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Corre la tion be tween the  Fros t He ave  and  

Gr a nulome tr y  of Soils

1 / 10

La  Co r r é la t io n  e ntre  le  gonfle me nt  dû au gel e t la gr a nulo m é tr ie  des  sols

J.  J Ä R A Y ,  d r .  t e c h n . ,  c a n d .  t e c h n .  s c .,  Ch ie f  o f  Re s e arch De partm e nt , Hung arian  A irline s , Budape s t, Hungary

S U M M A RY

Previous  s tudies  state  that the  fros t heave o f soils  is  due  to 
the ir gr ain s ize dis tr ibution. In  this  s tudy the  author  shows  that 
the  rate o f fros t heave  is a  func t ion o f the  ma x ima l gr ain s ize 
o f the  soil (H>0), its  surface  area ( <f>), and che mical properties  
(c h ). T he  author  gives a  ma the ma tical fo r m ula  in  te rms of 
minute s  X C % which is  pr opor t iona l to the  rate  o f he at extrac ­
t ion:

|  =  T (c h )/ V(*)[ / (Z?0) -  T (c h )l +  -  T (c h )K ZA/ AC °)

T he  author  demons trates  fur the r  that, given ce r tain phys ical 
characte ris tics , the  extent o f fros t heave  can be  compute d fr om 
liq u id  lim it  data.

S O M M A IRE

Au  cours  de  toutes  les études  on a cons taté que  le  gonflement 
des sols du au gel est occas ionné pa r  la  granulométr ie . Dans  
son étude  l'aute ur  démontre  que  la  vitesse du gonfle me nt d û  au 
gel est en fonc t ion de  la dime ns ion maxima le  des granule s  du 
sol (D q ) ,  de  sa superficie  (0) et de  ses pr opriétés  chimiques  
(c h ). L’aute ur  présente  une  for mule  ma théma tique  en fonc tion 
de  minute s  X C®, q ui est propor t ionne lle  à  la  vitesse de  l’extrac ­
t ion de chale ur :

É =  T ( c h ) / * ( * ) [ / ( 0 o) -  T (c h )l +  * ( * ) l / ( 0 o )  -  T (c h ) ] ( I> / A C 0)

De  plus  l ’aute ur démontr e  que  certaines  caractéris tiques  con­
ce r nant l’état du sol é tant données  on pe ut calcule r  le gonfle me nt 
d û au gel, en utilis ant  les données  de la limite  de  liquidité.

t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  s o i l s  s e e m to  be  s tr ic t ly  
a n d  u n a m b ig u o u s ly  cor r e la t e d w it h  the  g r a in  s ize  d is tr ib u ­
t io n. T h e  co r r e la t ion  be twe e n the  g r a n u lo m e tr y  a nd  liq u id  
lim it  o r  p e r m e a b ility  o f soils  ha s  be e n de s c r ibe d pr e vio us ly  
(Ja r a y , 1958, 1959, 19 6 1 ).

f u n d a m e n t a l  i d e a  o f  t h e  e x p e r i m e n t

It  was  m a d e  c le a r  by  e a r lie r  e x pe r im e nt s  t h a t  the  fr os t  
d an ge r  was  con ne c te d, in  c o n fo r m ity  w ith  ce r t a in r ule s , 
w it h  the  g r a in  s ize  d is tr ib u t io n  (Be s ko w , 1932, 1947 ; Cla r e , 
1948 ; Dilc k e r , 1939 ; E r le n b a c h ). T h e  hig he r  the  c la y  cont e n t  
o f  the  s o il t o  be  inve s t iga te d, the  m o r e  s e r ious  w ill be  the  
d e v e lo p in g  fr os t  da m ag e  (Buis s o n, 1942; Cas ag r an de , 1936 ; 
a n d  Ja k y , 1936 , 1 9 3 9 ). T he s e  we r e  th e  p r ac t ic a l da ta  w h ic h  
fu r n is h e d  the  fu n d a m e n t a l ide a  o f  the  pr e s e nt  e x pe r im e n t: 
t h a t  is , the  a m o u n t  o f th e  fr o s t  he ave  c o u ld  be  expre s se d 
in  te r ms  o f  the  g r a in  ag gr e ga t ion cha r ac te r is t ic s , m a x im u m  
g r a in  s ize  ( D 0),  a n d  s ur face  o f  s oil pa r t ic le s

