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STIII)IES OF THE ENGINEERING PROPERTIES Of FROZEN SOILS 

by 

J.C. Osler* 

Frost action in soils bas long been recognized as a major factor 

af fec t ing  bath m i l i t e r y  and civilian construction in freezing climates. 

P a  a b e t t e r  understanding OF the mechanism of frost action i n   oils is 

achieved, the imgortance of the pore s i t e  distribution of the freezing 

soil has become apparent. Considerations of pore size are shown to have 

a d i r e c t  bearing on f rost  susceptibility criteria for soils. Frost 

heavlng preusures i n  roils have aleo  been euccerrefully correlated v i t h  

pore size considerations. It is a l e o  ahown that the influence of applied 

pressure on frost a c t i o n  impliss a dependence of frost  susceptibrLity 

criteria on the depth  of f r o s t  penetration. 

A k n o w l e d g e  of the shear strength propertlee of frozen soils i s  

becoming increas ingly  important dua t o  the growth of  applications of soil 

freezing tor design and construction purpoacs, The i c e  content of a 

frozen soil is d i r e c t l y  re la ted t o  its short-term shear strength. The 

ice content i n  turn can be cor te lared with the moisture p o t e n t i a l  of the 

pore water in the soil. Studies of the stress-strain-ttme properties of 

froaen aoils are being undertaken, employing torsion t e a m  on hollm 

cylindrical samples. 

Assistant Professor, Department of Civil Engineering and Applied 
Mechanics, McGill University, Montreal, Canada. 



Proat ac t ion  i n  soils has important implicat ions in both m i  i i t a r y  

and civilian conetruction. While most results of frost  a c t i o n  are 

detrimental, there is a gcming  f i e l d  of appllcetions where the freezing 

of soils i s  utilized t o  advantage, e i ther  as a construction e x p e d i e n t  or 

even for sow permanent f a c i l i t y .  

When so-called "frost - suscept ib le ' '  soil freezes under the proper 

circumstances r e l a t i n g  to supply oE water, etc., the formation of i c e  

lenses is a well-known phenomenon. These lenses create heaving pressures 

during t h e i r  formation which,  unless counteracted, will cause heave of 

the frozen surface .  Upon thawing, t h e  water released From these  ice 

l ense s  will cause local  over-saturation u n t i l  the excess water can leave 

the thawed zone. Since thawing c o m n c e s  from the surface and progressee 

downuards, the frozen zone underlying the initially thawed zone a c t s  as 

en Impervious diaphragm, tending t o  trap the excess water in this  upper  

layer. Until the frost  has  completely thawed, a condition of " s u p r -  

6aturetion" exis ts  in frost-susceptible so i la  which is character ieed by 

dramatic losses of strength. Seasonal losa of supporting a b i l i t y  of road 

and a i r f i e l d  surfaces is a well-known e r m p l e  of this effect. 

Prcm a design end construction standpoint, it is important t o  be 

able to recognize which so i l s  a r e  front s u s c e p t i b l e ,  i.e., subject to the 

formation of ice lenses in sufficient number and of appreciable t h i c k n e ~ s  

t o  p r d u c e  detrimental heave e f r e c t ~  and ta  be subject to seasonal l o ~ a  

O F  strength. While it has been l m g  u n d e r e t d  that s i lt  soils are the 

most frost  susceptible, an exact criterion to determine to whet degree a 



given soil will be frort  susceptible, particularly "brdtr-lint" cases so 

often  encountered in natural soils, has  not y e t  been established. Thc 

question of c r i t e r i a  of f r o s t  susceptibility haa been examined recently 

by several Canadian researchers, and their findings wi 11  be d i s c u s s e d  i n  

t h i s  paper. 

OE equal importance is a design sitwtion, is the ability to 

predict t h e  magnitude of heaving preesurea genera red i n  a o i  18 upon f r e e d  ng. 

I f  a knmledge of such pressures l a  available, suitable allmance could 

be aade for them i n  des lgn ,  by the a p p l i c a t i o n  of a s u i t a b l e  surcharge 

pressure. This problem is slao being ac t ive ly  s tudied  i n  Canada a t  the 

mraent and aoaa recent r e s u l t s  a r e  presented herein. 

To date, the adverse e f f ec t s  of frost a c t i o n  i n  soils have received 

most of the  engineers' attention and little research hsa  been d i r e c t e d  

towards the benef ic ia l  effects oE f r e e z i n g .  However, there is an 

increasing suarenesa that some of  the propert ies  of frozen soils can be 

exploited i n  d e s i ~ n  and construction. The construction of frozen diaphragms 

to contro l  ground-water seepage i n t o  excavations, shafts, tunnels, etc., 

is nw a well-established p r a c t i c e .  The storage o f  l i q u i f i e d  gasses i n  

underground containers i s  btcming more w n u ~ n .  A l s q ,  the increased 

strength of frozen aoi la can be u t i l i z e d  as a mans of increasing the 

srabi  l i t y  o f  the  lope of  en excavatFon or cutting. As mre and mre 

a p p l i c a t i o n s  of frozen soils are attempted, a knwledge of the eng ineer ing  

proper t ies  of  f rozen  so i l s  w i l l  0 6 6 W  a position of i n c r e a s i w  importance, 

An exrenaive s tudy of the propert ies  of Lroaen s o i l s  has h e n  under way 

at  HcGill Univernfty for many yoate. The paper concludes with  a brief  



discussion of s m e  of  the nore importent properties of frozen sails  which 

have teen disclosed by this study. 

