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ntroductory Remarks 
|ANS F . W I N T E R K O R N , C h a i r m a n , Commi t t ee on P h y s i c o - C h e m i c a l 
henomena i n Soi l s , P r i n c e t o n U n i v e r s i t y 

BECAUSE of the g rea t i m p a c t made and i n t e r e s t c r ea t ed throughout the w o r l d by the 
i te rna t iona l Sympos ium on Wa te r and I t s Conduct ion i n So i l s , p resen ted at the 37th 
inua l Mee t ing of the Highway Research B o a r d and publ i shed as Special Repor t 40, i t 
i s decided to have a f o l l o w - u p sess ion d u r i n g the January 1960 Meet ings of the B o a r d , 
l e s tated purpose of t h i s sess ion was to s tudy, d iges t , c r i t i c i z e , supplement , e v a l u -
e and, pos s ib ly , s i m p l i f y f o r engineer ing use the i n f o r m a t i o n contained i n the p r i n t e d 

^mpos ium v o l u m e . Inv i t a t ions to pa r t i c ipa t e i n t h i s endeavor w e r e sent to c o n t r i b u -
r s of papers to the In t e rna t i ona l ^ m p o s i u m , m e m b e r s of the C o m m i t t e e on P h y s i c o -

^ e m i c a l Phenomena i n So i l s , and o ther i n t e r e s t ed sc i en t i s t s and engineers i n a l l p a r t s 
the g lobe . In o r d e r to f a c i l i t a t e con t r ibu t ions f r o m non-Eng l i sh language areas , p o -

Jntial c o n t r i b u t o r s w e r e i n f o r m e d that papers and comments w o u l d be acceptable i f 
r i t t e n i n F r e n c h , G e r m a n , I t a l i a n , Por tuguese , o r Spanish and that these w o u l d be 
p n s l a t e d in to E n g l i s h by the C h a i r m a n . 

The au thors of papers f o r the o r i g i n a l s y m p o s i u m w e r e thus g iven a chance to sup-
|ement t h e i r papers , i f new advances had been made s ince they w e r e w r i t t e n , and 

r e a l so i n v i t e d to d iscuss o the r papers i n the s y m p o s i u m . 
E v e r y in t e r e s t ed and q u a l i f i e d sc i en t i s t and engineer whose name was brought to the 

I ten t ion of the C h a i r m a n was i n v i t e d to p resen t supplementa l i n f o r m a t i o n o r cons t ruc -
we c r i t i c i s m and to po in t out espec ia l ly i n t e r e s t i n g s c i e n t i f i c aspects and p r a c t i c a l 
" p l i c a t i o n s . 

The genera l d i scuss ion w i l l be preceded by r e p o r t s f r o m the c h a i r m e n and m e m b e r s 
th ree subcommi t tees es tab l i shed to d iges t and evaluate groups of s y m p o s i u m papers , 

[d i t ional r e v i e w s by c o m m i t t e e m e m b e r s , supplementary s ta tements by au thors of 
m p o s i u m papers , and add i t iona l pe r t inen t c o n t r i b u t i o n s . 



Discussion and Review of Symposium Papers 
T h i s d i scuss ion contains r e p o r t s f r o m the c h a i r m e n and m e m b e r s of th ree subcom 

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 . 

£ . P E N N E R , Soi l Mechanics Sect ion, D i v i s i o n of B u i l d i n g Research , 
Na t iona l Research C o u n c i l , Ottawa 

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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?HILIP F . L O W , Depar tmen t of A g r o n o m y , Purdue U n i v e r s i t y 

1 The subcommi t t ee was ass igned the r e v i e w of ten papers . Inasmuch as some of the 
epor ts d i d not come i n , only f i v e of these papers w i l l be r e v i e w e d : "Wate r S t ruc tu re 
n d B i o e n e r g e t i c s " by Szen t -Gy8rgy i (1_), " M e c h a n i s m of M o i s t u r e E q u i l i b r i u m and 
| f I igra t ion i n So i l s " b y D e r j a g u i n and M e l n i k o v a (2), "Movemen t and E q u i l i b r i u m of Wa te r 

So i l Systems as A f f e c t e d by So i l -Wate r F o r c e s " by Low (3) , " In f luence of Surface 
b r c e s on F l o w of F lu id s Through C a p i l l a r y Sys tems" by F l o o d (4) , and " F l o w of Wa te r 

Hardened P o r t l a n d Cement Paste" by P o w e r s , Mann , and Copeland (5) . These papers 
i l l be cons idered separa te ly , p resen t ing h igh l igh t s and po in t ing out some of the m a j o r 
oncepts employed , arid then c o l l e c t i v e l y . 

R e f e r r i n g to the papers by D e r j a g u i n and M e l n i k o v a (2) and L o w (3), the m a j o r c o n -
epts, r e l a t i v e to the f l o w of w a t e r , a re that wa te r moves not on ly under a p r e s su re 
radient but a lso under o the r g rad ien t s . Some of these o ther g rad ien t s a re t e m p e r a -
i r e , s a l t and ion concen t ra t ion , e l e c t r i c a l po ten t i a l , and the po ten t i a l energy g rad ien t s . 

Concern ing the t e m p e r a t u r e g rad ien t , M r . Penner j u s t r e p o r t e d that wa te r moves as 
r e s u l t of t e m p e r a t u r e g r ad i en t s . Appa ren t l y t he re i s some disagreement on how i t 

| toves o r why i t moves . Some people seem to th ink i t moves as a r e s u l t of the change 
su r f ace tens ion of the w a t e r . Others seem to t h i n k i t moves i n the l i q u i d phase. S t i l l 

Ihers t h ink that i t moves i n the vapor phase. I n any event, D e r j a g u i n and M e l n i k o v a i n 
| i e i r paper and L o w i n h i s paper point out that wa te r should move , and i t appears f r o m 

e d iscuss ions that they be l ieve i t moves i n the l i q u i d phase i n response to a t e m p e r a -
r e g rad ien t , though these au thors w o u l d p robab ly agree that wa te r w i l l a l so move i n 

bsponse to a vapor p r e s s u r e g rad ien t , w h i c h can be set up by a t e m p e r a t u r e d i f f e r e n c e . 
| h i s can be of e x t r e m e i m p o r t a n c e to people i n eng ineer ing . 

Wa te r can a lso move i n response to a sa l t concen t ra t ion g rad i en t . To c i t e a f a m i l i a r 
| cpe r imen t i n the b i o l o g i c a l l a b o r a t o r y , when a prune o r r a i s i n i s i m m e r s e d i n wa te r , 

e p rune o r r a i s i n w i l l s w e l l ; i t s w e l l s by o s m o s i s . Wa te r moves in to the r e g i o n of 
gher solute concen t r a t i on—in th i s case, the sugar so lu t i on . The sugar has to be r e -
r a i n e d , though, f r o m m o v i n g , f r o m d i f f u s i n g i t s e l f , and that r e s t r a i n t i s imposed on 
by the p rune s k i n o r the r a i s i n s k i n ; i n o ther w o r d s , by a s emipe rmeab le m e m b r a n e , 
the case of c l ay , at the su r faces of the c l ay p a r t i c l e s the re a r e h igh ion concen t r a -

|ons because of the e l e c t r i c a l a t t r a c t i o n between the p a r t i c l e i t s e l f and the exchangeable 
t i o n s . The r e s t r a i n t imposed on the ions i s an e l e c t r i c a l r e s t r a i n t . They have a c e r -
i n f r e e d o m to d i f f u s e away f r o m the su r f ace of the c o l l o i d p a r t i c l e * . Consequently, 
e re i s the p o s s i b i l i t y of w a t e r m o v i n g t o w a r d the p a r t i c l e su r f ace i n response to a 

| ) l u t e concen t ra t ion g rad i en t . The f o l l o w i n g e f f e c t i s t h e r e f o r e set up i n the s o i l . K , 
one r e g i o n , t he r e i s a heavy c lay w i t h a h igh base exchange capaci ty and a l a r g e con-
n t r a t i o n of cat ions i n the r e g i o n of the c l ay m i n e r a l su r f aces and i n another p o r t i o n of 

|e s o i l a r e g i o n where the p a r t i c l e s a re of s i l t o r sand s ize o r of a l e s s e r base exchange 
.pacity than the heavy c l ay , then the re i s an i o n concen t ra t ion g rad ien t and the w a t e r 
n move to the reg ions of h igher ion ic concent ra t ions , causing the c lay to s w e l l . The 
nsequences a re apparent; t he re i s the b r e a k i n g up of s lab foundat ions i n houses, the 
v i n g i n of basement w a l l s , the heaving of founda t ions . 

W a t e r a l so moves a long an e l e c t r i c po t en t i a l g rad ien t . T h i s , of course , i s w e l l 
lown to engineers , i nasmuch as i t i s the bas i s of t h e i r methods of e l e c t r o - o s m o t i c 
ainage and e l e c t r o c h e m i c a l s o i l s t a b i l i z a t i o n . Such wate r movement i s again caused 
d condi t ioned by the movable exchange ions and the f i x e d countercharges on the s u r -
e of the s o i l m i n e r a l s . 
The one type of g rad ien t not as w e l l known, i n so i l s at leas t , i s the po ten t i a l energy 

adient imposed on the w a t e r . F r o m a macroscop ic s tandpoint , the movement of wa te r 
l o n g a po ten t i a l energy g rad ien t i s qui te f a m i l i a r . The wa te r runn ing down a h i l l i s the 

IChairman's note: See "Studies on the Surface Behavior of Bentonites and Clays." S o i l 
Science, l i l : No.̂  1 ( 1 9 3 6 ) . ^ 
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movement of w a t e r a long a po ten t i a l energy g rad i en t . He re t he re i s w a t e r i n the g rav i 
t a t i o n a l f i e l d of the e a r t h and the w a t e r runn ing down the h i l l t o a l o w e r po t en t i a l energ 
l e v e l . I n t r y i n g to apply t h i s i n the s o i l , the g r a v i t a t i o n a l t e r m f o r w a t e r f l o w i n s o i l 
r i g h t l y comes to m i n d . However , t he re i s another po ten t i a l energy t e r m that should b 
cons ide red . These c l ay m i n e r a l su r f aces have t h e i r own f o r c e f i e l d s w h i c h a t t r a c t the 
w a t e r to t h e m . These a r e analogous to the g r a v i t a t i o n a l f i e l d , i n that w a t e r i n the mo: 
intense f i e l d s of the c l ay p a r t i c l e su r faces has a l o w e r po ten t i a l energy than w a t e r i n 
less intense f i e l d s . T h e r e f o r e , w a t e r can move in to reg ions where the f i e l d i n the v i e 
i t y of the p a r t i c l e su r f aces i s s t r o n g . T h i s again r e s u l t s i n s w e l l i n g and i t s undes i rab 
engineer ing consequences. 

A s f a r as w a t e r movement i s concerned, the m a j o r concept one obta ins f r o m the pa 
p e r s by D e r j a g u i n and M e l n i k o v a and by L o w i s that wa te r moves i n response to o ther 
grad ien ts i n add i t ion to the p r e s s u r e g rad ien t . 

h i a l l f i v e papers r e v i e w e d the re o c c u r s again and again the concept tha t adsorbed 
w a t e r on s o l i d su r f aces i s s u f f i c i e n t l y extensive to a f f e c t the movement of wa te r past 
these s u r f a c e s , e spec ia l ly i n porous so l ids where the re i s an extensive su r f ace a r e a . 
Each paper po in ts to t h i s concept . 

Szent-GyOrgyi (1^), be l i eves that i n wa te r i t s e l f t he re i s a de l ica te balance between i 
the tendency f o r the w a t e r molecu les to be d i spe r sed by heat ag i t a t ion and the t endenc j 
f o r the w a t e r mo lecu le s to come together i n an i c e - l i k e s t r u c t u r e i n response to m u t u ^ 
f o r c e s of a t t r a c t i o n . The re i s a v e r y del ica te balance between these two tendencies . 
I f a c o l l o i d a l su r f ace i s put in to w a t e r , t h i s su r f ace a t t r a c t s the w a t e r mo lecu le s and 
s t ab i l i z e s wa te r mo lecu le s i n the v i c i n i t y of t h i s s u r f a c e . T h i s s t a b i l i z a t i o n of a r e g i 
of wa te r molecu les t i p s the de l ica te balance i n f a v o r of the m o r e coherent r i g i d w a t e r 
s t r u c t u r e . I t m i n i m i z e s the e f f e c t of t h e r m a l ag i t a t ion and enhances the e f f e c t of m u t 
cohesion of the w a t e r mo lecu l e s , w h i c h seems reasonable . Us ing t h i s idea, he p ropo 
a v e r y i n t e r e s t i n g hypothesis—the con t r ac t i on and expansion of a musc l e f i b e r i s gov
e rned by the bui ldup and the b reakdown of the w a t e r s t r u c t u r e on that musc l e f i b e r . 
When a v e r y s m a l l amount of adenosine t r iphosphate i s i n j e c t e d in to t h i s wa te r the re 
a b reakdown of the wa te r s t r u c t u r e and the musc le c o n t r a c t s . Then the re i s again a 
g radua l bu i ldup of the w a t e r s t r u c t u r e and the musc l e expands. H e r e , then i s a t h e o r j 
f r o m b io logy of the f l e x i n g of musc l e s as a r e s u l t of the w a t e r s t r u c t u r e on the m u s c l ^ 
f i b e r s . Szent-GyOrgyi p roposes another i n t e r e s t i n g postulate—one tha t i s e x t r e m e l y 
pe r t i nen t to people i n a g r i c u l t u r e : the s e m i p e r m e a b i l i t y of the membranes of r o o t c e ] | 
i s governed by the w a t e r s t r u c t u r e on the po re s of these m e m b r a n e s . F u r t h e r i t i s 
known that ions a re su r rounded by an adsorbed wa te r l a y e r , the h y d r a t i o n s h e l l of the I 
i o n . I f the h y d r a t i o n s h e l l of the i o n i s compat ib le w i t h the w a t e r s t r u c t u r e i n the m e i l 
b rane po res , the two s t r u c t u r e s w i l l f u s e and the i o n w i l l pass th rough the m e m b r a n e [ 
in to the p lan t . On the o ther hand, i f the h y d r a t i o n s h e l l a round the i o n i s i n c o m p a t i b l y 
w i t h the wa te r s t r u c t u r e on the po res of the m e m b r a n e , that ion cannot penet ra te the 
m e m b r a n e . 

D e r j a g u i n and M e l n i k o v a (2) a lso postulate some type of adsorbed w a t e r l a y e r on th 
su r face of s o l i d p a r t i c l e s w h i c h a f f e c t s w a t e r movemen t . They took r i g i d c e r a m i c an 
ca rbon f i l t e r s and coated the po res of these f i l t e r s w i t h o le ic a c i d . Ole ic a c i d i s a hy 
drophobic m a t e r i a l . When the po res of these f i l t e r s w e r e coated w i t h t h i s hydrophobi 
m a t e r i a l , the p e r m e a b i l i t y of the f i l t e r s was inc reased a g rea t dea l o v e r the pe rmeab 
i t y of the f i l t e r s when the re was no o le ic a c i d presen t on t h e i r s u r f a c e s . T h i s i s p a r t 
t h e i r evidence that some type of adsorbed w a t e r l a y e r that impedes the movement of 
w a t e r th rough the po re s of these f i l t e r s e x i s t s , h i the d i s c u s s o r ' s w o r k , t he re i s a s 
c i f i c v o l u m e of w a t e r on the su r f ace of c o l l o i d a l p a r t i c l e s that i s g r ea t e r than the spe 
f i c v o l u m e of n o r m a l wa te r , i nd i ca t i ng a s t r u c t u r a l r e a r r angemen t i n the w a t e r as co 
p a r e d to n o r m a l w a t e r . The re i s o ther evidence of t h i s k i n d that has a lso been o b t a i n ! 

I n the d i s c u s s o r ' s paper (3) , t he re i s add i t iona l evidence f o r a w a t e r s t r u c t u r e , a n i 
adsorbed w a t e r l a y e r . Recent ly the v i s c o s i t y of w a t e r i n the po res of c lay pastes w a ^ 
s tud ied , and the ind ica t ions a re that the v i s c o s i t y of w a t e r i n these po res i s h igher th^ 
tha t of n o r m a l w a t e r . 

I n the w o r k by F l o o d (4) , a porous ca rbon r o d was exposed to wa te r vapor of d i f f e r | 
p r e s s u r e at each end of the ca rbon r o d and the absolute p r e s s u r e on e i the r end was 



aised, but the vapor p r e s s u r e grad ien t was kept constant . The i n t e r e s t i n g t h i n g he 
bse rved was that the f l o w ra te of the w a t e r th rough the ca rbon r o d also inc reased as 
l e mean r e l a t i v e h u m i d i t y of the a i r inc reased , the mean r e l a t i v e h u m i d i t y be ing the 
verage of the vapor p r e s s u r e s at the two ends of the ca rbon r o d d iv ided by the vapor 
r e s su re s of w a t e r ( sa tura ted w a t e r v a p o r ) . T h i s p resents an i n t e r e s t i n g p r o b l e m . I f 
l e movement of the w a t e r th rough t h i s ca rbon r o d was i n the vapor phase, as the mean 
elat ive h u m i d i t y inc reases , the l a y e r of adsorbed w a t e r on the po re w a l l s w o u l d be ex -
Bcted to get t h i c k e r and the v o i d vo lume to get s m a l l e r ; hence, the vo lume ava i lab le 
>r vapor d i f f u s i o n w o u l d decrease and vapor t r a n s f e r should go down. The r e v e r s e 
as the case; as the r e l a t i v e h u m i d i t y inc reased , t r a n s f e r of wa te r th rough the ca rbon 
)d went up . F l o o d t h e r e f o r e concluded tha t the t r a n s f e r of w a t e r th rough the ca rbon 
)d under the vapor p r e s s u r e grad ien t was i n the l i q u i d state i n the f o r m of f i l m s on 
e su r f ace of the ca rbon r o d . I t i s r e a d i l y apparent that what he states has a d i r e c t 
a r i n g on what M r . Penner j u s t r e p o r t e d . The conc lus ion f r o m those papers was that 

later m o v e d i n response to a t h e r m a l g rad ien t i n the vapor phase and as a r e s u l t of the 
| ipor p r e s s u r e g rad ien t induced by the t e m p e r a t u r e d i f f e r e n c e . Here t h e r e f o r e i s a 
an i m p o s i n g a vapor p r e s s u r e g rad ien t d i r e c t l y , not by changing the t e m p e r a t u r e be -
een the ends of the r o d but by a d j u s t i n g h i s vapor p r e s s u r e , w i t h evidence tha t the 
i t e r was m o v i n g t h rough the ca rbon r o d i n the l i q u i d s ta te . The re i s apparent ly some 
f f e r e n c e of op in ion h e r e . 

P o w e r s , M a n n , and Copeland (5) , i n s tudying the movement of w a t e r th rough h a r d -
ed Por t l and cement paste, d e t e r m i n e d the t e m p e r a t u r e c o e f f i c i e n t of the v i s c o s i t y 
d by that means the a c t i v a t i o n energy f o r wa te r to f l o w th rough the hardened cement 
s t e . The a c t i v a t i o n energy i s supposed to be the energy r e q u i r e d f o r the w a t e r m o l e -
les to change pos i t ions as they m o v e . The au thors f o u n d an a c t i v a t i o n energy of 
800 c a l o r i e s p e r m o l e f o r the movement of wa te r t h rough th i s hardened cement paste , 
cause the a c t i v a t i o n energy f o r the movement of pure w a t e r i s on ly about 3 ,900 ca lo -

|es p e r m o l e , they conclude that the v i s c o s i t y of the w a t e r i n the hardened p o r t l a n d 
ment paste i s m u c h h igher than the v i s c o s i t y of n o r m a l w a t e r . 
A l though the paper of Szen t -Gy8rgy i r e f e r s only to b i o l o g i c a l m a t e r i a l s , w h i c h a re 

mewhat f o r e i g n to the engineer , i t i s e spec ia l ly s t i m u l a t i n g . The m a i n po in t that he 
^ e s i s that i n b i o l o g i c a l m a t e r i a l s wa te r has g rea t e r o r d e r and r i g i d i t y than i t has 

the f r e e s t a t e . T h i s o r d e r d e r i v e s f r o m the de l ica te balance be tween the tendency 
w a t e r mo lecu le s to uni te i n a s o l i d s t r u c t u r e and the tendency f o r t h e m to d i spe r se 

Jcause of heat ag i t a t ion be ing d i s t u rbed when a l a y e r of wa te r i s i m m o b i l i z e d at a s u r -
| ; e . The i m m o b i l i z e d l a y e r p ro t ec t s adjacent l a y e r s f r o m heat ag i t a t ion by a coopera -

e a c t i o n . Szen t -Gyt i rgy i ' s ideas can be app l i ed equal ly w e l l to o the r c o l l o i d s , such 
c l a y s . 

The paper by D e r j a g u i n and M e l n l k o v a p resen ts the concept of a d i s j o i n i n g p r e s s u r e 
i r t e d by a l i q u i d l a y e r on the su r faces bounding i t , tending to move t h e m a p a r t . T h i s 
Jo in ing p r e s s u r e i s a t t r i b u t e d to the ove r l app ing of i o n a tmospheres extending f r o m 

K bounding s u r f a c e s . To ca lcu la te the d i s j o i n i n g p r e s s u r e , the au thors invoke the 
"p l ace f o r m u l a f o r the p r e s s u r e d r o p ac ross c u r v e d s u r f a c e s . The d i s j o i n i n g p r e s -

:e i s supposed to equal the ca lcu la ted p r e s s u r e d rop f r o m gas to l i q u i d i n the p a r t i c l e 
i tant zone minus the ca lcu la ted p r e s su re d rop f r o m gas to l i q u i d i n the i n t e r v e n i n g 
i s t u r e - f i l m zone. However , i n a r r i v i n g at t h i s method of d e t e r m i n i n g the d i s j o i n i n g 
!ssure, the assumpt ion was made that , a t e q u i l i b r i u m , the p r e s s u r e i n the contact zone 
i s t u r e i s the same as the p r e s s u r e i n the f i l m m o i s t u r e . T h i s a s sumpt ion i s not v a l i d 

^ a u s e wa te r i n the t h i n m o i s t u r e f i l m s i s under the in f luence of adsorp t ive f o r c e s , and 
r e f o r e , has a l o w e r po ten t i a l energy and h igher p r e s s u r e than wa te r i n the contact zones, 
e s i t ua t ion i s analogous to that e x i s t i n g i n the ea r th ' s a tmosphere . A s the ea r th ' s s u r -
e i s approached, the po ten t i a l energy of the gas molecu les i n the g r a v i t a t i o n a l f i e l d 

f r e a s e s but the gas p r e s su re inc reases . Ye t mechan ica l e q u i l i b r i u m e x i s t s . 
In the l a t t e r p a r t of t h e i r paper , D e r j a g u i n and M e l n i k o v a d iscuss the d i f f e r e n t f a c -
s causing the m i g r a t i o n of m o i s t u r e th rough s o i l s . In add i t ion to p r e s s u r e grad ien t s 
y recognize the con t r ibu t ions of e l e c t r i c po ten t i a l , t e m p e r a t u r e , and solute concen-
[tion g rad ien t s . They po in t out that the f l o w equation has the same f o r m f o r each 
dient causing movement of w a t e r . 
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The paper by the d i scussor i l l u s t r a t e s the app l i ca t ion of c l a s s i c a l t h e r m o d y n a m i c s 
to a n o n e q u i l i b r i u m p rocess , namely , the f l o w of wa te r i n s o i l s . The grad ien t s i n Eq 
5 of the paper a re the same as the g rad ien t s ment ioned i n the p reced ing paper except 
that one add i t i ona l g rad ien t i s inc luded , that i s , the po ten t i a l energy g rad i en t . F r o m 
E q . 5 the p r e c i s e na ture of the c o e f f i c i e n t s i n E q . 15 of the paper by D e r j a g u i n and 
M e l n i k o v a can be d e t e r m i n e d . 

