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T h i s  r e p o r t  of the atudy on Soil Freezing and Permafrost  concerns 
i t a e l f  i n  p a r t  w i t h  a review of existing thtoriea on f a c r o r s  c o n t r i b u t i n g  to 
s o i l  f r e e z i n g  and also in p e r t  with ideas on the nature of the phenanenon. A 
p o r t i o n  of the material conta ined  he re in  i s  not  new and can be recognized ae 
being derived from c e r t a i n  p r e v i o u s  p u b l i s h e d  atudice. What the author  has 
done i s  t o  g a t h e r  the more significant studiea to build up the  b a r k  theory 
of a o i l  freezing, the aim o f  which is t o  b r i n g  to the  reader a cehtrent pic -  
t u r e  o f  t h e  phenomenon.With t h i a  background, the au tho r  haa u a d  r e w l t a  Ertw 
s t u d i e s  conducted in the S o i l  Mechanics Laboratory of McGill Unlverrlty to 
p r o j e c t  f u r t h e r  with the i n t e n t i o n  of obtaining a b e t t e r  underreanding oE rhr 
behaviour of s o i l s  sub jec t  t o  a u b f r e e z i n g  t e m p e r a t u r e s .  

Only the na tu re  o f  the soil f r e e z i n g  phenanenon i e  p r a r t n c t d  her*. 
Frozen s o i l  strength and factors r e l a t i n g  t h e r e t o  will be cons idered  i n  a 
s e p a r a t e  r epor t .  

Evidently, t he  handling of r e f e r e n c e s  i n  t h i a  r e p o r t  can be 
achieved i n  many ways. The author has choaen f o r  many reasons to l i a t  t he  
r e f e r e n c e s  as g e n e r a l  c r e d i t  to the whole r e p o r t  so an n o t  to detract frm 
t he  development o f  t he  g e n e r a l  theory .  Some of t h e  p o r t i o n s  con t a ined  t h e r e -  
i n  can be easily recognised  by the reade:,.who i s  f a m i l i a r  with tha refarancas 
l i s t e d  in the end of t he  r e p o r t .  The a u t h  vishes to emphaeize t h a t  due cradit  
muat be g iven  t o  the r e f e r ence8  l i s t e d .  
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of Canada in the form o f  a Grant-in-Aid of Research No. 9511-28 (G. and C.) 
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In regicxls where ar face  temperaturea faU bslon the freezing point  of 

water, freezing of th subsoil is possible, mi8 i s  espcially true for land 

awas h a t e d  cloas to the Arcttc u.d Antarct ic. Base areaa c o n s t i t u b  the 

f m e n  belt .  Subsoil cwditiom within this belt may be c a n p b t d y  frozen 

*roughart the entim Far,  or my be frozen o n 4  in +Am w h b r  mmths. The 

l M t a  of t k  frmm belt can be defined aa the frwrt bmndary. This i a  not 

rigidly established s h c s  there is considerable fluctuation in winter temp 

erahms for the% arem. Figure 1 ahow apprcrxinurtely #a limits of subsoil 

t h a t  is psrmanently frozen thrmghout the entire year. 

Pi@m 1 - Appmdmta bamdary l o r  permafrost 
f o r  North American Continent 



Ihe m r h t i o n  of tamwrature with dopth can ka p l o t t e d  for anj. one tin 

p r i d  to shorr the lhits of pnetmtim of the cold f r o n t  into tha soil - 

for any one le~at\on. 'Ihe cold front ct ln crwte freezhg of the pore water 

in the mbaoi l  and as such is &merally defined as the frost front. In 

Figurea 2a and Zb, txo conditions of the frost f ron t  are given t o  show the 

effect of deep pne t ra t ion  of the f r a t .  

Figure 2% - Ground Tempratwe R o f  iLe ahcming 
Permfroa~ and Active layer. 
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h ' a c t i v e '  layer si~win k. Fi,mres <A 2a and 2b is the layer of subsoil  

that freszes in winter and thaw. in w m r .  The th ickness of this layer d e ~ r d s  

upon several f a c t o r s  - but chiefly upon the penetration of the  fros t  front 

Into the mbsoi l .  If frost ~ n e t r a t i o n  i a  deep and Ff the right conditions 

prevai l ,  then i t  la pmsible to have a b y e r  of m i l  tha t  will s t i l l  rem-Lr. 

Imzen in summer. ibis is shorn in Fimre Zb. 'he permnently frozen subsoil 

layer is defined as the permfrost kyer .  Here a p h . ,  although the thickness of 

this layer dependa on many of the soil  properaes, the prim factor i s  the  

duration, fntensity and penetration of the f r o s t  f r o n t .  'he  permfrost layer 

has been found t o  vary in thicknes fm a few inchel t o  hundrda of feet. 

About one f i f t h  of the lard area in the world is underlain by peruarrost. 

T h e s e  arms l i e  c b s s  to or border the Arctic ard A n t a r c t i c  Oceans and the 

th ickness  of perdfrust w i l l  nat*rraUy vary according t o  the gaopphy of the 

area. The closer one p%Q t o  the North or South Pole, the seater n i u  be the 

thickness uf the parrrvlfrost layer. In cmtmst to this,  the h r t h e r  one is 
1. 

a m y  fmrn the North or S m t h  Pole, th thicker wiU be the active layer. 

'he resultant behaviour of soils mithin the p m f r m t  z m e  or the active 

layer is desigmted as 'frost act im' .  In general, since the active layer 

freezea ard t i w s  seasonalJy, ard the permfrost layer ia reh t ive ly  stable- 

f r o s t  action i s  s. d i r e c t  function of freezine d the a c t i v e  layer. 

F w z l n ~  Indax 

The variation of temperature with time can be plotted p a p h i t a l l y  t o  s h w  

the intensity of ternperamre in terms of duration of existing temperature. 

Since there is the local f Luctuatim in temparature betwaen day and night, the 

mean da i ly  temperature is used. lhis is shown i n  Figure 3 .  The temprature 

in tensi ty  is the area urder the curve which would be defined as t h e  number of 



degree days. 3hb i a  time-tmpratura phenmnm %homing as a finita quantity, 

the tampmature i n t ens i t y  factor v i t a l  t o  t h e  consideration of f r o a t  penetration 

and its asamiated problems. 

In s o i l  freezing, the temperaturn intensity c m s i d e r d  in terms of decree 

days (below f reesing)  is  iopartsnt since t h i s  is an indication or the l e r g t h  

af the freazing period , ~ h i c h  crupled with  the magnitude of We surface 

freezing tamperaturn contributes d i r e c t l y  t o  the penetration of the  f r w t  

front. 'Ihe term ifrse%ing indexi P lafurs apecFtically t o  the &r of deg- 

me days belm freazing ard is compbd w i t h  the a i d  of a graph similar to that 

shown h Figure 4. 

Fmre 3 - Typical man daily temperature 
f o r  t h e  month of August. 

Figure 4 - F m z l n g  h d e x  fran a m a l  variation 
i n  surface temperature. 