THE WCHANLSM OF FROST ACTION IN SOILS 

A brief discussion of the mechanism of I r u s t  a c t i o n  in soils is 

necessary for e n  understanding of the complexities involved in establishing 

a frost su~cepttbf t i t y  cr i t er  ton which will distinguish within narrow 

Limits between those soils which will be acceptable for some specific 

purpose and those which will not be suitable. Frost  action as used here 

means the fvrmation of distinct layers or lenses of crysralllne ice in an 

origfnelly i n t a c t  moil which has  been subjected to a subfreezing temperature 

for an exr~nded  perlod under suitable condi t ions  of accessfhility t o  a 

supply  OF ground water. It Is important to rccognizt that the proper  

conditions oE teu-perature and water  supply  are necessary to cause froat 

act ion in soila, as well as the type of s o i l  involved.  However, w i t h i n  

the usual econmic l i m i t a t i o n s  there i s  very l i t t l e  vhich can be done to 

control the two former factors, while variation of the latter, t h e  eoil 

a c t u a l l y  considered for use a t  a s p e c i f i c  location, can often be achieved 

e i t h e r  by replacement or  m d i f l c a t i o n .  For t h i n  reason, frost  s u s c e p r l b ~ . l i . t y  

c r i t e r i a  generalLy apply to the type of soil only. 

A t y p i c a l  soil i n - s i t u  is a cornplcx three-phase s y s t e m  c o n s i s t i n g  

of a i r ,  water m d  u o l i d  particles. Due to Interactions between t h e  uatcr  

and t he  s u r f a c e s  of t h e  so l id  particles, water is a t t rac ted  t o  Ehe particle 

s u r i a c e s .  In the case of the larger s i z e d  sol 1 particles, such as sand 

and s i l t ,  the predominant soil-water interaction 18 one of aduorption. 

In unsaturated so i t s ,  curved menlscii form a t  the air-water l n t e r f a c c s  



due t o  a cambination of adsorpt ive  furcee and the surface tension of the 

water. The r a d i i  of the laenisc i i  w i l l  be iefluencad by the pore sires;  

the htight of c a p i l l a r y  r i s e  of water i n  soil above a phreat ic  surface is 

d i r e c t l y  re lated  to the pore sizes encountered. 

In the c a s e  of c lays ,  where the part ic les  c a r r y  distinctivc 

electrical charges and have associated w i t h  them various metallic cat ime 

t o  a s s u r e  the ir  nlectrical  neutra l i t y  i n  the dry mtate, the surface 

interactloo is far mre complex, involving not only adsorption and 

hydrogen bonding but a l a o  the interrelated phenuuenon of the hydration of 

the cations. The cations surrounding a vetted clay p a r r i c l e  tend to 

leave the sur fat% and Corm a d i f f u s e  layer around the part i c l e ;  the 

presence o f  [hie concentrerim of ions  around each par t i c l e  creates an 

osmotic p o t e n t i a l  barwen the ion s u a m a  close lo the pairticle ( i n  the 

so-called "bound water" or "double layer"] and the e x t e r i o r  or bulk water 

Water i n  soils i s  therefore  subjec t  t o  var ious  p o t e n t i a l s ,  which 

v i l l  control i ts  behaviour when subjected tn subfreezing temperatures. 

B r i e f l y ,  these p o t e n t i a l s  are: 

the osmotic. prrtential ,  arising tram differences i n  

the solute concentration between the soil water and 

the bulk water; 

the matric potential, caused by adsorptive and 
-. 

surface teaaion forces tending to hold the  water 

to the soil; 

the gravitational potential, which is due t o  t h e  

d i f f e r e n c e  i n  position o r  head between the soil 

water and f r e e  water, and,  



4. any potent ia l  due t o  external  gas preeeure. 

Since freezing of the surface layer of s o i l  i8  gene ta l l y  r e s t r i c t e d  to 

the u p p e r  four to seven feet o f  s o i l ,  the gravitational potential i u  

general ly  small  compared to t h e  former tuo. The c a s e  oE e x c e s s  external  

g a ~  pressure v i l l  be i g n o r d .  

Cooaider n w  a soi l -air-water system through which a freezing 

front is advancing. The ice front w i l l  encounter re t i tr ice ions  i n  the 

form o f  the soil pores and w i l l  be forced to form a curved face t o  advance 

into the pore. This irmediately sets up a condition of t e q e r a t u r e  

depreaoion uhich can be ahmn to be inversely r e l a t e d  to t h e  radius  of 

the curved ice front,  vhieh i n  turn is r e l a t e d  to the  pore size.  By 

lowering the teniperature a t  which water freezes to ice ,  the advance of 

the i c e  front under soma temperature gradient i n  temporarily halted a t  a 

given size of constriction. IIowever, due to the i n f l u e n c e  of the rnatr ic  

and/or osmotic potentials in the soil water, the w a t e r  closest t o  the 

p a r t i c l e  surfaces haa a lmer  freezing point than that  of bulk water. 