D u r in g  e x pe r im e nt s  o ne  m us t  im ita te  na tu r e , a n d  this  
d e m a n d  ca n  be  s a t is fie d by  the  ch o ic e  o f  in s t r um e n ts  to  be  
us e d (F ig . 1 ) ,  T h e  cause s  o f  fr e e z ing  c o u ld  n o t  be  e lim i­
na te d. Co ns e q ue n tly , the  e x pe r ime nts  h a d  to  b e  co nd uc t e d  
und e r  c o n d it io n s  co r r e s p o nd in g  to  the  e a r th  w o r k  (Be n d e l,  
1944; Ke zd y , 1962; Sze chy , 1952; Ru c k li, 1950; Zu n k e r , 
1 9 3 0 ). Ac c o r d in g ly , th e  s o il s am ple s  s h o u ld  be  p r e p a r e d a t  
o p t im u m  m o is tu r e  c o n te n t  a n d  und e r  inte ns ive  c o m p a c t io n , 
a n d  the  e x pe r im e n t  s h o u ld  be  ca r r ie d o u t  a t  a  ne a r ly  c o n ­
s ta nt  te m pe r a tu r e . In  th e  cour s e  o f  the  e x pe r im e nt s  o n ly  the  
q u a lita t iv e  cha r ac te r is t ic s  o f  the  m a te r ia l c aus e  a n  e s s e nt ial 
change .

T he  s e le c t ion o f  s uitab le  so ils  ma ke s  pos s ible  the  s e par a te  
inv e s t ig a t io n o f  the  g r a in  s ize  d is tr ib u t io n  char ac te r is t ic s  
D 0 a n d  <f>, as  w e ll as  the  c h e m ic a l p r o pe r ty  ( c h ) .  In  the  
e x pe r im e nt s  und e r t ak e n , s ix  s o ils  (s a n d , s ilt , a nd c la y  type s ) f ig .  I.  Fr ee zing device .
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T AB L lv  I.  IN I' l .U K N C K  O F  C H K M IC A L  P K O P IiR T IK S  O N  F K O S T  H liA V K  O F  S O IL S

Ch e m ic a l d a ta
- - - - - - - - - - - - - - - - - - - -  L iq u id  lim it  e x pe r im e nt s  F r e e zing  e x pe r ime nts

S y m b o l T r e a tm e n t

c on te n t  

pe r  ce nt p H A v N r

A y e

n f0 A t /Vr

A  to

N  ,0

he ave  

pe r  ce nt

1/1 H C l 3 2 .9 7 .2 3 .3 0 .0 7 8 1 .7 0 .6 1 .0
2 M g S 0 4 3 7 .6 7 .2 3 .4 0 .0 7 5 0 .3 5 .6 >  9 .0
3 N a H C 0 3 3 8 .8 8 .9 2 .9 0 .0 9 2 1 .4 1 .7 > 1 . 9
4 N a O H 3 7 .6 8 .9 3 .6 0 .0 7 8 8 .0 0 .2 5 .6 2 .2 >  5 .1

5 K H C O j 3 7 .8 8 .9 3 .9 0 .0 7 8 0 .0 1 6 5 0 .2 5 .8 3 .0 >  7 .3
6 Ca Cl* 3 7 .0 8 .4 5 .9 0 .0 4 4 0 .8 4 .1 >  3 .6
7 N a îS O i 3 7 .9 8 .6 5 .2 0 .0 5 2 1 .0 2 .9 >  3 .3
or Or ig in a l 3 8 .0 8 .2 4 .3 0 .0 6 0 0 .1 5 .8 5 .9

I I / l Or ig in a l 4 .5 7 .9 4 .1 0 .0 4 8 1 .0 4 .2 4 .8
2 H C l 2 .5 6 .8 3 .6 0 .0 5 4 2 .7 2 .2 1 .5
3 M g S 0 4 5 .8 6 .6 4 .0 0 .0 4 8 2 .3 2 .7 2 .6
4 N a îS O i 4 .7 7 .5 4 .0 0 .0 4 6 6 .6 2 .6 2 .2 4 .0 >  1 .7