Iha man d a l l y  temperaturn is plotted for  a perid of one year. The 

fms ing  index F is ths shaded a m  definad by t h e  temperature curw. If 

npressnts  the mean surface temperabre during the fmezing perid t, 

than the freezing index F is T f , t  degree days. It 14 evldent that the higher 

F l a ,  the more critical wmld be the frmt penetrau on problem. 

k t  Penetration 

Froat penetration or the advance o f  the frost front Fnto the subsoil, 

depends upon several factors. These are: 

1. Freezing Lndex and associated tempemture factora. 

2. S o i l  type a d  grain size distribution. 

3. lhermal propertie a of the s oil-wakr ayatam. 

4. Nature of the pore natar. 

Brcspt for the f mezing index and aaaociatad M p e r a l x m  factors, a l l  

the factare mentioned in (21, (31,and ((h) are intrinsic propertierr and charac- 

teristics of the soil-water system. 'heat' constant. (thermal propwties ) 

considered Lmportant are: 

a. Specific h a t  of ttne mineral particles, Sp ; 

b. Volumetric heat of the systam, C ; 

c, Latent heat of the pore water, L ; 

d. Thermal ~0MhKtiVity af the soil, k ; 

Zhe units far s p c i f i c  heat are generally giwn as BTJ/pmnd/deg.P. or 

calorie/gramjdeg.C. 'Ibis represents the quantity of heat required to raise 

a u n i t  mass o f  Mter ia l  m e  degree (Fahrenheit or Centigrade) canpared i n  

tarm of a ratio t o  the  heat quantity needed t o  raba a u n i t  mas of whr  

m e  degree (Fahrenheit or kntigrada). 

'Ihe v o h e t r i c  heat is dependent upon the  specFfic heat ard can be obtained t 
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mltlplging the specirlc heat by the dry density of the mhrial .  'his variea 

.hea both frozen and untroeen so F l a  are cmsidered. Since this def init ion 

ia t h  quantity  of heat needed to raise a unit volume d material one degrse, 

tlm units used a m  BTU/cubic foot/deg.Q. or cahrie/mbic centim6ter/deg.C. 

PP* u n f r m n  s o i l a ,  if C, is the volumetric h a t ,  then: 

where = dry densi ty of the soil, 

and w = mbr content. 

In tb case of f rozen so i l s ,  if Cp is the volumetric heat, then: 

Zhe hea t  content  a d  the cbn@ fn t tmrmal  erwrgy or a soil-star aystsrn aa 

it frwaea m- thaws depends upon G, Cf a d  L f i lm Flgure 5 the relation- 

h i p  b t n e a n  these my be seen, & tharmel energy change l a  b a r  with 

tsmptratum both belor and above freeping, but is Interrupted by the btmt 

heat of f u a i m  of ti-e pore rrater at the fieezhg point. *Flat it is recognimed 

that thsre cmld tm dissolved fore* mtbr in the pore water, the latan t 

h a t  L f o r  the pore water is generaUy taken to be that of water. 

Fiere 5 - H a t  Content or l b r ~ l  &erg. 
Diagram for an idealized soil-#ater system. 



For the sail-water systm, dnce one pmnd of water releases 1.434 BTU 

A8 it frma~3, 

L 1 . 4 3 ~  

Ihi. npreaents the cbnge in t h e m 1  energy per unit vohme of s o i l  when the 

soil miature freezes or t h n r s .  

as 4 prol la inarp s b p  towards e s t d t i o n  of depth of froat  panetration. Heat 

tranaru tan lm achiswd by m e a n s  of radiation, wnduction, a d  con~action. 

Io ~ t i a l b  saturated so i l s ,  r a d l a t i c n  and conduction are the possible mech- 

a d m a  for hsat transfer, uith c o r d u c t i w l  playing the mjor role. In fully 

s a h r a k d  m i l s  homever, radiation Fa reduced t o  a negligible ~ a n t i t y  and 

beat transfer can be analyzed solely on the basis of heat conduction without 

appmciebla errors. In this inetance, this h the transfer of kinetic snerm 

from t h e  molecules i n  the heat sink ( fms  the warm portion of subsoil a t  

h e r  depths) to thoas i n  the cooler portion of the subsoil - cloaer to  the 
I 

mound surface. If the tumperatures af all bodies are considerwd i n  relative 

terms, all physical  bodies can ba considered as heat storages. If the ~ I A P  

eratura s u r m n d i n ~  the bodies la  nuch lower t'ilen that of the Mies ,  aome 

of t h e  t h e m 1  energy contained within the b d i e s  w i l l  be released .- in 

order to wintain tbrmaL equillbrlum Card in accordar.ce aith the second l a w  

Considerinl: tempemhlmB a b m  &rd b e l o r  the freezing ~ i n t  - i.e. 

apart f r o m  the latent heat of fusion, fo r  both the frozen and unfrozen body. 

the c h s n ~ e  in them1 energy from u l  to u2 is given a8 fouorls: 



where C = v o l w t r i a  heat of the body i n  BTU/cu.ft./deg.~. 

u = thermal energy in I3lU/cu.ft. 

TI and 5 = temprature in degrees Fahrenheit corresponding t o  

therwl  energy eta-8 of ul and u2 respectively. 

I t  will be noticed that the general tern for C has been used in me 

e a t i o n .  However, it is understood from Figure 5 and equations ( 2 )  and ( 3 )  

tkt either or CI sharld be used aa ths case may be. 

For s m a U  changes, 

In the came of heat transfer by conduction, Q is siven by tha Fmrier 

equation: 

and more bankally as: 

where Q = h a t  transer in ~'IU/hour. 

i = thernrsl gradtent in degrees ~ahrenheit/foot 

Tl and T2 ;r ~mperature i n  deeress Fahrenheit. 

k = t h e d l  conductivity in BRT/hmr/foot/dee.F. 

A = area in sFare  feet. 

q =  % 
x = depth taken as dovnmrd from top of ground surface* 

For simplicity, only one dimensional flow of heat is considerad, i . e .  i n  

the x direction. If therml continuity i s  restrictad to absence of freezing 



or tbniw - without i n t r d u c t r o n  of the term L as shmn i n  Fim 5 ,  then 

it f dlms frm tb conservation of tharml enerw that: 

F r a  equation (4): 

a T  a- = c- 
a*. at 

&fining k/C a8 lat the d i f f u d d t y  constant, 

Quation (U) is the di f fua im equation. M a  will represent the temp 

eratum profile fn the subsoil at any inskantaneoua the, Its impartawe and 

i t a  role will be dmollstraM h the prediction of the depth of froat penetra- 

tion. 

lbt imtion of Dmth of Frost Penetration 

'he  e i n p l s a t  assumption for estimation of froat  penetration i n t o  the s u b  

soil is that the var ia t ion  of tsmperature from the t o p  of the ground surface t o  

tha frost line i s  linear. Plis mna that the d5ffusion equation is not rcpre- 

sented for  Uds assumptim. A further &3gumption is that tha tempraturn 

rewins constant belm tk frost I&. Fig& 6 shcws the aeaumptions atated 

which provide for an approldmate analyaia. lhia is the Stefan model. 



