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ABSTRACT 

M e a s u r e m e n t s  of equi l ibr ium i c e  lens  heaving p r e s s u r e s  in  

c lose -pack  a r r a y s  of uni form s i z e  g l a s s  beads  (Penner ,  1966) i n  

r e l a t ion  to bead s i z e  a r e  in  a g r e e m e n t  with the theory  of E v e r e t t  

and Haynes (19 65). S i m i l a r  heaving p r e s s u r e  m e a s u r e m e n t s  w e r e  

de te rmined  on f r a c t i o n s  of f r a g m e n t a l  p a r t i c l e s  in  the s i l t  and 

f ine  sand range  (Penner ,  1967 and 1968). I t  i s  demons t ra t ed  that  

the s m a l l e r  p a r t i c l e s  within a given range  have a p redominan t  

influence on the equi l ibr ium i c e  l ens  heaving p r e s s u r e s  genera ted .  

F r o m  th i s  i t  i s  concluded tha t  the  p r e s e n t  c r i t e r i a  based  on p a r -  

t ic les  s i z e  - -  with l i m i t s  on the  amoun t  of f ines  pe rmi t t ed  - -  i s  

a n  accep tab le  approach  to  defining the  f r o s t  suscept ib i l i ty  of 

e a r t h  m a t e r i a l s  f o r  s o i l  engineer ing purposes .  

The s m a l l e s t  p a r t i c l e s  in  a pa r t i cu la t e  porous  s y s t e m  p lay  a n  

impor tan t  ro l e  i n  de te rmin ing  the magni tude  of i c e  l ens  heaving 

p r e s s u r e s  genera ted .  The suppor t ing theory  lends  c r e d e n c e  to  

using p a r t i c l e  s i z e  a s  a valid f ros t - suscep t ib i l i t y  c r i t e r i o n  f o r  

na tu ra l ly  occur r ing  m a t e r i a l s .  This  note  r ev iews  in br ief  the 

theory  of i c e  l ens  growth,  the  n a t u r e  of f r o s t  ac t ion p r o b l e m s  i n  

e a r t h  s t r u c t u r e s ,  the  impor tance  of a c c u r a t e l y  predic t ing the f r o s t  

suscept ib i l i ty  of e a r t h  m a t e r i a l s ,  t he  exper imen ta l  m e a s u r e m e n t s  

of i c e  l ens  heaving p r e s s u r e s  in  s i m p l e  s y s t e m s  to t e s t  the theory ,  

and the  m e a s u r e d  re la t ionship  between the i c e  l ens  heaving p r e s s u r e  

and the  s i z e  of f r a g m e n t a l  p a r t i c l e s  i n  m o r e  complex porous  s y s t e m s .  



THEORY AND PRACTICE: PAST AND PRESENT 

Following the development  of the theory on i c e  l ens  growth 

under ideal ized conditions i n  porous  m e d i a  (Evere t t ,  1961), a m o r e  

comprehens ive  and genera l i zed  t r e a t m e n t  applying to r e a l  porous  

s y s t e m s  was  published f o r  p o r e  g e o m e t r i e s  of g r e a t e r  complexity 

( E v e r e t t  and Haynes, 1965). These  widely-quoted theore t i ca l  

p a p e r s  have g rea t ly  s t imulated f r o s t  ac t ion r e s e a r c h  in  r e c e n t  

y e a r s ,  l a rge ly  by providing a sound and convincing theore t i ca l  

b a s i s .  The theory,  however,  was not a complete ly  new concept, 

n o r  was  this c l a imed  by the au thors  (Evere t t ,  1961; E v e r e t t  and 

Haynes, 1965). Aspec t s  of the thermodynamics  of f r eez ing  porous  

s y s t e m s  had been dea l t  with in  s o m e  de ta i l  e a r l i e r  by Edlefson 

and Anderson (1943), Winterkorn (1955), Jumik i s  (1956), P e n n e r  

(1957), and Gold (1957). 

Extensive  l abora to ry  testing of so i l s  f o r  f r o s t  suscept ib i l i ty  

had been c a r r i e d  out m u c h  e a r l i e r  by Beskow (1935), Taber  (1929). 

Casagrande  (1932), and l a t e r  b y  the U. S. Corps  of Eng inee r s .  

This  l a s t  study, desc r ibed  by Line11 and Kaplar  (1959), provided 

workable  e m p i r i c a l  re la t ionships  between the g r a i n - s i z e  composi-  

tion of so i l s  and f r o s t  suscept ib i l i ty  that  could b e  applied 

d i rec t ly  to so i l  engineering p rob lems .  