Thus, in regions adjacent t o  s o i l  p a r t i c l e s ,  unfrozen water can exist i n  

contact with the i c e  Eront. It is  generally egreed that sorre p o r t i o n  of 

the water f i l m  surrounding the p a r t i c l e s  tends t o  freeze, causing the ice 

c r y s t a l  to grow while remaining in a stationary pos i t i on .  Other water 

from the lower unfrozen zone i s  draun t o  the i ce  f ront  to s a t i s f y  the 

a t t r a c t i o n  of  the part ic les  for w a t e r ;  t h i s  i a  often refeked to as a 

suction caused by the freezing process.  To s u p p o r t  t h i s  mechanistic 

pic ture  of frost a c t i o n ,  Penner (1959) has demonstrated that the  tension 

or suction in the soil wioisture i n  a closed system i n c r e a s e s  as f r eez ing  



progresses u n t i l  nn upper l imi t  ie reached where a cmbinat ion  of decrease  

i n  unsaturated permeabif i t y  and the lowered freezing point of the 

i n c r e n s i ~ ~ p l y  stressed water  combtne t o  arrest the growth oE i c e  c r y s t a l s .  

The above assumes that the i c e  l e n s e s  c a n  grow unimpeded by 

e x t e r n a l  cooatraiots.  In a freezing s o i l  deposit there  w i l l  alwaya be 

some overburden pressure t o  overcome t o  create a space for the grolaing 

ice lens.  Were a n t r u c t u r e  i s  founded on the soil, addi t  ionel preasure 

will be exerted on the soil.  The a p p l i c a t i o n  of pressure to the i c e  

lenees will also reault i n  a temperature depression and, thus, the 

a p p l i c a t i o n  of external  c o n s t r a i n t s  w t l l  a l s o  fnfluence frost a c t i o n  i n  

soils. If a s u f f i c i e n t  pressure is appl i ed ,  the formation of i c e  lenses 

can be e r r e ~ t e d ;  t h i b  phenomenon can be demonstrated in the laboratory 

end the maximum pressure so required is reraed t h t  "heauing pressure".  

The mechanism discussed  is therefore dependent on Four i n t e r r e l a t e d  

factors which combine t o  c o n t r o l  the rate of frost heave i n  a soil: 

the pore size which in f luences  the curvature of 

the advancing ice  f ront ;  

the part ic le  size,  mineralogical cmpositim, 

d i s o l v e d  s o l u t e s  and free  e l e c t r o l y t e s  which 

in f luence  the moisture p o t e n t i a l ;  

the permeability, vhich w i l l  affect the  {ate a t  

which water w i l l  flow t o  the freezing front  i n  

responee to the suction set up by the freezing 

pcocesa; and, 



4.  overburden pressure plua surcharge pressures 

andlor suction or capi l lary  &tresses in  the water 

which w i l l  i o i luence  the pressure a t  the ice-water 

i n t e r f a c e .  

While the moiature potential i s  far greater i n  c lay8  than in 

s i l t s ,  the much l a e t  permeability of claya tends t o  l J m i t  the  supply  of 

w a t e r  reaching the freezing zone i n  some f i n i t e  time, such a8 a freez ing  

season. Sands, on the other hand, have low moifture p o t e n t i a l s ,  

p a r t i c u l a r l y  if they are nearly saturated so that  capillary stresses are 

small, Nearly all o f  the w a t e r  i n  sands has ,  therefore,  propert l e s  

approaching those of  bulk wate r  and so a freezing front advancer through 

sand by causing uniEorm Ereez ing without the growth o f  ice l e n s e s .  Silt0 

have the r igh t  combination of aoiature p o t e n t i a l  and permeabi l i ty  Lo 

cause the most s i g n i f i c a n t  frost  e f fec ts .  

The a i m  of f ros t  s u s c e p t i b i l i t y  c r i t e r i a  has  therefore been 

l a r g e l y  d i r e c t e d  t o  i d e n t i f y i n g  s o i l s  with a c r i t i c a l  s i l t  concentration 

which will create optimum froat  action effects, recognizing that sand# 

and clays w i l l  not d i s p l a y  de tr imenta l  f r o s t  eEfec t s  under m o s t  normal 

circumstances. 

A t  the same time, cons iderab le  interest has been displayed i n  the 

predic t ion  of maximum heaving pressures i n  soils of knom gradation end 
i 

density. The a b i l i t y  to predic t  heaving pressures can be used t o  prevent 

dmage to earth embankments subject t o  freezing by the application of 

s u f f i c t t n t  rurcherge to prevent ice lensing. A k n w l e d g e  o f  the magnitude 



o f  heaving pressures beneath foundations would also enable the performance 

of r a t i o n a l  designs t o  prevent u p l i f t  and the resulting structural dlstrzss. 

FROST SUSCEPTIBILITY CRITERIA 

A comprehensive revieu of f r o s t  susceptibility criteria up t o  

1961 hag been made by llwnsend and Csathy (1963a). Moat of the c r i t e r i a  

presented a r e  given in terms of limiting grain s i z e  d i s tr ibuc iono  or, i n  

sme cases,  i n  terms of groupings i t \  at) appropriate soil classification 

system; such c l a s s i € i c a t i o n  systems r e l y  to a major @ x t e n t  on gra in  size 

di s t r ibut ion  to se lec t  the various soil groups. 

