s e g r e g a t i o n a l  heave cu rves  

r e spec t ive ly .  For f i x e d  thermal boundary cond i t ions ,  
t h e  n e t  h e a t  e x t r a c t i o n  r a t e  dec reases  s t e a d i l y  w i t h  

time. Therefore ,  p o i n t s  M and M' i n  Fig. l ( b )  move 
r e s p e c t i v e l y  on two l o c i  from t h e  r i g h t  t o  t h e  l e f t  
dur ing t r a n s i e n t  f r eez ing .  During t h i s  phase t h e  r a t e  

of  water  mig ra t ion  a f f e c t s  t h e  thermal  balance  w i t h i n  
t h e  s o i l  a s  l a t e n t  h e a t  i s  r e l e a s e d  dur ing f r eez ing .  
Thermal balance  a t  any t ime t then determines  t h e  r a t e  

of i n  s i t u  water f r eez ing .  The v e r t i c a l  d i s t a n c e  
between t h e  two l o c i  may be viewed a s  a measure of t h e  

f r o s t  pene t r a t ion  r a t e  a t  t h e  va r ious  h e a t  e x t r a c t i o n  

r a t e s .  
A t  p o i n t  A, thermal  balance  is  such  t h a t  n o  

f u r t h e r  i n  s i t u  water  f r e e z i n g  i s  required.  In 

Fig. l ( b ) ,  t h e  two cu rves  r ep resen t ing  t o t a l  and 
seg rega t iona l  heave r a t e s  merge, and dX/dt i s  t hen  

e q u a l  t o  zero.  For dX = 0, Equations (5)  and (6)  
d t 
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i n d i c a t e  t h a t  t h e  t o t a l  heave r a t e  and s e g r e g a t i o n a l  

heave r a t e  a r e  equa l  and t h a t  t hey  a r e  l i n e a r l y  r e l a t e d  
t o  t h e  n e t  h e a t  e x t r a c t i o n  r a t e .  The s l o p e  of  t h i s  

p a r t i c u l a r  l i n e  is  (V /V ) ( 1 / ~ ) .  A t  po in t  A t h e  f r o s t  
1 w 

f r o n t  reaches  i t s  maximm p e n e t r a t i o n  i n  t h e  s o i l .  If 

t h e  r a t e  of h e a t  e x t r a c t i o n  obta ined a t  t h i s  po in t  i s  
maintained cons tan t ,  by changing t h e  c o l d  s t e p  

temperature f o r  example, t h e  r a t e  of heave w i l l  a l s o  
remain constant .  Furthermore,  t h e  f r o s t  f r o n t  w i l l  
remain s t a b l e .  The r e p r e s e n t a t i v e  p o i n t  of t h i s  
f r e e z i n g  cond i t ion ,  t hen ,  i s  s t i l l  p o i n t  A. 

On t h e  o t h e r  hand, i f  t h e  temperature  boundary 
c o n d i t i o n s  a r e  mainta ined cons tan t  w i t h  t ime, wa te r  

migrat ion and growth of t h e  f i n a l  i c e  l e n s  c o n t r i b u t e  
t o  changes i n  h e i g h t  of t h e  specimen. The temperature  

g r a d i e n t s  dec rease  s lowly but s t e a d i l y  wi th  a  
concomitant dec rease  i n  n e t  h e a t  e x t r a c t i o n  r a t e .  The 

r e p r e s e n t a t i v e  p o i n t  of such f r e e z i n g  w i l l  move a long  
t h e  s t r a i g h t  l i n e  towards t h e  o r i g i n .  For t h e  t e s t  

r ep resen ted  by Fig.  l ( a ) ,  t h e  f r e e z i n g  i s  s topped a t  

p o i n t  B. It i s  noteworthy t o  s t r e s s  t h a t  a l l  
r e p r e s e n t a t i v e  p o i n t s  l o c a t e d  on t h i s  l i n e  correspond 
t o  t h e  growth of a  s i n g l e  i c e  l e n s ,  i t s  format ion r a t e  

being d i c t a t e d  by t h e  r a t e  of h e a t  removal. Another 

i c e  l e n s  w i l l  only  be  generated a s  a  r e s u l t  of a  change 

i n  n e t  h e a t  e x t r a c t i o n  l a r g e r  than  {(A) t h a t  would only  

be poss ib l e  wi th  a  change i n  thermal boundary 
cond i t ions .  

