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mi t t ee s es tabl i shed to d iges t and evaluate groups of s y m p o s i u m papers , and f r o m thrc 
add i t iona l m e m b e r s . 
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In o r d e r that the m a x i m u m benef i t m i g h t be d e r i v e d f r o m the papers pub l i shed i n 
Special Repor t 40 of the Highway Research B o a r d , the C o m m i t t e e on P h y s i c o - C h e m i 
c a l P r o p e r t i e s of Soi ls decided a spec ia l e f f o r t should be made to r e v i e w a l l the papei 
and add any recen t r e l evan t r e s e a r c h f i n d i n g s . The papers ass igned to the d i scusso r 
b y D r . W i n t e r k o r n w e r e by Fukuda (1) , Hutcheon (2) , C z e r a t z k i and F re se (3), Barbe 
(4) , Croney et a l (5) and Guinnee (6 ) . 

Because the papers dea l w i t h r e l a t e d m a t e r i a l , the w r i t e r has chosen to d i scuss t h | 
by sub jec t m a t t e r to avo id r e p e t i t i o n . Papers that conta in a b r o a d range of m a t e r i a l 
may t h e r e f o r e be d iscussed under s e v e r a l d i f f e r e n t headings; o the r s w i t h a l i m i t e d 
scope w i l l be r e f e r r e d to i n only one p a r t of t h i s r e v i e w . 

I n r e v i e w i n g these papers , no a t t empt has been made to cove r a l l the m a t e r i a l ; f u r 
t h e r , the assumpt ion i s made that the r eade r i s a t l eas t p a r t i a l l y f a m i l i a r w i t h the su 
j e c t m a t t e r i n the o r i g i n a l papers . Emphas i s has been p laced on those p a r t s w h e r e n 
i n f o r m a t i o n has become ava i l ab l e , e i the r f r o m the l i t e r a t u r e o r t h rough the r e s e a r c h 
w o r k of the Na t iona l Research Counc i l of Canada. 

M O I S T U R E M O V E M E N T 

T h e r m a l l y A c t i v a t e d D i f f u s i o n i n Porous M e d i a 

Hutcheon's e x p e r i m e n t a l f i n d i n g s on t h e r m a l l y ac t iva ted d i f f u s i o n i n s o i l suppor t t ( 
r e s u l t s of o ther r e s e a r c h w o r k e r s , p a r t i c u l a r l y w i t h r e g a r d to the obse rved r a t e of 
m o i s t u r e f l o w . Bouyoucos (7) , W i n t e r k o r n (8) , and T a y l o r and Cavazza (9) , among 
o t h e r s , have r e p o r t e d the m a x i m u m e x p e r i m e n t a l f l o w ra te under t e m p e r a t u r e gradid 
to be f r o m s i x to ten t i m e s the ca lcu la ted r a t e based on vapor d i f f u s i o n . Recent ly W J 
side and Kuzmak (10) and P h i l i p and D e V r i e s (11) have independently r e p o r t e d an e x p f 
na t ion f o r t h i s anoma ly . T h e r e i s s t i l l d i sagreement , however , w i t h r e g a r d to m a g n | 
tude . 

The e x p e r i m e n t a l w o r k by Woodside and K u z m a k invo lved m e a s u r i n g the t e m p e r a t l 
on the su r f ace of spheres s tacked i n an open-pack a r r angemen t , i n a f i e l d of c o n s t a n l l 
heat f l o w . The average t e m p e r a t u r e g rad ien t ac ross the pore was found to be s i x t i r l 
the o v e r - a l l t e m p e r a t u r e g rad ien t , r e s u l t i n g i n a vapor p r e s su re g rad ien t m u c h g r e a f 
than the one n o r m a l l y ca l cu la t ed . P h i l i p and D e V r i e s (11), u s ing another approach , 
cu la ted the average t e m p e r a t u r e g rad ien t ac ross the pore to be t w i c e the o v e r - a l l g r * 
ent . I t i s a lso poin ted out i n these papers that i n s e r i e s (and perhaps a lso i n p a r a l l e l 
w i t h the v a p o r - f i l l e d po res a re segments of l i q u i d wa te r w h i c h p e r m i t r a p i d mois tu re 
t r a n s f e r . T h i s f a c t , together w i t h the s teeper v a p o r p r e s s u r e g rad ien t s , w o u l d appe | 
to account f o r the acce le ra t ed f l o w ra te n o r m a l l y obse rved . 