By f a r  t h e  most coxmonly used c r i t e r i a ~  for Crost s u s c e p t i b i l i t y  

I s  that o i  Casagrande (1931) which is baecd on field and laboratory studies 

d a t l n g  back to 1927. The bseprande cr i ter ion has k e n  expended sumewhat 

since i t  wae f i r e t  published. In i t s  preesnt form I t  i6 employed by the 

U . S .  Army Corps of Engineers and other large  sgenciea. Stmted briefly,  

the criterlm may* that e l l - g r a d e d  soilm which contain mare than three 

percent by weight of par t i c l e6  finer than  0.02 w u i l l  be frost  suscept ib le  

w h i l e  for uniform moils the  amunt of m t s r l a l  f Iner than 0.02 m can be 

as great as 10 percent before the soi l  d l 1  k Frost suscept ible .  

As p o i n t e d  out by Tenner (1959), thcory ruggests t h a t  pore size 

i s  more important in establishing frost jusceptibility than grein size, 

although the two f a c t o r s  are  obviously r e l a t e d .  Pore s j r e s  are larger i n  

uniformly graded solla and i t  is interesting to note that the Casagrande 

criterion allowe for a larger amount of minus 0.02 m m a t e r i a l  i n  uniform 

30i15; this obviously recognizes the in f luence  of pore size. Beskou (1935) 



i n  hla c t a s s i c  work on s o i l  f r e e z i n g  and f r o s t  heaving,  established a 

r e l a t i o n s h i p  between capi l t a r l t y  and f r o s t  s u s c e p t i b i l i t y  for both uoraine 

s o i l s  (well-gradedl and sedimnrs (uniformly graded). "Capillarity" a s  

used by Beskov was the maximum height which a c o l m n  of water i n  contact 

wi th  a wet soil could te raised i n  a tensiometer. The concept of Befkow 

was a l s o  d i r e c t l y  r e l a t e d  t o  pore s ize  k c e u s e  of its fundamental in f luence  

on s o i l  moisture t e n s i o n .  

The importancs o f  pore size in estshlishing a f r o s t  susceptibility 

c r i t e r i o n  was a i m  recognized by Twosend and Cssthy (1936b). They sought 

s simple mean4 of t#~ablishCng the v a r i a t i o n  of pore oizea throughout a 

soi l  = d i m .  ?hey reasoned that iE m pore t i z e  d i s t r ibut ion  could be 

convenient ly  obtained for a given soil then it could be correlated 

agains t  known f i e l d  p e r f o m n c e s  obtained from a nmber of s ites in  

Ontario, thereby establishing a criterion for frost s u a c e p t i b l l i t y .  

Capillary r i s e  tests were perfomad on samples i n  the laboratory and the 

degrte oC s a t u r a t i o n  was measured i n  increments along the length  oE the 

vetted specimen. By means of the relationship between pore s i z e  end 

h e i g h t  oE c a p i l l a r y  rise, they obtained a relation between the degree of 

aaturat ion (or i t s  cmplemnt ,  the percentage of pores f i l l e d  w i t h  water) 

and an equivalent pore s h e  corresponding t o  a given rise above the datum. 

In this  way, the graduation of  pore sizes was a t  least apptoximately 

o b t a i n e d  (see Figure 1). The method described is straightforward and 

o n l y  invo lves  a few simplifying a ~ s u n p t t o n s  i n  its theoretical  d e r i v a t i o n .  

A problem i n  using <he method would be variat ion  i n  density of the test 

specimeris, since <he pore s i z e  d i s t r i b u t i o n  of a g i v e n  soil w i l l  depend 



on i t s  relative density. A requirement for successful a p p l i c a t i o n  of the 

aethcd proposed by Topmaend a d  Csathy would therefore k the d u p l i c a t i o n  

o f  the a p p r o p r i a t e  in -s i tu  d e n s i t y  i n  the laboratory tes t .  

F r m  a correlation with f i e l d  records a t  various s i t e s  in Ontario, 

Townsend and C s a t h y  established that the ratio of pore diameter lerger 

than 90 percent of  the pores (P ) to the pore d iamete r  larger than 70 
90 

percent of the  pores (P 70) ,  i . e * ,  

could be used to establish a tentative criterion. Based on the field 

evidence available to thm, they found that  for frost nuaceptible soils 

the rat io  P uaa h a  than 6, while non-frost suscep t ib l e  s o i l s  had a P 
U u 

greater then 6 .  

Soil samples were obtained from areas where highway pavements had 

experienced varying e w u n t a  o f  frost damage, ranging fran no damsge t o  

severe damage. After m k i n g  due allarance for tbe proximity of the water 

table,  the f i e l d  frost susceptLbilitiea of the soils u i t h l n  the depth of 

frost p e n e t r a t i o n  were estimated. The various c r i t e r i a  were then examined 

to see i f  they would have rejected as unsuitable those  soils uhose f i e l d  

performance ind icated  detr imental  f r o s t  e f fec ts ;  on t h e  o ther  h m d ,  where 

soils had exhibited no detrimental  frost action, the various criteria 
1 

were appl ied to ree i f  the so i l s  concerned would have been rated es 

acceptable. 

b a t  of the frost  auaceptibility c r i t e r i a  based on grain size 

considerations usre e f f e c t i v e  in reject ing  unsuitable a o i l e ,  with 



reject ions ranging between 84 and 90 percent of frost affected soi ls  

based on the method of rating used by Townsend and Cnathy. On the other 

hand, these c c i  teria proved severe i n  accepting m i l e  w h i c h  had proven 

t o  be non-frost s u s c e p t i b l s  under field coraditions. Using the S a m  rat in^ 

method, only be tween 6 and 20 percent of these soil8 w u l d  have been 

accepted using thema cr i ter ia .  The rate of mcceptanca of these so i lr  

w o u l d  p o s s i b l y  have been higher using Beskou ' s  capillarity criteria but 

Townsend and Caathy cansidered only grain size distribution aspect5 in 

t h e i r  study.  