I n the d i s c u s s o r ' s paper , evidence i s p resen ted f o r the concept that a t t r a c t i v e c lay 
wa te r f o r c e s ex i s t at c lay s u r f a c e s . T h i s evidence i s taken to mean that the po ten t i a l 
energy of w a t e r i s l o w e r i n the v i c i n i t y of these su r faces than i t i s f a r t h e r away and 
that , f o r t h i s reason , the po ten t i a l energy of the wa te r i s a f a c t o r gove rn ing wa te r 
movement and e q u i l i b r i u m . 

F l o o d uses i n h i s paper the t he rmodynamic concept that a t e q u i l i b r i u m the chemic^ 
po ten t i a l of w a t e r i s the same i n a l l v o l u m e e lements of a c a p i l l a r y sy s t em and that f d 
maintenance of e q u i l i b r i u m d u r i n g any p rocess the change i n the c h e m i c a l po ten t i a l oj 
the w a t e r m u s t be the same i n each v o l u m e e lement . The r e v i e w e r subsc r ibes to th iq 
concept but does not agree w i t h the au tho r ' s use of v i n the equation 

du = -S d T + V dp 

H e r e , v i s an in tens ive p r o p e r t y , be ing the v o l u m e pe r m o l e (or p e r g r a m ) of the w a t l 
Y e t the author uses i t as an extensive p r o p e r t y i n h i s equat ions . F o r example , i n t h q 
above equation he rep laces v by Sv, where 8v i s r ega rded as an e lement of v o l u m e . 
T h i s cannot be done l e g i t i m a t e l y . 

F l o o d s ta tes , "Since su r f ace f o r c e s may eas i ly inc rease f l u i d dens i t i es by f a c t o r s j 
10^ and m o r e , and acco rd ing ly increase p r e s s u r e grad ien t s by s i m i l a r f a c t o r s , f l o w 
ra tes m a y be inc reased a m i l l i o n f o l d even when the v i s c o s i t y of the adsorbed m a t e r i i 
i s Inc reased a h u n d r e d f o l d . " T h i s s ta tement r ece ives qua l i t a t i ve suppor t f r o m h i s d a 
f o r m o i s t u r e movement i n a c a r b o n r o d . The f l o w r a t e i nc r ea sed as the mean r e l a t i i l 
h u m i d i t y i n the r o d inc reased , i n d i c a t i n g l i q u i d t r a n s f e r i n the adsorbed state r a t h e r [ 
than v a p o r t r a n s f e r . The author c i t e s evidence that the v i s c o s i t y of the adsorbed w a t | 
i s g r ea t e r than that of o r d i n a r y w a t e r . 

P o w e r s , M a n n , and Copeland (5) p resen t a d e r i v a t i o n of the f l o w equat ion that i s 
s t i m u l a t i n g because i t i s unconvent ional and l o g i c a l . However , the t h e o r e t i c a l v a l i d i l 
of separa t ing the v i s c o s i t y in to two components , as i s done i n Eqs . 14 and 15, i s q u e | 
t i onab le . 

T h e r e i s one r e c u r r e n t concept i n a l l of the papers d i scussed . T h i s i s that a d s o r d 
w a t e r extends a s i g n i f i c a n t d is tance f r o m the su r faces of c o l l o i d a l o r porous m a t e r i a l 
and has p r o p e r t i e s d i f f e r e n t f r o m those of n o r m a l w a t e r . In p a r t i c u l a r , t h i s w a t e r i f 
m o r e v i scous than n o r m a l w a t e r and, t h e r e f o r e , f l o w s l e s s r ead i ly* . 
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The authors and subjects included in this report are W. H. Rodebush and A . M . 
iuswell, "Properties of Water Substance" (1); R. E. G r i m , "Organization of Water on 
;iay Mineral Surfaces and Its Implications f o r the Properties of Clay-Water Systems" 

W . C . Waidelich, "Influence of Liquid and Clay Mineral Type on Consolidation of 
"lay-Liquid Systems" (3); F . E . Kolyasev and A . G . Holodov, "Hydrophobic Earth as a 
eans of Moisture- , Thermal- , and Electric-Insulation" (4); W . E . Schmid, "Water 
;ovement in Soils Under Pressure Potentials" (5); F . L . D. Wooltorton, "Moisture Con-
nt and CBR Method of Design" (6); H . F . Winterkorn, "Mass Transport Phenomena in 

^oist Porous Systems as Viewed f r o m the Thermodynamics of Irreversible Processes" 
; and A . R . Jumikis, "Some Concepts Pertaining to the Freezing of Soil Systems" (8). 
The determination of the exact composition and properties of water has engaged the 

tention of numerous investigators since Cavendish (about 1781) showed that hydrogen 
lid oxygen burn with the formation of water and that this union takes place in approxi-
ately the proportion of two volumes of hydrogen to one of oxygen. Before this dis-

tvery by Cavendish, water was considered as a simple, elementary substance. As 
th the discovery of any basic physical, chemical, or mathematical relationship, 
ientitic man's mind becomes fur ther saturated with knowledge and ideas and his l i f e 
comes more complicated, f o r studies since Cavendish's discovery have shown water 
be an extremely complex substance. 
Rodebush and Buswell (JL) have shown the hydrogen atom of water to be ambivalent 

ren though i t is capable oF fo rming but one pr imary valence bond with oxygen. This 
tnding action causes an apparent reversal cf the charges of the hydrogen f r o m nega
te to positive, whereby the hydrogen is capable of attracting an oxygen atom f r o m 
lother molecule and forming the so-called hydrogen bond, a relatively weak bond when 
impared with the pr imary valence bond. Because of the hydrogen bondir^ between 
Iter molecules, i t can be assumed that the molecules of l iquid water are highly associ-
:ed with practical ly no unassociated molecules present. This i s supported by inf rared 

fcsorption data of l iquid water and by energy considerations. Thus, the molecules are 
|>t f r ee to rotate. This leads to the concept that the whole mass of l iquid water consti-
tes the molecule. 

The best clue to the structure of water comes through consideration of the structure 
ice, which is reasonably we l l understood; the only marked differences between ice 

l i d water being the density, viscosity, and related properties. Ice fo rms hexagonal 
l y s t a l s , generally of microscopic size and s imi lar to the hexagonal symmetry of the 

lowflake. By means of X-rays the position of the OTcygen atoms in the crystals can be 
termined and the positions of the accompanying hydrogen atoms inferred. Ice might 
expected to crystall ize in the cubic systems but, due to a strain of the bond angles 
the water molecule, a hexagonal crystal is formed. Each water molecule is sur-
unded by four neighbors forming a tetrahedron with one molecule at the center and 

Je other four at the apices of the tetrahedron, the jointing being due to hydrogen bond-
K . Because each molecule is surrounded by only four others, the packing is not very 
|ose. Thus, ice is not a very dense crysta l . 

When ice melts to l iquid water, the hydrogen bonds are stretched and the molecules 
love far ther apart. If i t were not f o r a crowding together of additional molecules, the 
pec t of this stretching would be to decrease the density and produce a large absorption 

energy. However, the regular structure disappears and each molecule is surrounded 
f ive or more neighbors, rather than four as in ice, causing an arrangement that is 

instantly shift ing, resulting in a closer packing and an increase in density. 

• l i e subcommittee Included G.C. Blcanqulst, Chaimanj D.T. Davidson, lovfa State Unlver-
B i t y ; J . H . Havens, Kentucky State Highway Department; and E . B . Kinter , Biireau of Public 
Voads. 
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In an unassociated l iquid such as benzene the molecules move around and slide pasl 
each other, thus encountering a certain amount of resistance. In l iquid water the mol 
cules are attached by hydrogen bonds and at least one must be broken before any f low 
can occur, resulting in a ro l l ing rather than a sliding motion. The viscosity of water 
is much less than might be expected f r o m a consideration of the amount of bonding be
tween molecules because i t is unnecessary to break both bonds between the hydrogen o 
one molecule and the oxygens of two other molecules at once. The greater viscosity a 
ice is due to each hydrogen being f i r m l y bonded to a single oxygen atom f r o m another 
molecule. This bond must be broken completely before movement can occur. 

The heat capacity of l iquid water is 18 calories per mole and is quite constant f r o n 
the melting to boiling points, whereas the heat capacity of ice is less than half this 
quantity. This high heat capacity indicates the atoms of l iquid water must be more 
loosely bound than in the r ig id structure of ice and gives support to the assumption ths 
there is an increase in ionic character f o r the atoms in l iquid water. 

Water is an excellent solvent f o r electrolytes due to its associated structure of hig 
dielectric constant, but i t has extremely small electrical conductivity i tself , which ac 
counts f o r the water molecule having l i t t l e tendency to dissociate into f ree ions. Elec 
t rolyt ic molecules, such as sodium chloride, are easily dissolved in water due to theii 
being ionic compounds. When this occurs, the structure of the l iquid water is broken 
down and undergoes some modification. However, there is another class of substanc 
that have l i t t l e solubility in water but that actually have the effect of augmenting the 
structure of water; that i s , nonpolar compounds. There are also compounds that are 
intermediate between ionic and nonpolar compounds in that the molecule includes both 
ions and nonpolar parts. An example of the latter are protein molecules, which may 
be likened to plastics and f o r which water may be regarded as a plasticizer. 

Although water is p r imar i ly regarded as a solvent f o r electrolytes, Rodebush and 
Buswell feel that considerable knowledge about water can be gained by an analysis of 
solutions of nonpolar molecules. They i l lustrate the structure situation by showing ti 
existence of solid hydrates, in these solutions, that separate at temperatures wel l ab 
the freezing point when ever the par t ia l pressure of the gas above the solution is suff i 
ciently high. These hydrates came to their attention when natural gas lines became 
clogged with a solid precipitate at temperatures as high as 20 C. The cause f o r thest 
compounds was reported as a lack of attraction between the water and gas molecules, 
with the water forming a cage around the gas molecules one layer thick. The strain, 
which in the case of ice prevents the formation of a cubic crystal , does not build up h 

When the gas molecules i n solution reach a certain concentration, the cages unite, 
fo rming a cubic lattice that is stable even above the melting point of ice, though the st 
b i l i ty is lost i t the gas escapes f r o m the solution. Thus, in water, a hydrate can f o r i 
when there is an electrically neutral molecule of the right size f o r the water molecule 
to collect around i t i n a cage. The cage can grow to a larger crystal . 

Only small cations are strongly hydrated. If the size of the cation is such that the 
volume when combined with two water molecules is about that of methane, a situation 
exists s imi la r to the gas hydrates. The ultimate size may be very large. Anions ma 
attach several water molecules by hydrogen bonding, but a shell does not f o r m . Thu! 
the ionic mobility depends on the degree of hydration of the ion and not on the individi 
ionic size. In the case of hydrogen and hydroxyl ions having mobilities higher than ai 
other ions, a mechanism termed "proton transfer" is given. This transfer can be vi i 
alized as the continuous formation of new cages as these ions move. 

G r i m (2) presented evidence that some definite geometric organization of the wate 
held on the surfaces of clay particles exists. He fur ther presented some implication 
of such water characteristics on the properties of clay-water systems. 

There i s sufficient evidence i n the l i terature to indicate that the water held on c la j 
mineral surfaces is not in the state of l iquid water but has some geometric organizat 
This organization has been pictured best as an extended net of hexagonal groups of ws 
molecules. The net of nonliquid water f i t s into the organization of oxygen atoms on h 
a l surfaces of clay minerals or between the clay mineral surface. Another nonliquid 
water net is included by hydrogen bonding. 
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The degree and kind of water organization is influenced by several factors , some of 
which are in the clay mineral i tself . Some of the f l a t surfaces of clay minerals are com
posed of oxygen atoms and others are composed of hydroxyls. The variance in the ease 
of cleavage that exists among the clay minerals results in the variations of availability 
of f l a t surface and, hence, a difference in the amount of oriented water developed. 

Other factors influencing water organization are found in the adsorbed components 
on the surface of clay part icles. These adsorbed cations serve as a bonding force be
tween particles and thus may determine the available space between particles and the 
attractive force that growing layers of water must overcome in pushing apart clay pa r t i 
cles. The adsorbed cations determine the thickness of the oriented water layers by the 
manner in which these adsorbed cations f i t into the geometry of the water net. On the 
whole, they may retard or enhance the formation of the water net and may actually de
termine the geometry of the water net. For example, the sodium ion favors the devel
opment of thick layers of water if water is available. Potassium, hydrogen, aluminum, 
|and f e r r i c ions have very small potential f o r the growth of thick layers. 

On the basis of the consideration that the bonding force between clay particles is 
•directly influenced by oriented water molecules and indirectly by the adsorbed compon-
|ents on the clay surfaces, the following statements seem warranted: 

1. Materials with very high moisture contents could possess considerable s t r e i ^ h . 
2. A material can exhibit tremendous difference in strength with a slight change in 

Inoisture content. 
3. A slight change in the adsorbed cation composition might wel l cause a destruction 

b f the orientation of some water molecules inasmuch as the replacing cation would not 
p e r m i t the same maximum amount of oriented water as the replaced cation. 

4. Soils and clays can experience a reduction in volume apart f r o m association with 
iurface drying and without the application of an external force . 

5. The development of the properties of clay-water systems is influenced by t ime, 
|)ecause the development of oriented water is a crystal growth requiring considerable 

ime. 
6. Materials whose properties would be most influenced by oriented water consider

ations would l ikely be those with high l imi t s and high sensitivity. 

The compressibility of clays and clayey soil materials is a problem haunting any 
ngineer concerned with an earthen embankment or foundation design due to the extreme 

Irariabil i ty and highly complex nature of the soi l - l iquid systems that may be encountered. 
Î s surface water enters a soi l p rof i le , i t becomes intimately mixed with a mass of con-

tantly decomposing mineral materials and organic matter and becomes a dynamic and 
Jluctuating solution containing traces of every element present. Some of the water, as 
veil as the dissolved cations, i s absorbed by the clay and colloidal solids, while the re -
|nainder of the solution is s t i l l in a state of f ree movement. Often, this solution is r e -

arded by er^ineers simply as "water ," a l iquid f ree of any impurit ies and with a pH of 
00. In order to comprehend the complexities of consolidation of a so i l material under 

tad, i t is necessary f o r the soil engineer to understand the material he is dealing with; 
at i s , soi l and water, whether separate or in combination. Clays, with their unique 

absorbing powers, are the predominant active f ract ion of a soi l material and water is 

t i tself a complex l iquid . Waidlich (3) undertook in his study to define the role of water 
the consolidation process by comparing consolidation data of three different w e l l -

efined clays and seven different liquids with each clay. The clays consisted of two non-
!xpanding materials: (a) Georgia acid kaolinite, (b) Goose Lake white clay—predomi-
antly halloysite and one expanding-type lattice, (c) Na-Bentonite, a montmorillonitic 
lay mineral . The liquids used were water and six organic liquids d i f f e r i i ^ in molecu-
ir structures, dipole moments, and dielectric constants; that i s , methanol, ethanol, 
ropanol, butanol, aniline and nitrobenzene, i n the order of increasing molecular 

•weight. 
Experiments performed f o r the investigation included the following: 

1. Standard consolidation tests, with proper preventions against evaporation of the 
• l o r e volatile liquids. 
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2. Specific gravity, vrith some modifications due to the harmful vapors of several 
of the organic l iquids. 

3. Standard Atterberg l i m i t s , though grooves were cut in the l iquid l i m i t dish to 
prevent the white clay f r o m slipping along the surface of the dish rather than flowing in 
dependent of the dish. 

The data of the study were tabulated, graphed, and correlated with the dipole mo
ment, dielectric constant, and molecular weights of the various liquids used. The con 
pression and expansion indices of each clay-l iquid complex were obtained f r o m the 
slopes of the void ra t io / log pressure consolidation curves. 

The dominant influence of the liquids on the compression index of the nonexpanding 
lattice clays appeared to be the dipole moment. In general, the larger the dipole mo
ment of the l iquid used, the larger was the index f o r the kaollnite, whereas the larger | 
l iquid moments caused increasi i^ ly smaller compression indices of the white clay. 
Exceptions were noted with the liquids aniline and water that could not be fu l ly ex
plained on the basis of this stuciy. The compression indices of the expanding lattice 
clay, montmorillonite, appeared to be affected to a greater degree by the dielectric 
constant than by the dipole moment of the various liquids; that i s , generally decreasini 
compression indices with corresponding decreases in dielectric constants of the l lquici 
This was apparently due to the absorption effects between nonexpansive and expansive f 
clay lattices and also to the definitive differences between dipole moments and dielec
t r i c constants. 

Considerably less correlation is apparent between the expansion indices and the d i - l 
pole moments and dielectric constants. Several factors having an effect on the expan-| 
sion index are (a) the dipole moment, (b) the dielectric constant, (c) the effect of the 
sorbed l iquid on the elastic rebound properties of the soi l , and (d) size and structure 
the l iquid molecules. 

Other factors that may be affecting the state of the soi l - l iquid complex while under I 
compression and rebound are (a) the exchange properties of the l iquid, (b) the exchanJ 
capacity of the clay minerals, (c) the pH of the soi l - l iquid complex, (d) the size of the | 
clay part icle, and (e) changes of a l iquid's viscosity due to changes in temperature. 
Though there may be s t i l l other influences on the systems, i t must be made clear the^ 
factors do exist but are not conclusively accounted f o r . 

Of particular interest i s the curious effect of viscosity of the liquids on the deter
mined qualitative values of permeability f r o m the consolidation tests. Permeability i l 
generally assumed to vary inversely with the viscosity of the permeating l iquid. Of t n 
so i l - l iquid complexes containing the several liquids having viscosities higher than that f 
water, the permeability under load was also higher. The two most plausible causes f i 
this effect are (a) the effect of l iquid on the structural arrangement of the solids, m a k i l 
larger individual pores, and (b) the different thicknesses of the absorbed or " re s t r a in f 
l iquid layers. 

The specific gravity of the nonexpanding and expanding clays are noticeably affectel 
by the dipole moments and dielectric constants, respectively. However, the size and! 
structure of the l iquid molecule shows a correlation with specific gravity of the clays f 
corresponding to the correlation of the dipole moments and dielectric constants with 
compression and expansion indices. 

Kblyasev and Holodov (4) state that immense construction works of a l l sorts are u i f l 
der way a l l over Russia and that the natural foundation of these works, the soi l , is sul: | 
ject to the action of water, temperature, electr ici ty, and pressure, which affect the 
l i f e of the construction and the suitability of the so i l . Measures have been taken to i n | 
crease the resistance of soils to these influences by decreasing properties such as 
absorption, f i l t r a t i on , swelling, and wetting. For this purpose a new branch of physil 
chemistry has developed that makes use of hydrophobization, or waterproofing, meth(^ 
Before this t ime, methods f o r waterproof i i^ have involved treatment of the soi l with 
face active agents, bitumen, copper abietate, paraff in and resin vapors, vapors of o i f l 
ganlc silicon compounds, siliconates of heavy metals, and metallic salts of fatty a c i d j 

Fundamentally, these treatments attempt to cover water-attracting surfaces with 
water-repellent mater ia l . Obviously, f o r success, the covering material must be p r i 
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erly applied to the soi l , which, in turn , must retain the reagent. Of the several prop
erties enabling the soi l to retain added agents, four are applicable to waterproofing 
problems: (a) chemical absorption, (b) chemisorption, (c) physical adsorption, and (d) 
physico-chemical or reversible adsorption. 

In chemical absorption, added anions produce with cations of the soil solution insolu
ble salts that precipitate among the soil particles, forming a mechanical mixture . 
Chemisorption involves the reaction of anions or cation s in the dispersion medium 
(that i s , the soil water) with ions that are a part of the mineral particles themselves, 
forming water repellent compounds. 

Physical adsorption involves a reduction in the f ree surface energy of the dispersion 
medium. This may result f r o m (a) an increased concentration of the dissolved matter 
in the f i r s t layer of water on the solid particles or (b) the coagulation of colloidal pa r t i 
cles into aggregates. 

Physico-chemical adsorption is the f ami l i a r cation exchange process in which cations 
of the solid phase interchange reversibly with cations of the l iquid phase. 

It has been the general assumption that the power f ix ing a waterproofing agent to the 
surface of soi l particles represents chemisorption, in which polar groups of applied o r 
ganic substances link with either positively or negatively charged areas that exist on 
soil mineral surfaces as a result of fragmentation of the soil particles. However, 
)reference has been shown f o r the physico-chemical, or cation exchange, explanation 
lecause clay mineral surfaces contain negatively charged sites (oxygen and hydroxyl 
ons) that require cations (positive charges) f o r neutralization. Literature is cited 
showing that charged sites do not occupy more than 10 percent of the mineral particle 
surfaces and that such a small proportion of active surface is not sufficient f o r success-
u l waterproofing. Further, 90 percent or more of a waterproofer attached to mineral 
surfaces by this type of property is removable by organic solvents, and thus cation ex-
:hange cannot be considered as satisfactory. 

Waterproofing by surface active agents has been investigated intensively at the Soil 
Physics Laboratory at Lenii^rad—especially with sodium salts of organic acids, the 
>rganic radical being the water-repellent agent. For effective waterproofing the soi l 
mrticles should be completely covered. This is accomplished by mechanically mixing 
:o obtain homogeneity. Mixing is thus a second technological necessity. 

During the mixing the soap is alleged to be adsorbed molecularly on the so i l sur
faces. The material is then dried to remove water f i l m s so that particles of soap and 
soil w i l l approach each other more closely and prevent rewetting of the soil particles. 
Thorough drying is thus a th i rd technological requirement*. 