Hutcheon (2) poin ts out that the non l inear t e m p e r a t u r e / v a p o r p r e s s u r e r e l a t i o n s h i l 
g ives r i s e to a k i n d of s u r g i n g f l o w and causes waves of h igher m o i s t u r e content t h r o | 
the m a t e r i a l . He also accounts f o r the s m a l l net t r a n s f e r of vapor i n r e l a t i v e l y d r y 
s o i l s ( d r y e r than the permanent w i l t i n g p o i n t ) . H e r e only a s m a l l change i n m o i s t u r ^ 
content b r i n g s about a d i sp ropor t iona te change i n vapor p r e s s u r e . 

Hutcheon (2) shows, as d i d Croney et a l (5) and Fukuda (1.), that the d i r e c t t e m p e r l 
t u r e e f f e c t on the su r f ace tens ion i s s m a l l and does not account f o r the inc reased t r a l 



e r of m o i s t u r e n o r m a l l y observed under t e m p e r a t u r e g r ad i en t s . I t i s now gene ra l ly 
)el ieved tha t t h e r m a l l y ac t iva ted d i f f u s i o n r e s u l t s f r o m a po ten t i a l c rea ted by a t e m p e r -
Lture g rad ien t ac ross the vapor phase. T h i s g ives r i s e to vapor f l o w i n the d i r e c t i o n 
if dec reas ing v a p o r p r e s s u r e g rad ien t s and m a y be combined w i t h s e r i e s f l o w i n the 
i q u i d phase. In an open sys t em the net f l o w i s i n the d i r e c t i o n of decreas ing vapor 
t ressure g r a d i e n t s . 

I n c losed sys t ems , at r e l a t i v e l y h igh m o i s t u r e contents (3 /10 a t m ) , a dynamic e q u i l i 
br ium m o i s t u r e content d i s t r i b u t i o n cond i t i on can be reached, w h i c h i s dynamic i n the 
ense that vapor phase f l o w i s f r o m w a r m to c o l d and f l o w i n the l i q u i d phase i s f r o m 

|he c o l d to the w a r m s ide . Salt added to such a s y s t e m can accumula te at the hot end, 
s was shown by G u r r e t a l . (12) . 

b o t h e r m a l F l o w i n Porous M e d i a 

M o i s t u r e suc t ion a r i s e s f r o m the a t t r a c t i o n between w a t e r molecu les and the s o l i d . 

it l o w m o i s t u r e contents , the w a t e r may be he ld as a f i l m on the s o l i d s u r f a c e . A s 
i t u r a t i o n i s approached, po res a re f i l l e d i n a manner s i m i l a r to the r i s e of w a t e r i n a 
i p i l l a r y tube . 

The technique of m e a s u r i n g suc t ion o r tens ion i n the w a t e r i s of g rea t i m p o r t a n c e 
loth f o r r e s e a r c h and i n p r a c t i c e . Fukuda (1) has t h e o r e t i c a l l y analyzed the R icha rds 
I ressure p la te method of m e a s u r i n g suc t ion "and the in f luence of r e l a t i v e h u m i d i t y e x t e r -
al to the apparatus on the measu red m o i s t u r e - c o n t e n t / s u c t i o n r e l a t i o n s h i p . He c o n -
ludes that , w i t h the technique n o r m a l l y used, both r e l a t i v e h u m i d i t y outs ide the c h a m -
er and the t e m p e r a t u r e a r e of l i m i t e d i m p o r t a n c e . 