5 N a O H 5 .1 9 .5 3 .9 0 .0 4 8 0 .0 1 8 4 3 .2 1 .2 1 .4 >  1 .5
6 Ca CU 3 .9 7 .7 3 .9 0 .0 5 0 3 .2 1 .1 0 .6
7 Ca Cls 5 .7 7 .4 3 .2 0 .0 6 0 3 .8 0 .4 >  0 .4

I I I / l N a O H 7 .3 8 .4 0 .2 2 .0 0 .7
2 Mg SO* 4 .8 4 .3 0 .2 2 .0 0 .7
3 X a 2S 0 4 4 .4 7 .8 1 .0 1 .0 1 .8 1 .0
4 Ca CU 5 .2 7 .5 1 .0 1 .1 1 .7 1 .5
5 Ca CI* 6 .8 7 .2 0 .6 1 .5 1 .5
6 Or ig in a l 9 .0 7 .8 — — 2 .7
7 H C l 4 .4 6 .5 0 .6 1 .7 —

IV / 1 H C l 1 .5 6 .3 2 .9 0 .0 9 4 _ _ _
2 Na*SO< 4 .2 7 .7 2 .8 0 .1 0 0 0 .9 2 .3 2 .1
3 N a OH 5 .8 9 .8 4 .7 0 .0 5 3 7 .0 0 .8 2 .6 1 .6 2 .4
4 M g S Oi 4 .0 7 .5 2 .6 0 .1 1 0 0 .0 3 0 0 0 .6 3 .4 4 .1 3 .1
5 Ca Cls 2 .1 8 .2 2 .7 0 .1 0 0 1 .3 0 .8 1 .2
G K N O a 5 .4 7 .0 3 .5 0 .0 9 0 0 .5 3 .7 3 .0
7 Or ig in a l 2 .5 8 .1 4 .0 0 .0 6 3 0 .2 5 .7 6 .4

V / l Or ig in a l 5 .6 8 .0 3 .1 0 .1 9 0 0 .1 3 .0 >  3 .6
2 X a 2S 0 4 4 .5 7 .5 4 .2 0 .1 4 0 0 .6 1 .0 > 1 . 3
3 M g S O i 5 .5 7 .3 3 .2 0 .1 8 0 6 .8 0 .4 1 .6 0 .9 >  2 .1
4 Ca CI« 4 .2 7 .4 3 .2 0 .1 8 0 0 .0 5 3 0 — — 4 .2 —
5 N a OH 5 .4 9 .3 3 .4 0 .1 7 5 0 .6 1 .0 1 .3
6 KN Oo 4 .4 7 .3 3 .2 0 .1 8 0 0 .2 2 .5 0 .5
7 H C L 1 .3 6 .3 3 .6 0 .2 0 0 0 .5 1 .2 0 .5

V I/ 1 Or ig in a l 3 .5 0 .1 4 0 0 .8 0 .7 >  2 .0
2 Mg Clo 3 .8 0 .1 2 5 1 .0 0 .3 0 .6
3 N a 2S 0 4 4 .2 0 .1 2 0 7 .0 0 .8 1 .0 1 .0 >  2 .0
4 N a O H 2 .9 0 .1 6 0 0 .0 4 20 0 .6 1 .6 3 .0 >  4 .0

3 .7 0 .1 5 0 0 .5 2 .0 > 3 . 5

a n d  5 to  7 a r t ific ia lly  p r o d uce d  soils  we r e  a na ly ze d in  or de r  
to  de fine  the  influe nce  e x e r te d by  the  va r iab le s  £>0, <£. Co ns e ­
que n t ly , 40  ch e m ic a l v a r ia n ts  we r e  obs e rve d, to  de t e r m ine  
the  e ffect o f the  c h e m ic a l v a r iab le  o f the  s o il (c h ) .

T he  gr a in s ize  dis t r ib u t io ns  o f the  inv e s t iga te d so ils  are  
plo t te d in  a s pe c ial co- or dina te  s ys te m, e labo r a te d by  Ja k y  
(F ig . 2 ) .  (Ja r a y , 1958 , 1959, 1961 .)