THE NEED FOR IMPROVED FROST ACTION PREDICTIONS 

Despi te  changes  in  des ign approaches ,  e. g . ,  the use  of the r -  

m a l  b a r r i e r s ,  the need f o r  f u r t h e r  improvements  in  the a s s e s s m e n t  

of f r o s t  suscept ib i l i ty  f o r  e a r t h  s t r u c t u r e s  h a s  become even m o r e  

c r i t i c a l  in  r e c e n t  y e a r s .  The  demand f o r  h igher  quali ty highways, 

r a i lways  and a i r p o r t  runways is a r e s u l t  of the i n c r e a s e d  t r a i n  

and vehic le  speeds  and the higher  take-off and landing speeds  of 

a i r c r a f t .  Roads and a i r p o r t s  m u s t  now have a year- round capa-  

b i l i ty  to  suppor t  l a r g e r  loads  and l a r g e  unheated s t r u c t u r e s  such  

a s  parking g a r a g e s  and warehouses  r e q u i r e  s table  foundations. 

On the  other  hand, r ead i ly  avai lable  s o u r c e s  of good quali ty e a r t h  

m a t e r i a l s ,  such  a s  sands  and g rave l s ,  a r e  being rapidly  depleted 

in  m a n y  regions .  Engineer ing f a i l u r e s  that  r e s u l t  f r o m  f r o s t  

ac t ion a r e  not only expensive  to r e p a i r ,  but  c a u s e  m u c h  inconven- 

ience  when the t e m p o r a r y  l o s s  i n  the use  of the s t r u c t u r e  is a l s o  
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involved. I t  i s  impera t ive ,  therefore ,  that  where  f r eez ing  i s  

permit ted ,  the  p e r f o r m a n c e  of e a r t h  m a t e r i a l s  that  a r e  borde r l ine  

with r e s p e c t  to f r o s t  suscept ib i l i ty  a r e  p r o p e r l y  a s s e s s e d  s o  that  

good m a t e r i a l s  will  not b e  excluded and poor quali ty m a t e r i a l s  

will b e  recognized and p r o c e s s e d  o r  r e j ec ted  to avoid cost ly  

mis takes .  

BASIS FOR FROST-SUSCEPTIBILITY CRITERIA 

A commonly used approach  is to  d e t e r m i n e  f r o s t  suscept ib i l i ty  

exper imental ly ,  o r  to  e s t i m a t e  i t  on the b a s i s  of heave r a t e .  

Acceptance o r  re ject ion i s  based  on the amount  of heave,  over  a 

winter period,  tha t  c a n  b e  to lera ted without de t r imen ta l  ef fects .  

Changes i n  the  riding quali ty resul t ing f r o m  dif ferent ia l  heave 

that  i s  pe rmi t t ed  and poss ibly  the  l o s s  of s t r eng th  on thawing, 

would b e  the l imiting pe r fo rmance  f a c t o r s  f o r  highways, s t r e e t s  

and a i r p o r t  runways.  The amount  of d i f ferent ia l  heave that  c a n  

b e  safe ly  accommodated without damage  to the  foundation and s u p e r -  

s t r u c t u r e  would b e  the determining f a c t o r  f o r  unheated s t r u c t u r e s .  

Heaving p r e s s u r e s  tha t  a r e  genera ted  dur ing the f r eez ing  of 

e a r t h  m a t e r i a l s  due to the  i ce -wa te r  phase  change can a l s o  b e  used 

to  a s s e s s  f r o s t  susceptibil i ty.  This c r i t e r i o n  h a s  not found 

acceptance i n  p rac t i ce  although i t  i s  d i r ec t ly  appl icable  to heav-  

ing p r o b l e m s  involving foundations of buildings.  

The  m e a s u r e m e n t  of heaving p r e s s u r e s  resul t ing f r o m  i c e  l ens -  

ing, however,  h a s  been m o s t  useful t o  t e s t  the  validity of f r o s t  

heave theor ies  ma in ly  because  the heaving p r e s s u r e  i s  one of the 

va r i ab les  i n  thermodynamic equations that  can  b e  m e a s u r e d  

exper imental ly .  

THEORY O F  ICE LENS GROWTH 

TESTED WITH UNIFORM GLASS BEADS 

The equation by E v e r e t t  and Haynes (1965) re la t ing the equi-  

l i b r i u m  ice  lens  heaving p r e s s u r e  to the r ad ius  of uniform g l a s s  

s p h e r e s  in  a c lose-pack a r r a y  was  tes ted (Penner ,  1966). The  

equation that  appl ies  to th is  pa r t i cu la r  geomet ry  i s  a s  follows: 



w h e r e  Ap i s  the heaving p r e s s u r e ,  r i s  the  r ad ius  of the  sphere ,  B' 

i s  a constant  equal to  5. 6, 0 i s  the contact  angle  and u .  i s  the  in- 
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wa te r  in te r fac ia l  ene rgy  t e r m  (35 e r g s  ~ m - ~ )  (Hesstevedt,  1964). 