P r e d i c t i n g the m o i s t u r e content changes tha t occur when the s o i l i s covered and evap-
| r a t i o n i s i n t e r f e r e d w i t h i s of g rea t i n t e r e s t f o r h ighway and a i r p o r t c o n s t r u c t i o n . The 

r i t i s h Road Research Ins t i tu te has r e p o r t e d some measu re of success, p r o v i d e d the 
i r f a c e c o v e r i n g was i m p e r m e a b l e and s e m i - i n f i n i t e i n s i z e . F o r the i s o t h e r m a l case, 
: c o r d i n g to Croney et a l (5) , the depth of the wa te r table alone de te rmines the u l t i m a t e 
) re wa te r d i s t r i b u t i o n . The m o i s t u r e content d i s t r i b u t i o n i s ca l cu la t ed f r o m the f o U o w -
ig equation: 

u = s + a P (1) 
| i w h i c h 

u = po re w a t e r p r e s s u r e when sample i s loaded 
s = suc t ion p r e s s u r e w i t h no load ing 
P = ove rbu rden p r e s s u r e 
a = c o m p r e s s i b i l i t y f a c t o r 

| - o v i d e d the w a t e r content as a f u n c t i o n of s and the c o m p r e s s i b i l i t y f a c t o r a a r e known . 
T h i s r e l a t i o n s h i p has a lso been used to ca lcula te m o i s t u r e content d i s t r i b u t i o n under 

| -ass cove r and under ba re s o i l f r o m m o i s t u r e tens ion va lues , m e a s u r e d as a f u n c t i o n 
depth. V a r i a t i o n s i n s o i l type w i t h depth necess i ta ted the use of s e v e r a l c o m p r e s s i -

l i t y f a c t o r s and m o i s t u r e - c o n t e n t / s u c t i o n r e l a t i o n s h i p s . M o i s t u r e contents ca lcu la ted 
th i s way w e r e c o m p a r e d w i t h m o i s t u r e contents d e t e r m i n e d by b o r i n g and s a m p l i n g . 

tiod agreement was obtained and t h i s was taken as f u r t h e r subs tan t ia t ion of E q . 1 . U n -
ubtedly , t h i s concept of p r e d i c t i n g m o i s t u r e contents has m u c h m e r i t . I t i s be l i eved 
Croney and h i s c o - w o r k e r s that , toge ther , suc t ion and shr inkage r e s u l t s p r o v i d e a 

luable a n a l y t i c a l me thod f o r e s t i m a t i n g heave of s t r u c t u r e s r e s u l t i n g f r o m e i the r m o i s -
|re changes when the su r faces a re cove red o r a changed w a t e r tab le l e v e l . I n the o p i n -
n of the w r i t e r t h i s v i e w w a r r a n t s f u r t h e r cons ide ra t i on . 

Guinnee (6) was concerned w i t h d e t e r m i n i n g m o i s t u r e content changes and the source 
the w a t e r i n the s o i l under roads subsequent to c o n s t r u c t i o n . T h e r e i s an obvious c o n -

l a s t between the approach used i n the study by Guinnee and that of Croney et a l (5̂ ) p r e -
l o u s l y d i scussed . Throughout the v a r i o u s inves t iga t ions r e p o r t e d by Guinnee, the e m -
^ s i s appears to have been on d e t e r m i n i n g the path of su r f ace r u n o f f w a t e r and i t s po in t 

e n t r y i n the roadway . C e r t a i n l y , i n some of the w o r k r e p o r t e d , the m a i n e n t r y ap-
a r s to have been past the edges of the pavement . The w r i t e r f i n d s i t d i f f i c u l t , bow
er , to d r aw any gene ra l conclus ions f r o m the v a r i o u s s tudies r e p o r t e d ; i n f a c t Guinnee 

I m s e l f d raws no conclus ions but leaves t h i s to the r eade r . 



Figvire 
caused 

1. Uneven settlement of sidewalk 
by removal of s o i l moistiore by-

la r g e t r e e s . 