The waterproofing agent is considered simply as a layer of material over a certain 
imount of mineral surface. To f o r m an effective layer the agent must (a) not be wet-
able or water soluble, (b) adhere wel l to the mineral surface, and (c) distribute wel l 
ind easily in the soi l mass. 

Important effects of waterproofing are the reduction of water-holding capacity, i n -
:rease of drying rate, and decrease in hygroscopic moisture, the latter by as much as 
iO percent. Waterproofed soi l i s an unusual material , being unwettable, f r i ab le and 
luite porous, with interconnected capil laries. Capillary r ise i s slow, and the so i l 
trithstands various hydrostatic pressures. I t i s thus useful f o r protecting structures 
rom the influence of water. 

Hydrostatic pressures withstood by soap-treated soils have been determined e ^ e r i -
nentally by means of soi l packed in paraffined glass tubes, with measured values as 
ligh as 125 cm of water. This resistance to water pressure is influenced by the mar
ginal angle of wetting, which increases upon waterproofing. This angle also varies 
pith surface area; soils in the range of surface area f r o m 1 to 3 x 10* sq m per g are 
nost susceptible to waterproofing treatments. 

Waterproofing also changes thermal and electrical characteristics, the heat conduc-
ivi ty of waterproofed soils being 4 to 6 times lower than that of concrete, 3 to 4 times 
ower than that of br ick , and about equal to that of wood. Electric resistance approaches 
hat of asbestos and marble. Consequently, waterproofed soil may be used as a com-

Campare with similar methodology and results described in "Oiling Earth Roads," Ind. 
and Eng. Chem., 26:8l5 (193'̂ ). 
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bined heat and electrical insulator, and has been so used by the authors in electr ical ly-
heated hot beds. Kolyasev and Holodov state that they have experimental evidence prov 
ing its usefulness f o r f l a t roofs on buildings. References are made to successful use 
as a l ining in i r r igat ion channels, f o r minimizing f ro s t heave, and to suppress heaving 
of railway beds due to a high water table. 

Schmid (5) recapitulated the development of the rational hydraulic theory and i ts ap
plication to the f low of water through soils and recognized the absorbed or f ixed water 
layers in clays and their apparent manifestation as a departure f r o m elementary theory 
Thus, f o r clay-type soils, i t has become necessary to introduce the concepts of equiva
lent or effective capillary diameters and porosities to obtain agreement between theory 
and observed permeabilities. 

Permeability might be regarded, therefore, as a ta i^ible parameter that is useful 
not only in estimating volume or rate of water movement but also in gaining significant | 
inferences as to the structural and physico-chemical nature of the so i l . 

Wooltorton (6) presented a concise l i terature review and discussion of the CBR mett 
od of test and i ts application to pavement design. Different methods of laboratory com 
paction (static loading, impact, and kneading) are compared with f i e l d compaction pro
cedures. Such comparison shows that kneading action more nearly simulates the com-l 
pacted soil structure as obtained in the f i e l d . The dangers of overcompaction, of plast| 
soils, are emphasized. Such soils tend, with t ime, to revert to their natural density, 
a value close to that obtained by the standard Proctor test. 

The most important problem connected with the CBR design method i s the proper esl 
timation of the ultimate moisture content that the compacted material w i l l reach in the [ 
f i e ld and to design the structure accordingly. Methods of predicting this value under 
particular conditions are discussed with emphasis on the "suction-pressure" method 
proposed by Croney. Referring to this method, Wooltorton states that the principles in l 
volved and conclusions reached are not clear at a l l and indicates that some are questioi 
able. He then l is ts more logical, empirical methods f o r estimating ultimate moisture f 
contents. These estimations provide a wide range of values, however. 

Although no fo rma l conclusions are offered in this paper, the following statements 
are made in the text: 

1. Ultimate, in-place CBR or stability depends on (a) method of compaction,^ (b) 
mate density obtained, (c) equilibrium moisture, and (d) any structural strength* devel- | 
oped in the soi l with t ime . 

2 . When designing to a specific density, the value must (a) be sufficient to e l imina t | 
the possibility of appreciable consolidation; (b) be high enough to provide an economic 
value to the Increased stability; (c) give in conjunction with i ts moisture content a condl 
tion of minimum volume change; and (d) not be so high as to cause loss of stability undf 
future densification by t r a f f i c or by overcompaction during construction. 

3. In cases where there is a possibility of overcompaction (as in soils of higher pld 
t ici ty) i t is advisable that they be compacted at a moisture content slightly belov/ o p t i m i 

4. Ultimate moisture content to be expected i n the f i e l d i s quite variable and depenf 
on climate, water table elevation, soi l structure, soi l density, and the chemical compf 
sition of the so i l . 

5. Types of granular materials used f o r base construction can affect the required 
base thickness by as much as 60 percent. 

6. Maximum density and stability of fine-grained soils depend on the clay mine ra l s | 
present and on homoionic variations of these minerals. The manner in which these 
variations occur i s not known but their effect may be considerable. 

7. The CBR test is a satisfactory design method i f the ultimate moisture content t o l 
be reached in the f i e ld is known. At present, there exist only approximate methods o f f 
estimating this ultimate moisture content. 

Wooltorton's recent work indicates that there is a suspicion that standard CBR testil 
is unsuitable f o r some of the subgrade materials encountered in Kenya and that m o d t f i ( | 
tions in the specifications fo r that test may become necessary. 

Certain soils were found to be usefully classified only in a system that introduced 
maximum density and optimum moisture content ranges to establish a design philosophj 
suitable to Kenya. 
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The most recent work is concerned with red and red-brown soils of Kenya, their 
;lay mineral composition, and i ts influence on standard design c r i t e r ia . 

There are indications that the more alkaline-reacting soils should be compacted at 
I moisture content below Proctor optimum to diminish the chance of maximum moisture 
:ontents i n excess of the plastic l i m i t . Another recommendation is f o r in-s i tu CBR 
;esting to eliminate possibilities of producing appreciable CBR values within a moisture 
;ontent range eventually productive of plastic yield and surface distortion. 

In any system or process encompassing soil-water systems and the movement of 
rater therein, the system w i l l respond in such a way as to relieve any unbalanced pres-
lures or strains. Thus, an applied pressure, whether i t be mechanical, gravitational, 
i lectrical , thermal, or combinations thereof, i s , in effect, an unbalanced force acting 
n the system. By analogy, then, these unbalanced forces are manifested as accelera-
ion or deceleration where the system is assumed to pass f r o m one state of dynamic 
qui l ibr ium to another and as work where the system i s assumed to be changed f r o m 
ne level of static equilibrium to another. In simpler terms, these are "cause" and 
effect" situations; and quantitatively the cause must equal the effect. This, of course, 
s in line with the conservation of energy. 

In fur ther regard to quantitative treatments of "cause" and "e f fec t , " an energy-bal-
ncing equation may be wri t ten to describe the process. Likewise, and paralleling the 
nergy balance equation, there may be wri t ten a materials-balancing equation, assum-
i g , of course, that there is no attendant transformation of matter into energy—a prac-
Lcal assumption in the problem at hand. 

Agreement between the summation of energies involved in any complexity of transient 
r concurrent mechanisms transpiring between and directly related to "cause" and "ef-
3ct" and the net energy change of the system, as determined by experiment, provides 
ufficient evidence that a l l the mechanisms have been taken into account and are under-
tood. Disparities, in this respect, would, of course, provide convincing evidence that 
idden mechanisms were involved and that the process has not been successfully ana-
7zed. 

In dealing with the movement of moisture through soils, there is always some conflict 
etween rationality and i r ra t ional i ty . This, of course, usually stems f r o m a misunder-
tanding of the mechanisms involved and emphasizes the necessity f o r preserving rat ion-
l i ty by frequent recourse to the general theory. 

Because of the national importance of the soi l freezing problem in the United States 
nd elsewhere, attempts have been made to learn and understand the basic phenomenon 
elative to f ro s t action in soils . Work on freezing soil systems has been found to be 
ery d i f f icu l t and complex because of the many independently or mutually reacting pro-
esses induced by various factors when soi l is subjected to thermal potentials. 

The knowledge of the performance of a soi l system, under freezing conditions, is 
ecessary in designing and constructing highways, airports , and other earthworks. 

Jumikis (8) presents various basic physical concepts such as the process, the system, 
r imary and induced potentials and modes of possible soil transport used in a soi l f reez-
ig experiment, and attempts to detect the f i na l result on so i l caused by a freezing ther-
lal potential as the driving energy f o r the upward transfer of soil moisture f r o m the 
round water to the freezing ice lenses. 

The energy concept makes possible the study of the freezing soil system in i ts en-
rety. In this concept, "potential" or "potential difference" between two points of a 
•eezing system is the energy measured by work done to transfer a unit mass of soil 
loisture through the porous soil medium f r o m a given position in reference to another 
i r t i cu la r point within the system. Because the tension of the soil moisture is not of 
le hydraulic type but an intrinsic property of the soil system that depends on the mutual 
ff ini ty of the water to the surfaces of the solid soil particles, the soil moisture tension 
ould quantitatively manifest the total joint and net action of a l l the system's internal 
)rces in displacing an elementary or differential value of soil moisture. 

The various potentials that might occur under varying conditions in the freezing soi l 
^stems may be broadly classified as (a) pr imary potentials and (b) secondary or induced 
3tentials. P r imary potentials are those applied externally to the system and may be 
lermal, electrical , gravity or other possible potential. A secondary potential may be 
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heat, electric, or concentration potential, but not gravity potential. Induced potential! 
may act and contribute to moisture f low in the same direction as the f low caused by a 
pr imary potential, or i t may act in the opposite direction, depending on the properties 
of the porous material or membrane; hence, the net amount of the upward moisture 
transport in a soil system upon freezing is an algebraic one. 

Soil moisture can be transported upward through the porous medium of soil upon 
freezing (a) as a l iquid ( f i l m transport), (b) as a vapor (vapor transport), or (c) as a 
l iquid and vapor ( f i lm-capi l la ry transport). A combination of a l l three may take place 
depending on changing temperature and vapor pressure conditions, type of electrolyte, 
the freezing soi l , and the distribution of the variously sized voids. However, the clue 
as to which mode of transport is most l ikely to take place is provided by the degree of 
density and the continuity or discontinuity of moisture in the l iquid f o r m in the voids. 

Vapor transport occurs if the voids are relatively large and there is no continuous 
moisture in the l iquid f o r m in the voids connecting the ground water with the downwarcj 
freezing ice lenses. The driving pressure is the difference between the two part ia l 
vapor pressures at the warmer end and the upper or freezing region. Vapor transport 
cannot take place in f u l l y saturated soi l or in very densely packed so i l . 

F i lm-capi l lary transport occurs i f the soil is so packed that soil moisture can occu 
the voids absolutely. The driving pressure is the vapor pressure difference, as abovt 
plus a f low pressure caused by the molecular motion of warmer water particles towar 
the cold f ron t . 

F i l m transport occurs in very dense, closely packed soi l where the moisture arounl 
and between the soi l particles fo rms uninterrupted l iquid f i l m s through the entire soi l 
system down to the ground water supply. The driving pressure is the pressure differ
ence between two points under consideration by thermoviscous f low of f i l m moisture 
plus other possible potentials. The amount of moisture t ransferred depends on the sp | 
c i f ic area of the soil particles in a unit volume; that i s , the greater the density, the 
more moisture f i l m s . 

The amount of segregated ice in a frozen soil system depends very much on the in 
tensity and rate of freezing. Quick freezing resulted in a r ise in moisture content at 
the ends of the soil cylinder tested, but no ice layers were vis ible . Slow freezing 
brings clearly visible ice layers of various thicknesses. Ice segregation takes place 
also under cyclic freezing and thawing conditions. 
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S. ROSAUER, Iowa State University 

The paper on "Importance of Water in Formation of Soil Structure," by W. Czeratzki 
.nd H . Frese, i s essentially a translation with occasional interpretation of two pamphlets 
hat accompany two f i l m s made at the Institute f o r Soil Technology at Braunschweig-
rolkenrode. West Germany, in 1956-57. The last part of this translation is taken f r o m 
nother work done by the major author. The f i l m s are silent, but have subtitles in Ger-
lan; together they run about 25 min . The price f o r both f i l m s is around $60, and they 
lay be obtained f r o m the Institut f i i r den wissenschaftlichen F i l m , GOttingen, or f r o m 
le Institut f i l r Bodenbearbeitung, Braunschweig-VQlkenrode. 

The amount of precipitation and evaporation of water and i ts physical state as i n f l u -
nced by temperature greatly affect aggregate formation and thus soil structure. Such 

processes may be dynamic, but are relatively slow. Therefore, time-lapse cine-photo-
raphy was employed to catch those fleeting moments in the formation of soi l structures. 

getting and Drying 
The soil chosen was presumably a humic glei that had developed on Opalinus clay in 

lie province of WUrttemberg, southern Germany. (The Opalinus clay is the lower part 
] f the Jurassic formation and is characterized by the predominance of weathered foss i l 
emains of Leioceras opalinum.) Approximately 50 percent of the soi l is smaller than 
|Ji in size. A sample was dispersed in water and a br ick formed. Wetting was accom-

lished by a fine spray of water; drying, at 30 to 40 C under a heat lamp. 
As viewed f r o m above the f i r s t wetting caused a roughening of the surface with fo rma-

on of small a i r bl isters as the water replaced the entrapped a i r . Subsequent drying re -
ulted in very fine fissures indicating that the water had penetrated to a considerable 
epth. In addition i t might be reasoned that the location of the f issures was random in 
ature because the sample had been mixed homogeneously and l i t t l e translocation of soi l 
articles had occurred during the f i r s t wetting. 

During the second wetting the soil absorbed more water because of the opened f i s -
Jures and the roughened surface. The fissures closed and the edges swelled, and there 
vas some particle movement. Upon drying, cracks formed quickly at first and then 
Lore slowly—often with a "jerking" movement. Only part of the fissures initially 
rrmed resulted in these cracks. 

Because the picture obtained by these experiments presents only a two-dimensional 
lew, the time-lapse camera was set up so that the soil could be seen f r o m a side. The 
oi l here was a fine-textured soil developed on alluvium, and a br ick was prepared as 

l l ready described. Wetting of the sample again resulted in a roughening of the surface 
"nd formation of a i r bl is ters . Some cracks were formed upon drying; however, they 

not penetrate deeply into the soil. Subsequent wetting of the soil specimen occurred 
It separated intervals to avoid flooding or erosion. Water movement in the soil is pri
mari ly via the f issures and cracks formed upon drying. The drying fissures at f i r s t 

ere zigzag in nature and often horizontal. Drying began on the walls of the vertical 
Iracks with their resultant widening. At the same time a zone of horizontal cracks 
Drmed which progressed downward, though not as f a r as the ver t ical cracks. Ver t ica l 
Lacking of the soil upon drying penetrated deeper than the horizontal cracking, the la t
e r being restr icted p r imar i ly to the surface. 

freezing and Thawing 
Essentially two phenomena occur when a soi l is saturated with water and then frozen: 

1. The movement of the weakly bound capillary water to the freezing zone. 
2. The Incorporation of this water as ice in the intermittent so i l layers . 
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ff f ro s t penetrates the soil f r o m one direction, its effect on such ice segregation may 
be "homogeneous," i f there is no macroscopic change as compared to the unfrozen 
soi l ; "heterogeneous," i f various f ros t fo rms occur as influenced by soil type, rate of 
freezing, and water supply to the freezing zone. Generally, i t can be said that f ros t 
causes a horizontal layering in f ine sand and si l ty soils; a polygonal type of structure 
in clayey soils due to a removal of water and subsequent shrinkage of the clay. If the 
water content drops below a certain l i m i t fo r a certain soi l , i t w i l l freeze homogeneou 
l y . An increase in moisture content may cause heterogeneous freezing. 

Experimentally, the samples were passed through a 2 mm sieve and pressed into a 
cyl indrical f o r m 10 cm high and 12 cm in diameter; one side was then cut f l a t f o r phot 
graphic purposes. Provision was made that the f ros t could penetrate only f r o m above 
and that the bottom of the sample was in constant contact with an a r t i f i c i a l ground wat< 
table. The temperature at the soil surface was kept at - 1 to -1.5 C. 

Diluvial Sand. —Mechanical analysis indicated the soi l to have about 77 percent dilu 
v i a l sand between 0.02 and 2.00 m m . Because of the large particle size the f ros t did 
not f o r m any layering of ice but rather a homogenous freezing. In the f i l m this was 
seen as a downward moving shadow, this being caused by the freezing zone. 

In the following three soils an understandable, nevertheless pedologic, e r ro r was 
made in the translation of the names of the soils. The following corrections should be| 
made in the report: 

Original German Li te ra l Translation Correct Translation 

Schwarzerde Black earth Chernozem 
Para-Braunerde Para-brown earth Gray-brown Podzolic soil 

Boden aus Kreide Ton Soil on chalk clay Humic glei 

A-Horizon of a Chernozem on Loess. — Horizontally oriented ice lenses were 
formed f r o m the top down. The edges of some layers curved upwards and joined othe^ 
thus forming a net-like f ros t structure. The ice lenses formed very quickly at f i r s t , 
then formation slowed down but continued to thicken even after the ice f ront had passeJ 

Aa-Horizon of a Gray-Brown Podzolic Soil on Loess. —Frost structures formed a r f 
much the same as in the Chernozem just mentioned. Such structures are seldom ob
served in nature; this is supposed to be due to the slow freezing rate and good water 
supply in this experiment. 

Humic-Glei Soil.—Because of the restr ic t ion on water movement in this sample du | 
to the high clay content (about 25 percent less than 2 [ i ) , the soil specimen was made 
up wi th a sufficient amount of water in the beginning. In addition to this, freezing 
caused a removal of water immediately next to the freezing zone and resulted in con
traction cracks. These cracks were then f i l l e d with ice. In i t ia l f ros t fo rms were at 
f i r s t paral lel , needle-like ver t ical ice layers that later were connected by horizontal 
lenses. The polygonal f ros t structures that resulted continued to thicken throughout 
the experiment. 

Form of Frost Aggregates in Clay 

In this case, soi l specimens were frozen and then cut so as to give a vert ical and 
horizontal picture. 

A Ca-montmorillonite showed pronounced vert ical ice lenses with the horizontal 
lenses being thinner and less definite. The predominance of the vert ical fo rms was d\ 
to their formation in advance of the freezing f ront ; in i t i a l ver t ica l f issures providing 
stress-free spaces into which water may crystallize to ice. Increasing capil lary-
gravity tension of the water resulted in less well-developed horizontal ice layering. 
Polygonal f ros t fo rms were developed normal to the surface, as is also the case in 
dried mud f lows, basalt f lows, etc. 
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Frost fo rms in a Na-montmorillonite were s imi lar to those in its calcium counter-
la r t . Here, however, the size is smaller and less regular due to variations i n swelling 
:apacity and water absorption. 

A calcium and a sodium sandy-clayey loam were also observed. Again the sodium 
variation showed less regularity in formation of f ro s t structures than the calcium 
counterpart. 

IVeathering and Erosion 

A second paper on "Effect of Water Movement on So i l , " by E. S. Barber, shows that 
tie effects of water movement on soi l may be external or internal . Externally, sheet 
rosion and gullying are wel l known. Often certain soils (for example, loess) exhibit 
natural cementation and thus are relatively resistant to surface erosion. If this 

atural cohesion is destroyed by reworking the soi l , severe erosion may result . 
Internal erosion includes chemical and physical processes. Leaching of soils and 

)rmation of clay minerals and subsequent translocation thereof are found i n many soils, 
hysical internal erosion may be responsible f o r drainage pipe collapse as wel l as de-
radation of subdrains due to s i l t ing. Soil-water pumping under concrete slabs is a 
^pe of internal erosion. 

lonsolidation and Swell 

When a confined specimen of a clay soil is subjected to a load, slipping and bending 
the individual clay platelets causes a volume decrease. K the load is released, the 

jates unbend and there is a volume increase. Reapplying the load causes hysteresis 
le to less and less slippage. Similar effects are caused by wetting and drying, the 
fects of surface tension replacing the mechanical load. The amount and rate of con-
l idat ion is dependent on water movement in the soi l and/or i ts structure. 
Wetting of soils r i ch in clay causes swelling due to the absorption of water. Often 
! vigorous escape of a i r may disrupt the sample when slaked. Movement of water in 

l i l as influenced by temperature gradients may be controlled in part by the use of ef-
Ictlve insulation. 

epage Forces 

Because soil is buoyed up in proportion to the amount of water i t displaces, settle-
mt of the surface occurs i f the water table is lowered. In Mexico City wel l pumping 
3 caused an average annual settlement of about 13 i n . 
The lateral f low of water i s important in landslides, part icularly i t clay layers are 

kosed by cuts. Upward f low of water may be caused by too rapid excavation in clay 
l e r sand, if bulkhead sheeting is used where the water table is uneven, or i f a "quick" 
mdition is caused by a vibratory load applied on loose saturated sand; f o r example, 
"ween wiggling toes on a beach. 

Impaction 

The optimum moisture f o r compaction is reached when 

1. The surface tension is reduced sufficiently to permit a denser arrangement of 
particles. 

2. The internal f r i c t i o n is at a maximum due to less pore space water. 
3. The least amount of pore space water w i l l re-expand after the impact load is 
eased. 

jcontinued compaction beyond optimum causes weakening due to formation of shear 
faces. Even distribution of moisture and the addition of certain chemicals aid in 

|

:easing the density. 

i l l lary Flow 

[Capillary movement of water in soi l depends greatly on particle size and/or surface 

a. A no-flow layer, such as a sand layer between si l ts , may cause road fai lure be-
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cause moisture tends to increase toward the no-flow condition. The upward f low of 
capillary water may bring soluble soi l stabilizers to the surface where they may eithei 
be washed away or cause "case-hardenir^" at the surface; that i s , blooming of car
bonate on cut loess surfaces. 

Temperature and Electr ici ty 
Temperature as we l l as the amount of a i r i n water Influence the amount of pressure 

and/or volume change of soil water. Electr ical current has been used in direct work 
with soi l settlement and also in various types of prospecting. 

Movement and Distribution of Water 
A th i rd paper on "Movement and Distribution of Water in Soil in Relation to Highwa 

Design and Performance," by D. Croney, J . D . Coleman, and W . P . M . Black, shows 
that the simplest method of determining the water content of a soi l is on a weight basi 
The resultant value does not, however, take into account the previous water history o 
the soi l , moisture gradients, and s imilar energy relationships. Movement of water i 
a soi l mass is due to a potential gradient, which in turn is caused by hydrostatic pres 
sure, vapor pressure, or a combination of both. 