P i s r e  6 - k r m a l  conditions ammed for 
the Stefan Mdel. 

A t  poin t  A GTY the interfa-, the equation of continuity m s t  be met and 

mtisfied. lhis means that at point A , a3 tkm pore water freezes, tb latsnt  

h a t  releasd by the soil moisture as it freezes to a depth dx In tbw d t  

mat be sqwl to the rate of heat c&heted to the ground surface. 'his i a  

uhown h equation (LZ), 

whem Tf is the temperabr-e below freezing as shown i n  P i s r e  6, 

'hersf ore 



pfdt in d a m  b n  i. equal to  the fmezing M o x  P 

rsported in degree days with the appropriate correctirn f r m  Fimm 4. 

lhersf ore 

Quation (l5) is the Stsfm aquation derived solely frcm the model shm 

in Figure 6. The Unitations other than those c m t a h d  in the l i n e a r  

va r ia t ion  of temperature frmn the ground surface to  the frmt h e  and tho 

cmtant bmprature below the frmt line, include the volumetric heat factors 

of both the frozen and unfrozen soil. It has been found that prediction of 

tb depth of f rast pnetration X made on this bad# M a  to be on the 

censerrmLive side. 

d 

!ha use of th diffusion equation presents a more rigid analysis f m  

satiavltion af frost psnetration. M s  metM of treatment *as developed by 

Rerggren and. latar & i n a d  by Aldrich and Paynkir. In t h e  modified Berggren 

d a l ,  the diffusion equation ia used to define the 8ubuoil temperature p r d i l o  

shmn in Pipure 7. ~ aoil hmpsrature profile ia drawn f o r  any instantanttow 

tima t. Tho thm& proprtiaa for both m r m n  a d  froam m i l  layers am 

glwn as follows: 

mla 1 

Eob~tion of 'Ksraual R o m r t i e ~  of frozen a d  unfrozen aoila 

Unfraen e o i l  Frozen soil 

nermal c mductidty 'k kf 

Volumetric heat % cf 

DFE~UB ivity coeff ic ient  BU = au/h af = kdCt 

For any rtursonable mathmtical amlysis, i t  must be assumed that conditims 

are analyzed for that particular i ~ tantaneaus  t k  pr iod  - which m y  then 



bs integrabd tu cover the i n t e rua l  under cmsideration. 

Figure 7 - Clroulad 'Ibnperatws Profile for 
Modified Bergpen Wel .  

In the frozen soil layer, the g r h  temperature p r o f i l s  i a  gimtn by the 

diffusion equation with the appropriete tbrmal c w t a n u  &a follows: 

Sbilarly, in the unfrmen soil layer: 

33 , a S'T, *- 
at. -D 

A t  point 1 cm the frost inhrfeca, tb eqation f o r  continuity must be 

s?tisfied. ' M s  W n s  that the net r u b  of heat flow from tho frost intarface 

mst be equal t o  tho  l a t e n t  heat supplied by the soil moiature as it freezes 



t o  a depth dx in thw d t .  

Hence 

whew A% is the net rate of heat flow a t  the frost interface. 

h e  s o l u t i o n  for X , the depth of Prmt partetratian into the m b m i l ,  

aa defined Imm ths baumdaxy c d i t i o m  s b b d  has been given by AIdrich and 

Pagntar as: 

...... (20) 

01c correction coefficient ia # e m  to depsrd upon the thermal 

pnpurtiea o f  both tie frozen and unfrozen soib. Valuas fm L can be obtaine~ 

from Figure 8. 

0.2 d- 7-0 
Ae-3 

Rgum 8 - Correction comfficient x 



m e  dimamionless fusion paramter ,& is gimn as: 

It i a  fairly obrioua fmm -mining the mdFfied b~ggren  equation that 

bpth ideal heat transfer a d  etrsagp c ditions are assumed. 'Ihe thermal cond- 

uctivity of the soil mass varies for different soil types and tampsratures. 

(Piares 9 and lo), 

,' * 

Figure 9 - Thermal conductivity kU. 



In ~nisr  to obtain the correction cmfficient h , both the fusion par- 
w b r  a d  tharml ratio m' are needed. me therml ratio i s  defined as the 

p t i o  bstueen the temperature above freezing to  tha ternperetare below freezing, 

i re .  = %/T* . As an approximation, Tf m y  be taken to b equal to F / t  , 

for T, and Tf are absohta values and are measurud in t u r n  o f  

- r a w  rKfferencs f r o m  the h e z i n g  temperature (generallg taken as 320F. ). 

Tor 0smpl.e: 
Giwn a man annual mrface taperatwe of 40'~. and 

W n  surracs hmperature during the period of freezing of ~o'F., 

WI fo l lo l rhg  sxempls FUustrates the difference in e e t b t i o n  of depth of 

frat p n s t r a t i o n  using the Stefan and Mif ied  Berggren ecpations - L a .  

quatima (15) a d  (20). 

Given a uniform hmogentous subsurfice so i l  depasit - s i l t y  aoil; 

aater content a = 2~ , dry density b. = U0 pcf. 

% m p u r a t u r e  conditions are as r o w :  

Freezing index F = 2UO deg.F. d a y .  

Prmzing period t = 160 days. 

annual terrperature = 3k0F. 

Therefore T, = 2 ' ~ .  

From Figures 9 and 10, the values for and kr w be o b t a b d .  

$ = 1.02 and kf = 1.30 ( a l l  in BTU/hr./ft./deg.F.) 

k f e c  tive - ( 2 = 1.u ~!W/hr./lt./deg.P. 

'Ihe latent b a t  of fusion may now be c a l c u l a b d  a h e  both water 

ctn tent a d  dry density era known. 

L = 1.1+34wKm 3157.8 B!IU/cubic f w t .  

Ihe Stefan eqatim may now be used to tt~thtik the dapth of 



In order to w e  the Wified brggmn eqmtion, it is necessm-y to c d c u h t e  

both C,, and Cf. F r a  equations (1) and (2 )  : 

To calculate tha h s i o n  parmeter p ard the thermal ratio oc needed 

t o  use Figure 8 t o  determina the correction c mfficient,  d i s  taken t o  

From Fimre 8, % - -0.97 

whichgives X 5.42 feet. 

The o w r e s b t i o n  for the depth of frwrt pnetrat ion  using the Stefan 

rglatlon can &I awn frm th pmcding exampb - which pays no attentim to 

th rohmetric heat d the moil maes and which further s h n p ~ f ' i s s  the estFnation 

Sm X by assuming a linearity in tempera- distribution in the m i l  mass. 

?w mlti-Layered soil profiles, the effective values for latent heat of Fusion 

ard volumetric heat of th% nubaoll must be canpted on a reightsd Wfs - 



since theso are dependent upon both uater content and dry density of tb s o i l .  