Frost-induced moisture flow is dis
cussed here under isothermal flow, recog 
nizing that some vapor movement frequen 
ly, but not necessarily, accompanies the 
process. Hutcheon (2) concludes that 
"frost induced pressure gradients within 
the liquid phase will not cause any apprec 
able flow of water when soil moisture con 
ditions are dryer than those characteristi 
of moisture tensions in the vicinity of one 
atmosphere." Based on the work of the 
Division of Building Research, the limitir 
pF beneath the frost line is determined 
the type of soil and density. However, in 
such freezing experiments the ice phase 
must be accommodated. In Hutcheon's 
periments, no provision was made for fr(| 
heaving. This would presumably result 
positive pressures being developed withirJ 
the soil-ice system. Positive pressures] 
on the soil-ice system have the same eff€ 
as moisture suctions in the liquid phase 
the unfrozen layer, that is, an increase 
either one will bring about a reduction in| 
the maximum of the other (13). 

Subsequent to the frost action researc 
reported in 1958 by the Division of Buildi 
Research (1^), the rate of ice crystalliza 
tion has been studied in calcium lignosulf 
nate solutions as a means of investigating 
the retarding action it has on ice segrega 
tion in soils (14). Calcium lignosulfonatq 
solutions, like some other organic solu
tions, cause a large reduction in ice cryJ 
tallization rate depending both on concen-l 
tration and on the degree of supercooling 
This is an additional rather than an alter 
five mechanism to explain the reduction 
frost heaving in soils treated with calciur 
lignosulfonate to those mentioned by Lam 

(15) or Hardy (16). Ice crystallization rates have recently been determined on variou 
molecular weight fractions of calcium lignosulfonate. A preliminary review of the re 
suits shows all fractions are probably about equally effective in reducing the ice crys 
tallization rate in solution. 

Further detailed research now nearing completion is concerned with the factors in\ 
fluencing rate of frost heaving. These investigations show a strong positive relation
ship between heaving rate and heat flow. This is also true for heaving rate and frost | 
penetration rate. (I 

Figure 2. I c e l e n s e s i n marine c l a y . 

Ground Movements I 

Barber's paper on ground movements (4) brings out many useful facts on the effeclj 
of water movement on soil for the practicing engineer. Currently under investigation 
at the Division of Building Research are ground settlements due to desiccation by tre^ 
and subsequent damage to buildings (17). In Ottawa, settlements of iVz in. due to 
shrinkage have been measured 20 ft from trees during a dry summer. Unfortunately^ 
although some reswelling occurs in subsequent wet periods, a net settlement usually ] 
suits. Artificial rewatering is sometimes partially successful. Figure 1 shows a pi(M 
ture of ground settlements around elm trees on an Ottawa street in a residential areaF 



rhese t r e e s , 45 to 60 f t h igh , a r e g r o w i n g on m a r i n e c l a y . I t i s thought that safe d i s -
;ances between s t r u c t u r e s and t r ees can be w o r k e d out f o r t h i s s o i l . The dis tances 
w i l l depend l a r g e l y on the height and k i n d of t r e e and founda t ion depth. 

The e f f e c t of r a t e of load ing in f luences the amount of conso l ida t ion i n a conso l ida t ion 
;est, a cco rd ing to B a r b e r . T h i s gene ra l p r o b l e m was s tudied by the D i v i s i o n i n some 
l e t a i l w i t h a v i e w to a m o r e accura te eva lua t ion of the p reconso l ida t ion load (18) . Con-
r a r y t o the r e s u l t s r e p o r t e d by B a r b e r , a t l eas t f o r the Ot tawa m a r i n e c l a y , the s ize 
jf the l oad i n c r e m e n t had p r a c t i c a l l y no e f f ec t on the shape of the p r e s s u r e v o i d r a t i o 
;urve when the load app l i ca t ion was cont inued to the same degree of secondary c o n s o l i -
l a t ion . F u r t h e r , when load ing was c a r r i e d out at a constant r a t e of s t r a i n , the g rea t e r 
ates gave a s l i g h t l y h ighe r ind ica ted p reconso l ida t ion p r e s s u r e . T h i s tended to s h i f t 
he v i r g i n c o m p r e s s i o n of the cu rve ove r to the r i g h t . F o r these and o the r reasons , 
tie genera l i za t ions by B a r b e r (4) , though they may be c o r r e c t f o r some s o i l s , should 
e v i e w e d w i t h cau t ion . 