I f  s u f f i c i e n t  f r e e z i n g  t ime i s  a v a i l a b l e ,  t h e  

r e p r e s e n t a t i v e  p o i n t  of t h e  f r e e z i n g  cond i t ion  ( f i x e d  
temperature  boundary cond i t ions )  may u l t i m a t e l y  r e a c h  

t h e  o r i g i n  where both  t h e  n e t  h e a t  e x t r a c t i o n  r a t e  and 
t h e  heave r a t e s  a r e  zero.  In t h e  c a s e  of a  s o l u t e  

f r e e ,  s a t u r a t e d ,  unloaded s o i l ,  t h e  above c o n d i t i o n  
means t h a t  t h e  temperature  a t  t h e  base  of t h e  i c e  l e n s  

is  O°C and t h e  p res su re  i n  t h e  l i q u i d - l i k e  water  f i l m  
ad jacen t  t o  i t  i s  atmospheric,  i . e . ,  n o  more d r i v i n g  

p o t e n t i a l  f o r  mass t r a n s f e r ,  and t h e  sample r eaches  
t r u e  thermal  s t eady  s t a t e .  It must be  emphasized t h a t  

i nc reas ing  s o l u t e  concen t ra t ions  beneath t h e  i c e  l e n s  
by s o l u t e  r e j e c t i o n  could  produce a  cond i t ion  of n o  

water f low t o  t h e  c u r r e n t  i c e  l e n s  a t  a  p o s i t i v e  n e t  
h e a t  removal r a t e .  Th i s ,  i n  t u r n ,  may r e s u l t  i n  s l i g h t  

temperature adjus tments  wi thout  f r e e z i n g  i n  o rde r  t o  

a t t a i n  t r u e  thermal  s t eady  s t a t e .  

TESTING PROCEDURE 

The f r e e z i n g  c e l l  used dur ing  t h i s  i n v e s t i g a t i o n  

h a s  been desc r ibed  by Konrad [9]. Thermis tors  were 

placed i n  t h e  s i d e  of t h e  w a l l  of t h e  c y l i n d r i c a l  c e l l  
t o  measure t h e  temperature  d i s t r i b u t i o n  i n  t h e  s o i l  

sample. The c e l l  was heav i ly  i n s u l a t e d  and placed i n  a  
c o l d  room a t  +0.5OC. Tes t ing  was c a r r i e d  o u t  u s i n g  

Devon s i l t ,  which i s  h igh ly  f r o s t -  s u s c e p t i b l e .  The 
p r o p e r t i e s  of Devon s i l t  a r e  a s  follows: 
l i q u i d  l i m i t  = 46%; p l a s t i c  l i m i t  = 2%; s p e c i f i c  
g r a v i t y  = 2.70; percentage pass ing  a200 = 95%; and 

percentage c l a y  s i z e  (t0.402 mm) = 28%. 
The samples were prepared by conso l ida t ing  a  

s l u r r y  t o  a  p res su re  of 210 kPa. Af t e r  primary 
conso l ida t ion  was complete,  each  sample was placed i n  

t h e  f r e e z i n g  c e l l  where i t  rebounded under z e r o  load.  
The s a t u r a t e d  samples were f rozen  i n  t h e  a x i a l  

d i r e c t i o n  e i t h e r  from t h e  top  down o r  from t h e  bottom 

up. Water was supp l i ed  f r e e l y  a t  t h e  warm end. When a  

sample f r o z e  downwards, t h e  top  p l a t e  was maintained a t  
a  cons tan t  temperature  below O°C and t h e  bottom p l a t e  

was he ld  a t  a  p a r t i c u l a r  temperature above O°C. 
Freezing progressed i n  each c a s e  t o  s t eady  s t a t e  

cond i t ion ,  i.e., a  s t a t i o n a r y  f r o s t  f r o n t .  Thus a  
pe r iod  of d e c e l e r a t i n g  f r o s t  p e n e t r a t i o n  was ob ta ined  

dur ing each t e s t ,  fo l lowed by a  pe r iod  of s t a t i o n a r y  
f r o s t  f r o n t ,  dur ing which a  major i c e  l e n s  could  grow. 

The temperature  p r o f i l e ,  water  movement i n t o  t h e  
sample, and t o t a l  heave ve r sus  t ime were monitored w i t h  

a  d a t a  a c q u i s i t i o n  system. 