By crmpariuon, the criterion bared on pore size distribution 

proposed by Townsend and Csathy served to r e j e c t  7 5  percent  of t h  

unsuitable  soils and would have accepted 7 9  percent of the s u i t a b l e  uoi ls .  

The lwer rejection factor of chi@ cri ter ion would m a n  that more frost 

susceptible soil6 would actually be w e d  in tonatruction than if the other 

criteria were employed and to this extent ,  some further modifications 

uould appear warranted. On the other hand, the great  superiority of the 

pore size distribution criterion in accapting tor  construction "border- 

line" soils which did not  display detrimental  Croat ef fec ts  in-situ 

suggests that cons iderable  aavings could be achieved by the use of this 

triter ion. 

In a s t d y  of L h p  frost su&ceptibIlity oC s d a ~  Arctic  soils from 

fake Haze", ~llesmer.8 Island, Windisch (1963) found a re Ia t ionsh ip  between 

ra te  of capillary r i s e  in dry specimens, about 7 cm. in height, end f r o s t  

s u s c e p t i b i l i t y ,  as determined by the  frost ac t ion  displayed by soil 

samples when frozen +n tk laboratory. S i x  samples w i t h  grain  size 



d i s t r i b u t i o n  curves a s  shown on F igu re  2, were s u b j e c t e d  to c o n t r o l l e d  

f r e e z i n g  tests w i t h  temperature  gradients ranging g e n e r a l l y  between 0 , 5  

and 0 . 8 ' ~  per  cm. The s o i l s  w i th  the l a r p e a t  amount oE f l n o s  d i sp l ayed  

t he  g r e a t e s t  amount of ice lenaing,  f o r  t he  r e l a t i v e l y  l a rge  thermal  

g r a d i e n t s  employed. A t  the aame time, t he  r a t e  of we t t i ng  f o r  t he se  soils 

was lowest - t he  s l ope  o f  the h e i ~ h t  of c a p i l l a r y  r i s e  i n  cm. vs  square  

r o o t  oE t i m e  i n  minutes is noted for each sample on F igu re  2 .  Windisch 

noted a good c o r r e l a t i o n  between degree of ice l en s ing  i n  the samples 

t e s t e d  and t h e  s l o p e  of the wetting rate curves ,  a s  noted i n  Table  1. 

Fur the r  r e sea rch  is requi red  co expand t h i s  c r i t e r i o n  to t h e  coa r se r  s o i l s  

because t he  we t t i ng  r a te  will obvious ly  reach  a maximum i n  t h e  s i l t  s i z e  

range and t hen  decrease  i n  t he  coa r se r  g r a i n  s i z e  range.  The method does  

p r e s e n t  a r a p i d  and s i m p l e  means of e s t a b l i s h i n g  a c r i t e r i o n  which is 

based on pore  s i z e .  A t y p i c a l  va lue  of t he  pore  s i z e  r a t i o ,  Pu, of 1 .5  

was ob ta ined  for  t h i s  a r c t i c  s i l t  a t  a d ry  d e n s i t y  o f  77.0 pounds per  

cub i c  foo t .  

FROST HEAVING PRESSURES 

Yhen an advancing ice f r o n t  enters a pore  space,  i t  w i l l  have a 

curved su r f ace ,  t he  r ad iu s  of which w i l l  be r e l a t e d  to t h e  s i z e  o f  t h e  

pore  (see F igu re  3 ) .  The same ice f r o n t  w i l l  have a r e a s  o f  o p p o s i t e  

cu rva tu re  ad j acen t  t o  p a r t i c l e s .  The r a d i u s  OE curvature In this c a s e  

w i l l  r e f l e c t  both t h e  s i t e  o f  t h e  p a r t i c l e  and t he  t h i cknes s  of t he  double  

l ayer ;  f o r  t h e  case  o f  a f l t  where the t h i cknes s  of t he  bound water is 

ama l l  c m p a r e d  t o  t h e  s i z e  of the p a r t i c l e ,  t he  r ad iu s  o f  cu rva tu re  w i l l  

n e a r l y  e q u a l  t h e  p a r t i c l e  r ad iu s .  Penner (1959) has  shown t h a t  t h e  



following equation is applicable i n  a freezing soil system t o  specify 

freezing temperature change caused by curvature of the ice front: 

where A T  = freez ing  p o i n t  depress ion  (for the case of ctlrvature 

associated wi th  advance into a pore space) 

= ice-water interfacial energy 

T absolute freezing temperature 

pi = density o f  ice 

t - latent heat of fusion 

r - radius of curved smfaee 

Denoting the pore radius by rv and the equiva lent  p a r t i c l e  radius 

by r , Yong (1966) pointed out t h a t  there was both a temperature depression 
P 

i n  a void space  of 

and a  temperature 

ad Jacent p a r t i c l e  

e l e v a t i o n  at the point of reveraed curvature aMut the 

of 

Cmbining equatims 3 and 4 gives the net A T i n  the l o c a l  region 

containing 1 particle and a void space 



Use of equation 5 requires a knowledge of both the e q u i v a l e n t  

p a r t i t l e  a i m  and the size of a ralated pore apace, which i s  o b v i ~ u a l y  

dependent on the structure or confi@ur&tim of the roil pert ie lma 

For the iiwla c a w  of  untlorm perticlea i n  a 

a h m n  that  r and rv are r e l a t e d  by 
P 

uhera n = porosity. 