In nature, a particular soil sample is subjected to a stress by the surrounding soil 
Therefore, the pore-water pressure may be regarded as an algebraic sum of two con 
ponents; that i s , the suction and the effect on the suction of applied stress. Hence, 

in which 
u = s + aP 

u = pore-water pressure 
s = suction in the sample when f r ee f r o m external load 
P = applied pressure 

The l imi t s of a are therefore 0 and 1. 
Moisture movement within a soil may also cause a volume change. A new optical I 

projection method as devised by the Road Research Laboratory of the United Kingdonl 
is described. From measurements of height and diameter the volume is computed. ' 

Work done has shown water vapor movement to be greatest i n the least saturated 
soils. In temperate climates the relation between heat and moisture transfer tends t l 
be linear; whereas in extreme climates the relation is nonlinear and a net upward 
moisture flow is expected. The extent to which water w i l l move into a frozen zone 
causing frost-heave depends largely on the suction of the unfrozen soil as wel l as the l 
frozen soi l . 

The Road Research Laboratory has modified the apparatus used with the suction 
plate, pressure membrane, and sorption balance methods in determining soi l mois t i f l 
The results of such modifications show, f o r example, that f o r most natural condi t ion 
over-consolidated clays increase in suction on shearing and normally-consolidated 
clays tend to decrease in suction on shearing. 

Equations are derived that are useful in describing the pore-water/suction energjfl 
relationships. Additional work has been done on the close relationship between suc t r 
and the bearing ratio of the soi l . At the Road Research Laboratory, i t has been the I 
practice in designing f lexible road pavements to estimate f i r s t the equilibrium m o i s t i 
content of the subgrade using the method outlined in the original ar t ic le . The CBR t l 
i s then carr ied out at the moisture content and density most l ikely to be achieved in 
f i e l d . 



r.B. SHEELER, Associate Professor of C iv i l Engineering, Iowa State University 

Water that enters soil either remains within soi l pores or moves to other regions 
.nd the character of the soi l and of the void spaces within the soi l determines to a con-
iderable extent the deposition of the inf i l t ra ted water. Because highway engineering 
iesign and highway operation procedures depend on the performance of soils, which i n 
urn depends a great deal on moisture content and movement, i t is important to the en-
Ineer that he be able to characterize the mechanism of soil moisture retention and 
ccurately determine equilibrium points that express differences in the water relations 

soils. 
Anyone can reason that water w i l l f low f r o m a wet to a dry region, but a quantitative 

escription of the driving forces f o r f low is not as obvious. One of these forces can be 
leasured by capillary potential or tension. Capillary potential is a quantity that ex-
resses the attraction of the soi l at any given point f o r water and is defined as the work 
equired to pul l a unit mass of water away f r o m a unit mass of so i l . I t is numerically 
lual to tension but is opposite in sign, is always a negative quantity, and can never 
e greater than zero. Capillary potential is a true potential and therefore any f low of 
ater w i l l occur f r o m a high to a low value. Table 1 il lustrates the relationship be-

l^een tension and capillary potential. 
H . Fukuda has answered i n his paper, 

Itlechanism of Soil Moisture Extraction TABLE 1 
om a Pressure-Membrane Apparatus," 

^ve ra l questions concerning the integrity 
the pressure-membrane extraction ap-

| i ratus developed by Richards. The ef-
cts of temperature and humidity i n the 
mosphere surrounding the apparatus are 
iramount questions because these condi-
)ns represent outside forces that i n f l u -
ice the results obtained. Fukuda has 
mclusively shown, theoretically and ex-
irimentaUy, that the effects of a i r humid-
r and room temperature are minor and can be neglected in this case. These results 
\en preclude the necessity of elaborate precautions to prevent adverse effects of hu-
idity and temperature in the normal determination of soi l moisture tension. 

Soil tension data are not used by engineers to any great degree. Further research 
the correlation of soil moisture data with so i l moisture tension needs to be done to 

Ele engineers to use this accurate tool f o r characterizing soil moisture. A step in 
direction has been taken by R. L . Rollins and D. T . Davidson* i n which they report 
rrelation of l iquid l imi t s and plastic l i m i t s with soi l moisture tension. 

Moisture Condition Capillary 
of the Soil Tension Potential 

Dry High (x) Low (-x) 

Wet 5 -5 

Saturated Low 0 High 0 

•Jnpublished paper presented at the 5&th Annual Meeting of the ASTM, 1955. 
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RALPH L . ROLLINS, Brigham Young University, Provo, Utah 

Recent research on the movement of soil moisture due to a thermal gradient has ha| 
f o r its p r imary goal the determination of the mechanism of f low. Various techniques 
have been used to differentiate between l iquid and vapor f low and to determine which 
method of transfer predominates in a given system. Many investigators, such as 
Hutcheon {1), have concluded that the moisture transfer was several times that calcu
lated by the simple molecular diffusion theory. Research results also indicate that 
there exists a c r i t i ca l soi l moisture content at which maximum net moisture transfer 
occurs. 

Phil ip (2) in his paper, "Physics of Water Movement in Porous Solids," br ie f ly out 
lines a theoretical concept relative to the movement of moisture due to a thermal grac 
ent. This concept explains many of the heretofore unexplained factors in this area of 
research. Although additional experimental verif icat ion and refinement of theory are 
necessary, i t i s believed that the concept proposed by Phil ip opens the way f o r a more 
complete understanding of this problem. 

Inasmuch as this phase of moisture transfer was, of necessity, l imi ted in Phil ip 's 
general discussion of moisture movement in soils, i t seems appropriate at this t ime ' 
discuss his theory in more detail and to present some additional experimental eviden(| 
that substantiates the concept. 

The concept proposed by Philip and De Vries (3̂ ) is based on the following two pro
positions: 

1. In a three-phase soi l , water, and a i r system subjected to a thermal gradient, 
the temperature gradient across the pores of the system are several times the averad 
temperature gradient of the system. 

2. In a relatively dry soi l , water wedges at the contact points of the soil par t ic les l 
res t r ic t vapor diffusion to a pore dimension and provide a capillary f low path of low r l 
sistance between soi l pores. 

On the basis of the f i r s t proposition, Phil ip and De Vries compute the temperaturel 
gradient across the pores in a soil water system as a function of the volumetric mois f 
ture content, the sum of the a i r - f i l l e d voids and volumetric moisture content, and thek 
temperature. These considerations lead to the following equation: 

in which 

^ A t l ( V i a ) . 
^ Aa ( V T ) (1 

A = volume of a i r - f i l l e d voids 
e = volumetric moisture content 
a = tortuosity factor used in simple theory of gaseous diffusion 

soils 
= rat io of temperature gradient across pores to average grad ie | 

VT oygp system 
•n = rat io of moisture f low predicted by proposed theory to that ^ 

dieted by the simple diffusion theory 

The authors of the theory postulate that i t w i l l be invalid when either of the follow^ 
situations arise: 

1. When the moisture content 6 exceeds some value Ofc* where Ok refers to that 
moisture content at which the capillary conductivity is some arbi t rary f ract ion of the | 
capillary conductivity at saturation. 

2l^ 
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^ure 1. The relationship between rat io of the observed moisture transfer to calcu
lated transfer and the fract ion of a i r - f i l l e d voids. 

When the moisture content is less than Ok but the density of the soil mass is 
| ; h that A<Ak where A^ is the volume of a i r - f i l l e d voids corresponding to 8]c 

If either of these two conditions exists, the quantity A + 6 (Eq. 1) is assumed to be of 
f o r m A + F (A):e where F(A) = A/Afe. 

In the original paper by Philip and De Vr ies , some experimental data f r o m the work 
lElollins et al (4) was used as experimental verif icat ion of this theory. Additional ex-
y imenta l data accumulated since that t ime, but previously unpublished, are presented 
p i g u r e s 1 and 2. 

Figure 1 shows the relationship between rat io of the observed vapor transfer to that 
culated by the simple diffusion theory as a function of the a i r - f i l l e d voids. The ef-
t of temperature on this ratio is apparent. Simple vapor diffusion predicts an effect 

p i i s kind that i s fur ther magnified by the theory of Philip and De Vries Inasmuch as 
rat io of temperature gradient over the system possesses a smal l negative tempera-
$ coefficient. 

f rigure 2 shows the results of observed moisture transfer compared with the pre-
ed values determined in accordance with the theory of Philip and De Vries . .Aj; f o r 
e calculations has been assumed equal to 0.2. The values on the ordinate f o r Curve 
e the ratio of observed transfer to that calculated by the simple theory, while f o r 
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Figure 2. A comparison of observed vapor transfer to that predicted by F n i l i p 
De Vr ie s . 

Curve 2 the rat io is the quantity of f low predicted by the new theory divided by that p i 
dieted by the simple theory. The agreement i s noted to be reasonably good to an a i r l 
f i l l e d void f ract ion of about 0.15. More experimental information w i l l be necessaryf 
definitely confi rm this theory at low porosities. 

The method used to compute the ratios of the temperature gradient across the poil 
to temperature gradient over the system was based on a method used by De Vries (51 
f o r calculating thermal conductivities in soils . 

I t i s interesting to note that since the symposium in 1958, Woodside and Kuzmak 
have performed an experimental investigation on the rat io of temperature gradient-
across the pore to that fo r the system. For this investigation they constructed an ei 
larged model of the grain-pore system. A temperature gradient was imposed on the^ 
model and temperatures measured at selected points throughout the system when eq i l 
b r ium had been established. An open packing arrangement of spheres was used in t f l 
model and the thermal conductivities of the materials composing the model were se - l 
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ected such that ratios Ks/Ka and Ks/Kw characteristic of the prototype were satisfied 
a the model. The values Ks, Ka, and Kw are, respectively, the thermal conductivities 
if the sand, air, and water. Throughout the pore the ratio of the temperature gradient 
0 the over-all gradient varied from 22.4 to 1.9 for the system, solid and air, with an 
verage of 6 over the entire pore. This value was shown to decrease somewhat when 
L system of air, water, and solid existed. On applying the theoretical method used 
y Philip and De Vries for determining this ratio to their system, a value of 2.04 was 
btained. They conclude that the ratios obtained by Philip and De Vries are too low; 
[owever, they postulate a method of vapor transfer similar to those authors. 

The maximum net transfer of moisture recorded by Hutcheon (1.) is in agreement 
ith others (7, 8, 9) who have noted this condition. It is also noted that the moisture 
ontents at which maximum net moisture movement occurred are near the wilting point, 
his maximum movement is readily explained. At this moisture content the capillary 

|onductivity is essentially zero. Movement of moisture toward cold side for the sys-
ms used must be vapor transfer. Inasmuch as these experiments were performed in 
closed system, the observed migration of moisture is net transfer, and at the mois-

|ire contents corresponding to maximum flow the transfer is total transfer. The situa-
on changes rapidly when the moisture content increases to the point where the capil-
iry conductivity is significant. Return flow from cold to hot results with a corres-
)nding reduction in net flow. At moisture contents less than that, corresponding to 
aximum flow, the relative humidity decreases rapidly with a resultant reduction in 
ipor pressure gradient. 

Hutcheon concludes that the major mechanism of moisture movement is by vapor 
|ow, which undoubtedly is true for that system but may not be true for other systems. 

The moisture transfer apparatus described by Kuzmak and Sereda (10), in their 
|-ticle "On the Mechanism by Which Water Moves Through a Porous Material Subjected 

a Temperature Gradient," appears to be an excellent piece of equipment. Their ob-
rvation that no flow occurred in the system as long as the gap between the porous 
ates is saturated is in agreement with Hutchison et al (11) who demonstrated that 
ermo-osmotic flow in sintered glass discs did not occur. The experiments of 

litchison et al were a repetition of experiments performed by the Russian investiga-
rs Derjaguin and Sidorenkov who concluded that thermo-osmotic flow did occur in 
ntered glass plates. After modifying the apparatus by the Russian worker and thor-

lighly cleaning sintered plates, Hutchison observed not the slightest movements of 
later through the disc. 

Kuzmak and Sereda also used the salt tracer technique in an effort to prove that no 
|quid movement occurred in the sand-water system used by them presuming, of course, 
at if no salt movement occurred then associated liquid flow was also absent. It be-

limes apparent that the salt tracer technique employed in this experiment is not con-
usive in differentiating between liquid and vapor flow in the moisture transfer due to 
thermal gradient; it is, in reality, vapor transfer in series—parallel with transfer 
rough a discontinuous liquid phase in the form of "islands" as proposed by Philip and 

^ Vries and Woodside and Kuzmak. 
A review of experiments on soil moisture movement due to thermal gradients indi-

.tes that most of the soils used have been sands, silts, or silty clay with low plasticity 
laracteristics and, hence, the conclusion that no movement in the liquid phase occurs 
quite correct. 
It spears likely that there exist in nature clay-water-gas systems possessing high 

lecific surface and high plasticity characteristics in which movement in the liquid 
ase, or more specifically stated, the adsorbed phase, would be of considerable im-
irtance. 
Winterkorn (12) has described such a system as one in which the clay-water system 
s no appreciable gas phase and the water is present in such proportions that even the 
>lecules most distant from the solid surface are st i l l under a certain relatively small 
xation." Hutchison et al (11) have defined the thermodynamic requirement for mois-
'e movement due to thermal gradient for this case. The resulting equation given by 
!se authors is 
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in which 
DP 
DT 

DP ^ 
DT~ VT 

pressures gradient in the system. 

= heat adsorbed by system at one side and liberated at the 
other when 1 mole of water is transferred through the 
membrane. 

V = molar volume of water. 
T = temperature. 

Hutchison states, "For example, if the transfer is affected by the passage through 
the membrane there may be heat adsorbed Q^, when the substance dissolves in the 
membrane at one side and liberation of the same amount of heat when the substance 
passes out of the membrane at the other side. Since the temperatures are equal, the 
two entropy terms, -QVT and Qx/T, exactly cancel and are therefore not usually con] 
sidered. However, in the case of nonisothermal systems, the two entropy terms do 
not cancel. The heat effect, Q^, must be allowed for and is the origin, in a thermo
dynamic sense, of phenomena such as thermo-osmosis." 

Winterkorn (12) has used a similar approach to derive the pressure gradient associj 
ated with this type of moisture movement. 

Baver and Winterkorn (13) have shown that water adsorbed by different aluminosili' 
cates is a sensitive function of temperature, which implies that the heat of adsorption 
likewise increases as the temperature decreases. Table 1 taken from the data of Bav 
and Winterkorn dramatically displays this effect. 

TABLE 1 
WATER ADSORPTION BY DIFFERENT ALUMINOSILICATES 

AS FUNCTION OF TEMPERATURE* 

Percent H2O Adsorbed at Given Temperature 
Colloid 30" 40" 50" 80" 

H-Bentonite 32.7 13.0 7.51 2.12 
H-Putnam 25.8 10.8 5.7 2.3 
H-Davidson 21.4 3.5 2.6 1.2 
H-Permutite 28.4 16.9 4.9 3.1 
Strength of H2SO4-H2O mixture used 

to maintain constant humidity 10 41.5 52.75 68.7[ 

* Vapor pressures = 30 mm Hg, re lat ive hmidi ty = 94 percent at 30". 

Because the energy of adsorption of coarse textured soils is very low, the effect o: 
a temperature gradient in systems of this kind would not be expected to cause appreci 
able movement in the adsorbed phase. On the other hand, it appears that the theoreti 
cal concept requiring flow of moisture in the adsorbed phase in certain systems as de 
scribed above is well established and that research efforts could be profitably spent i 
this area. 
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Supplementary Statements by Authors 
of Original SR-40 Papers 

Streaming Potential and Moisture Transfer in Soil upon 

Freezing as a Function of Porosity of Soil 
A. R. JUMIKIS, Department of Civil Engineering, Rutgers University 

This article brings up to date the author's work on soil mois
ture transfer upon freezing and verifies experimentally the 
existence of various soil moisture transfer mechanism ranges 
as a function of porosity, as theorized by the author in 1958. 

• IN A PAPER presented at the Highway Research Board's International Symposium 
on Water and Its Conduction in Soils, entitled "Some Concepts Pertaining to the Freez| 
ing Soil Systems," the author theorized about various soil moisture transfer mechan
isms and their assumed effects on the amounts of soil moisture transferred as a func-| 
tion of porosity of the packing of the soil system. The degree of packing is very im
portant to know, as this gives a clue to what mechanism in the upward soil moisture 
transfer in the freezing soil system would be most likely to take place; f i lm flow, 
film-capillary flow, film-vapor flow, or pure vapor diffusion, or a combination of 
some of the aforementioned flow mechanisms. 

Since 1958 the author has been engaged in experimental studies to establish the 
porosity ranges of soil packings at which one or another soil moisture transfer mech
anism would be most effective. There are, of course, no sharp porosity boundaries 
at which one kind of flow mechanism would cease and another, different mechanism 
assume its existence. Rather, there is a more or less pronounced transition from oM 
moisture transfer mechanism to another depending on the porosity of the soil packing! 
In these transition zones two adjacent effective moisture transfer mechanisms may cJ 
exist. 

The instrumentation used in these experiments is described in the author's sympoij 
ium paper. 

The results of such an experimental study are shown in Figure 1. The soil packin| 
were made of Dunellen soil, a silty glacial outwash. The amounts of soil moisture 
transferred and streaming potential measured in the freezing soil systems are given I 
for the time lapse of 168 hr of freezing at temperatures Ts = 20 C at the upper surf ad 
of the vertical cylindrical soil system and Ty? = 8 C at the ground-water table (lower P 
end of the system). 

The summary of the test data is also shown in Figure 1. Between porosities of 
about n = 27.8 and about n = 50 percent (particles in contact) the effective soil moistifl 
transfer mechanism is by way of f i lm flow; from porosity of about n = 50 percent to I 
about n = 60 percent there exists simultaneous f i lm and vapor flow (large voids, parlfl 
cles st i l l in contact). From porosity about n = 60 percent to about n = 100 percent 
(soil particles not in contact) effective soil moisture transfer mechanism is by way 
pure vapor diffusion. Here porosity of n = 100 percent means an empty cylinder. 

The maximum amount of vapor diffused (at n = 100 percent), though, constitutes 
only about 20 percent of the maximum amount of soil moisture transferred in the eff i 
tive f i lm phase (at about n = 40 percent). 30 
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jlgure 1. Moisture transfer and streaming potential i n s o i l upon freezing as a function 
of porosity. 

In conclusion, these experiments in general make clear that: 
1. The amount of soil moisture transferred upon freezing as a consequence of an 

Eternally applied freezing temperature gradient to the soil system is a function of 
rosity of the packing of the soil; 
2. Depending on the porosity of the packing, moisture may be transferred upward 

|-om ground water towards the cold front by way of various moisture transfer mechan-
ims; and 

3. Vapor transfer is a relatively ineffective soil moisture transfer mechanism; rt is, soil moisture transfer in the f i l m phase takes place virtually unaccompanied 
vapor diffusion. 



Water Movement in Porous Solids: 
Some Recent Progress 
J. R. PHILIP, Division of Plant Industry, Commonwealth Scientific and Industrial 
Research Organization, Canberra, Australia 

This report gives some recent contributions to the diffusion 
analysis of water movement in unsaturated solids, to the ther
modynamics of water held in such solids, to moisture move
ment under temperature gradients, and to the study of the ef
fects of entrapped air*. The latter, rather novel, field of in
quiry has theoretical and practical implications of great im
portance. 

• THIS SHORT communication is essentially a footnote to the author's symposium 
article (1.). In accordance with the Chairman's suggestion, certain more recent work 
with which the author has been associated is reported. 

LIQUID FLOW OF WATER IN UNSATURATED POROUS SOLIDS 
Early Stages of Absorption and Infiltration 

The author's article (1̂ ) stated that i t is "possible that perceptible deviations from 
Darcy's law may occur during the very early stages of absorption or infiltration into 
unsaturated systems." This was expected because the "diffusion analysis" predicts 
that, very close to the start of these phenomena, the flow rate, and hence the Reynold 
number of the system, must be so large that Darcy's law fails. Further, Darcy's law 
implies a force equilibrium with no resultant to impart momentum to the system, whic 
is initially at rest. These considerations suggested that the diffusion analysis might b 
open to some question, at least during the early stages of phenomena such as absorpti 
and infiltration. 

An analysis based on Newton's second law has been carried out and has resolved 
these various difficulties. The net result is that the error in the diffusion analysis dul 
to the neglect of inertia effects is entirely negligible, except for a short initial period f 
of less than 10"* sec; the maximum Reynolds number of the motion is shown to be f i n i l | 
and the observed small deviations from the diffusion analysis during the early stages 
absorption and infiltration are in the wrong sense to be explained as due to inertia or 
high Reynolds number. They appear to be due to the effects of entrapped air. This 
work is fully reported by the author (2). 

Viscous Dissipation of Energy During Absorption and Infiltration. 
The problem of just when and where energy is dissipated in unsaturated porous 

solids when they are taking up water does not seem to have been investigated hitherto. 
An investigation of the viscous dissipation of energy during this process has been car
ried out, and is an extension of the previous diffusion analysis. One by-product of th« 
study is a novel definition of hydraulic conductivity in which it is related to the point 
rate of viscous dissipation in the solid. The profiles of energy dissipation reveal a 
characteristic peak near the "wet front" in terms of energy dissipation. This study i ^ 
described by the author (3̂ , 4). 

Chairman's note: See statement concerning e f f e c t of entrapped a i r , l^JB S p e c i a l Repor 
^0:33^ (1958); a l s o , "Das Verhalten des Bodens gegen L u f t , " Handouc.'. der rodonleave, 
J u l i u s Springer Verlag, B e r l i n , 6:253-314-2 (1930). 
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Absolute Thermodynamic Functions in Study of Porous Solids 
The potential function commonly used in soil-water studies is equivalent to the spe

cific differential Gibbs function. It has been found (5) that it is more useful in problems 
In which one wishes to examine changes in the total potential energy of the system to 
iise the absolute form of thermodynamic function. As an example, the differential func-
lon does not distinguish between the energy state of water in a saturated porous solid 
md that of free water at the same level. The absolute function does so. 

Mathematics of Concentration-Dependent Diffusion 
The mathematics of concentration-dependent diffusion is basic to the diffusion analy-

is of water movement in unsaturated solids. Hitherto, numerical methods have been 
ecessary to solve these problems, except in certain quite special cases. A general 
lethod of solution of problems in concentration-dependent diffusion by analytical means 
as been developed (6) and promises to make the mathematical problem more tractable. 

Retails of a function entering into this new method are given in a second paper (7). 

MOISTURE MOVEMENT UNDER TEMPERATURE GRADIENTS 
Although there seems to be general agreement that the theory of moisture movement 
porous solids under temperature gradients put forward by Philip and De Vries (8) is 
oadly correct (9), certain workers appear to have misunderstood some aspects and 
have been led into erroneous criticisms (10). De Vries and Philip {1) emphasize the 

Ifferences between the fine structure of the temperature field and the vapor field and 
|ear up other misconceptions that have arisen. 