RESULTS 

Freezing T e s t s  w i t h  Constant Thermal Boundary 

Conditions 
Tab le  1  summarizes t h e  thermal  and geomet r i ca l  

cond i t ions  of d i f f e r e n t  f r e e z i n g  t e s t s  w i th  no 
e x t e r n a l l y  a p p l i e d  load. F igures  2  t o  5 i l l u s t r a t e  

t y p i c a l  r e s u l t s  obta ined from t h i s  t e s t  s e r i e s .  As 

shown i n  Figs .  3 and 5, t h e  measured temperatures  were 

l i n e a r  through t h e  samples f o r  t h e  s t e a d y  s t a t e  
cond i t ion ,  conf i rming oned imens iona l  h e a t  f low. Owing 

t o  the  smal l  he igh t  of t h e  samples, t h e  temperature  
d i s t r i b u t i o n  d u r i n g  t r a n s i e n t  h e a t  f low was a l s o  l i n e a r  

i n  both  f rozen  and unfrozen s o i l  l a y e r s  a s  shown i n  

Fig. 3. Net h e a t  e x t r a c t i o n  r a t e s  were r e a d i l y  
obta ined from t h e  thermal c o n d u c t i v i t i e s  of t h e  
unfrozen and f r o z e n  s i l t ,  which were r e s p e c t i v e l y  

1.47 mW/(mm°C) and 1.76 mW/(mm°C). 
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Table 1. Sunrmary of Freezing Test  Conditions 
TEMPERATURE. O C  

Test 
I n i t i a l  

Height (cm) 

NS- 1 + 1.1 - 3.4 10.4 
NS-4 + 1.1 - 2.5 7.6 
NS-5 + 1.1 - 6.2 10.0 
NS-7 + 1.1 - 3.5 12.0 
NS-9 + 1.0 - 6.0 28.0 

E2 + 3.5 - 3.6 13.5 
E4 + 3.0 - 5.5 7.8 
E6 + 0.4 - 3.5 7.1 
E7 + 2.0 - 3.5 7.0 
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INITIAL 

T E M P E R A T U R E .  ' C  

MOISTURE CONTENT A!TR TEMPERATURE PROFILE 
AT THE END OF 

FREEZING. % OF DRY WEIGHT 
TRANS lENT FREEZ lNG 

hours 

M O I S T U R E  C O N T E N T  A F T E R  
T E M P E R A T U R E  P R O F I L E  

D U R I N G  
F R E E Z I N G .  % O F  D R Y  W E I G H T  

F I G U R E  3 

R E S U L T S  F R O M  T E S T  E 4  

FINAL ICE LENS 
- 

W 
n 

0 10 20 30 40 50 60 

ELAPSED TIME, h 

FIGURE 4 

EXPERIMENTAL RESULTS FROM TEST NS-1  

FIGURE 5 

RESULTS FROM TEST NS-1  

Figure 6 summarizes the  curves of ne t  heat  

ex t rac t ion  r a t e  versus water in take  f l u x  and Fig. 7 
presents t o t a l  heave r a t e  versus ne t  heat  ex t rac t ion  
r a t e .  

Figure 6 shows t h a t  each sample experienced a wide 

range of heat ex t rac t ion  r a t e s  during each freezing 
t e s t .  Furthermore, i t  is s t r i k i n g  t h a t  a l i m i t i n g  r a t e  

of heat  removal e x i s t s  a t  which no water flow t o  the 

f reez ing  f r o n t  i s  possible ,  For Devon si l t ,  t h i s  
l imi t ing  r a t e  of heat  ex t rac t ion  is  approximately 

between 0.35 and 0.45 mw/mmZ. Within t h e  range of hea t  
ex t rac t ion  r a t e s  of 0.5 t o  0.1 m ~ / n r m ~ ,  t h e  r a t e  of 

NO IN-SITU FREEZING 

FIGURE 6 

SEGREGATIONAL HEAVE RATE VERSUS 
NET HEAT EXTRACTION RATE FOR 
OEVON SILT 
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T O T A L  H E A V E  R A T E  V E R S U S  N E T  H E A T  
E X T R A C T I O N  R A T E  F O R  D E V O N  S I L T  

moisture  flow i n t o  t h e  sample inc reased  a s  t h e  r a t e  of 
h e a t  removal decreased. In a l l  f r e e z i n g  t e s t s ,  a 

maximum water migrat ion r a t e  was obta ined f o r  a r a t e  of  
h e a t  removal of about  0.1 mw/mm2. For r a t e s  of h e a t  
e x t r a c t i o n  between 0 and 0.1 mw/mm2, t h e  r a t e  of 