The e f f e c t  on che f r e e z i n g  po int  o f  pressure appl ied  a t  the 

i ce -uater  in ter face  can be ce lcu~ated  by the Clapeyron equation.  The 

equation i n  the form w r i t t e n  by Peoner (1959) La 

where A P = change i n  pressure between ice  and w t e r  

"" = specific volume of water 

Vi = s p e c i f i c  volume of i c e  

The appropriate value oE AT t o  substitute in equation 

obtained from equation 5.  The value of A P so obtained is the 

1 can be 

measure 

of  required pressure change t o  alter the freezing p o i n t  by the same 

auount as the net change due to curvature. When A P is realized io a 

f r e e z i n g  soi l - ice-water system, e q u i I i b r i u n  is achieved and the growth of 

i c e  l e n s e s  is ha l ted .  Equation 7 therefore defines the heaving prefsure .  

The pressure a t  the i c e - w a t e r  icterface can be changed e i t h e r  by 

changing t h e  pressure i n  the pore water (the s o i l  s u c t i o n )  or the pressure  



applied to the ice. I n  the Iattar case, the application of external 

pressure must be to the *oil matrix and transfer of #trees to the i c e  

must occur ar contact8 batwtn  the ice and the par t ic les ,  occurring 

through the bound water layers where necessary. A correction must 

therefore  be made to the heaving pressure m n i f e a t e d  at the actual points 

of contact between ice and p a r t i c l e s  t o  r e l a t e  i t  to average pressure 

across the e n t i r e  surfate of the soi l  m a t t i n .  Thin can be achieved 

approximately by multiplying the crosa-~cctiowal area by the factor 

A series af freezing tests vere recent ly  performed a t  HcGi11 

Univers i ty  by McKyes (1965, 1966) i n  which frost  heaving preasurca warm 

measured in a uniform a l l t  (55 percent by weight of a l l  part ic le  sieee 

were within the nacrov range of  0.01 to 0.02 w). The measured and 

predicted va lues  of  heaving pressures agreed exac t ly  for this uniform 

soi 1 - see Figure 4. MclIycr alao sought a corr8lation with  dara on 

heaving pressures  obtained by other researcherr (Fanner (1999), Hoekatra 

et a1 (1965)). Well graded soils had been uacd in theae other experiments 

and so i t  warn necessary to rake an e q u h r l e n t  part ic le  s ire  for uao in 

equat ion 5. %Kyes found that the best f i t  of the data was obtained by 

using the p a r t i c l e  s i r *  of which 10 percent of the eample Ls f i n e r  (the 

10 percent passing sire). & can be seen from Figure 4, good agreement 

w i t h  the theory is obtasned with th ia  q u i v a l e n t  particle size. 

The s i l t  used by McKyes had been used for an extensive series of 

s o i l  s u c t i o n  measurements by Chahal end Yong (1965) .  By using the relation 

between size of pore and soii suction necessary t o  remove water from a 



pore of such size, Yong (1966) determined a relatlon~hlp k t w e n  the 

e f f e c t i v e  pore size for ths silt found f r m  the Iromt heaving experiment 

and the mis ture  tennion. lrm the moisture Ltnsion-saturation data 

a v a i l a b l e  for th ls  silt, i t  was obarerved that  the aoiature tension 

associated w i t h  the effective pore s ize  was that obtained a t  7 0  percent 

saturat ion  in the silt (at r m  tenperatwe). Yon& (1966) then checked 

the r e l a t i o n s h i p  between heavtng preasurrs aod aois ture  tension a t  70 

percent snturation. The results ,  plotted on Figure 5, ah& excellent 
.- . -  

agreement between t h e o r e t i c a l  and experimental values. 

The demonstrated r e l a t i o n s h i p  between particle and pore s i z e s  

and heaving pressures suggest  an interesting r e l a t i o n s h i p  between frost 

suscept ib i l i ty  c r i t e r i a  and depth o f  f r o s t  penetration (which can be 

s h m  t o  he r e l a t e d  to the Freezins Index a t  a particular locality). 

Conslder a vel l -graded s o i l  with 3 percent f iner  than 0.02 mu, i.e., a 

s o i l  classified as just on t h t  borderline of f r o s t  susceptibility. The 

10 percent pesaiog sLze would be around 0.04 t o  0.05 m. From equations 

5 ,  6 and 7 ,  a heaving pressure o f  2 . 5  to 3.0 p s i  was calculated (McKyes, 

1966). This corresponds t o  an overburden pressure o f  a b 0 W  3.5 f c e t .  

In othar worda, i f  the f r o a t  penetration in an area were equal to 3.5 f e e t ,  

the overburden pressure a t  the freezing front i n  t h i s  part icular  soi l  

would be e u f f i c i e n t  to prevent ice segregation. Since  many oE Casagrande's 

f i e l d  obaervetiona were made in  Men Hempshire, where a E r o ~ t  penetration 

of about 3 feet is probably representative of average conditions, the 

corre lat ion  between effective grain s i z e  and heaving pressure is s t r i k i n g .  