In the  same manner, the thermal conductivity must a l s o  be comwted for t t ~  

t o t s 1  subsall thought t o  be within the zone of frost p a ~ t r a t i o n .  Evidently a 

f i r a t  estimate of ths depth of frast  netr ration must be obtained. 'he Stefan 

aplation can bs used m a s t  appro@ately for t h l a ,  

Preszinn i n  Coarse-Crafned Soils 

In coarse-grained soils, beeause of the a i m  of the particles, gravity 

forcea prudaniwte both in th8 mineral and li&d phases. ' h a  surface forces 

tha t  may be  in existence are, by c m p r i s m  aith t h e  gmvlty forces, so smU 

t h a t  their a f f e c t  &y be neglected. The major p o r t i o n  of the water in a 

saturated granular aoil (coarse-grained a o i l )  may then be considered as fres 

water. 

Wen such a s o i l - w t e r  aystem freeees, because of the mapitude of the 

~ruvity forces involved in the bulk  winter, migration of Mter t o  any incipient  

bud of ice crys ta l l l aa t ion  i s  cliff icult .  In consequence, freezing of the nater 

contained w i t h i n  the  ad1 vdda o c c w  as m a t h  of individual i c e  c r y s t a h  

withcut benefit of migratmg mmmnt of water. kpsrimental investigations,  

supported by field studies irdicaw no reaul-nt heaving of s o i l s  as a r e s l l t  

or freezing of the granular s o i l - b r  system. It i3 q u i t e  cmceivable t M t  

t h i s  r e su l t an t  frozen soil mas m y  then be visualized a s  an ice mt-rix atudded 

wi th  ~ m u l a r  soil particles. !hew is experinaental evidence to s h m  that a 

Ilquid-like fih bamds the ice phase. Iherefore, t h e  m i n e r a l  particles w i t h i n  

tinis frozen f lnu lar  mi l -Wte r  system may mt be i n  d i r e c t  total contact w i t h  

the i c e  phase; but ra ther  m u U  be seprated by t h e  l iquid- l ike  film. 

Sinw the fres or bulk water phase is relatively free from forces other 

than gravity forcea - hereafbr designabd as tension-free water, initiation 



or ice grarth in a satara*d noil-watar system canposed of conrse-pained part- 

i o h a  can -11 bs t-t of aa that of ordinary f r e e z i n g  of water w i t l h i n  the 

inbrat ices  of t h e  porms soil mss. 

Polloning ice nucleat im at any one p o i n t ,  growth of t he  ice crystal will 

pr0gresa as an advancing front in a l ld irec t i cns .  Such growth a i l 1  o n 4  stop 

dam progmss cannot occur due to partkle barrbr or a deficiency of watm. 

However, i t  wmld semn likely that each void s p c e  in the sail mass wmld mntain 

me or more ice crystals. 3he formation of ice crystals m y  occur on the bash 

of both hetero~enuws and hmogcneous nucleation; L e .  heteroeenems nuc l ea t ion  

being tkm initiation of pwth or f m m t i o n  of a n  ice crystal by a foreign m ba- 

tams, a d  hmaogentous rmcleatim being initial p m t h  on the basis of a bud of 

c r y s d J l m t i o n  Sormd w i t k i n  the watsr &as. 

If water aithin tha so i l  msa ia supwcoo&ed and sl bjected to a sudden 

jarring action,  apontAneous rrucleation would bs l i k e l y  to occur. Bie aoil- 

uater s y s t e m  would freeze i n s b n t a n o m a l y  t h s  giving rise to mlt icrys ta l  f o r -  

mation. If nor+spo~ltaneous mclea t i on  were ta occur, Less crptals would bs 
Y'  

formed ard the msultant  ice mss w m l d  be composed of b r p r  cryatah which my 

grm as a result  of  propagation of ice fronta. lhis however m a t  d u p e d  upon 

other factors such as tempraturn a d  duration of freezing. 

T ~ E  basis for spntanems ard ordinary nucleat;ion is not quite c h r .  When 

aster is supsrcmled, i c e  w i l l  nucleate and water w U 1  subsequently freeze if 

the terrplsrature in the water is k l o w  equilibrium. Hmsvtr, because equilibrium 

tewratura exists in the watsr, t h i a  does not mean tht freeaim a u t w a t i c a l l y  

oceurs. By definition, if the l i q i d  and soLid phase8 c d s t  a t  some squil ibriu 

Unpsrature, then melting rrih occur at temperatures above th ia  equilibrium 

haperaturn ard freeshg w i l l  occur at t a m p a r a t w s  below the egui l ibrium tamp 



e r a t m .  Xhih hmogenema nucleation cannot be axplainad satisfactorily, 

htcrogeneous aucleation my be explained on tlw baala of the  presence of 

foreign bodies that act as  buds of cryatallieation thus causing ttm resultant 

ken-. &it# possiblyt homogenems nuchation in a p r o  watar aystum cont- 

aining no fmm b d i e s  ~ v l g  occur  h e n  a chtlstsr o f  th water molscules 

attains a certain critical radius. lhe  cluster radiua w i l l  b dsbrminsd by 

the free surface energy of the mleeulea, and the critical clusbr radius is 

in turn a function of the tempratwe. 

Piplure ll - Papor Pressure Curves f o r  
soil-roabr s y s m *  

h a r t  T, = critical temperaturn of solution 

frsszing point of solutigl which mrias dth 

a) mtar cmtmt., 

b) solubk salts, 

c )  negative pore pssure. 

= h e i n $  point of water. 

~ o l u t i o n ~  = s o k t i u n  cumposed of water and smw other non soluble 

i w t h r  (granular so i l  particles). 



A t  a q  level  in the subsoil, energy is mquired to  support the owrburden 

preamre. 'Ihb places the aoiLwter a p k m  undor a s ta te  of streaa and cons- 

w m t 4  t s d a  to lower the critical m a t u r e  %. If 7, i s  the mcleation 

-ahre, then for ice to begin to f a r m  - i.8. for nucleation t o  occur, 

#a p m  water in the soil-wtsr syatan m a t  k c m h d  to the n u c h t i o n  tcmp 

oraturn before ice can begin to  nucleate. kperimental tests have ehmn that 

m a t  be at least 7oF. h a s  than . k c h i  form s l i ght ly  balm Tc, but 

kcawe of thc thermal energy o f  the mbr n o l a d x s ,  the stat is t ical  odds are 

wtly In  favor of h d i a t e  disintsgmtion, lk t h n a a l  energy is also 

#upl i ed  in the fmm of w a h r  being t r a ~ p a r t e d  ta t h e  nuclsi.  Cbvicxrsly the 

tmperature of tha oysbm rmst be lmerad in order t o  dtcreass the p o a a i b i l i v  

of diainhgt.ation of nuclei .- which tlwn eaabl l shee  tho nucleation trmperatur 

&era i c e  can b e g h  t o  nuclaato and W 4 b r  w i n  bsgin t o  fmeaa. 

The a b i l i t y  of wttr moleoules to mom $ran tha mter structure t o  aw 
*- 

incipimt crystal nuclnus will govern t h e  prababill$f of the fomtim of 

rmeld. &dace  forces that contrlbuts t o  th electmchemlcal action i n  clay 

aoiln do not p h y  such  an important yart in coarse-grab4 soils. They are 

affective only within ths hnediate  proximity of ths ao l id  mrfacea. ?his tends 

to restrict the e s t a b l i n h n t  o f  nuclsi W ~ + A I J  m t  t o  the particla 

surfaces. 