mois ture  migrat ion decreased wi th  dec reas ing  r a t e s  of  

h e a t  removal. A s  no f u r t h e r  f r o s t  advance occur s ,  a l l  
t h e  cu rves  c h a r a c t e r i z i n g  each  f r e e z i n g  t e s t  i n t e r s e c t  

t h e  s t r a i g h t  l i n e  corresponding t o  t h e  f i n a l  i c e  l e n s  
format ion condi t ion.  A s  d i scussed  e a r l i e r ,  t h e  

r e p r e s e n t a t i v e  p o i n t  of t h e  f r e e z i n g  s o i l  i s  t hen  
moving on t h i s  l i n e  toward 0 i f  t h e  n e t  h e a t  e x t r a c t i o n  
r a t e  still  cont inues  t o  decrease .  It i s  s t r i k i n g  t h a t  

f o r  t h e  same s o i l ,  d i f f e r e n t  s eg rega t iona l  heave r a t e s  

were obta ined f o r  t h e  same r a t e  of h e a t  removal dur ing 
t h e  whole phase of t r a n s i e n t  f reezing.  Furthermore,  
t h e  d i f f e r e n t  f r e e z i n g  cond i t ions  of t h e  p resen t  s e r i e s  
r e s u l t e d  i n  d i f f e r e n t  p o s i t i o n s  of t h e  r e p r e s e n t a t i v e  

po in t  when t h e  f r o s t  f r o n t  became s t a t i o n a r y .  The 
g e n e r a l  shape of t h e s e  cu rves ,  however, i s  t h e  same f o r  
a l l  t e s t s .  

Another important  f e a t u r e  i s  t h e  d i f f e r e n c e  i n  
shape of t h e  curves  c h a r a c t e r i z i n g  t h e  dependence on 
h e a t  e x t r a c t i o n  r a t e  of t h e  t o t a l  heave r a t e  and t h e  

water i n t a k e  f lux .  This a r i s e s  from t h e  f a c t  t h a t  t h e  
shape of t h e  t o t a l  heave r a t e  cu rves  depend on t h e  r a t e  

of f r o s t  advance and t h e  amount of h e a t  r e l e a s e d  by t h e  
migratory  wa te r  a s  i t  f r e e z e s  a t  t h e  seg rega t ion  

f r e e z i n g  l e v e l .  P a r t i c u l a r l y ,  a t  t h e  beginning of 
f r e e z i n g  when t h e  wa te r  i n t a k e  f l u x  i s  r e l a t i v e l y  

small, t o t a l  heave rates a r e  then mainly d i c t a t e d  by 
t h e  r a t e  of f r o s t  pene t r a t ion .  Therefore,  v a r i o u s  
shapes of t o t a l  heave r a t e s  v e r s u s  n e t  h e a t  e x t r a c t i o n  
cu rves  w i l l  be obta ined,  depending on t h e  f r e e z i n g  
cond i t ions .  I n  some t e s t s  t h e  t o t a l  heave r a t e  
decreased s t e a d i l y  w i t h  dec reas ing  h e a t  e x t r a c t i o n  

r a t e s .  I n  o t h e r s ,  an i n i t i a l  decreas ing r a t e  was 
followed by a r e l a t i v e l y  cons tan t  va lue  f o r  h e a t  

removal r a t e  between 0 . 1 5  and 0.30 mw/mmZ. The heave 
r a t e  then  decreased u n t i l  t h e  curve  i n t e r s e c t e d  t h e  

l i n e  corresponding t o  i c e  l e n s  format ion wi thout  

f u r t h e r  f r o s t  advance. Tes t s  which induced h i g h  

mois ture  f low r a t e s  combined w i t h  a r e l a t i v e l y  sma l l  

f r o s t  pene t r a t ion  r a t e  were cha rac te r i zed  by an 
i n c r e a s i n g  heave r a t e  t o  a maxinum, followed by a 

decreas ing r a t e  f o r  t h e  remaining phase of t r a n s i e n t  
f r eez ing .  The v a r i o u s  shapes  obta ined f o r  Devon s i l t  

compare q u i t e  w e l l  w i th  those  obta ined by Horiguchi 
(1978) f o r  v a r i o u s  types  of z e o l i t e s .  The above 
r e s u l t s  show a s t r o n g  dependence of t h e  r e l a t i v e  
amounts of s e g r e g a t i o n a l  heave and i n  s i t u  heave on t h e  
way each specimen was f rozen.  Seeking a r e l a t i o n s h i p  
between t o t a l  heave r a t e  and h e a t  e x t r a c t i o n  r a t e ,  a s  

is  done by most of t h e  r e s e a r c h e r s ,  w i l l  i n e v i t a b l y  

l e a d  t o  appa ren t ly  c o n t r a d i c t o r y  r e s u l t s .  