EFFECTS OF ENTRAPPED AIR IN POROUS SOLIDS 
For quite some time now, the presence of entrapped air in naturally saturated porous 

|)lids (12) and its effect on hydraulic conductivity of such solids (13) have been clearly 
cognized. Recognition of the importance of the air-phase in unsaturated solids has 
en somewhat more tardy. 
The possibility that entrapped air would produce nonuniqueness of the moisture poten-

fcl function in the surface layers of a porous solid was recognized (14) in 1955. This 
•plained the characteristic "dog-leg" transition zone observable in moisture profiles 

ring infiltration (15) and also the observed small deviations from the diffusion analy-
(2). 

tmperature Dependence of Moisture Potential 
Another phenomenon that has long been puzzling is the failure of the temperature 

fiendence of moisture potential to be related in any consistent manner to the tempera-
e dependence of surface tension. A proper understanding of the temperature depend-
e of moisture potential is necessary before the problem of liquid phase transport 

^ e r temperature gradients can be studied in a meaningful way. 
In the author's symposium paper (1) it was stated that "the explanation seems to be 
t as temperature increases, the volume of totally entrapped air bubbles expands, 
ding to an altered configuration of the meniscal surface between the liquid water in 
medium and the external atmosphere. Experimental study of this effect is in prog-

^ s in the Australian C.S.I.R.O. Division of Plant Industry." 
The experiments and a detailed working-out of the theory confirm the suggestion 
de in HUB Special Report 40. Peck has been responsible for the experimental pro-
m and for going into the details of the theory. He has reported part of the work (16) 

I has a further paper in preparation. 

lect of External Air Pressure on Moisture Potential 
•Intimately connected with the temperature effect previously discussed is the effect 
Rhanges of the external pressure on the volume of entrapped air, and hence on menls-

configuration and on moisture potential. 
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Experimental work has confirmed the reality of the effects of external air pressure 
which the "trapped air" theory demands (16). This effect is also of great practical 
importance. For example, systematic changes of water table level with atmospheric 
pressure are to be expected, and have been observed experimentally by Peck (17). 

Perhaps of greater importance is the fact that this work indicates that moisture 
characteristics determined by pressure-plate methods do not necessarily agree with 
those determined by "suction" methods. There wi l l certainly be important discrepan
cies at the wet end of the moisture range. It is more difficult to predict the importancj 
of this effect at moisture potentials greater than 1,000 cm. 

The significance of this work on trapped air for soil mechanics is that it underlines 
the importance of treating the soil as a three-phase system—solid, liquid, and gas. 
Perhaps al l have been too prone to work with the two-phase system of just soil parti
cles and water. 
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Design Correlations for Red and Kenya Red-Brown Soils 
F. L .D. WOOLTORTON, Department of Public Works, Kenya Colony 

• WITH THE accumulation of further data and especially data in relation to particular 
roads, i t has been necessary to revise the general curves slightly and i t has been possi
ble to produce particular curves applicable to specific roads or to lengths of specific 
roads each of which exists under apparently similar climatic and geological conditions. 
The new curves so obtained are given in Figures 7 and 8. 

In a restricted way they could, perhaps, be described as pedological design curves. 
The curves for specific roads are, in general, based on points showing remarkably 

lllttle scatter. 
The most clearly defined curves were obtained for the Mau Summit-Kericho road, 

some 29 mi long, which, for most of its length, climbs up a narrow valley characterized 
jy high rainfall and dark brown surface soils containing appreciable organic matter resi
dues, until i t reaches a relatively undulating area of higher rainfall where the Red Tea 
soils are found. As soon as the tea area is reached the correlation curve changes. Be-
ween the two there is a short transition stage in which there is some scatter. 

The Thika-Sagana-Nyeri road (some 65 mi) did not lend itself to any simple correla-
ionship pattern. This road crosses plains and mountainous country passing through a 

•lumber of rainfall belts. 
The Mau Summit-Eldoret road (64 mi), over very fine light red soils, similar perhaps 
Red Coffee soils, calls for an almost constant thickness of pavement 12 in. for Proc-

Jor compaction throughout. The rainfall lies wholly within the same belt f rom one end to 
|he other. 

Though reference is made to Red Coffee and Red Tea soils, this does not necessarily 
•aean that the subgrades were invariably constructed in such materials. Where this 
katerial was not used—and this seems of importance—they were constructed in materi-
l l obtained from lower horizons of such profiles. In these relatively young soils, the 
larent material seems to exercise a control over the road engineering properties of all 
[orizons over that material. 

There is the apparent transition between parent material and the subsoil layer which 
^ e s the form: 

basic tuff » decomposed tuff containing mainly hydrated 
halloysite ^dehydrated halloysite where the degree of 
hydration decreases as the surface layer is approached. 

The decomposed tuff appears to contain montmorillonite but there is no known record 
the montmorillonite persisting in the soils over that horizon. This presence may well 

Jipply an ejqplanation for the worst correlation curves; that is, those calling for high 
ivement thicknesses, pertaining to decomposed stone, soil adulterated with some de-
imposed stone, as well as to some black cotton soils. The possibility of allophane 

K i i ^ present at some stage or in one of the horizons is not, however, to be ruled out. 
• has since been ascertained by W. Arthur White, Geologist and Head, Clay Resources 

• i d Clay Mineral Technology Section, State Geological Survey Division, Urbana, l U . , 
at allophane was present in two samples of soil sent him from Kenya.) 

A low CBR soil from the Mau Summit-Kericho road was recently investigated to de-
rmine, if possible, the reason for its low load carrying capacity. Though the swelling 

thiG paper, p r i n t e d i n HRB P r o c , 39:683-69Jf (1960) represents a l o g i c a l extension and 
r a c t i c a l a p p l i c a t i o n of the HRB S p e c i a l Report kO paper e n t i t l e d , "Moisture Content 
nd the CBR Method of Design." This i s the reason f o r i n c l u d i n g these supplementary 
•emarks. 
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Group Index 

F i g u r e 1. Pavement t h i c k n e s s e s f o r various subgrade s o i l groups when compacted to ProcJ 
t o r maximum de n s i t y (9,000-lb wheel l o a d ) . 

pressure was found to be just under 1 ton per sq f t at Proctor (OMC + MD), the only 
clay minerals recognized, by X-ray analysis, were metahalloysite and possibly a smi 
amount of hydrated halloysite with feldspar and quartz. (Exposure to the drying acticfl 
of the sun for a day or two is sufficient to convert thin layers of hydrated halloysite tm 
metahalloysite. Montmorillonite appears to be formed, as an intermediate product, 
during the more normal weathering of hydrated halloysite to metahalloysite . ) 

The form of the correlation curves (Figs. 1 and 2) is of interest. A number of 
curves appear to pass approximately through the common point represented by a con-l 
stant pavement thickness for a G. I . value of 4 representing a change from a s i l t -c lay | 
material to a granular material under the Don Steele method of classification. For 
lower G. I . values the pavement thickness required would seem to remain constant, 
might be expected. For the other materials, this does not appear to apply in toto anJ 
the pavement thickness required continues to decrease as the material becomes morJ 
granular. It should be remembered, however, that the so-called granular fraction < 
the vast majority of Kenya soils consists mainly of soft lateritic material or soft decl 
posed stone though within the larger particles there may be some small fraction of n f l 
harder small particles as of iron oxides. 
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Note Any coorse motariol in t h a u soi ls 
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T h i k a - S a g a n o Road 
Chomoge 3 0 0 - 1 1 0 0 

Mou Summit-Ker icho Rood 
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Sroup Index 

Igure 2. Pavement t h i c k n e s s e s f o r various subgrado s o l i groups when compacted to h a l f -
modlfled maximum de n s i t y (9,000-lb wheel l o a d ) . 

An endeavor was made to group the various materials on the basis of their "clay ac-

Fty , " as determined by x -^^y^, but no recognizable tie-up or semblance of a 
•up was noticeable in respect of pavement thickness. 



Water Dislodgment in the Soil 
M . TSCHAPEK, Instituto de Suelos y Agrotecnia, I . N . T . A . , Buenos Aires, Argentina 

• THE WATER in the soil, due to the existence of gradients of the principal forces, 
such as capillary and hydraulic, are in continuous movement, which takes place to
gether with a total or partial dislodgment of the free water present in the soil by the 
entering water. 

The possibility of dislodging the soil solution with the water (or with the solution) isl 
well known in the literature since Schloesing (1). In the course of the last 100 years ' 
there have been proposed different variations ^ - 7 ) . In al l these variations the water 
(or solution, or some other dislodging liquid) f i l l s all the pores of the upper part of thJ 
column, and, infiltrating under the hydrostatic pressure, dislodges mechanically the ' 
free water present in the soil. Hence, in order to separate the existing water in the 
soil a high column must be used. In order to reduce the porosity, Kriukov (6) recom
mends, in addition, to submit previously the soil to a high pressure. 

It is evident that in the limit of two solutions a mixture wi l l inevitably be formed dul 
to mutual diffusion. The formation of a mixture wi l l also be favored by the speed of ' 
the infiltration and by the structure of the pores. 

A disperse system of fine and open pores would be ideal for the complete dislodg
ment of the free water present in the pores. The failure of many methods proposed 
formerly for the dislodgment of the soil solution is a consequence of the speed appliedl 

The dislodgment of the water that is not free (adsorbed) is possible by its substitu-P 
tion with some other miscible liquid, like ethyl alcohol. The dislodgment takes place I 
not by a simple displacement of one liquid by another but by the diffusion of the adsorll 
water in the displacing liquid. Liquids which do not mix with water (benzol, etc.) arel 
incapable of dislodging the adsorbed water by the adsorbent and especially by the soil J 

Leaving out the dislodgment by infiltration the dislodgment by the capillary move- ' 
ment is considered next. In the course of the capillary saturation the water does not 
completely f i l l the pores; therefore, i t would be interesting to see to what degree of 
completeness the dislodgment occurs. 

Straprens (8) showed that water in the sand at 3.3 percent moisture begins to movd 
when the limit of capillary elevation is at a distance of 10 cm. This means that the ^ 
capillary and f i lm water in the sand at that moisture is displaced by the entering watE 
at a distance of 10 cm. 

If the sand is well mixed with 2 percent of the solution of a nonadsorbable dye (brol 
phenol green) and a tube is fil led and placed for capillary rise, then the entering wate' 
dislodges the solution of the dye and pushes i t to the extreme point of the upper part. 
For a tube 10 cm long, the dye accumulates in the upper part at 0 to 2 cm. This exp 
ment shows that the water entering by capillary rise is capable of dislodging the free 
water that was present there before. To establish the totality of dislodgment a few e 
periments were made; these are described later. 

Some authors (for instance, 9) think that i t is difficult to establish the quantity of 
dislodgeable water. Nevertheless, by starting from some evident assumptions the pr 
lem can be solved with sufficient approximation. To begin with, i t may be supposed 
that the undislodgeable is also the adsorbed water and at the same time also that whi 
does not dissolve the indicator whose solution is applied as a dislodging agent (for in 
stance, KCl solution). Then, if the soil contains the dislodgeable water the chloride 
solution will diminish its concentration, and in the contrary case the KCl concentrat 
wi l l increase. Errors may occur if the undislodgeable but dissolving water for the -
dicator is contained therein. In this case the real volume of undislodgeable water 

38 



39 

S I 

8 

10 15 20 25 30 35 

igure 1. Water dislodgment by the c a p i l l a r y r i s e of 0.10 If KCl s o l u t i o n i n the s o i l 
h i c h contained 9.5 percent of water. Ordinate: 1 —height of the s o i l column i n cm; 

• b s c i s s a : W—water content i n percent: a — w a t e r content before the c a p i l l a r y r i s e ; 
|a - I - b ) — w a t e r content a f t e r the c a p i l l a r y r i s e . Entered w a t e r — h o r i z o n t a l l i n e s ; d i s 

lodged w a t e r — v e r t i c a l l i n e s . 

tiould be somewhat greater than calculated. Such an error would be of insignificant 
iportance here, because in a soil of a 29 percent field capacity there would only re-
ain a small percent^e of dislodgeable water, as shown later. 
Prairie soil with a field capacity of 29 percent and an exchange capacity of 37 me 

r g was passed through a sieve of 1mm. Different samples of this soil with a variety 
moisture contents as well as different KCl contents were prepared. With these sam-

es plastic tubes of 0 =2.5 and 10 cm long were fi l led with a homogeneous densifica-

tin. Soil columns thus obtained were arranged for capillary rise of water or KCl 
lution. Thus, the soil water was dislodged by 0.10 N KCl and the KCl solution in its 
rn by the water. 

Thereafter the capillary rise samples were taken at each height (every 1 cm of 
Ickness) and the water and KCl contents made it possible to calculate the dislodge-
ent for each height. 

First of all, the possibility of obtaining the water (or the solution) without mixing 
th the solution (or water, respectively) entering by capillary rise was investigated, 

pie following experiment shows that the major part of the water (or solution) that the 
11 contained was dislodged by the solution (or water) without forming any mixture. 
The soil with a 9.5 percent content of water was put to capillary saturation with 0.1 

KCl . When the rise reached the surface, the water and KCl content of each cm of 
lumn was determined. The results of the calculations of dislodgment for each height 
e given in Figure 1. 
These curves show that layer 0.5 - 1.5 cm contains the water that formerly existed 
the soil. The following layers contain a mixture. A simple look at the displacement 
rve wi l l give an idea about the amount of undislodgeable water, which should corres-
nd or be equivalent to the adsorbed water. As is well known, the quantity of adsorbed 
ter is a function of the concentration of the electrolyte in equilibrium. It may be as-
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Figure 2 . Water dlslodgment by the c a p i l l a r y r i s e of K Cl s o l u t i o n s : 0.05 N; 0.10 
and 0.50 W i n the s o i l which contained k percent of water. Ordinate: 1 — h e i g h t of t J 
s o i l column i n cm; a b s c i s s a : W—water content (without K C l s o l u t i o n s ) a f t e r the c a p l ] l 
l a r y r i s e . The negative and p o s l t e values give the water quantity with and without whicj^ 

the e l e c t r o l y t e concentration would not change. 

Figu r e 3. Water dlslodgment by the c a p i l l a r y r i s e of 0.10 N KCl s o l u t i o n i n the scj 
which contained 15 percent of water. Ordinate: 1 —height of the s o i l column i n 
a b s c i s s a : W—water content i n percent: a — a d sorbed water content; ( a + b ) — w a t e r c( 
t e n t before the c a p i l l a r y r i s e ; ( a + b + c ) — w a t e r content a f t e r the c a p i l l a r y r i s 

Entered w a t e r — h o r i z o n t a l l i n e s ; dislodged w a t e r — v e r t i c a l l i n e s . 
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.gure 1)-. Water dislodgment the c a p i l l a r y r i s e of water i n the s o i l which contained 
8 percent of water and 6 percent of 0 .1 N KCl s o l u t i o n . Ordinate: 1 — h e i g h t of the 
l i l column i n cm; a b s c i s s a : W—water content i n percent: a — a d sorbed water content; 
+ b ) — w a t e r content before the c a p i l l a r y r i s e ; ( a + b + c ) — w a t e r content a f t e r the 
c a p i l l a r y r i s e . Entered w a t e r — h o r i z o n t a l l i n e s ; dislodged w a t e r — v e r t i c a l l i n e s . 

tned that the amount of undislodgeable water wi l l also be a function of the concentra-
n of the electrolyte. 
Experiments have shown effectively that the amount of undislodgeable water is a 

Jnction of the concentration of the dislodging solution. Thus, when dislodging by the 
C I solutions of 0.05 N, 0.10 N, and 0.50 N there were found in this Prairie soil the 
plowing quantities of undislodgeable water: 5.8, 3.8, and 3.2 percent. 

Figure 2 gives the curves of dislodgment of the soil water (4 percent) by the solutions 
0.05 N, 0.10 N, and 0.50 N of KCl . The negative and positive values give the water 
antities with and without which the electrolyte concentration would not change. The 
taining of different quantities of the undislodgeable water, when applying the solutions 
different osmotic pressures, confirms the idea of the existence of the polymolecular 

(rers on the surface of the particles. 
Figures 3 and 4 show the results of dislodgement of the water by KCl and, on the 

| i e r hand, of the KCl solution by the water. By means of capillary rise all the free 
ter in the soil can be dislodged and even a great part of it without forming a mixture. 
Finally, Figure 5 shows the dislodgment by capillary rise in sand. According to 
dagovski (9), by infiltration 3 to 5 percent remains without being dislodged. By using 
olumn of 9 cm of sand with a 5 percent 0.10 N solution of KCl i t was possible to dis-
ge this almost completely by capillary rise of water. 
The method of dislodgment can also be used to calculate the change of free energy 
bbs energy) in function of water content because the osmotic pressure makes such 
culations possible. 
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Figure 5- Water dlslodgment by the c a p i l 
l a r y r i s e of water i n the sand, which con
t a i n e d 5 percent of 0.1 N KCl solution, 
Ordinate: 1 — h e i g h t of the s o i l column i r 
cm; a b s c i s s a : W—water content i n percent 
a — s o l u t i o n content before the c a p i l l a r ; 
r i s e ; ( a -I- b) — s o l u t i o n and water conten 
a f t e r the c a p i l l a r y r i s e . Entered w a t e r -
h o r i z o n t a l l i n e s ; dislodged w a t e r — v e r t l . 

c a l l i n e s . 

SUMMARY 
1. The capillary movement of water in the soil is accompanied by complete dislo(| 

ment of the free water present in the soil. 
2. The dislodged water mixes partially with entering water and one part is left w i | 

out forming any mixture being detained on the wetting front. 
3. The amount of undisloc^eable water is a function of the concentration of the el^ 

trolyte in equilibrium. 
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Papers on the Use of Nuclear Magnetic 
Resonance to Determine State of Water 

In Soils and Similar Systems 

Introduction 

HANS F. WINTERKORN 

You have seen and heard numerous illustrations of the complex properties of soil-
later systems. For the behavior of the water substance in such systems, we must 
pld the geometric, electric, and magnetic properties of the water molecule responsi-
e that determine the interactions with molecules of its own kind and with ions, atoms, 

td molecules of different kinds. The latter may themselves be relatively free or 
:ed in position as in the surfaces of the soil minerals. The pertinent properties of 
e water molecule and the consequences of these properties with respect to the struc-
re of the liquid water substance are masterfully presented in the paper by Buswell 

| id Rodebush. One of the consequences of the hexagonal layered molecular structure of 
e water substance vicinal to clay mineral surfaces is the difference in its mechanical 
sistance properties parallel and normal to these surfaces. Hence, such water may 

lissess a more "liquid" character in one direction and a more "solid" character nor-
"al to this direction. 

Some may think that to solve our engineering problems we have gone far enough or 
rhaps too far to be concerned with particles as small as the water molecule. As a 

latter of fact, nobody knows how far down or how far up one has to go in the size scale 
obtain pertinent information. This is well illustrated by the next three presentations, 

•uch can be learned about the water molecule and its interaction with soU minerals 
lom its protons, which are about a thousand times smaller than the water molecule, 
l ie method of learning involves radio waves whose wave lengths are more than ten mi l -
|>n times the diameter of the water molecule. This refers, of course, to the method 

nuclear magnetic resonance. Some time ago I read a very fine paper in the Journal 
Geophysical Research entitled, "An Investigation of Shear Strength of the Clay-Water 
stem by Radio-Frequency Spectroscopy," by A. G. Pickett and M. M. Lemcoe of the 
uthwest Research Institute of Texas. I was so impressed that I asked Mr. Pickett to 
ntribute to the conference. 
While in Washington these last few days, I found out that there were two other sclen
ts in attendance who are deeply concerned with the use of nuclear magnetic resonance 
a tool to determine the state of restraint of water molecules in clay-water-, portland 

Jment paste-; crystalline hydrates, and similar systems. These gentlemen are Dr. 
ine of the National Bureau of Standards and Dr. Seligman of the Portland Cement 

sociation. They, also, kindly agreed to contribute to the program. 

t3 



Proton Magnetic Resonance in Clay Minerals 
R. L. BLAINE, Inorganic Building Materials Section, National Bureau of Standards 

Nuclear magnetic resonance energy absorption line widths 
within the region of proton resonance were determined for 
a number of clays and related materials at room tempera
ture. The line widths were calculated from the horizontal 
distances between the maxima and the minima of the deriva
tive absorption curves obtained with a 1720-gauss proton-
magnetic-resonance apparatus. Line widths in order of de
creasing proton mobil i^ were found to be approximately 3 
gauss for pyrophyllites, 6 gauss for kaolins and halloysites, 
9 gauss for a sepiolite, and 11 to 12 gauss for a bayerite and 
a bauxite, niites and montmorillonites gave only narrow line 
widths (0.3 to 0.7 gauss) in the semi dry state, but exhibited 
some less mobile hydrogen (line width of 2 to 3 gauss) after 
drying at 200 C. Except for bayerite, bauxite, and sepiolite, 
the clays did not exhibit the wide lines frequently associated 
with either hydroxide groups or water of crystallization or as 
determined for brucite and gibbsite. A sample of montmoril-
lonite frozen with liquid nitrogen and slowly thawed in the ap
paratus indicated that greatly increased proton mobility began 
at about -70 C. 

• THE ROLE and position of the hydroxide groups and water in clay minerals have 
been the subject of extensive research for many years. Many techniques have been 
utilized by research workers in determining the atomic structure of the various types 
of clays. Grim (1), Marshall (2), Rigby (3), Hendricks (4), and many others have sul 
marized research on the different clay minerals and presented structural arrangemei| 
Hydroxides and water molecules are important groups in most of the proposed struc
tures. However, the nature and position of the hydrogen of the hydroxides or the watl 
in clay minerals are difficult to ascertain and have been the subject of much conjectu{ 

Nuclear magnetic resonance apparatus, tuned to the proton-resonance frequency 
(PMR), has been used to study the hydrogen in both organic and inorganic materials. 
The technique was originally developed, almost simultaneously, by Bloch, Hansen, 
Packard (5) and Purcell, Torrey, and Pound (6). Comprehensive reviews of the prinl 
pies involved have been presented by Andrews ( T ) , Pake (8), Slichter (9), and others.1 

In the field of silicates, PMR techniques have been used by Kawachi, Murakami, a l 
Herahara (10), French and Warder (U), Watanabe and Sasaki (12), and Blaine (13) i n | 
the study of the hydration of portland cement and related compounds. Pickett and 
Lemcoe (H), have reported on the use of PMR in a study of clay-water systems of 
rather high water content. Large quantities of free or sorbed water may, however, 
mask the resonance effect of the protons of the structural water or hydroxide groups I 
which are a part of the crystal structure. It appeared desirable, therefore, to study] 
the application of PMR techniques to semi dry clays and related materials. 