Figure 12 shms a acrbematic view (snhr@d wmml timss a d  conaidorably 

utaggerated) of sol1 freezing in a goaras-@aind #dl-saber aystsm. Ihe 

m p t e m  i s  aaswaed t o  be completely saturatd lor mhppLcity in preasntation. 

& l w d  f i lm aeparatss the i c e  mse fraa th dnaral phase because of the 



altarsd atructars of the water noxt to th surface af the p r t i c l s a .  'his has 

bwn designatad as mpercoolsd water in ths echeat ic  picture of granular m i l  

fre*zing. 

For a semi-infbib m b d l  aystm, an uniaxial direction of freaeing as 

e h m  in Figure 12 is a wlid Usuqtiw. Ihe frost line repreasnta the pos i t ior :  

al the T, isotherm. t h i s  i s  not naceswrUy a stra ight  hor i~onta l  l i n e  ru 

armral other physical proprtima of th soil mass have ta be considered. me 

mter cmtained in the m i l  pore8 W d i e t e l y  behind the frost Uno is slpr- 

coolad a d  will nuclaata whon the frost l i n e  advances furthsr thus larering the 

tolperature t o  tho nuc h a t i o n  temperature. 

Yeasmmants on th to ta l  volume expamion i n  own ayskma of f imgrained 

mils  subjoctsd t o  f raszing ttmparatums M i c a b  t h a t  th mmmt vf r o h  

h m a s e  b no t  proportionata t o  the amount of ircmaae in mlume due to f r e e s  

ing of the water in the a d l .  Instead of the expctsd 10% to ll$ increase in 

of tho pars iratsr, a larger t o t i 1  v o h  i n c m a ~  is expsrienced. 'his 

omrall incmss in v o h m  m y  smatimos ammnt to 100% or more, a d  is the 

rrsult of fomtirm of  lsnsaa of ice in tha subsoil .  Heaving of  ti^ grcund 

rwfaca r e s u l t s  and dotrimsntal ac t ion  to surface structures can arise f r m  

this resultant frost heam. 

Ccinditicms necassarg for fmst heaving to occur a m  : 

1. Frm t ausceptibls s o i l  - Casagrarda has shmn Ulat for me11 

graded sails, if 3% or  more of the soil particles is l a s o  tha: 

0.M crh the p w s i b i l i t y  of frost action in such soils is 

g d ,  in t h t  casa of' uniformly prided m i l s ,  if 10% or 



C 
Supsrcoolsd water in c o n b c t  with mrface of 
particlss and a b j e c t  t o  surface forces, 

ice 

Suparcoolsd water in bulk watsr phase 

PSgum 12 - Sctm~&tic K u w  c$ Soil -zing in 
Coarss-Grained Soi ls .  



more of ths a d  particha are lnaa than 0.02 ma. i n  s ise ,  

then f r o s t  action in auch so i la  i a  possiblu. 

2 .  Temporahre  - S u b f a z i n g  tampratures  mst be slch t h a t  

they p n e t r a t e  i n t o  the s u b o i l .  ma rate of change must 

k re la  t i v d y  s l o w  t o  allow fo r  a b u i l d u p  of ice lenses. 

3 ,  Availabil i ty d moisture - 'here mt be a supply of watsr 

t o  f m t s r  tha  growth of ice h e s .  lhis generally meana 

t h a t  tho grwnd watar l e v e l  should be a t  l e a s t  6 f a s t  from 

the ground surface - if not closer. 

I n  t h t  plavloua chaptar, it haa h n  shown t h a t  there is moisturn migration 

undsr a t k r m l  regime. Hmevsr, the ac tua l  w c k n i m  involved is not too w c l l  

d e f b d ,  In  sah ra tod  fina-grained so i la  subjectsd to freesing temperabres, 

fraazing will not  occur whcn ths c r i t i c a l  tomporatura is roachcd. k c l a a t i o n  

dl1 mly cccur when t h e  t ewwatu re  in tha Uquid phase i a  deprsascd mch lower 

than the c r i t i c a l  tmprahm q.E. In  this case however, Tc m y  bo leas than 

the  & t i c a l  tomperature of ths pora rater i n  caapprable coarse-grained m i l a  - 
a h c o  the pore water in fine-grained ao$b  would be under sane tension arising 

f r o m  the interact ion of i n b r p r t f c l a  fcocss. 

I n  the chaptor m physico+hemScal p r o p e r t i d  of t U y s  it was shown tha t  

the charac tw of watsr surrounding clay part ic lo  is a l torad  and oxisntsd t o  

conform t o  cer ta in  a t r u c h r a l  p a t t a m .  Pm an undsrstanding of tho phenomsnm 

of ice  lsns growth, the water surrourding the s o i l  p r t i c h s  may be classFfied 

in to  two catogmiea : 

a )  Stmctured o r  oriented mter, 

b) Free o r  bulk water. 

mis s h p u f i c a t i o n  in c lass i f ica t ion  ia valid in thia fnstance since the 

mchanism involved describss cpau ta t iv s ly  the rolo of s o i l  watar i n  the dev- 



olopmsnt of i c e  lenses. 'Ihs d u e t i o n  between t b s s  two claslres is shmn in 

var5es s x p m n t i a l l y  w i t h  tk greets& fmct c h e a t  t o  the curfa- ard t h e  

hast at a m  dis%ce a M p  from the aurfaco of ths prticlss .  ' I t d  on free 

Pimro U - &hewtic  Pic* of ttm two 
classes of wstsr in a saturetsd f i n b g r a h e d  sail. 

r- 

When mclsa t im ard subsequent c r ~ t a l l i z a t i o n  occurs in the free r a t s  

portion ( aasumitq t ha t  fras -tor d m  d s t  in t h e  s o i l  voids) @mth wmld 

cmtinue if heat losa is fractianally larger than h e a t  gained. Conaidering 

water as a boat quantity, then a q  a d d i t i o n  of mtsr t o  ths bud o f  crystalliza- 

tion would mean an addition af heat. It foUms then t h a t  unbsa h a t  i w t  

from t h i s  h d  i9 equal tu or g m b r  than tha heat g a i d  fruu rratsr brought i n  

t o  the bud t o  fostsr w w t h ,  subsequent mlthg wmld occur. IZ heat loas is 

squal t o  h a t  gain, equilibriua is maintained. 

For open s y s t m ,  where watar is available ( o m r  and abms the origiral  

water contant of tIm anil) a d  urder favorable cmditions, all tta free water 



in tho lmrPsdiats pore space rmld be used up for crgs ta l  grmth. Either one 

of two thin@ can tappen i f  furthsr grmth is t o  occur. 

a) 'lba atructursd water nmld be uasd to  iwter further growth, 

or b) more fms watar i s  drawn up or to the bud of crystall ization.  