Freezing Tes t  w i th  Constant N e t  Heat Ex t rac t ion  Rate  

One s o i l  sample was f r o z e n  under f i x e d  temperature  
boundary cond i t ions  f o r  about 24 hours.  By thak  t ime,  
t h e  f r o s t  f r o n t  was s t a t i o n a r y  f o r  about  10 hours  and 

the  f i n a l  i c e  l e n s  was a few mi l l ime te r s  th i ck .  J h r i n g  
t h e  fo l lowing  24 hours ,  t h e  temperature  g r a d i e n t  i n  t h e  

f rozen zone was maintained cons tan t  by manually 

lower ing t h e  c o l d - s i d e  temperature  according t o  t h e  
amount of measured heave. The warm-end temperature  was 
maintained c o n s t a n t  d u r i n g  t h e  e n t i r e  process .  

Equation 2 shows t h a t  t h e  water  i n t a k e  r a t e ,  and 

consequently t h e  heave r a t e ,  a r e  cons tan t  i f  t h e  n e t  
hea t  e x t r a c t i o n  r a t e  i s  constant .  F igure  8 shows t h a t  

t h e  measured heave r a t e  du r ing  t h a t  second phase,  i n  
which t h e  hea t  f l u x  ou t  of t h e  sample was approximately 

cons tan t  s i n c e  t h e  temperature  g r a d i e n t  n e a r  t h e  c o l d  

s i d e  was maintained cons tan t ,  i s  constant .  Moreover, 
a s  soon a s  t h e  temperature  boundary cond i t ions  a r e  

1 1  i G H l C E L E N S /  

PHASE 1 PHASE 2 PHASE 3 
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aga in  c o n s t a n t  w i t h  t ime, t h e  r e p r e s e n t a t i v e  p o i n t  
moves slowly towards z e r o  and t h e  r a t e  of heaving 
dec reases  slowly w i t h  time. 

DISCUSSION 

The r e s u l t s  presented i n  Figures  6  t o  8 
demonstrate c l e a r l y  t h a t  t h e  r a t e  of f r o s t  heave of  

s a t u r a t e d ,  unloaded s o i l  depends on t h e  n e t  r a t e  of 
h e a t  e x t r a c t i o n  from t h e  s o i l .  However, n e t  h e a t  
e x t r a c t i o n  r a t e  does n o t  appear t o  be t h e  only  v a r i a b l e  
i n f l u e n c i n g  t h e  heave r a t e  s i n c e  s e v e r a l  v a l u e s  of 

heave r a t e s  have been obta ined f o r  t h e  same s o i l  and a t  
a  g iven r a t e  of h e a t  removal. Konrad and Morgenstern 
[ l o ,  11,121 e s t a b l i s h e d  t h a t  f r o s t  heave dur ing  
t r a n s i e n t  f r e e z i n g  f o r  unloaded s o i l s  was a l s o  

dependent upon t h e  s u c t i o n  a t  t h e  f r o s t  f r o n t  and t h e  
o v e r a l l  temperature  g r a d i e n t  i n  t h e  f r o z e n  zone nea r  

t h e  f r e e z i n g  f r o n t .  
Loch [8], cons ide r ing  t h a t  t h e  r a t e  of  h e a t  

e x t r a c t i o n  is  t h e  independent v a r i a b l e  i n  t h e  f r o s t  
heave p rocess ,  proposed t o  perform f r e e z i n g  tests a t  a  

s tandard r a t e  of h e a t  e x t r a c t i o n  r a t h e r  than a t  a  

s t anda rd  r a t e  of f r o s t  pene t r a t ion .  Because t h e  r a t e  
of h e a t  e x t r a c t i o n  i s  dependent on t h e  thermal 
cond i t ions  and t h e  th i ckness  of t h e  f r o z e n  and unfrozen 

l a y e r s ,  i t  cannot be an independent v a r i a b l e  i n  t h e  
f r o s t  heave process .  Therefore ,  conduct ing f r e e z i n g  
t e s t s  a t  a  r a t e  of h e a t  removal c o n s i s t e n t  w i t h  f i e l d  
d a t a ,  wi thout  cons ide r ing  t h e  abovementioned v a r i a b l e s ,  

may no t  r e s u l t  i n  a  proper  f r o s t  heave s i m l a t i o n .  