However, i n  more northern Latitudes, where fro% t penetrations of 

5 to 7 fee t  are c m n ,  the f ros t  heaving theory predicts that  a moil 

could have a larger quantity oE fines,  since- the resul t ing larger heaving 

pressure would be counteracted by the greater overburden pressure above 

the f ros t  front.  It i s  important t o  note i n  t h i s  connection that Tounsend 

and Csathy (1963b) found s rather low acceptance factor for the Casagrande 

c r i te r ion  when applied t o  s o i l s  i n - s i t u  i n  Ontario. The abwe considerations 

would suggest t ha t  e higher quantity of Einea would be acceptable under 

typical winter conditions i n  k t a r i o ,  and t h i s  is supported by f i e l d  

exper Fence. 

PROPERTES OF FROZEN SOILS 

The shear strength of par t ia l ly  frozen uoi ls  has been the top ic  

of continuing research at McGill University. The resu l t s  have been 

presented i n  a s e r i e s  of papers by Yon$ (1963a, 19#b, 1965, 1966). I n  

t h i s  paper i t  i s  intended to give only a brief resume oE t h i s  work to 

i l l u s t r a t e  the "atate-of-the-art" of th i s  grwing branch of Frozen So i l  

Mechanics. 

Due to matric and osmotic potentials i n  the pore water, a l l  of 

0 the water i n  a s o i l  (saturated or unsaturated) does not Ereeee a t  0 C. 

A re la t ion ex is t s  between t h e  moisture potent ia l  and the freezing 

temperature oE water; as t he  moisture potent ia l  approaches zero (bulk 

water) the Ereeeing temperature is unaffected while a t  high values of 

moisture potent ia l  (character is t ic  of clays) freezing is not complete a t  

0 
-20 C. Therefore, frozen ao i l s ,  so-called, often have both ice and water 

present and are more correctly termed "par t i a l l y  frozen soi ls" .  



The measurement o f  moil 8uct ion i s  now a c-n laboratory 

procedure and can be achieved by several  techniques. The r o i l  auct ion  or 

moisture potential in unfrrreen soil. varies with water content or degree 

of sa turat ion ,  being a maxlmm a t  1w r a t e r  contents or maturations and 

a minhoum a t  high water contents or saturation. men s o i l  i a  cmpletely 

saturated,  the  soil s u c t i o n  i~ largely i w a s u r e  of ooomtlc potent ia l  and 

so va lues  of  soil s u c t i o n  i n  saturated silts and sands are near zero. 

Decreasing the dcaree of saturat ion  means that curved m e n i s c i i  are 

established in smaLler and smaller pores and ao the rnatric po ten t ia l  

increases v irh  decreasing saturation for any s o i l .  It ha0 been emtebliahed 

that t h e r e  is a rtlat i onsh ip  between moisture p o t e n t i a l  and the unfrozen 

water content  (determined by a ca lor imetr ic  nethod) of a given soil at 

various test temperature* i f@e  Figure 6) .  The c o r r e l a t i o n  rhom i s  u i t h  

soil auctiona associated w i t h  the original unfrozen water cclrtent of the 

s o i l ,  as determined at rocm temperatures. Since mome of the factors uhich 

contribute t o  the  moisture potential  in a soil are temperature dependent, 

the moisture potent ia l  wi11 be subject  to variation w i t h  temperature 

(Williams, 1963). However, such v a r i a t i o n s  should not be great in soils 

of r e l a t i v e l y  low oarnotic potential ( a w h  as the s i l t s  and c lays  of low 

a c t i v i t y  tesced s o  f a r  a t  McGill) and so t h e  correlations made to date 

uith moiatura potentlals measured a t  room temperatures appear satisfactory. 

The invee t iga t lons  of the shear etrength o f  frozen s o i l s  have so 

far  been concerned with rapid shear t t a t a .  A d i r e c t  shear apparatuo was 

employed and f a i l u r e  of the soil occurred within five minutes of the 

comncement of shear. Shear strengths were obta ined  a t  f r t e z i n g  



temperacures ranging to -20% for a silr and P clay,  rhe propert ice  of 

which are g i v e n  in Table 2 .  Since 4 relat ion exi#ta between shear atrength 

and water content far unfroten aoils (at l e a a t  f o r  r i d l a r  structures and 

#tress h i s t o r i e s ) ,  the shear atrengtha aeatured on the p a r t i a l l y  frozen 

soils were plotted agaimt  initial water content. Despite  some scatter ,  

a reasonable trend uaa oba.rved €or the silt whitn the result8 from the 

tests on the clay dlaplayed no trend a t  a l l .  The # b a r  atreagth values  

were  then p l o t t e d  agohat fcc content, defined ma the i n i t i a l  water content 

mInus the utlfroztn water content. For tho milt, plotting shear strength 

ageinst ice content had vdry little UICPCC; the scatter uas reduced t o  

some e x t e n t .  T h i s  i s  because the i c e  contenc nearly equaled t h e  i n i t i a l  

w a t e r  cnncenc in  the s i l t  samples,  due to t h  coarse nature oE the a l l t  

t e s t e d .  It does not to l l -  chat t h i a  agree-nc with  e i t h e r  i n i t h l  water 

content or i c e  c o ~ l t e r ~ t  w i l l  hold f o r  f iner  a i l t o ,  when the results o f  the 

t e s t s  on the c l e y  samples A r 8  c o n a l d t r d ,  For tlm clay, plotti- the 

sheor strength values against ice contenrs produced a g o d  correlation 

(see Figure 7 ) .  