Dawnding upon the ease with which the heat i m s  can be rephniahed, a 

combha t ion  of thane two a c t i o n s  is passibla. However, th toqmraturs must 

now l~ b a r e d  significantly as  (a )  th a t m c t u m d  watsr is under ternion, 

and (b) energy would be required i f  water is t o  be dram up t o  th grcwing 

bud. No further grmth occurs if hsat balance is mintained aftsr a l l  th f m c  

ratur i n  th i h m d i a b  porn qacs has b m  aponded. If hmewr tlm tompsratum 

is dsprssrrsd further, thon mbsqent  a o w t h  raag occur. As the tsmpsraturs La 

dspessed, t h e m  is an inducsd pmssuro deficiency st the ice front. Wether 

t h i s  duficienoy i n  prelraurc is m f l i c i e n t  t o  maul t  in movement of watar t o  the 

growing bud wmdd depend upon the mobility of the fres water in the adjacmt 

pores - i.8. pore a p c s a  not  w i t h i n  tho h w d i a t a  vicinity,  acme of t h e  stmct- 

urad water wmld probably be used to add t o  tke growing i c e  crystal. The h e t  

balance or unblance umld bs greater bscauae d tho ever growing crystal thus 

requiring more free wator. lhis prOC493 can be carried further and Purther and 

m m  frm water r r d d  bo brought in f r a  pora spcaa  not in tho h d i a t a  r i c i n i t  

More structmsd water from the b d i a w  porn s p c e  a d  frun tb adjacmt pore 

spaces vrould also bs uaed to satisfy the dam& for ~ t e r .  Hmevsr, a point i s  

reached whereby the crystal  can no longer bs satisFlsd in torma of d s m d  l m  

heat balame or unbalance a d  hsnce grosrth stops. 'Re energy r e g  ired t o  

sustain grcuth wmld h tm hrge. In Such a cam, another nucleus would be 

fmmd further ahsad of tb ice front - where the tmpretm m y  be M U  

m i t h i n  ths mclsat ion  hmpsraturs range. n o  p i c t o r i a l  sequonce f m  powth  of 

ths ice lens i s  prssontad i n  Figurs U. 



I n  S b g o  1, t h e  bud of c rys t a l l i s a t i on  is formed i n  the free natw phase 

fotlnd within theboundaries defined by tho l i m i t a  of the s tructured  water 

rurrmnding the soil prt icbs .  Ihs ice crystal may g r a  if the heat balance 

e d i t i o n s  am satisfiad. A l l  tho from water w i t h i n  this pore space *ill num 

k maad to add to th growim crystal. 

'Hhsn a l l  tho fr- mabr w i t h i n  t h e  porn space has been u s d  up - as shown 

3n s b p  2, frac wttr is drawn Irm tla adjacent pore w i t h i n  thu h d i a t o  

v l d n i t y  to fostar gnrth. 'Ihs mbr M t a  or fringes of tho structursd watsr 

rmSd a l w  be used t o  aid to thb mth. Soms particle displacement occurs 

4a 1 result of t h i s  - induced by the &valophg s i e o  of  the growing crystal. 

With further dapasaion of ths tampsrature, more particle d i a p l a c o m t  

-ours when nabr is drawn fran aourcsa further away from the bud of cryatall- 

ina t ion  and a b o  because of ths  growing aizo of the ics crgstal. 'Ihia is 

ahown as stage 3 h Figure Uc. S h c e  hoat transfer is ossontially u n i d r s c t -  

iooal, tb crystal  begins to assums the *ape of a lons i n  its wntirmisd 

gmth. If grmth of the ice h n a  b to wnLinuo - remembering that the 
I' 

bqsraturs is s t i l l  being depre-ad fwthsr a d  that ths hoat transfer rill 

k consequently much grsatsr, more of th atmctumd rater ir! tho immsdiats 

pare space a d  more fsss watar f r a  adpcent  pors spaces m a t  be drmn up t o  

thm ice ism. 

Suge 4 shown in %re U d  of the grarth  of i c e  lensea occurs when a l l  

the available wabr sumlg within the n e i g h b a r i n g  arsa has been expended and 

fbrther supply cannot be llvade availabla because of the energy requiremmta in- 

volved. When this bppena, and with the further progress of the cold fmnt ,  

other lenses w i l l  be fcnaed on the same basis as the preceding one. Tnk 

process will be repeated as long as  the cold f r m t  i s  mobile. 





Plgure Uc - SUge 3 - Free rabr is being drawn in 
frm pore a p c e a  further away, and mom structured -tar 
in the + d u b  pore 8p0B is bsfng used up. Partide 
displacement occurs because of growth of crystal into 
lam shape. 

Figurs U d  - Stage & - Ycroscqdc ~ % u  of formation 
f o m t i o n  of ice isnsea in n u b s d l  due to p r e e s a  of 
frost b e  a d  deplst ian of water supply acwnd immediats 
crystal growth. 



Crculth of th crystal takes the ahape of lenses which form perperYticularly 

or tramverssly to  the heat l ~ s ,  With the ccmpletim of growth of a ice h a ,  

&mi if tha temperaturn is decreased further, more gtructurcd  -tar in the 

M i a b  pore specs wwld be used to &id t o  tb growth of the  lens. %is how- 

m r ,  doee not add significantly to the s h e  of tht lem. ' he  kmperatwe in 

.dvanee of the ice frcnt dropa to the nuchation tsmperature ?, and the pws- 

S i U t y  d nuclef f m i n g  ia favorabls. Wre i a  deficiency of water in the 

-ate vlcinity of the ice front, but not too far ahead, nucleation can 

a d  does occur. !he cycle of ice lem E o m t i o n  and p t h  continues as  long 

rn u d i t i m s  favoring such grath a m  available,  

7lm growth of ice lenses displaces Lhe soil particleo mrmnding  the lem 

w i n g  in general a total volume change, and in prt icular ,  a maltant up- 

ham1 of the soil mss m the surface. lhis i s  the contributory caws to 

t haves. 

Ice lermes mag xt iU be formd i n  closed aystam - where wter ia not 

M l y  amilable,  ht such lenaes wmld be d r m t a  or small s h e  only the 
I. 

ori@nal aater c ontent providas the h r c e  or w a k  Tor ice lena f ormntion ard 

path. As a result ,  Utt le  or no upheaval cecum, bergy required Tor water 

h a p o r t  t o  any gming cryatal i s  @ n w w  too much f o r  any meamrable 

gmth t o  take place. 

f i e  mechanism used b describe s o i l  freezing demom tmks  that there 

in the pwoib i l i t y  that not a l l  the water i n  €.he void spaces is frozen - 
for a #oil ma3 nubjected to subfreezing temperatures, 'his has h e n  shown to 

b h e  lor soila containing a high percentage of f i n e a .  Electr+c&mical 

inbrac  tion of the f ine  particles - conaidered as platelets and as charged 



particles in an electrolytic system, reaults in the creation of  charged fields. 

m a e  mmtitute and define the naturs ard Undts of  the structured or oriented 

wabr that surrmnds these particlee. Zhs e f fec t  of these chrged fields is 

felt in ths fom of t e r n a h r e  dapreasion in the structured water. The closer 

w approaches the p a c k  surface, tb higher is ths activity of interact ion 

a d  the hizhsr ia t h e  farce r e q u i r e d  ta m e  a molecule of mter i n t o  or out 

frw Uris a m  - as shnm in th Cl-aptzm m S o i l  '&tar ard Physic~Qlsmical  

Prqnrtiss of m y a .  Ihe tePlpara- requirement f m  fmezing of tI= s ~ c t u r e d  

ratsr sill accmdbgly  vary with ths h t m s i t y  of th intelaction mithin the 

r t m o b d  rater. k a m e  of this, partial fmesing of the wa* p h a ~  under 

mbfreezing temperatuwa resalta. 

me WntSty of unfmen water axpreased in tern of unfrazen water ctnbrt  

m percent unfraen water varies With 

a)  Original Wter  contant, 

b) percent aahration, 

c )  f reez ing  temperaturn, 

d) clar content ( p r c d  of actiw clay part iche  in the 

s o i l a a t n r  s y s t e m ) ,  

e )  charge density of the soil particles, 

f) e l e c t r o l y t k  coneantratirn. 