APPARATUS 
A Schlumberger Model 104 nuclear magnetic resonance analyzer was used for m a l | 

these tests. This apparatus, which has previously been described by Rubin (15), is 
the broad-band type and utilizes a 1720-gauss permanent magnet with a 2-in. gap b e - | 
tween the 10-in. diameter pole faces. A sweep coil on the magnet varies the field 
strength by amounts up to 20 gauss. A crystal-activated radio frequency coil of 7.3 
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the precession frequency of the hydrogen nuclei in this particular magnetic field) is 
ocated between the pole faces of the magnet and contains the test sample in a glass 
'ial of about 1.35-in. outside diameter. As the external field strength is varied from 
)ne side to the other of the 1720-gauss field (Ho) corresponding to the resonance f re -
(uency of protons, the instrument plots, within certain limitations, the derivative of 
he energy absorption of the protons in the test sample. 

Smooth lines were drawn through the extraneous "noise" of the signals and measure-
nents made of the horizontal distance between the maxima and the minima of the de-
ivative absorption curves. These values, as obtained from the charts, were corrected 

accordance with the instrument calibration previously described (13), and are termed 
|ie derivative line widths (AH). Tests made on a number of polycrystalline, reagent 
rade chemicals indicated that the AH values obtained with this apparatus were consis-
nt with previously published values. 
The area under an absorption curve is proportional to the energy absorbed and hence 

le number of protons in the sample. With the derivative curves the distance of the 
3aks above and below the base line is related to this area and is used to furnish a rough 
stimate of the number of protons involved. This value is referred to in this paper as 
ak signal amplitude or AS. 

SCOPE 
Measurements of nuclear magnetic energy absorption in the region of proton reson-

|ice were made on a variety of semi dry and dried clays to investigate the application 
PMR to the study of water and hydroxides associated with clay minerals. Measure-

ents were also made of clay constituents such as brucite and gibbsite. Amorphous 
lid ground crystalline silica as well as finely divided alumina, lime, and limestone 
|ere tested to assess the effect of sorbed water on these different materials. A limited 
;udy was also made of the thawing of water in a frozen sample of semi dry montmoril-
nite, and a few tests were made of the effect of soil stabilizers such as CaCU and 

|^(OH)2 on the water associated with a sample of montmorillonite. 

TEST METHODS 
Samples of some of the clays were packed into the 1.35-in. o.d. glass vials to a 

pth of about 2 i n . , whereas others were pressed into disks slightly smaller in diame-
r than that of the vials and placed in the vials to a iVa- to 2-in. depth. Samples were 
acuated at room temperature for various periods to remove portions of the water, 

| ter which they were dried at 100 C, then at 200 C, and finally at 350 C. After each 
acuation or heat treatment the samples were allowed to remain in the stoppered vials 

a few hours before we^hing and testing in the PMR apparatus. Normally 3 to 5 
|sts were made of each sample under each condition. 

In determining the over-all absorption curve, a 20-gauss field strength was tra-
rsed in 4 min, whereas, in determination of the line width of peaks near the reson-
ce frequency field strength, only 1 or 2 gauss were traversed in 4 min. To Insure a 

^sely approximate derivative curve, the modulation amplitude employed was less than 
f i f th the line width in gauss in all reported values for AH. Where double peaks oc-

rred, separate determinations of AH were made using the required instrument 
rameters. The amplification of the signal was adjusted for each test sample to obtain 
optimum signal-to-noise ratio. Under the most unfavorable conditions reported i t 
estimated that the signal-to-noise ratio at the peak of the derivative curve for bound 
ter was of the order of 4 to 1, but in most cases it was larger. 
Peak signal amplitude values were determined traversing a 10-gauss field in 30 sec. 
rious signal amplification factors were used but, for comparative purposes the val-
s reported have been corrected to the same arbitrary sensitivity. 
The time constant of the apparatus was maintained at Vm of the sweep time or less, 

Jiecessary requirement for quantitative measurements with the instrument used. 
A sample of montmorillonite was frozen In liquid nitrogen in a special glass Dewar 
sk made to f i t in the rf coil between the magnets. The sample was allowed to warm 
in the Dewar flask while in the apparatus. Alternate determinations were made of 

B absorption-derivative line-width and the temperature as determined by means of a 



46 

0. s < 
_ l 
< 
2E (D 
01 

SWEEP FIELD IN GAUSS 

Figure 1. Derivative of absorption curve obtained on l l l l t e sample. 
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Figure 2. Derivative of absorption curve obtained on pyrophyllite sample. 

copper-constantan thermocouple inserted into the sample. Comparative measureme 
were made with distilled water frozen and cooled to liquid-nitrogen temperature and| 
allowed to warm up in the Dewar in the apparatus. 

A sample of montmorillonite was mixed with 20 percent of reagent-grade Ca(OH)l 
and water to a plastic consistency. Another sample of this same clay was mixed wi l 
2.5 percent of CaCla and water. Both samples, as well as one mixed with distilled f 
water, were stored in stoppered vials at 50 C for one week. Measurements were t h i 
made of the samples in the PMR apparatus after various periods of drying. 

Determinations of the PMR patterns of powdered opal, glbbsite, boehmite, and b l 
cite were made without addition of water to the samples. The samples of quartz grcfl 
to a surface-mean diameter of approximately 2 as well as the other powdered m a l 
als, were compacted in the test vial containing known quantities of distilled water b " 
the determinations. 
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[gure 3' Derivatives of absorption curves of kaolin sample after removal of various 
amounts of water. 

RESULTS OF DETERMINATIONS 
Figure 1 shows a smooth tracing of a derivative absorption curve, obtained for a 

|mple of partially dried illite where the field was traversed the nominal ±10 gauss 
out the Ho. Although the instrument parameters used for this test were such that the 
intral portion of the signal was overmodulated (that is, the modulation amplitude was 
eater than one-fifth of the absorption line width), very little absorption was evident 

§ier than the central peaks. The values for the line widths obtained on three samples 
illite are given in Table 1. 
The patterns obtained with montmorlllonites, conditioned in laboratory environment 
partially dried, were very similar to those obtained with the illites in that the only 

|parent absorption occurred very close to the resonance frequency possibly associated 
:h free water. The AH values obtained for a number of montmorlllonites are also 

lesented in Table 1. 
A curve obtained with a pyrophyllite is shown in Figure 2, where two pairs of peaks 
5 apparent. The peaks closest to HQ, possibly resulted from the presence of ad-

|rbed water, whereas the other peaks are associated with structural hydrogen in the 
neral. The line widths obtained with samples of pyrophyllites were approximately 

^ u s s , as given in Table 1. 
Absorption curves of a kaolin evacuated and dried to remove some of the water are 
)wn in Figure 3. The figure was traced from individual determinations after the vari-
3 treatments. The sample as well as the instrument parameters were the same for 

K h of the determinations. The broad curve with AH of about 6.1 gauss was common 
each of the recorded patterns, whereas the height of the central peaks became smaller 
;h evacuation or drying. Values for the line width for a number of kaolins are given 
Table 1. 
The halloysites gave curves very similar to those obtained with the kaolins, except 
.t the peaks closest to HQ indicated a slightly narrower line width than those obtained 

• h the illites and montmorlllonites. 
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Figure It. Derivative of absorption curve obtained on bayerite sample. 

TABLE 1 
ABSORPTION LINE WIDTH (AH) OF CLAY SAMPLES TESTED 

IN A SEMI DRY CONDITION 

Clay A H Clay A H i AH2 
Sample (gauss) Sample (gauss) (gauss) 

niites Kaolinites 
Oswego 0.29 Putman 6.0 0.18 
McAvoy 0.50 Kamec 6.0 0.19 
Fresian 0.53 EPK 5.8 0.15 

Montmorillonites Ga 600 5.9 0.20 
Hectorite 0.54 Lustra 5.9 0.21 
Bentonite #25 Upton 0.48 Dry Branch 5.8 0.14 
Bentonite #24 Otay 0.47 (uidsnown) 6.2 -
Belle Fourche 0.47 Dickite 5.9 -
Belle Fourche 0.38 Georgia 6.0 0.18 
Aberdeen, Miss. 0.34 Florida 5.8 0.19 
Panther Creek 0.33 Mesa Alta 6.1 0.22 
Chambers, Ariz. 0.67 Murfreesboro 6.2 o.ie 
Nontronite 0.88 Bolivia 7.5 O.K 
Wyoming bentonite 0.51 Halloysite dragon 6.1 0.0{ 
Na bentonite 0.49 Halloysite 6.0 O.K 
Ca bentonite 0.62 Halloysite hydrated 6.5 -
Pyrophyllite 3.0 Sepiolite 9.1 -

Pyrophyllite 2074 2.8 Bauxite 11.0 -
Pyrophyllite 2089 2.8 Bayerite 11.4 -
Pyrophyllite 2157 2.9 

A single sample of sepiolite tested indicated a line width of 9.1 gauss, whereas 
bauxite and bayerite (Fig. 4) indicated line widths of about 11 gauss (Table 1). 

The line widths obtained on a series of clays from which water was progressively! 
removed, f i rs t by evacuation and then by heating at 100, 200, and finally 350 C, are f 



49 

T A B L E 2 

A B S O R P T I O N L I N E W I D T H (AH) O F V A M O U S C L A Y S A M P L E S D E T E R M I N E D A T M O I S T U R E C O N T E N T 

Sample 

Clay Determln- A s After Evacuation for A f t e r H e a t i n f i f o r l S H r a t ^ ^ ^ ^ ^ 

Type atlon' R e c ' d . 4 H r 8 Hr 12 H r 18 H r 36 Hr 100 C 200 C 350 C Treatment^ 

i tmankaol ln Water (%) 2.06 1.76 1.61 1.54 1.50 1.42 1.17 0.63 - 14.8 
AHi (gauss) 6.00 5.90 6.10 6.00 6.00 6.00 6.10 6.10 6.10 
AH» (gauss) 0.18 0.21 0.23 0.27 0.28 0.32 0.34 

bmeckaol in Water (%) 3.75 3.45 3.25 3.20 3.11 3.02 2 .65 1.84 - 14.1 
AHi (gauss) 6.00 6.00 5.90 5.90 6.00 5.90 6.00 6.00 5.80 
A % (gauss) 0 .20 0.20 0 .19 0.22 0.22 0.23 0.17 0.11 

k>Kkaolin Water (7o) 2.73 2.27 2.09 2.02 1.87 1.78 1.45 0.66 - 14.4 
AHi (gauss) 6.00 5.70 5.80 5.80 6.10 5.70 6.00 6.00 6.10 
A K (gauss) 0.15 0.20 0.22 0.25 0.27 0.28 0.28 0.16 

L 600 kaolin Water (%) 0.85 0.66 0.61 0.59 0.56 0.53 0.36 0.18 - 15.3 
' AHi (gauss) 6.00 6.10 6.00 6.00 6.10 6.20 6.10 6.10 6.10 

Mb (gauss) 0.20 0.19 0.22 0.26 0.29 0.31 

[stra kaolin Water (%) 0.90 0.70 0.66 0.63 0.60 0.57 0.42 0.25 - 15.3 
' AHi (gauss) 5.90 5.90 6.00 6.00 6.30 6.10 6.00 6.10 6.20 

AH) (gauss) 0.20 0.25 0.28 0.26 0.26 0.26 

| y Branch kaolin Water (%) 1.52 1.14 1.01 0.96 0,91 0.85 0.63 0.23 - 15.0 
A H i (gauss) 5.80 6.20 6.10 6.40 6.00 6.00 5.90 6.10 6.20 
AHi (gauss) 0.14 0.21 0.24 0.26 0.29 0.28 0.22 

b g o n haUoysite Water (%) 3.36 2.58 2.27 2.12 2.02 1.79 1.25 - - 14.8 
AHi (gauss) 6.10 6.20 6.20 6.00 6.10 6.00 6.30 6.00 6.10 
A H i (gauss) 0.07 0.09 0.09 0.09 0.10 0.11 0.09 0.06 

•wegoiUite Water (%) 1.16 0.80 0.68 0.63 0.57 0.52 0.18 - - 4 .6 
AHi (gauss) - - . . . . . - 2 .60 
AHt (gauss) 0.28 0.26 0.14 0.14 0.14 0.11 0.10 0.09 

l A v o y i l l i t e Water (%) 5.21 3.98 3.42 3.22 3.02 2.78 2.39 0.71 - 4.4 
A H i (gauss) - - - - . . 1.10 2.40 3.00 
A a (gauss) 0.51 0.61 0.78 0.73 0.77 0.82 0.77 

Iter that i s removable by successive evacuation for 36 hr at room temperature, with l8-hr ctylngs at 100, 200, and 
m C, and with percentage based on weight after las t drying, 
^ e d on Ignited weight at 900 C. 

Mren in Tables 2, 3, and 4. The moisture content, based on the weight after the 350 
•leat treatment, for the respective determinations of line width is also given. In the 

t column is the percentage moisture (or other material that may be removed) based 
the 900 C ignited weight but st i l l present after the 350 C treatment. 
The A H i line width was arbitrarily assigned to the greater of the two values and AH2 

•values of the peaks closest to the resonance frequency HQ . As previously indicated 
a single sample of kaolin (Fig. 3), the broad lines for the various kaolins and the 

loysite did not change appreciably with the removal of water at 350 C or below. The 
I line width, which is possibly associated with interlayer or adsorbed water, general-
ncreased slightly as water was removed, which is in accordance with published data 

•other materials (16). 
The line widths for two of the three illites and two montmorillonites (Tables 2-4) 

increased slightly with decrease in moisture content. These materials exhibited 
narrow line widths at the higher moisture contents. However, after drying at 100 

f lOO C, a second set of peaks became apparent on samples of the McAvoy and Fithian 
es, the two montmorillonites, and the mixtures of illite and montmorillonite of 
le 3, The line widths of these peaks increased with decrease in moisture content, 
example, the AHi line width for the McAvoy illite was 1.1 gauss after drying at 
C, 2.4 gauss after 200 C and 3.0 gauss after the 350 C drying. The signals obtained 
hese dried samples were, however, very weak. Plotting line widths vs respective 
sture contents for an illite (Fig. 5) and a montmorillonite (Fig. 6) indicates rather 

• r p breaks in both curves. On the basis of the 900 C ignited weight, the illites and 
tmorillonites have about 4 percent water remaining after the 350 C drying treatment 

•compared to the kaolins and halloysite which had about 15 percent. It was also ap-
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T A B L E 3 

A B S O R P T I O N L I N E W I D T H (AH) O F M O N T M O R I L L O N I T E AND I L L I T E AND M I X T U R E S O F T H E S E 
D E T E R M I N E D A T M O B T U R E C O N T E N T 

Sample 

J S E S . 
Determin

ation' 
A s 

Rec 'd . 

After Evacuatton for 

4 H r 8 Hr 12 H r 18 Hr 

A f t e r H e a t i n g f o r l 8 H r a t ^ j ^ ^ 35^ ^ 
36 H r 100 C 200 C 350 C Treatment 

Montmorillonite 
(Wyoming 
bentonite) 

75 M 25 I 

50 M 50 I 

25 M 75 I 

mite (Fithian) 

Water (%) 
AHi (gauss) 
AHa (gauss) 

Water (%) 
AHi (gauss) 
AH^ (gauss) 

Water (%) 
AHi (gauss) 
A H I (gauss) 

Water (%) 
A H i (gauss) 
A l b (gauss) 

Water (%) 
A H i (gauss) 
Alfa (gauss) 

6.67 6.16 5.35 4.82 4.21 2.98 2.03 0.28 - 4.8 
_ _ _ _ _ - - 3.10 3.60 

0.51 0.55 0.56 0.51 0.54 0.57 0.49 0.29 -
6.23 5.60 5.00 4.56 3.93 2.64 1.81 0.54 - 5.1 

_ _ _ - - - - 2.70 2.90 
0.47 0.51 0.57 0.54 0.59 0.59 0.54 - -
5.75 5.05 4.47 4.11 3.65 2 .65 2.05 0.79 - 4.8 

_ _ _ - - - - 2.60 2.90 
0.43 0.51 0.57 0.58 0.55 0.59 0.58 - -
5.12 4.59 4.05 3.71 3.40 2.76 2 .35 0.98 - 4.8 

_ - - - - 2.60 2.50 
0.38 0.42 0.51 0.52 0.54 0.66 0.64 - -
4.88 4.26 3.83 3.68 3.50 3.28 2.70 1.43 - 4.7 

_ _ _ - - 1.00 2.10 2.50 
0.42 0.55 0.58 0.58 0.64 0.67 0.72 - -

%ater that I s removable by successive evacuation for 36 hr at room temperature, with l8-hr dryings at 100, 200, and| 
350 C, and with percentage based on weight after l a s t drying. 

Ssased on ignited weight at 900 C . 

TABLE 4 
ABSORPTION LINE WIDTH (AH) OF A MONTMORILLONITE WITH AND WITHOUT CHEMICAli 

TREATMENT DETERMINED AT MOISTURE CONTENT 

Sample 

Determin- As After Evacuation for Alter HeaOng for 18 Hrl 

Type ation' Rec'd. 4 Hr 8 Hr 12 Hr 18 Hr 36 Hr 100 C 200 C 350 

Montmorillonite Water (%) 8.06 6.22 4.57 3.61 2.55 1.54 0.71 0.27 -
as received AHi (gauss) - - - - - - - 2.80 3.6 

AHa (gauss) 0.44 0.47 0.49 0.43 0.39 0.42 0.31 - -
Montmorillonite' Water (%) 8.92 7.37 5.22 3.92 2.54 1.45 0.67 0.31 -

A Hi (gauss) - - - - - - - 2.70 -
AHa (gauss) 0.46 0.51 0.54 0.47 0.39 0.38 0.37 - -

Mont + Ca(OH)a' Water (%) 13.82 8.89 5.85 4.79 4.30 3.59 2.63 0.81 -Mont + Ca(OH)a' 
AHi (gauss) - - - - - - - 2.50 2.S 
AHa (gauss) 0.15 0.20 0.32 0.40 0.42 0.46 0.50 - -

Mont + CaCla* Water (%) 11.72 10.75 8.90 7.70 6.48 5.44 3.35 0.52 -Mont + CaCla* 
AHi (gauss) _ - - - - - 2.80 2.! 
AHa (gauss) 0,37 0.38 0.34 0.38 0.41 0.47 0.68 - -

^Water t h a t I s removable t y suaoesslve evacuation f o r 36 hr a t room temperature, wi th l 8 - h r dryings a t | 
100, 200, and 350 C , and wi th percentage based on welgnt a f t e r l a s t dry ing . 

% a t e r added stored one week at 50 C . 

320 percent Ca(0H)2 and water added, s tored one week at 50 C . 
^3 percent CaCl2 and water added, s tored one week at 50 C . 

parent from the weak signals of the test patterns that fewer protons were present in l 
the illites and montmorlllonites after drying at 200 or 350 C than were present In thI 
kaolins and halloysites. 

The relationship of peak signal amplitude to moisture content as determined on tM 
samples of kaolin, a sample of il l i te, and a sample of montmorillonite is shown in M 
ure 7. The moisture content was based on the weight of samples after drying at 35Cl 
In these tests a 10-gauss sweep field was scanned in 30 sec using an overmodulated T 
signal of 5 gauss. This procedure has been used for determining moisture content i 
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iLgure 5- Absorption line width vs mois
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Figure 6. Absorption line width vs mois
ture content of montmorillonite sample. 

TABLE 5 
[ABSORPTION LINE WIDTH (AH) OF 

MINERALS AND PARTICULATE 
MATERIALS ASSOCIATED WITH 

CLAY MINERALS 

Water on 
Dry Basis AH 

Lrious organic materials (15^). However, structural hydrogen as well as adsorbed 
later is included under these conditions. Plotting the signal amplitude vs the moisture 
pntent based on the 900 C ignited weight places the kaolins to the right of the illite and 
lOntmorillonite but does not remove the curvature of the lines nor bring them together. 

When samples of montmorillonite were 
mixed with Ca(0H)2 or CaCla and allowed 
to react at 50 C for a week, the AH values 
were not greatly different from those ob
tained with this clay as received or with 
water added before the determination and 
then dried. In every instance, a line width 
at 2 to 3 gauss became apparent after the 
200 C dry i i^ treatment. It was noted that 
the clay treated with the Ca(0H)2 was fairly 
hard or set after the 50 C curing period, 
whereas the CaCl2-treated clay and that 
with water added were st i l l plastic. 

The curves obtained with brucite crys
tals that had been pulverized are shown in 
Figure 8. The line widths of both the blue 
and the white crystalline material were ap
proximately 12 gauss. The curve obtained 
on gibbsite is also shown in this figure. 

The AH values obtained with gibbsite, 
boehmite, opal, silica gel, ground quartz, 
hydrated lime, precipitated calcium car
bonate, pulverized limestone, and a finely 
divided AI3O3 are given in Table 5. The 
line widths of the materials containing 
sorbed water were sensitive to the amount 
of water present. With silica gel, for ex
ample, the values for line width increased 
markedly with lower moisture content, as 
shown in Figure 9. 

Material (%) (gauss) 
•ucite: 
rhite - 12.6 
lue - 13.7 
bbsite - 11.6 
lehmite - 11.0 
lartz 30 0.26 
lal 10 0.075 
.ica gel 13 0.036 
203 200 0.019 
drated lime: 
onplastic 50 0.038 
Lastic 50 0.030 
t . , calcium 
irbonate 32 0.025 
ound Limestone: 
E 15 0.038 

15 0.10 
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A graph showing the line widths ob-
ained on a sample of montmorillonite 
rozen with liquid nitrogen and allowed to 
/arm up in the apparatus is shown in Fig-
ire 10. In this figure is shown also the 
eak signal amplitude as calculated from 
le recorder chart values and instrument 
arameters. It may be noted that a break 
as obtained in each of these curves at 
bout -70 C, but that the change in line 
idth with temperature was fairly gradual, 

^ooth curves were obtained in each de-
rmination with no evidence of any sec-

hdary peak as would be obtained with free 
later. Presented also in this graph are 
sts obtained with ice frozen in liquid 
trogen and permitted to thaw under simi-
r conditions. A sharp break in the curve 
apparent in the -10 C region. The tem-
rature of both the ice and the montmoril-
nite were measured near the center of 

(5 sample, and the material near the edges may have been considerably warmer and 
ntributed to the apparent line width. It may be noted, however, that the AH value for 
intmorillonite at liquid nitrogen temperature was less than half that of ice. 

DISCUSSION 
Many of the structures proposed for clay minerals include, in addition to interlayer 

iter, brucite and gibbsite layers and hydroxide groups as well as water of crystalli-
Ition. The line widths of both brucite and gibbsite were found to be about 11 to 12 
luss. 