E V A L U A T IO N  O F  R E S U L T S

In  the  cour s e  o f the  e x pe r ime nts  the  te m pe r a tu r e  o f the  
fr e e zing  he a d, o f the  b e d d in g  o f s and ap p lie d  und e r  the  
s oil s a m ple , a nd  o f the  wa te r  we r e  m e a s ur e d e ve r y h o u r  
a n d  the  fr os t  he ave  was  e s tablis he d as  a fu n c t io n  o f t im e  (r ) .

T he  e s tablis he d fr os t  he ave  da ta  we r e  plo t te d as  a fu n c t io n  
o f the  h e a t  q u a n tity , g ive n by  the  fo r m u la  Q  =  \ (F/d ) 
(2 Ar AC °) whe r e  F  is  the  s ur face  o f  the  cross - s ection o f the  
s o il s am ple , a n d  d  its  he ig ht . Dir e c t  me as ur e m e n t  o f the  
he a t  loss  ( Q ) is  impo s s ib le , the r e for e  fo r  its  e v a lu a t io n  the

va lue  2 A/ AC0 was  us e d. T h is  was  due  to  the  ne a r ly  s ame  
v a lue  o f the  he a t  c o nd uc tiv ity  pos s ible .

P lo t t in g  the  fr os t  he ave  as  a fu n c t io n  o f 2 A/ AC0 the  
e x is te nce  o f s tr aight- line  r e la t io ns hips  ca n be  e s tablis he d.

1. T he s e  r e la t io ns hips  agr e e  w ith  the  me as ur e d r e sults  
w ith in  a n  ac cur a cy  o f ±  5 pe r  ce nt. T he  a m o u n t  o f the  fr os t  
he ave  is  g ive n by  the  fo r m u la  (F ig . 3 )

€ =  { A t/ N t +  Wf (5  a / a C ° ) .  (1 )

T he  s e c t ion o f the  s tr a ight  line  ( A t ) o f fr o s t  de note s  the  
t e m pe r a tur e  ne e de d to c oo l the  wa te r  co nt e n t  o f the  s oil to 
the  fr e e z ing  p o in t .  Ho w e v e r , s alts  pr e s e nt  in  the  s oil a nd  
dis s o lve d in  the  g r o und w a te r  exe r t a n  influe nce  n o t  o n ly  o n  
the  fr e e z ing  p o in t  o f  the  wa te r , bu t  a ls o  o n  the  c h e m ic a l 
pr ope r t ie s  o f  the  s o il. Con s e q ue n tly  it  fo llow s , t h a t  a  de finite  
co r r e la t ion  be twe e n the  s e c t ion A t a nd  the  c h e m ic a l pr o pe r ty  
o f the  s oil (c h )  exis ts . Ac c o r d in g  to  the  r e la t io n  A { =  T  
( c h ) ,  the  ind e x  N t expre sses  the  a m o u n t  o f  the  de ve lo p ing  
ice- lens .
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D GRAIN -D IA M E T E R  (m in )

?A€CL TYPE Do D0l D02 P P, P2 n b a 4>

cm 2/g r

I A. 0 4 5 CIO 2.60 1.04 1.80 0.40 06 0 1 ,0 5 0

n C. 07 0 070 1.50 2.75 0.50 1.56 470

m C. 03 2 032 0S 6 1.76 0 3 0 2.00 2 3 0

IS

Y

B.

T. 015

SAMPLE FROM SOIS OF THE CATEGORE50.50 
] IT RESPECT. Ï

2 ,6 0 0

7 ,3 0 0

3ZI C. 014 014 1.10 3.05 0.45 2.77 2 ,5 8 0

f i g . 4. Corr e la tion s traight line  o f soil freezing 
characteris tics .
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Afo = fd «

f i g . 2. Gr a in  s ize dis tr ibution data.
b  0.5
co D o. MAX.GRAIN-SIZE (m m )

f i g . 3. C o r r e la t io n  be twe e n the  fr o s t  he a ve  a nd  
t e m pe r a tu r e .