Figurea 15 and 16 show th form of variation o f  unfrozen w a b r  w i t h  the 

~orditiom stated above. I n  a m  fnstancea, the freezirg poin t  deprmsicm 

W a e d  by the intemsity of interaction of the interparticle forces may be as 

hQh as lS•‹C. at a distanee 04 abmt 10 A' f'rm tkm rmrfeca of Uae prt ic le .  

Rcm the curves i n  tb figures an W m n  water, it is evident that the temp 

mahm dspression for many &cave olar 8dh u i l l  k mre t&n 26 C, - a d  

wtainly mch more a t  h a r  hitis1 water contsrrts. (Tbqmratm depression 



P l w e  - EMatLm between unfrozen water content 
ard kinperat- Por clay ard silt. 

Figure 16 - Fda t ion  between percent unfrwsn W t e r  
md percent of original sabration 



18 tb. difference betwen the f r e s i n g  point of nahr  and the fraesing point 

of the structured *am s u r d i n g  the a d 1  particle). 

The ca lorhe tr i c  mtnd is a simple method that can be uettd to d e t e r d m  

the ice cmtent w unfrozen water cmtent of partially frozen #oils. If this  

mthd is t o  be uaed successfilly, i t  i a  essantial  that radiation loss during 

calorhtrrlc teating m#t be acctunted far. 'his can be achierred by aairg the 

rating procedure. If 

w, - wight of soil particha,  

w*, weight of Prater Ln the a o i l  sample prior t o  freezing, 

ch = a p c t f i e  heat of water, 

ci = apsciric heat of ice, 

c,, apecl f ic  heat of s o i l  particles, 

Ch . latent h a t  of fusion, 

7 , ~  i n i t - 1  swclmen temperature, 

AT, = tempraturn c h a w  of calorimeter a d  contents. dudng  t e s t ,  

AT, = Tf - % 

-$ - f h a 1  tmpmture -fequilibrium temperaturn), 



Detennirration of AT, frm the rating method is ahown i n  Pigwe 17. 

It ia ssasntial  that the freezirg ki#tory 01 the m i l  to be U a t e d  im 

M ~ i m e  the lea content of tho #oil will vary depnding on whether the 

is cooled or mrmsd t o  the hqoraturs  at ~ h i c h  the i c e  contsnt or 

natrcsen u ter  contsnt is t o  bs evaluated. 'he reeaonu for the difforsncm in 

d w  for oither ice cantant or unfrosen contsnt deteminad from varyJng cool, 



Pie difference in unfroeen matm ccrmtent at t he same test temperature ie 

a h  quita mrksdly in F i g u r e  18. Ti-m bands represent the variation i n  

lurir~sen water ccntent at the same test temperature and i n i t i a l  vahr contelt  . 
n o  uppur limit of the band i s  the unfrozen Mter content meamred as the 

1O11 irwzes to th teat t%mfwrMtm,  a d  the lower h d t  of the band reprelrents 

tb unfrozen w a M  content f rr th same soil h a e n  t o  a much lower tmipratura 

but mrmd to h e  same k t  -raturn. For the emample shom in Figure 18, 

a mdium clay lraa chmen a d  frozen to tb desired test temperature and a b o  

Q s b p r a t u m  of 2OC. h e r  Wan tbs t e s t  t-rature befom warming to the 

b a t  w r a t u r ' e .  'Dm degree of variation i n  unfrmm rvlter content is mch 

-tar at higher hpareturge. 

F w  IS - UnPm~en rrater cmtant  variation with 
original water content and freez ing  history. 



?he effecb of frost Peadng are detrimental in two ways. (a) Heaving of 

thr groand surface due t o  the formation of ice lenrres in t h e  subeoi l ,  and 

(b) loaa of baaring suppart in the subsoil when the ice lems thaw and 

C m w e n t l y  l%aw pockets of Matar in t b i r  place. me b a s h  conditions giving 

rim t o  f m t i o n  of ice lemes necessary for frost h e a m  have bean detailed 

primly.  

Rta developnent of freezing pressures contrjbuting t o  ground akrface heaves 

m y  b t raabd thermdynamicallg Pm tlm more granular soils - cmddsr ing  

tb inte~face condition for ice ard solid p a r t i c l ~ .  mi3 does not necessarily 

am th actual heaw prsasure at the ground surfece, but d o e s  f m the f b a t  

rpprmimtion give an indication of the pressures that may be necssaary to  

a n t e r a c t  headng due t o  subaoil freezing. 

free e n e r a  for the phases on either side of the interface can be 

d t t e n  in terms of Gibbla t h e r m m i d c  potent ia l .  Aasuming that a f i l m  of 
7 -  

mprcmled water seprates the iw phase from the mineral particles, then1 

ahere F = Mbbls free  enerff, 

u = internal energy 

p = prewure 

v =  spc i f i c  volume 

T = -raturn 

a = specific entropg. 

%e two variables ilmolved are p end T. 

w e  du = -do + W 



Uoing  wbocripta i and w t o  denote tte ice ard aabr  phaseu respectively, 

rallorrhg a c M @ ,  th ccnditicns for equilibrium am that: 

But s im  dTi' dT1= tampratum depression, 

theref a-s : 

where L = l a t e n t  h a t  of  fusion. 

Hence : 



r e l a t i o n s h i p  betmeen A p and 3 m y  be dram - (Fim 19). 

Figurn 19 - -peraturn and equilibrium pmasure. 