The a g r e e m e n t  that  was  shown to  ex i s t  between this equation and 

the m e a s u r e m e n t s  c a r r i e d  out by the author  f o r  two s i z e s  of beads,  

19.4  and 12 m i c r o n s  d iamete r ,  i s  believed to ver i fy  exper imental ly  

the  equation. 

HEAVING PRESSURES IN FRAGMENTAL MATERIALS 

The l abora to ry  equipment  developed f o r  the  e a r l i e r  s tudies  on 

g l a s s  beads  was  a l s o  used t o  de te rmine  the  heaving p r e s s u r e  in  

s i zed  f rac t ions  of f r a g m e n t a l  pa r t i c l e s .  Two s tudies  have been 

published on this a s p e c t  by the author  (Penner ,  1967; Penner ,  1968). 

Elut r ia t ion techniques w e r e  used i n  both c a s e s  - -  pot ter1  s f l in t  

and P F R A  s i l t  - -  t o  s e p a r a t e  the p a r t i c l e s  into n a r r o w  s i z e  r anges .  

The pa r t i c l e  s i z e s  f o r  a l l  f r ac t ions  was  de te rmined  by p repar ing  

s m e a r s  of the s e p a r a t e s  on g l a s s  s l ides  and measur ing  the pa r t i c l e  

s i z e s  on enlarged microphotographs .  The s i z e  ass igned to each  

p a r t i c l e  was  the a v e r a g e  of the l a r g e s t  and the s m a l l e s t  pa r t i c l e  

d iamete r ;  in  this way the complete  s i z e  dis t r ibut ion was  es t ab -  

l i shed by m e a s u r i n g  s o m e  500 p a r t i c l e s  f r o m  each  sample .  

The author1 s s tudies  r e f e r r e d  to  w e r e  f o r  s i z e  f r a c t i o n s  

l a r g e r  than c lay s i z e  because  the  s i z e  of p a r t i c l e s  in the  c l ay  

range  could not  be  de te rmined  read i ly  with the s a m e  accuracy .  Sed i -  

mentat ion ana lyses  w e r e  not considered to  b e  sufficiently p r e c i s e  

to e s t ab l i sh  the p a r t i c l e  s i z e s  f o r  these  s tudies .  The solid l ine  

in  Fig .  1 i s  the plot  of the  E v e r e t t  and Haynes (1965) equation. 

The i c e  l ens  p r e s s u r e - d i a m e t e r  values  f o r  the uniform-size  g lass  

beads  a r e  shown a s  open s q u a r e s .  The solid c i r c l e  symbols  a r e  

the r e s u l t s  f o r  the va r ious  f r ac t ions  of P F R A  sil t .  The open 

c i r c l e s  a r e  fo r  the f r ac t ions  of p o t t e r s  flint. In each c a s e  the  

m e a s u r e d  i c e  lens  heaving p r e s s u r e  i s  plotted aga ins t  the m e a s u r e d  

d i a m e t e r  of the s m a l l e s t  s i z e  p a r t i c l e  i n  each  f ract ion.  The 

range  in pa r t i c l e  s i z e  f o r  each f rac t ion  i s  given on the  F i g u r e  

n e a r  the plotted point. 



The values fa l l  both above and below the theoret ical  line but 

i t  i s  believed that the m e a s u r e  of agreement  achieved draws  atten- 

tion to the predominant influence of the smal les t  pa r t i c les  in 

establishing the heaving p r e s s u r e s .  Deviations in the m e a s u r e -  

ments  f r o m  the theory a r e  thought to be attributable to the f r a g -  

menta l  nature  of the par t ic les ,  var ia t ions  in sample  density, 

local  non-homogeneity, and e r r o r s  in p r e s s u r e  measurements .  I t  

i s  believed that a t  equilibrium (s ta te  of non-propagation of i ce )  

the i ce lwate r  boundary positions itself over the minimum sized 

pores  and to achieve this  the boundary m u s t  have an undulating 

configuration. 
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CONCLUSIONS 

The r e s u l t s  given in th is  note suppor t  the use  of pa r t i c l e  

s i z e  a s  a valid p roper ty  f o r  establishing f r o s t  susceptibil i ty.  

The impor tance  of the s m a l l e r  p a r t i c l e s  in  a so i l  s y s t e m  i s  based 

on a theory that  has  been supported by l abora to ry  m e a s u r e m e n t s  and 

to  which the  heaving p r e s s u r e s  due to i ce  l e n s e s  in  r e a l  porous  

s y s t e m s  conform.  

The r e s e a r c h  s tudies  indicate  that  c r i t e r i a  used based  

on g r a i n  s i z e  could be  improved by inc reas ing  the a l lov~ab le  mini-  

m u m  s i z e  of the  s m a l l e s t  p a r t i c l e s  with f u r t h e r  l imi ta t ions  on the 

p e r m i s s i b l e  amount  of f ines .  
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