•01 

Water, percent 

Figure 9. Relationship between derivative 
line width and moisture content of s i l i c a 

gel sample. 
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J u r e 10. Relationship between derivative line widths and temperature and relationship 
between signal amplitude on montmorillonite sample and temperature. 
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Tests made with this apparatus on a large number of reagent grade inorganic poly-
crystalline hydroxides and compounds with water of crystallization indicated line widthi 
for a great majority of the compounds in the 10- to 16-gauss range when tested at room: 
temperature. The AH values for bayerite and bauxite were within this rar^e. Howeve; 
measurements on illites, montmorillonites, pyrophyllites, kaolins, and halloysites dic| 
not exhibit any peaks in the curves with line widths in the 10- to 16-gauss range. It is 
recognized that in interpretation of PMR data, many unknown factors are involved. It 
appears, however, that for these clays, the apparatus used was not sensitive enough t( 
determine the presence of any structural hydrogen held either as hydroxides or as wat 
of crystallization in the quantities present. 

Nakamoto, Margoshes, and Rundle (17), in a paper on stretching frequencies as a 
function of distance in hydrogen bonds, reported the bond distance of a number of com 
pounds. A few of these compounds (reagent grade) were tested in some preliminary 
work with this apparatus and AH line widths of 2 to 10 gauss were obtained—the small 
values for AH being obtained for those compounds reported as having low values for th 
O-H-0 distance. 

The AH values for pyrophyllites, kaolins, halloysites, and sepiolite fa l l within this 
2- to 10-gauss range as do the AH values for the montmorillonites and illites after dr3 
ing at 200 C. However, the signals for the montmorillonites and illites were very wei 
in this region compared to those of the other clays. 

The explanation of the role of sorbed water or interlayer water associated with cla; 
minerals also presents some interesting problems. Water adsorbed on amorphous si 
ca such as gel or opal exhibited a relatively small AH value, whereas powdered cryst 
line quartz with a water content of 30 percent indicated a larger line-width value. Th 
fact that rather narrow line widths were obtained with the very fine materials such as 
silica gel, fine AI2O3 powder, lime, and precipitated calcium carbonate would seem t( 
indicate that a large surface area as such is not a major factor in contributing to the 
AH value. Crystalline silica appears to immobilize the water to a greater extent thai 
amorphous silica and may be responsible for the strong adsorption of water leading tc 
AH values in the range of 0.3 to 0.7 gauss as found for the illites and montmorillonitt 
and the AH values of 0.1 to 0.2 gauss for the kaolins. The AH values obtained for the 
interlayer adsorbed water on halloysite were appreciably lower than those obtained fo 
the previously mentioned clays. These lower values may indicate a different type of 
surface adsorbing the water or a surface with a different energy. 

Although samples of montmorillonite tested at room temperature had only small A 
values which suggested highly mobile protons, the sample tested at liquid nitrogen tei 
perature exibited a AH value less than half that determined for ice similarly tested. 
Tests of frozen samples of other clays may furnish further information of the nature 
of the water in these materials. The results obtained with the broad-band proton-magn 
resonance apparatus are relatively insensitive with polycrystalline materials and ave 
the effect of the different types of bonding of the hydrogen nuclei. For example, Pak 
(8) has reported thatCaS04X 2H2O, which has two types of water molecules, exhibits 
double derivative peaks with a single crystal but only one set of peaks in the powder 
form. It cannot, therefore, be definitely stated that the AH values of 2 to 10 gauss o 
tained with these clays are caused by hydrogen bonding. Further tests with highly 01 
ented silicate minerals appear necessary to the study of water and hydroxides in clay 

It may be noted that the line widths obtained on the clay minerals appear to fa l l inl 
a pattern of multiples of 3 gauss; namely, approximately 0, 3, 6, 9, and 12 for illite 
pyrophyllites, kaolins, sepiolite, and bayerite, respectively. Minor constituents, i i 
purities, instrumental variations, and inaccuracy of measurements may have accoun 
for the different AH values that occurred within each group, but the differences betwt 
the groups appear real. 

SUMMARY 
Determinations were made at room temperature of the proton magnetic resonance 

absorption derivative line widths of a variety of clays and related minerals. 
The line widths of iUites and montmorillonites were inthe0.3-to0.7-gaus8rangev 

tested in a semi dry condition. These values correspond to line widths associated w 
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strongly adsorbed water. When these materials were dried at 200 C or higher, line 
widths of about 3 gauss became apparent, but no absorptions corresponding to those 
normally obtained with hydroxides or with water of crystallization were obtained with 
this apparatus. The line widths of samples of pyrophyllite were also about 3 gauss, 
|vhereas AH values of about 6 gauss were obtained with kaolins and halloysites. Smaller 
^H values normally associated with adsorbed or interlayer water were also obtained 
vith these clays. Line widths in the 2- to 8-gauss range are similar to those obtained 
)n reagent chemicals having various 0-H-O distances and are considerably lower than 
hose obtained with brucite or gibbsite or with most other hydroxides or salts with water 
>f crystallization. A sample of sepiolite gave a line width of 9.1 gauss, and samples of 
>ayerite and a bauxite gave line widths of 11.4 and 11.0 gauss, respectively, which fal l 
rithin the range normally associated with hydroxides or water of crystallization. 

Removal of water by evacuation or by heating up to 350 C did not affect the line width 
ttributed to structural water in kaolins but tended to increase the line width associated 

pith the adsorbed water. The interlayer water or that adsorbed on different clays ex-
ibited different degrees of line broadening and also greater line widths than were ob-

bined with other finely divided minerals such as silica gel, ground quartz, or precipi-
|ited calcium carbonate. Adsorbed water on crystalline silica exhibited a greater ab-
orption line width than that sorbed on either amorphous opal or silica gel. 

A sample of montmorillonite frozen with liquid nitrogen and allowed to thaw in the 
hparatus indicated a decrease in line width (that is, an increase in proton mobility) at 
jbout -70 C. Samples of a montmorillonite clay mixed with calcium hydroxide or with 
|alcium chloride and stored at 50 C for one week did not exhibit line widths greatly dif-

rent from clay samples without the chemical treatment. 
Although the results reported in this study may not be considered quantitative with 

spect to either structure or possible hydrogen bonding of the clay minerals, the use 
proton magnetic resonance techniques appears to offer possibilities for a better under-

handing of these materials. 
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A Study of Absorbed Water on Clay by Steady 

State Nuclear Magnetic Resonance 
A. G. PICKETT, Southwest Research Institute, San Antonio 

• THE CONCEPT of water f i lm strength, reported by Terzaghi (1) in his earliest 
works on soil mechanics and developed into a more elaborate theory by such investi
gators as Winterkorn (2, 3), Forslind (4, 5), and Grim (6, 7) may be summarized as| 
follows: 

1. An adsorbed f i lm of strongly oriented water molecules is f irmly bound to the 
clay surface. 

2. The water molecule orientation extends for some distance into interparticle 
water. 

3. The oriented water molecules resist deorientation and this resistance to deori-
entation is a significant part of the shear strength of a wet clay soil. 
The source of this bonding and orienting force is the polar nature of the water molecul 
itself and a similar property of the clay crystal surface. Although an atom is electrif 
cally neutral, the formation of an ionic valence bond in which electrons are "borrowe| 
from one atom to help f i l l the outer electron shell of another causes a dislocation of 
electric charge, the donor atom becoming positively charged and the borrower nega
tively charged. The asymmetric water molecule behaves, therefore, as a body with 
oppositely charged ends, one of which is attracted and the other repelled by the clay 
crystal surface which is charged by a similar mechanism. The enormous surface ar 
of clays, estimated by Hendricks, Nelson, and Alexander (8) as being in the neighbor 
hood of 8 X 10* sq cm per g for a montmorillonite, offers this force the opportunity of 
being a very important parameter of shear strength. Opposing the development of or 
entation, however, is the Brownian movement, which is also of consequence at this 
phenomenoligical level and the estimates of the resultant thickness of strongly orientd 
layers and their resistance to a shearing stress—based on theoretical analyses by vaf 
ous investigators—vary widely. It has been conclusively demonstrated, however, th^ 
the polar bonding forces are of real significance in the resistance of materials to shel 
ing stresses and that they can be measured by appropriate techniques. In particular,! 
Debye delineated their role as "dashpot" elements in viscoelastic materials and demcl 
strated that a measurement of their relaxation times by any means also described t h ^ 
functions in determining the mechanical properties of a material. 

The unique feature of the electrostatic linkage is the immobilization of the hydrogd 
atom. This immobilization can be measured in terms of resistance to shearing stref^ 
(viscosity or shear strength) by steady state nuclear magnetic resonance. 

Steady state nuclear magnetic resonance (NMR)(9) measures two relaxation times J 
T i , called the thermal relaxation time, is the time required for the energy absorbed" 
a nucleus whose equilibrium has been disturbed to be dissipated to the lattice. T2, 
called the spin-spin relaxation time, is a time constant associated with the influence I 
the magnetic field of one nucleus on another nucleus, which is a measure of the prox-l 
imity of nuclei. Bloembergen, Purcell, and Pound (10) and Grant (11) showed that Tr 
is also a measure of the potential resistance of an assemblage of water molecules to[ 
shearing stress. 

The great advantage of this technique is that it is nondestructive and measures waf 
f i lm strength directly. The viscosity of intralayer water of montmorillonite is mea
sured as easily as that of the interlayer water, for example. 

In order to limit the variables, clays of well-known properties were prepared andl 
tested. These clays were (a) Georgia kaolin, (b) homionic Wyoming bentonites, and " 
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Figure 1. Block diagram of MMR equipment used. 
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Moisture Content in Percent of Dry Weight 

Figure 2. Mbistiire content, n a t u r a l bentonite and n a t u r a l k a o l i n i t e . 

treated homionic montmorlllonites. These clays were prepared at various moisture ttents, and the line width of the recorder derivative signal (equal to 1/̂ 3"̂  T2) was 
isured and plotted as a function of moisture content. Stored at constant moisture 
tent (in sealed bottles), the samples exhibited no change in line width despite notice-
e changes in strength properties (caused by thixotropic behavior and remolding) that 

tulted from aging and agitation. The only measurements made by NMR were of line 
th. The moisture content was measured by standard oven-drying technique. Fig-
s 1 through 5 show the equipment used, typical NMR signals, and the final results, 
magnitude of this bonding force, compared with Ice 1, is low—indicating that the 

ttribution to shear strength is relatively small. For example, ice at -2 C (Bloem-
gen, Purcell, and Pound (10)) has a line width of 4,000 milligauss and sodium mont-
rillonite has line widths of 1, 600 milligauss at 0.48 percent moisture content by dry 
ght and 950 milligauss at 3.46 percent. It is interesting to note that comparable line 
Iths were measured in dry, aged portland cement concrete, and that some organic 
totropic gels exhibited no increase in line width on setting up. From experiments on 
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F i g u r e h. Moisture content, modified c l a y s . 

clays, it was concluded that the major bonding forces in clays were other than water| 
f i l m strength. 

The modified clays were prepared to investigate the difference in the condition of I 
water on the different surfaces of montmorillonite crystal stacks. The lithium monfl 
morillonite, after heating, has no intralayer water. The silaned clay has intralayen 
water, but has no exterior water f i l m . However, no difference was observed in mo<| 
or energy of bonding between the two systems. 
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S E L E C T E D BIBLIOGRAPHY ON NUCLEAR MAGNETIC RESONANCE 

Prepared by the Physics Department, Southwest Research Institute, San Antonio, 
Texas. —The following bibliography was assembled in late 1954 to provide an introduc 
tion to the literature on nuclear magnetic resonance for technical persons contemplatii 
the use of NMR techniques for measuring moisture in hygroscopic solids. Inasmuch a 
over 400 articles on NMR had been published by January 1954 alone, no attempt has 
been made to cover the field completely. A sufficient number of references has been 
included to provide a general background, and those interested in pursuing the subject] 
further are referred to the extensive bibliographies contained in the review articles 
listed in Part n. 

The majority of NMR papers published in the United States are found in Physical 
Review and Journal of Chemical Physics. More recently, papers on applications of 
NMR to chemical problems have begun to appear in the chemical journals. The majoi 
source of prepublication information on new advances in the field are the sevei al mee 
ings of the American Physical Society, held at major cities during the year. Advance 
announcements and abstracts of the papers to be presented are contained in the Bullet 
of the American Physical Society. For more detailed information on equipment and e 
perimental techniques than is usually presented in the published papers, one can take 
advantage of the many doctoral theses on NMR usually obtainable on microfilm at sm: 
cost from the university concerned. 

Part I: General Theory and Experimental Methods 
1. Bloch, F . , "Nuclear Induction." Phys. Rev., 70:460 (1946). 
2. Bloch, F . , Hansen, W.W., and Packard, M . , "The Nuclear Induction Experimel 

Phys. Rev. , 70:474 (1946). 
3. Bloembergen, N . , Purcell, E . M . , and Pound, R . V . , "Relaxation Effects in Nu| 

ar Magnetic Resonance Absorption." Phys. Rev. , 73:679 (1948), 
4. Pake, G . E . , "Fundamentals of Nuclear Magnetic Resonance Absorption: I &n. 

Amer. Jour. Phys., 18:438-452, 473-486 (1950). 
5. Hahn, E . L . , "Spin Echoes." Phys. Rev., 80:580 (1950). 

Part I I : Review Articles and Books 

1. Soutif, M . , "Nuclear Paramagnetism." Rev. Sc i . , 89:203-42 (1951). In Frenc^ 
2. Gorter, C . J . , "Radiofrequency Spectroscopy." Experientia, 9:161-175 (1953). 
3. RoUin, B . V . , "Nuclear Paramagnetism." Rep. Phys. Soc. Prog. Phys. , 12:23 

33 (1948-49). 
4. Smith, J . A. S. , "Nuclear Magnetic Resonance Absorption." Quart. Rev. (LondJ 

7:279-306 (1953). 
5. Pound, R . V . , "Nuclear Paramagnetic Resonance." Prog. Nuclear Phys. , 2:211 

(1952). 
6. Gutowsky, H . S . , "Nuclear Magnetic Resonance." Annual Rev. Phys. Chem., 

4:333-356 (1954). 
7. Ramsey, N . F . , "Nuclear Moments." John Wiley (1953). 
8. Andrews, E . R . , "Nuclear Magnetic Resonance." Cambridge Univ. Press (in 

press). 
9. Darrow, K . K . , "Nuclear Magnetic Resonance." Bell Systems Tech. Jour. , 32j 

99 (1953). Especially recommended for the layman. 
10. Black, F . , "The Principle of Nuclear Induction." Science, 118:425-30 (1953). 
11. Purcell, E . M . , "Research in Nuclear Magnetism." Science, 118:431-36 (1953)| 

Part m: Equipment 

A. R - F Brieve Systems 

1. Bloembergen, N . , Purcell, E . M . , and Pound, R . V . , (see Ref. 1-3). 
2. Anderson, H. L . , "Precise Measurement of the Gyromagnetic Ratio of He*. 

Phys. Rev., 76:1460 (1949). 
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3. Smaller, B . , "Precise Determination of the Magnetic Moment of the Deuter-
on." Phys. Rev., 83:812 (1951). 

4. Thomas, H . A . , DriscoU, R . L , , and Hippie, J . A . , "Measurement of the Pro
ton Moment in Absolute Units," Jour. Res. N . B . S . , 44:569 (1950). 

5. Grivet, P . , Soutif, M . , and Gabillard, R . , "The Double T Bridge in Nuclear 
Magnetic Resonance." Physics, 17:420 (1951). In French. 

^. Induction Systems 

1. Bloch, F . , Hansen, W.W., and Packard, M , , (see Ref. 1-2). 
2. Proctor, W . G . , "On the Magnetic Moment of T*", " Phys, Rev. , 79:35 

(1950), 

Regenerative and Superregenerative Spectrometers 

1. Roberts, A , , "Two New Methods for Detecting Nuclear Radio-Frequency 
Resonance Absorption," Rev. Sci. Instr. , 18:845 (1947). 

2. Sheriff, R , E , , and Williams, D , , "Nuclear Gyromagnetic Ratios," Phys, 
Rev,, 82:651 (1951), 

3. Pound, R , V , , and Knight, W , D . , "A Radiofrequency Spectrograph and Simple 
Magnetic-Field Meter." Rev. Sci. Instr. 21:219 (1950). 

4. Ginsberg, J . , and Beers, Y . , "Circuit for a Radio-Frequency Spectrometer." 
Rev. Sci. Instr, , 24:632 (1953). 

5. Knoebel, H,W. , and Hahn, E , L . , "A Transitron Nuclear Magnetic Resonance 
Detector." Rev. Sci. Instr. , 22:904 (1951). 

6. Gutowsky, H. S, , Meyer, L . H . , and McClure, R . E . , "Apparatus for Nuclear 
Magnetic Resonance." Rev, Sci, Instr, , 24:644 (1953). 

Spin Echo Equipment 

1. Hahn, E . L . , (see Ref. 1-5). 

| i r t IV: Moisture Measurement by NMR 

Shaw, T . M . , and Elsken, R . H , , "Nuclear Magnetic Resonance Absorption in Hygro
scopic Materials," Jour, Chem, Phys,, 18:1113 (1950), 

Shaw, T , M , , and Elsken, R . H , , "Investigation of Proton Magnetic Resonance Line 
Widths of Sorbed Water." Jour. Chem. Phys., 21:565 (1953). 

Shaw, T , M , , and Elsken, R. H . , "Determination of Water Content of Solids by 
Nuclear Magnetic Resonance," Abstracts of papers, 123rd Meeting of Ameri
can Chemical Society, Los Angeles, Calif . , p, lA (March 15-19, 1953). 

Shaw, T, M . , Elsken, R . H , , and Kunsman, C . H . , "Moisture Determination of 
Foods by Hydrogen Nuclei Magnetic Resonance," Jour, Assoc. OfficialAgric. 
Chemists, 36:1070 (1953). 

RoUwitz, W. L . , and O'Meara, J . P . , "Determination of Moisture by Nuclear Mag
netic Resonance: I . Theory and Design Considerations for a Practical Instru
ment." Abstracts of papers, 124th Meeting of American Chemical Society, 
Chicago, 111., p. 13D (Sept, 6-11, 1953), 

O'Meara, J . P . , andRoUwitz, W. L . , "Determination of Moisture by Nuclear Mag
netic Resonance: II , Experimental Results on Products of the Corn Wet-
Milling Industry." Abstracts of papers, 124th Meeting of American Chemical 
Society, Chicago, 111., p. 13D (Sept. 6-11, 1953). 

Shaw, T. M . , and Elsken, R, H , , "Techniques for Nuclear Magnetic Resonance 
Measurements on Granular Hygroscopic Materials," Jour. App. Physics (in 
press). 

Shaw, T. M . , and Elsken, R. H . , "Determination of Hydrogen in Liquids and Sus
pensions by Nuclear Magnetic Absorption." Jour. Chem. Physics (in press). 

O'Meara, J . P . , and Rollwitz, W. L . , "Determination of Moisture by Nuclear Mag
netic Resonance." Abstracts of papers, 1st International Instrument Congress, 
Philadelphia, P a . , September 13-23, 1954, I . S . A . Jour., p. 75(Sept. 1954). 
I. S.A. Proc. (in press). 
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Part V: Commercial Manufacturers of NMR Equipment 
Varian Associates, 611 Hansen Way, Palo Alto, Calif. Useful technical data and vari

ous bulletins can be obtained from Emery H. Rogers, Special Products Sales Man 
ger. 

Laboratory for Electronics, 75 Pitts St., Boston 14, Mass. Technical data may be ob 
tained from A. C a r l Westbom. I 

DISCUSSION 

Question: With respect to the differences in line width at 100 percent moisture in the 
case of the homoionic clays, do these widths signify that you have differences in 
orientation of the water molecules at moisture contents of 100 percent? 

Pickett: The observed differences were so small that I do not know whether to attribu 
them to experimental error, the inhomogeneity of the magnetic field, or the rath< 
large samples used. The samples were 1.5 in. in diameter and the inhomogeneit 
in the sample, the way it was placed, was of the order of about 50 milligauss. T 
differences at 100 percent moisture were in the order of about 30 to 40 milligausi 
Therefore, I really cannot give a definite answer on this point. 

Question; When you compared the viscosity of the absorbed water to the viscosity in 
ice or free water, is not what you measured an average viscosity of the entire w J 
in this clay piece ? 

Pickett: Yes, that i s right. These graphs give the average viscosity of all of the wall 
It would take a bit of mathematics to go from layer to layer as you build up layerl 
after layer to reduce the data down to the viscosity of specific layers. 

Question: Could this not be done by using different degrees of saturation of the mineil 

Pickett: Well, you see we ran these samples from about 0.5 percent moisture to soiJ 
thing over 100 percent in rather small increments. 

Question: But your data could be evaluated. 

Pickett: They could be, but we have never done it. 
Winterkorn: In such an evaluation, it should be kept in mind that the viscosity of a p J 

ticular water layer depends not only on its distance from the mineral surface bull 
also on the distance to an existing air-water interface. ' 

Question: Has anybody attempted to start with a fairly well-characterized clay hydra 
and first analyzed it by X-ray diffraction; then after determining that he was deal 
with, perhaps, a monolayer hydrate, run it in a nuclear magnetic resonance (NIfl 
machine to see what he got in the way of water configuration? He could have gori 
back and prepared a two-layer hydrate and tested this in the NMR machine, and r 
forth. I should think that if he started out with fairly well-purified clay mineral^ 
and hydrates which he had characterized by some standard means, such as X - r a l 
diffraction, this would greatly simplify the interpretation of the results from the 
NMR machine. 

Pickett: I do not know of any study on clays that has been that complete. Our labora 
has done some work that has been that complete on silica gels, but not on clays. 
Does anyone here know of anybody who has had that much money ? 

Answer: I do not know of anyone, but the fact that you went through water contents vfl 
mono- and dual-layers usually form and got no discontinuities in your curves sur 
gests that the continuous change in the NMR line width represents the viscosity. 

Pickett: Thank you. I felt that way, but I cannot prove it. 
Winterkorn: I feel that the fog is lifting and that we are getting right at the crux of c 

problem. Certainly, the NMR method will have an important role to play in its) 
mate solution. Mr. Pickett mentioned the money angle involved in this kind of 
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Money is indeed a very important factor. Several years ago, I applied to the 
(National Science Foundation and to other agencies for funds to do this kind of work 
in the manner suggested. I did not get it and the same thing probably happened to 
}thers that were on the same scent. This is why I was so happy when I read Mr. 
Pickett's work on this subject and why I asked him to speak to us today. Universi-
ies are no longer rich enough to provide funds for this kind of work and it seems 
hat we have to hope that the large government and industry laboratories will do it 
,nd produce data which we can use. 

Dr. Blaine and Mr. Pickett have introduced us to the NMR method and have 
hown us why and how it can be used for our purpose. Now Dr. Seligmann of the 

Portland Cement Association Research Laboratories will tell us more about the 
why" and also about the advantages and limitations of this method. 