Zhe preaaure predictad a d  s h m  in the graph in Flyre 19, ia the presam 

-h ab equilibrium crmditions. Considered on a amU d i f f  w e n t i a l  element, 

thi. be tha p a s u r e  muded to  maintain equilibrium for the depressed 

*ratam. If the procem is mversibh, then a t  any depressed turnperat-, 

jf ipg * r r U  5.rcreaae l a  allowed and fl specific entrow remains canatant, the 

a @ U r l n m  pmssurs mould be the pressure rssultlng from the temperature depm- 

a s h  aLtar equillbrhm has keen rees tab l ished .  Zhin reasoning i s  v d i d  fo r  

a -1 ditferontial  element under consideratirm. If however the entire soi l -  

mtsr myatam is considered from the integration of these d i f h r e n t i a l  elements, 

the poco- my not be r swrs ib l s ,  me equilibrium may not be the reaultint 

m e s i n g  prtsaure. mere a E  too mny uncertaintius or variables in the ~e 

m a  rhieh wahd rule cut tk p e i b i l i t y  of  reversibi l i ty .  

me model awumed for reversibi l i ty  i n  tb ayatem considered would have t o  

dbpsrd upon : 

( 8 )  Hunogeneoua, isotropic, unifcpmand e last ic  c o r d i t i w  i n  the i c e  



and mineral phaaes, 

(b) no air voids or a i r  spaces, 

(c) no snsrgg lasses or volum change, and 

(d) CUM tant spacific entropy. 

tne pressures uteammd a:. m~ freezing bmperature with the above mdel 

w a A d  b the actual freezing pressures. Howvsr, any of the dated  korkc in irga  

m l i m i b t f o n s  eAsting in a aoil mass ard necessarilg required by the model woul 

affect actual freeeir.g ~~reasuras. For thia msm,  freezing paxsurea rneasumd 

either as a result of restraint of groulzd heave, or internally i n  the subsoilt 

w a l d  not correspond to the theoretical peasurea pmdieted Erau equation OO), 

Horever, the model studied here doas yerve to demomtrata: 

1. m e  mximm possible having pressures - under very ideal  mnditime 

ard r e s t r i c b d  l i m i t a t i o ~ ,  and 

2. the very high camteracarg pressurea neededto prevent grmnd heave - 
e w n  if ideal conditione are not mat.  

k p a r h n t a l  rem1t.a haw shown that pressures as h i g h  as 20 p.s.i. wers 

wed to restrict heavirg at hpr&ures juat below freezing - (-J0C,) . 
I n  aatual practice, surface structums in general do not provide a d f i c i e n t  

overburden pressure to  -strain aound h e a ~  due to a u b a o i l  i r e e z i x  or to  

f o m t i o n  o f  ice lenses. rile most c m o n  d c t h  of datrimnta 1 frm t heaving 

is highways. I n  this case, very Little Lf any extm overburden p ~ r s u r e  i s  

pmaent, and because of th  protective coverhg of the h ighmy,  there is in 

general a g m n b r  amount of stored mofsbre. Ihe general profile for a hii$~way 

imrdsd m fros t  aucept ib le  s o i l  i n  minter i s  o m  with acessive bump and 

umaka, a d  in a mnc, potholes and s i r h  . 



i# mfemary k e l b h a t a  or restrict the conditions giving rise t o  fro& 

mm. Since there i a  n o t h h g  that can h done with the temperature, correct- 

ive  aetlm will be r e s t r i c t 4  t o  the submil. f o l l o w i n g  methods describe 

meduns that cmnterac: tcd conii"' d m s  fawring frost heaving. 

1. ReplaEemnt of frost suscsptible : m i l  - This is t h e  most obvicus 

uould be rsduced i f  the a u b s d l  gradation i s  adjusted such that the 

percentago of fines in the suhsoil wmld not fall within the limits 

eatabliahed for  frost s u s c e p t i b l i i t y  . Althmgh the grddation Umits 

d e f k e d  a m  not r ig td ly  set, t h y  a c t  as a guide for canprism of frost 

w c e p t i b i l i t y ,  - i . e .  if a well g r d d  soil has 2% of its fine part- 

icles less than O.@mn. in aizs, this dms not  necemarily wan that i t  

ia mt froat auacept ib l~ ,  It la p a d b h  that the so i l  mith 2% of it. 

f k s  less than 0.EeaYa. in aha may be *;st susceptible, but the chances 

of t h e  sam: s o i l  W i t h  3% Of 5.% finerr b s a  than O.Mmn. Ln d z e  beiw 

n m  froat auxeptibla 4- mrg gmd. . ' 
To correct t t i i a ,  it Is a t a t  t o  replace t h e  fmst  susceptible m i l  with 

granuhr material. In ti& M y ,  fmezing of the s o i l  w i l l  be restricted 

t o  tha swlar s i tuat ion of fmezhg of coarse-grajned s o i l s  - without 

d e v e l o w n t  aP ice lenses. 

2. b o r i n g  t lm freezing po in t  of the pore water - With the addition of 

aalta, i t  be p ~ s i b b  to lo~er the freezing point of the pore 

a ter  nuch that freezing in the aubsoi l  w i l l  be minimized. Haever, 

mith th p s a @  d tb, i t  w i l l  be necessary t o  recharge the pore 

water since drainage a d  groundwater f l a w  &ring the aurrrner raontha may 

carry anay tb dissolved salts i n  the pore water. 



3. br tr i c t ing  the srztw supply - h ef fect  this means creatit~l: a closed 

aymtcul. f i e  mter supply can be elininatod Qr rrsduced by inatalliw a 

cut-off blanket in th 8ubadl. %is cut-ofi' b h r k e t  my k an imprvious 

clay layer, a bituprInoua &ram or even a concrete manham. Ihe  

id@ imrolmd here i a  to h i t  tk supply of water w that ice lenses 

my not davelap. ThIhis .method my b e  feasible,  but may not be too 

ecmdcal. 

4. Additives - Ihe use of addi5ms to change the properties of the mb- 

soil may taka tk form of either: 

a .  Dlsprsants, or 

b. aggregants. 

$ither of these w i l l  clwnge the soil pmperties t o  nuke the EU bsoil 

more or lesa ptrmeable - together with further preparatory mmpac'don. 

Xf water 13 fed too fast or too sloprly tD the bud of crystullization, 

tb bud will either melt or be restKcted i n  size since watm sup& 

Sa me of the prim factors contributing to tb C r m t h  af the i c e  lenaes. 

use of additives to  chawe tha p m e a b i l l t y  chrac tar i s t i c s  triaa 

O alter the ideal heat balance c&it ion,  A i c h  i n  turn either dsllLpys 

th. bud or inhibits  its gmth. laboratory tests on the tubsoil m 3  t 

be conducted to establ ish whether d i spersaas  or rrgewgants can be 

umml feasibly for this prrpwe. 

5, Increase the m r c b r g e  p x s u r r :  - %is method relies on the impositior. 

al a hi@er slrcharge pmssure Rhich serves to wunteract tk h a d n g  

prlasure, a d  mre impatant, raise the  frmt line possibly ovray from 

the influence d t h e  ready supply of water. Since it i s  essential that 

th water supply must c a r e  under the influence of the thermal re&ne - 
in the nature of the fmt front, then removlrg tka influence of the 



h m l  m g h e  on the water supply would pwwnt water frcm bins dram 

to  tb g m w f r g  bud of c r y a t a l l i e a ~ o n .  bparience b s  shwtn Chat if the 

rakr tabla is mom than 8fx fwt blow the ground surface, the gr0:qth 

of k e  lensea U mde diffimlt. Hence adding a mrcharge load n o t  only 

c-tas an ddltlasl surchrge prssure which nill luer tk c c r i t i c d  

bmpzrature o f  the pore mster, i t  .tho serves to h e r  the effectim 

grourd *tar t~blr. 
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