2 . W h e n  p lo t t in g  the  va lue s  A f  a nd  N ( in  a  co- or dina te
s ys te m, th e  cha r ac t e r is t ic  po in ts  fo r  the  v a r io us  s or ts  o f  the  
s am e  s o il lie  o n  a  c o r r e la t ing  s tr a ig ht  line , th us  g iv in g  the  
co ns ta n t  va lue s  A fo, N fo w h ic h  a r e  cha r ac t e r is t ic  b o th  fo r  the  
inv e s t iga te d s o il a nd  the  w h o le  c o m ple x  o f va r ia t ion s  (F ig .
4 ) .  T he  fo r m u la  o f the  c o r r e la t ing  s tr a ight  line  is

N t =  N (Q( A tQ- A t ). ( 2 )

f i g . 5. Cor re la t ion be tween the  
ma x ima l gra in s ize  and the  sec­
t ion o f the  cor re lation s traight 

line .

I02 I03 I04

4> GRAIN SURFACE (c rr f/g r)

f i g . 6. C o r r e la t io n  be twe e n the  g r a in  s ur face  
a n d  the  in de x  o f  the  c o r r e la t in g  s t r a ig h t  line .

co r r e la t ion  be twe e n D 0 a nd  A f0 is  s how n in  F ig . 5 w h ile  
the  co r r e la t ion  be twe e n <f> a n d  N to is  illu s t r a te d in  F ig . 6.

4. Ac c o r d in g  to fo r m ula s  (1 )  a n d  (2 )  the  fr o s t  he ave  is

£ ; =
T (c h )

3. In  c o n fo r m ity  w ith  the  r e s ults  s upp lie d  by  the  inve s t iga ­
t io ns  o n  liq u id  lim it , w a te r  p e r m e a b ility , a n d  unc o n fin e d  
co mp r e s s io n, th e  cons tant s  A fo a n d  N [o o f  th e  c o r r e la t ing  
s t r a ig h t  line , if  the  s am e  s o il is  de a lt  w ith , a r e  cor r e la te d 
w ith  th e  gr a in s ize  d is tr ib u t io n  char ac te r is t ic s  D 0 a nd  <f>. T he

V W l f i D ») -  T(c h )]

+  * (<* >)[/ (£>o) -  T(c h ) l (£ A / A C °)  (3 ) 

w h ic h  c a n  be  s im plifie d  to :

£ =  A + B (Y ,U & C °)
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whe r e  the  cons tant s  A  a n d  B  a r e :

T ( c h )

* ( 0 ) [ / ( £ o )  - T ( c h ) ] ’

a nd

B  =  *(<t ,)U (Do )  -  T (c h )] .

In  the  ca s e  o f  v a r iab le  c h e m ic a l pr o pe r t ie s  ( e h ) ,  p r o ­
v ide d the  he a t  los s  Q  is  c on s ta nt , th e  fr o s t  he ave  w ill va r y  
a c c o r d in g  to  a n  e q uila t e r a l o r th o g o n a lly  a x ia l h y p e r b o lic  
fu n c t io n . T h u s  the  c o r r e la t io n  be twe e n th e  g r a in  s ize  d is tr i­
b u t io n  a n d  th e  fr o s t  he a ve  o f the  s oils  is  p r ov e n .

C ORRE LAT ION  B E T W E E N  T H E  F ROS T  HE AVE  O F  S OILS  AND T HE  

CHARACT ERIS T ICS  O F  L IQ U ID L IM IT S

T he  bas is  fo r  inv e s t iga t ion  o f  th is  co r r e la t io n  w as  s upp lie d  
b y  the  fo llo w in g  e x p e r im e n ta l re s ults .

1. T h e  s e c t ion o f  th e  liq u id  lim it  s t r a igh t  line  a s  w e ll as  
t he  s e c t ion o f  th e  fr os t  s t r a igh t  lin e  de pe nd o n  the  c h e m ic a l 
pr o pe r t ie s  o f the  s oil. F r o m  this  de pe nde nce  the  e x is te nce  o f 
a  co r r e la t io n  be twe e n the  tw o  s e c t ions  ne ce s s ar ily  fo llo w s .