When the long-term shear strength o f  frozen soils i s  considered, 

conaiderable  complications arise due to the creep charac~eristics of i c e .  

An invest igat ion of the s t r e s s - s t r a i n - t i m e  r e l a t i o n s h i p s  of p a r t i a l l y  

frozen s d l s  i s  current ly  under way a t  & G i l l  University. Mter a series 

of unsuccess fu l  attempts w i t h  a x i a l l y  Loaded cylindrical samples, a test 

apparatus has been deviaed i n  which hollw, cylindrical aamplea are being 

subjected t o  torsion. Typical  strain-time curves have been obtained from 

p i l o t  t e s t s  on a saturated k a o l i n  c l a y  and are  shown on Figure 8 .  The 



specimens t e s t e d  had outaide end ins ide  d i a e r e r a  of 1.25 and 0.875 inches 

r e s p e c t i v e l y  and the sample height vas 2.8 inchea.  Despi te  a large 

d i f f e r e n c e  i n  i n i t i a l  uater content of 67.0 and 52.8 percen t ,  a t  the t e s t  

0 
temperature  of -1, C t he  unfroee~r water  con t en t s  were similar, being 33.3 

and 3 2 . 4  r e s p e c t i v e l y .  Prm s o i l  s u c t i o n  measureme~lts on ~ a t u r a t e d  kaolin 

{Woo, 1966), values of mLsture  p o t e n t i a l  of 190 and 7 2 0  cm; of w u t e r  

were i n f e r r e d  a t  initial water  c o n t e n t s  o f  67.0 and 52 .8  percen t  

respectively. The correlation between soil suction and unfrozen uater 

content d i sp lnys  a similar trend t o  the data p l o t t e d  on F i g u r e  6, which 

was obta ined  on another type of clay. Differences in the  degree of i c e  

l e n s  formation vere noted in the sample8 and the investigation r i l l  a t t e m p t  

t o  r e l a t e  t h i s  d i f f e r e n c e  to  t he  varying s t r e s s  l e v e l  i n  t h e  samples,  

a l t h w g h  unavoidable inhumogenelty of the specimeris w i l l  complicate  this 

t a s k .  The c r eep  c h a r a c t e r i s t i c s  of t h e  i r o r e n  soils w i l l  be compared 

w i t h  the r e s u l t s  of other  currer i t  i u v e s t F g a t i o n s  of c r eep  (Cheu, 1965). 

CMYCtUslONS 

Recent s t u d i e s  of f r o s t  s u s c e p t i b i l i t y  c r i t e r i a  have po in t ed  out  

the  funadmental  importance of  p a r e  s i z e  i n  t h e  f r o ~ t  heaving mechanism. 

The f a c t  that t h e  magnitude of t h e  heaving p r e s s u r e  i s  a l s o  a fur ic t ion 

of pore size s u g g e s t s  t h a t  the c r i t e r i a  f o r  f ros t  s u s c e p t i b i l i t y  w i l l  be 

i n f l uenced  by t h e  local dep th  of frost p e n e t r a t i o n ,  since t h i s  w i l l  

i n f l uence  t he  overburden pressure a t  t h e  f r e e z i n g  f r o n t .  T h i s  means t h a t  

a g r e a t e r  q u a n t i t y  of f i n e s  can be perrnitced i n  the more no r the rn  l o c a t i o n s  

for a given degree of i c e  s eg rega t i on .  



The shear strength of frtrecn s o i l s  can be r e l a t e d  t o  the ice  

content of the so i l s ,  which i n  turn i 8  A funct ion of the s o i l  suct ion  or 

moisture potential i n  the pore water. Iawstigations of the atress-strain- 

t i m e  re la t ions  for frozen 801 1s ace progressing.  
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CQIPARISm OF SJBPE5 W YETTUG CURVES AND DeCREE OF 
ICE uns POWTION - WEE Hcaea SOILS 

7. f i ne r  then 
0.02 mn 

Average 8 Iape, 
h vs 
(two t e s t s )  

Ice lenaing 
value 
(see note 1) 

Predic ted  i c e  
l ens ing  value 
(eee note 2 )  

1. Ice lensing value i s  the sumation over 6 separate freezing t e s t s  
on each m q l e  of the following arbitrary v a l u e s :  

value - 1;  single ice lena formed 
value - 2 ;  small group of th in  i c e  lenats 
value - 3 ;  many and/or thick i c e  l ensas  

2 .  Predicted values based on s lopes of h va f i c u r v e s ,  using sample 
5 as the basis of  comparison. 



T A B U  2 

PROPERTIES OF SOILS USED FOR W U W E N T S  OF FROZGBI SKEAR STRENGTH 

Liquid Limit 

Plas t i c  L i d t  

Specific Gravity 

Grain Size  (by u e i g h t )  

X f iner 0.15 mn 

0.10 = 

0.05 ~rn 

0.01 w 

0.005 m 

0.002 m 

0.0008 mn 

Medium Clay 

67 .O 

Silt - 
25.1 
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