The p r o b l e m of avo id ing f r o s t heaving under c o l d s torage s t r u c t u r e s i s a lso b r i e f l y 
l en t ioned b y B a r b e r . Some gene ra l des ign cons idera t ions have r ecen t ly been pub l i shed 
y the D i v i s i o n of B u i l d i n g Research (1^ ) . T h i s f o l l o w e d exper ience w i t h a c o l d s torage 
lan t tha t had heaved m o r e than 1 f t i n the center of the b u i l d i n g to the poin t whe re i t 
as unse rv i ceab l e . The s t r u c t u r e was r e c l a i m e d by supp ly ing w a r m a i r t h rough an 
x i s t i n g duct t i l e s y s t e m under the b u i l d i n g and thawing the f r o z e n s o i l ^ ) . The soU 
ad been f r o z e n to a depth of 9 f t . E q u i l i b r i u m r e se t t l emen t was obta ined i n about s i x 
lon ths . 

3 i l S t ruc tu res and F r o s t A c t i o n 

The m a c r o - s t r u c t u r e s developed i n s o i l s under f r e e z i n g condi t ions a r e e x t r e m e l y 
e l l shown i n the paper by C z e r a t z k i and F re se (3). C o m p a r i n g the s t r u c t u r e s d e v e l -

fced and the d i s p o s i t i o n of the i ce f o r d i f f e r e n t s o i l s , the au thors m i g h t w e l l have i n -
| u d e d the c o n t r a s t i n g i ce lens f o r m a t i o n i n c o a r s e - g r a i n e d s o i l s . I n these s o i l s the 

e lenses a re m o r e f l a t and u n i f o r m l y pe rpend icu la r to the d i r e c t i o n of o v e r - a l l heat 
l o w . 

C z e r a t z k i and F r e s e show the v e r t i c a l and h o r i z o n t a l i ce f o r m s as be longing to c l ay 
|> i l s and the c u r v e d i ce f o r m s to loess s o i l s . Ice lenses g r o w n i n m a r i n e c l ay con ta in -

g 64 pe rcen t c l ay s ize and 36 pe rcen t s i l t show bo th f o r m s poss ib le i n one spec imen 
I g . 2 ) . The sample was f r o z e n at i t s n a t u r a l m o i s t u r e content of 60 pe rcen t . W a t e r 

| i s a l so supp l i ed at the b o t t o m of the spec imen . The " n u t t y " s o i l s t r u c t u r e at the top 
thought to r e s u l t when w a t e r f o r the i ce phase i s ava i lab le i n the i m m e d i a t e v i c i n i t y 
the f r e e z i n g f r o n t i n v o l v i n g a v o l u m e t r i c sh r inkage o f the s o i l . When the w a t e r c o n -

nt of the sample has been reduced so tha t the supply of w a t e r o r i g in a t e s m a i n l y f r o m 
e g roundwate r t ab le , the c u r v e d f o r m s develop. The c u r i o u s phenomenon i s that the 
r v e d ice f o r m s p e r s i s t even when g r o w n i n a f i e l d of u n i d i r e c t i o n a l heat f l o w as was 
3 sample i n F i g u r e 2 . T h i s i s , however , on ly one of the many p r o b l e m s i n s o i l s s t i l l 
be exp la ined . 
F i n a l l y , the w r i t e r wi shes to c o m p l i m e n t a l l the au thors on t h e i r v e r y w o r t h w h i l e 

n t r i b u t i o n s . The f a c t that some d i sagreement s t i l l ex i s t s between r e s e a r c h w o r k e r s 
r e l y po in ts up a reas where f u r t h e r w o r k needs to be done and i n no way de t rac t s f r o m 

I v a lue of the pape r s . 
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