2 . T h e  cons tan ts  o f  the s e  c o r r e la t ing  s tr a ig h t  line s  o f  b o th  
p hys ic a l cha r ac te r is t ic s  ca n  be  e x pre s se d by  th e  g r a in  s ize  
d is tr ib u t io n  cha r ac te r is t ic s  o f the  s oil. T h u s  th e  v a lu e  o f 
A FO, A {0 c a n  be  e xpre s s e d b y  the  m a x im a l g r a in s ize  o f  the  
s o il ( D 0) a n d  the  v a lue  o f  N v o, N io by  the  s ur fa ce  o f  the  s o il 
pa r t ic le s  (<£). As  D 0 a n d  <f> a r e  pa r am e te r s  o f  bo th  func t io ns , 
the  tw o  va r iab le s  a r e  a ls o  fu n c t io n s  o f  e ach o the r . T h is

SECTION OF THE CORRELATING STRAIGHT LINE FOR LIQUID LIMIT

f i g . 7 . Cor r e lat ion between the  liqu id  lim it  a n d  

the  fros t properties  of soils.

SYMBOL D o °F ° f

I 0 4 5 1.4 0.9

K 070 0.9 1.7

IS 032 1.2 0.7

y OIS 0.9 0.45

015 0.9 0.5

f ig .  8. Cor re la t ion between the  sections o f the  s traight 
line s  be longing to the  fros t and the  liqu id  limit .

c o r r e la t io n  is  illu s t r a t e d  in  F ig . 7 . P lo t t in g  the  va lue s  o f  A F 
a nd  A f  in  a  co- or dina te  s ys te m, a  c los e d fu n c t io n , s im ila r  to  
a n  e llips e , is  o b ta ine d  (F ig . 8) .  T he  e llip t ica l fo r m  o f  the  
fu n c t io n  is  m o t iv a te d  b y  tw o  co ns ide r a t io ns . ( I )  O n  the  
c o r r e la t ing  s tr a ig h t  lin e  o f b o th  s o il m e ch an ic s  cha r ac te r is t ic s  
the  po in ts  o f  c h e m ic a l v a r ia t io ns  ar e  s itua te d o n  the  ac t ive  
s e c t ion, i.e ., th e y  a r e  confine d. F r o m  this  it  fo llo w s  th a t  in  
the  d ir e c t io n  o f  b o th  axes  o f  the  co- or dina te  s ys te m th e  
fu n c t io n  is  co nfin e d  w it h in  c e r ta in  lim it s . (2 )  T h e  base-  
e x change  t a k in g  p la c e  o n  the  s ur fac e  o f  th e  s o il pa r t ic le s  
an d  the  v a r ia t io ns  o f  the  s e c t ions  a r e  in  c o r r e la t io n  w ith  e a ch  
o the r . T h is  co r r e la t io n  is  a  c o n t in u o u s  one . As  a  cons e que nce  
o f this , c o n t in u o u s  co r r e la t io n  m u s t  e x is t be twe e n the  tw o  
s e c tions , A Ft A f. T h e  ac t ive  s e c t ion is  s y m m e tr ic a lly  s itua te d  
o n  th e  co r r e la t ing  s tr a ig h t  line . T h u s  the  co- ordina te s  o f  the  
ce n tr e  o f  th e  e llips e  a re  A F0/2, A (o/:i.

Bas e d o n  th e  r e s ults  o f  o u r  e x pe r ime nts  a n d  by  g r ap h ic  
d e t e r m in a t io n  o f  the  s emi- axes  o f th e  e llips e , w h ic h  c h a r a c ­
te r ize  th e  s ize  type s  o f  s o il, the  co r r e la t io n  w ith  the  m a x im a l 
g r a in  s ize  is  fix e d in  F ig . 9.
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f ig .  9. Corr e la tion between the  
ma x ima l gr ain size and the  s e mi­
axes o f the  e llipses , fr om F ig . 8.
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T hus  the  va lue  o f the  s e c t ion A t c an be  de t e r mine d. 
Co ns e q ue n tly , the  fr os t  he ave  ( f  ) c a n be  c o m p u te d  fr o m  the  
da ta  r e la te d to  the  g r a in  s ize  d is tr ib u t io n ; fur th e r m o r e , a 
co r r e la t ion  be twe e n the  fr os t  he ave  a n d  the  liq u id  lim it  
exis ts . T he  re s ults  so fa r  ob ta in e d  do  no t  s upp ly  un a m b ig u o u s  
da t a , be cause  it  fo llo w s  fr o m  the  e llip t ic a l co r r e la t ion  tha t  
to  e ach va lue  A r  tw o  va lue s  A i be long.
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