Konrad and Morgenstern [10,11,12] r e l a t e  t h e  degree  of 

thermal imbalance du r ing  t r a n s i e n t  f r e e z i n g  t o  t h e  r a t e  
of coo l ing  of t h e  f r o z e n  l a y e r  n e a r  t h e  O°C isotherm. 

The r a t e  of coo l ing  is  def ined  a s  t h e  change of 
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R A T E  O F  C O O L I N G  N E A R  T H E  C U R R E N T  F R O S T  L I N E  

temperature  p e r  u n i t  t ime a t  t h e  f r o s t  f r o n t  a s  
i l l u s t r a t e d  i n  Fig. 9. It can be  c a l c u l a t e d  as :  

dT/dt (O°C) = grad T dX/dt, (7 

This  v a r i a b l e  has  t h e  advantage of combining bo th  t h e  
geometr ica l  and thermal  cond i t ions  of t h e  f r e e z i n g  

system. 
Konrad and Morgenstern [13] a l s o  e s t a b l i s h e d  t h a t  

a  s t anda rd  f r e e z i n g  t e s t  may be c a r r i e d  o u t  w i th  f i x e d  

temperature  boundary cond i t ions  i n  which t h e  f r o s t  
heave r a t e  obta ined a t  t h e  onse t  of a  s t a t i o n a r y  f r o s t  
f r o n t  i s  measured. Because t h e  temperature  g r a d i e n t s  

i n  t h e  f i e l d  a r e  s i g n i f i c a n t l y  sma l l e r  t han  those  used 
i n  most l a b o r a t o r y  t e s t s ,  t h e  r a t e  of coo l ing  i n  t h e  

f i e l d  dur ing t r a n s i e n t  f r e e z i n g  (Equation 7 )  i s  very 

c l o s e  t o  t h a t  ob ta ined  i n  a  l a b o r a t o r y  t e s t  n e a r  s t eady  

s t a t e .  Konrad and Morgenstern [13] showed then  t h a t  
t h e  r a t i o  of s e g r e g a t i o n a l  heave r a t e  and temperature  

g rad ien t  i n  t h e  f rozen  s o i l  near  O°C was t h e  same i n  
bo th  cases .  

CONCLUSION 

During t r a n s i e n t  f r e e z i n g ,  i.e., advancing f r o s t  
f r o n t ,  t h e  r a t e  of heave i n  a n  unloaded s o i l  i s  a  

func t ion  of t h e  n e t  r a t e  of h e a t  e x t r a c t i o n .  For Devon 
s i l t  and c o n s t a n t  temperature  boundary t e s t s ,  maximum 

s e g r e g a t i o n a l  heave r a t e s  (heave r e s u l t i n g  from 
f r e e z i n g  of i n t a k e  water)  occurred a t  n e t  h e a t  

e x t r a c t i o n  r a t e s  of about 0.1 mw/mm2 independent ly  of 
t h e  i n i t i a l  thermal  cond i t ions .  A c r i t i c a l  r a t e  of  n e t  
h e a t  e x t r a c t i o n  r a t e  a t  which no water f low occurred 

i n t o  t h e  sample was ob ta ined  f o r  h e a t  removal r a t e s  
between 0.35 and 0.45 mw/mm2 f o r  a l l  t h e  f r e e z i n g  
t e s t s .  

For t h e  same s o i l ,  however, d i f f e r e n t  v a l u e s  of 

t h e  s e g r e g a t i o n a l  heave r a t e  was measured f o r  a  g iven  
n e t  h e a t  e x t r a c t i o n  r a t e  i n d i c a t i n g  a  dependency of t h e  
f r o s t  heave v a r i a b l e s  on t h e  way t h e  s o i l  is f rozen.  

It may n o t  b e  p o s s i b l e ,  t h e r e f o r e ,  t o  o b t a i n  c o n s i s t e n t  

r e l a t i o n s h i p s  between t o t a l  heave r a t e  and n e t  h e a t  
e x t r a c t i o n  r a t e  f o r  a  g iven  s o i l .  

It can a l s o  be concluded from t h e  r e s u l t s  of t h e  
l a b o r a t o r y  s tudy  t h a t  when t h e  f r o s t  l i n e  i s  

s t a t i o n a r y ,  t h e  heave r a t e  i s  e s s e n t i a l l y  p r o p o r t i o n a l  
t o  t h e  n e t  h e a t  e x t r a c t i o n  r a t e .  
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