Interpretations and Limitations of Nuclear 
Magnetic Resonance 
PAUL SELIGMANN, Portland Cement Association 

• ALTHOUGH the interest of the Applied Research Section of the Portland Cement 
Association has centered primarily on the possible use of nuclear magnetic resonance 
for determining the states of binding of the water in hydrated cement paste, the concli 
sions drawn as a result of study and the few experiments that have been conducted for 
the Section are of interest. This belief is based on the fact that most of the hydration 
products of Portland cement are, like the clay fraction of soils, of a colloidal nature 
(1). In fact, the system concerned is at least as complex as the soil-water system. 
In addition to the phenomena associated with changes in adsorbed water content, there 
are the chemical reactions of continued hydration of the cement and the reactions of t 
hydration products with atmospheric carbon dioxide. No technique has yet been deve! 
oped for determining the precise states of physical and chemical binding of the water 
in hydrated cement paste. ' 

The Section's interest in nuclear magnetic resonance was first aroused by the ap
pearance of a paper (2) in 1955 dealing with the different proton resonance patterns t l | 
appear at various degrees of hydration of cement-water pastes. It appeared from thil 
work that physically adsorbed and chemically combined water could be distinguished, P 
at least semiquantitatively. A careful study of the potentialities of this method was 
therefore initiated; this study was completed at about the same time that an earlier 
speaker, Raymond Blaine, obtained his equipment. The conclusions from this study 
pertinent to the Section were (a) if the instrument could distinguish no more types of 
water than were indicated in the 1955 paper, the technique would not be useful either 
routine work or as a research tool, and (b) in view of this apparent limitation, there 
would be little or no justification to make the considerable effort required to develop 
techniques for use of the equipment or to develop detailed theoretical interpretations 
the patterns obtained. 

The first conclusion is based on a variety of results obtained from shrink^e data 
and X-ray diffraction patterns showing that the portion of the paste water that is eva 
able at 105 C cannot be a homogeneous adsorbed phase, and further that the precisio 
of proton resonance measurements was not sufficient for this technique to be used a: 
replacement for the time-consuming, routine adsorption methods now in use. The s 
ond conclusion was based in part on the scope of the work of the Section and in part c 
the extreme difficulty of precise interpretation of nuclear magnetic resonance patter 

The proton resonance frequency depends on the difference in energy between two 
proton states representing two possible orientations with respect to the magnetic fie 
This energy difference, in turn, depends on the field strength as is shown by the f o l | 
ing formula: 

in which 

y = = (cos Bi - cos e») 

y = the resonance frequency 
AE = the energy difference between the two proton orientations 

H = the magnetic field strength 
|i = the magnetic moment of the proton 

6i, 62 = the angles between the magnetic field and the magnetic 
moment of the proton in the two orientations 

h = Planck's constant 

6k 
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If the magnetic field were completely homogeneous, the resonance pattern would 
insist of only one infinitesimally thin line at the resonance frequency given by the 
rmula. The pattern would therefore be the same for all materials containing hydro-
5n and would be useful at best only for the quantitative determination of hydrogen cou
nt. The real utility of the instrument is based on the fact that the local magnetic field 
(rength at the positions of individual protons is a resultant of the external magnetic 
Bid and the magnetic fields produced by neighboring electrons, nuclei, and other atoms 
id molecules. The actual pattern obtained, therefore, results from the particular en-
ronments in which the protons find themselves, and consequently the patterns them-
Ives when properly interpreted indicate the states of binding of the protons in the ma-
rial under study. Although qualitative conclusions can be readily drawn, as has been 
own in the two preceding discussions, a more detailed interpretation is exceedingly 
ficult. 

The effect of binding can be illustrated by a description of the difference in patterns 
ween a liquid and a solid. In a solid, the atoms are rather tightly bound; they are 
; free to move and as a result the local field may vary considerably from point to 
nt within a lattice. As a result, there i s a large range of resonance frequencies be-
ise there is a wide variety of local magnetic field strengths. In a liquid, on the other 
id, much greater freedom of motion is possible; the application of the external field 
ises the nuclei and atoms to align themselves in such a way as to cause the local 
Id to be much more nearly like the external field. The line width is, therefore, con-
erably narrower and all portions of the pattern are very close to the frequency that 
lid be calculated from the external field strength by E q . 1. 
Really precise interpretations of proton magnetic resonance patterns have been made 
Y for single crystals of known structure where all the components of the local mag
ic field could be precisely determined. The cement-water system, like the soil-
er system, is far from meeting the prerequisites for such detailed analysis, 
[t must be recognized, however, that the phenomenon of nuclear magnetic resonance 
be used in a variety of techniques. The discussions of Blaine and of Pickett were 
1 based on the so-called "wide line" technique, which is very adaptable to the study 
lolid material. There is another technique known as the "spin-echo" technique that 
ess well known but has been successfully used in determining the states of binding 
adsorbed" water in various colloidal systems without a precise knowledge of the 
il magnetic field strengths. 
"X great interest in this connection is a paper on the state of water adsorbed on silica 
(3). At low moisture contents, three distinct classes of water were found in place 
le single, previously assumed class. Of equal significance is recent work (4) on 
state of binding of adsorbed water on cellulose. In this system, two distinct types 
dsorbed water could be distinguished and the frequency of transition between the two 
s could be determined. 
iecause of the great promise of this new technique, samples of a particular hydrated 
ent paste with different evaporable water contents were submitted to the manufac-
r of a spin-echo proton magnetic resonance apparatus that has recently become com-
cially available. Unfortunately, it was found that the local magnetic fields produced 
le small quantity of ferric oxide in the cement distorted the patterns sufficiently to 
roy their value. It is believed, however, that the method still holds great promise 
;he study of colloids containii^ no iron. Unfortunately, the iron usually present in 
minerals would cause this technique to be of little value in work with the systems 
terest to this audience. 
Ithough the conclusions reached herein appear very discouraging, one further tech-
e is being investigated; namely, the study of dielectric constant and dielectric loss 
)r measurements as a function of frequency. In both of the applications of spin-echo 
lique cited, the results confirmed preliminary indications obtained by studies of the 
!ctric constant of the same materials. Inasmuch as local magnetic fields are not 
ved to interfere with the ability of a polarized water molecule or hydroxyl group to 
nate with an external electromagnetic field, this technique appears to hold promise, 
nticipated difficulty is that the results obtained depend not only on protons but rather 
1 polar or polarizable constituents of the material under study. A recent paper (5) 



66 

on measurements of halloysite and kaolinite shows the difficulties in interpretation 
that may be encountered. It i s encouraging, however, that studies on the materials o 
interest to this audience are being undertaken. 
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reneral Discussion 
• F . Winterkorn, Chairman: 

We have gone a long way trying to find solutions for our macroscopic soil-water 
oblems by passing to systems of ever smaller dimensions and endii^ up with the pro-
n spin. Now, we have to ask: What good is al l this for working engineers? Or rather, 
lich available concepts and facts are directly useful to us and what is the best way of 
ing them? 
Firs t of a l l , the laws of material behavior on a certain level of structure in order to 
useful must be derived or at least expressed on the level of application. To gain a 

tter understanding of such laws and obtain a mastery of their use, it is often neces-
ry and always desirable to underpin them with knowledge derived from the study of a 
ver level of structure. Thus, we underpin the laws for the macroscopic level by those 
tained at the microscopic, and so on, until we arrive at the nuclear or even intranucle-
level. In this procedure, two important points must be realized: 

Even if we understood perfectly the properties and behavior of the components of 
ystem, the behavior of the system is not a simple summarization but contains an or-
lizational or structural factor that may not be obvious a priori. Even in the relatively 
iple case of gases, one may have to use Maxwell-Boltzmann statistics under one set 
conditions, Bose-Elnstein statistics under another, and Dirac statistics under still 
ither set. 

There exists no a priori reason why the laws derived and valid on a particular di-
nsional level should be of a greater intrinsic certainty than those derived on a level 

larger dimensions. As a matter of fact, the most exact physical laws were derived 
nm the behavior of heavenly bodies whereas, on the other end of the size scale, one of 

most important findings of modern science is the uncertainty principle of Heisenberg. 

IThe lesson to be drawn from this situation is apparent. With all the justified eager-
is to learn from the knowledge of material behavior on the levels of smaller dimen-

ftis, with all the acknowledged need for such knowledge to serve as underpinning for 
understanding and optimum use of soil on the dimensional level on which we work, it 
3t be kept in mind that all this knowledge is ancillary to the job of coordinating this 
wledge into practical phenomenological laws that are valid for engineering purposes, 
ers , especially the workers in the purer sciences,, cannot be expected to do this for 

Much of the details furnished by them will, of course, have to fall by the wayside, 
•do this job, there is need for your cooperation if only in the form of questions, but 

other form will also be appreciated. 
was somewhat taken aback when I heard the review of my paper entitled "Mass 

•nsport Phenomena in Moist Porous Systems as Viewed from the Thermodynamics of 
Kversible Processes." This title may have been somewhat presumptuous and not en-

ly fitting, but it was intended to be provocative. Here is a good and promising meth-
but some people have blown it up too big and promised too much without laying down 
strict conditions necessary if the promises are to be realized. I tried to show the 
e of this methodology in the larger field of thermodynamics and to indicate the type 

•xperimental data that has to be accumulated before this methodology can be honestly 
I sensibly applied for our purpose. I am happy to be able to state that Dr. Taylor of 
lAgricultural Experiment Station of Utah is already busy along these lines and that the 
Iceedings of the Seventh International Soil Science Congress will contain a paper by 

on this subject. Probably, additional papers by him and his co-workers will be pub-
id in the Proceedings of the Soil Science Society of America. 

67 
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L . H. Fink. Philadelphia Electric Co . ; 
Our company has been very much concerned with the movement of moisture in soil 

under the influence of thermal gradients because of the influence of such movement or 
the thermal resistivity of soils and consequently on the heating of our underground 
cable systems. 

I would like to ask for at least a qualitative statement of opinion on a question on tl 
lack of agreement concerning the relative importance of movement in the liquid and 
vapor phases. Reading the papers in this symposium and related papers in the litera 
ture, I have gotten the impression that the evidence, at least that presented by the pi 
ponents of movement in the vapor phase, tends to indicate that it is impossible for 
there to be much movement in the liquid phase in open systems—at least for there to 
be enough to cause any appreciable results. On the other hand, the evidence present 
to show that movement in the liquid phase is possible, could perhaps be interpreted s 
also supporting the Smith-Philip-De Vries hjrpothesis that movement is stepwise in v 
por and liquid, alternately. At the same time, this hypothesis could also be consist( 
for instance, with the results obtained by Mr. Flood, referred to by Prof. Low. 

The question is, is it correct that the Philip hypothesis presents a consistent ex
planation for the otherwise apparently conflicting data cited by the proponents of the 
vapor and liquid movement hypotheses, respectively? 
P . F . Low, Department of Agronomy, Purdue University: 

My own profession is largely the physical chemistry of soils more than the transi 
of water by mass flow; therefore, I do not regard myself as an expert in this area, 
is a possibility in Mr. Flood's work, of course, that part of the movement was in th 
vapor phase. The question arises whether in the voids of his carbon rod he had a vs 
transfer between necks joining the carbon particles or between water necks at the po 
of contact between the carbon particles. I can only answer honestly that I do not knc 
Dr. Rollins has reviewed some of this work. 

I would like to make one general comment in this regard: The path by which wate 
moves through a porous system, whether it be in the films along the particle surfac 
or in the vapor phase in the voids, will depend on the energy necessary for that mov 
ment. It can be visualized that a moving molecule has to surmount a potential enerj 
barrier in going from one equilibrium position along the path of movement to the ne: 
If movement along the liquid surface requires movement over a smaller potential 
energy barrier than movement in the gas phase, then movement will occur in the lit 
phase. The path that is taken will largely depend on the energy required for movei 
to occur. As the liquid films get thicker, the outermost layer of the water molecul 
should move with less and less resistance because the forces of adsorption would de 
crease. It is conceivable that both mechanisms might occur simultaneously. 

One other factor, and Prof. Flood made this point, when there is an adsorption i 
tential so that the potential energy of the water is less next to the clay surface or th 
carbon surface than out in the middle of the pore, if there is a vapor pressure grad 
in the center of the pores, this gradient may be a million times less than that along 
surface, because the pressure build-up toward the surface might be a thousand tim( 
and when there is one vapor pressure, for example, at the inlet face and another at 
outlet face and a given vapor pressure gradient in the voids, the fact that the vapor 
adsorbed on the surface and its pressure can build up on the surface by reason of tl 
attractive forces can lead to a gradient along the surface that might be a million tin 
the gradient in the vapor. Even though the viscosity of the water on the surface is 
maybe a hundred times higher than that of normal water, according to Prof. Flood 
there is so much larger gradient present that water can still flow in the films. 

The problem may be looked at in terms of Darcy's Law for unsaturated systems 
the films there is a conductivity, a transmission constant, that in the saturated sta 
called the permeability or conductivity. That constant may decrease a great deal a 
the surface of the clay particles is approached, Thinking of Darcy's Law, the flow : 
would be expected to go down. But as the surface is approached, the pressure gra( 
could go up far more than the transmission constant could go down, or might go up 
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more than the transmission constant would go down, with the net effect that the transfer 
ilong the surface might be a lot higher than would be normally anticipated. I hope that 
Prof. Rollins will care to comment because he has worked in this area. 

;i. L . Rollins, Brigham Young University: 

In addition to what Prof. Low has said, I would like to make a couple of comments, 
'he type of system must be considered when we examine any research that has been 
erformed in this particular field. After reviewing the research of the workers who 
ave been proponents of the vapor transport theory, it seems that they have been deal-
ig with soils that are primarily nonplastic or of very low plasticity. Under these con-
itions it would be expected that vapor transport would be the predominant mechanism 
f flow. On the other hand, the work of Dr . Winterkorn, and perhaps of one or two 
ther individuals, was performed on systems that were highly plastic or bordering on 
le montmorillonite-type clays. Under these conditions, it would seem that the pre-
jminant mechanism would be flow in the liquid phase. 

A few years ago, I performed some research on the movement of soil moisture due 
a thermal gradient which attempted to measure quantitatively in an open system the 

Inountof vapor flowing. The soils used were of low plasticity. Comparing the observed 
low rates with the theory advanced by Philip and De Vries, there appears to be a fair-

good correlation between theory and experiment, except below air-filled voids of 
percent. For systems below this percentage, the correlation was not good. Above 

is figure, there is a fairly good correlation. The type of system dealt with in attempt-
g to make any general conclusion as to the type of flow mechanism must be considered, 
igree with Prof. Low that it is possible to have systems where both of these mechan-
ms would occur to some degree simultaneously, with liquid flow in highly plastic sys-
tns and vapor flow predominating in the less plastic systems. 

Sereda, Division of Building Research, National Research Council of Canada: 

We must realize that Prof. Flood's work, discussed by Prof. Low, and thermomigra-
|)n of moisture in soils, discussed by Mr. Penner, are two different cases. Dr. Flood 
^rked under isothermal conditions. He established a high vapor pressure at one end of 

3 carbon rod and a low vapor pressure at the other. By condensation, a thicker film 
.s formed on the internal carbon surface at the high pressure end than at the low pres-t:e end. This resulted in a suction potential under which the condensed water tended 
redistribute itself. This procedure is analogous to putting together at the same tem-
pature two samples of a material, one of which has a higher moisture content than the 
ler. 
The situation about which Mr. Penner was speakit^ is quite different. In systems t5re the large, thermally activated flows have been observed, it is a matter of dealing 
h near-saturated conditions in which the relative humidities approach 100 percent. 
:he experiment, a homogeneous sample of clay or sand at a given, uniformly distrib-
d moisture content, which usually corresponds to the high pressure end of the iso-
rm, is taken and then different temperatures are applied to the ends of the sample. 

I j e r these conditions, the high spreading suction obtained under isothermal conditions 
different moisture contents of the samples cannot be expected, as in Dr. Flood's ex-

iments. 
But this does not mean I am arguing that there is no liquid flow involved when a ther-
\ gradient is applied to a moist soil sample. Prof. Winterkorn has already pointed 
that this isotherm changes at different temperatures, as in fact it moves up with a 
rease in temperature. He has published his experiments and his reasons for think-
that there should be some liquid flow. ^ His pertinent statement in HRB Special Re-
t 40 says that the water "shifts" in the sample because of the change of isotherms 
^ one temperature to the other. 

I l l S cience, 38:No. h il93h); hQ-.no. 5 (1935); Ul:No. 1 (1936). HRB P r o c , 27:hh3-
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H. F . Winterkorn: 
I would still like to have some more discussion about the problem brought up by Mr 

Fink, for what may appear to be fine points of theory are actually decisive factors witi 
respect to proper design of soil structures for various purposes. Mr. Fink's problem 
and that of the electric power industry is how to prevent the drying out of soil around 
buried power cable conduits. Such drying lowers the thermal conductivity of the soil, 
which in turn leads to overheating and eventual burning out of the power cables with 
great direct and often greater indirect economic loss, 
C M . Johnston, Bureau of Public Roads. U .S . Department of Commerce: 

There seems to be an argument between one group and another as to whether ther
mally activated water movement went through the vapor or liquid phase. Possibly, 
both groups are right. Now, one speaker said that the adsorbed water was held so 
tightly that water movement had to take place in the vapor phase. In such tightly held 
films, would it be possible for a molecule at one end, possessing a large amount of 
free energy, to bump all the way through so that this molecule would take the place of 
its next neighbor and this, that of its neighbor, and so on until finally on the other em 
there is a free molecule ? 

H. F . Winterkorn: 
The possibility of such a mechanism has been discussed in the literature as far ba 

as the times of Grotthus, but there are some serious objections if the hydrogen linkaf 
of the water molecules is taken into account. There are, however, a large number o 
possible and actually occurring types of flow in these systems. As a reference, the 
extremes of "plug" flow as in certain electro-osmotic systems and of molecular diffu 
sion in zeolites have been studied by M. H. Hey in England and results published duri 
the early thirties in the Mineralogical Magazine. Hey's work and conclusions might " 
pertinent with respect to moisture movement in hardened cement pastes. 

E . Penner, Division of Building Research, National Research Council of Canada: 

To add one further note on the confusion between liquid and vapor phase, it seems 
that at the time when Gurr, Marshall, and Button' published their work, they showed 
fairly definitely that if salt is added to a moist soil and then a temperature gradient j 
plied to this soil, all the salt accumulates at the hot end. What this means is that th 
cannot be any continuous liquid flowing from the hot end to the cold end. It must all 
have gone through a vapor phase. Now there is certainly "back-wicking," which is f 
from the cold side to the hot side. In the case of Gurr, Marshall, and Button, this \ 
done with closed systems. It i s true that we did not use material—in our open syste 
—which would be akin to the clays referred to, but rather to silts and sands. What 
Gurr, Marshall and Button used was a loam. 

H . F . Winterkorn: 

A loam and washed fine sand. 

E . Penner: 
There was no evidence at all that the complete movement is in the vapor phase f r | 

the hot to the cold end under temperature gradients. This means that there can be J 
ments of liquid but they are always separated by a vapor phase. These gaps are in : 
barriers to salt movement from the hot side to the cold side. 

H . F . Winterkorn;° 
The results of the experiments by the Australian workers are not as clear cut as 

appear to be and lend themselves to interpretations that are at variance with those t 
have been offered. Also, as has been stated, they were performed on loams and sa 

" s o i l Science, -jh-.^o. 5, PP- 335-3^3 (1952). 
*The following conmients are an expanded version of the oral discussion in order to 
low specific reference to the actual experimental data of Gurr, Marshall and Huttonj 
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not on clay soils. The physical characteristics of the materials used by the Australian 
workers were as presented in Table 1. 

Enclosed cylindrical soil samples 10 cm long and 14 cm in diameter were submitted 
to temperature gradients of about 1.6 C per cm. One set of tests with the loam soil in-
rolved 10 different moisture contents ranging from 1.7 to 24.4 percent subjected to 
he temperature gradient for 5 days. Maximum differences in water content at the end 
)f the tests were observed in the samples of the original uniform moisture contents of 

3 and7.9percent, respectively. This, according to the authors, placed the maximum 

T A B L E 1 

Properties Loam Soil Washed Fine Soil 
Particle size distribution (percent): 

2-0.2 mm 1.9 20 
0.2-0.02 mm 50.2 80 

0.02-0.002 mm 31.3 0.0 
< 0.002 mm 16.6 0.0 

Total soluble salts (percent) 0.077 
Chloride content/100 g of soil in me 0.14 — 

Moisture equivalent (percent) 20.0 2.5 
Permanent wilting (percent) 6.3 — 

Plastic limit 15.8 — 

fcr water transmission at about one-third of the moisture equivalent or about 6.7 per-
|ent of water. The permanent wilting point is at 6.3 percent. 

The experiments made at 5.3 percent moisture content showed a maximum in chlo-
de content about 3 cm from the cold end, those made at 7.9 percent moisture showed 
chloride peak at the same distance and a maximum value at the hot end. At higher 
oisture contents, the chloride contents form a plateau lying between 3 and 7 cm from 
e cold side, the height of the plateau corresponding to from about 7 to 10 percent of 
e original uniform chloride content. The highest absolute values for chloride concen-
ation at the hot end occurred in the samples with original uniform moisture contents 
14.3 and 16 percent, respectively. Significantly, practically no water shifting took 

lace at these moisture contents. 
An experiment in which this loam soil was submitted at a water content of 11.3 per-

^nt to the temperature gradient for 18 days resulted in a reduction of the chloride con-
nt to about 15 percent of its original content in the colder half of the specimen, to 

|iout 40 percent at 7 cm distance from the cold side, and increased it 7 times the origi-
~ concentration at 1 cm from the warm side. The accompanying water shift was only 
e-half that obtained in the 5-day experiment at the optimum water content for water 
ifting. 
Ten-day experiments with the washed sand to which NaCl was originally added at the 

Id end made at 5.8 and 7.9 percent of water, respectively, gave an irregular pattern 
water shiftily with differences between cold and warm side of 1 and 0.5 percent, 
spectively, and a chloride concentration peak at a distance of about 5 cm from the 
Id side and a maximum concentration at the warm side for an initial water content of 
8 percent. For the sample with 7.8 percent water, there was an absolute chloride 
ncentration maximum at about 3 cm from the cold side, and the absolute minimum 
ncentration fell within the first 2 cm from the warm side. 
It should be quite obvious that these experimental data have as yet not been complete-
evaluated; also, that the addition of NaCl has complicated rather than simplified the 
erpretation of the experiments. * To the speaker, the most significant fact brought 

fcie system may be further complicated by "Soret" effects and by related phenomena that 
ftre treated in "The Structure of Electrolyte Solutions," Walter J . Hamer, Ed., John 
• f i l e y (1959). 
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out in the Australian experiments is that maximum moisture transfer occurred at wate 
contents at about the permanent wilting percentage. Up to this percentage, the water i 
in such a state of organization or restraint that it cannot be utilized by plants. Lower
ing the temperature will bring more water into this restraint and increasing the tempe: 
ture will bring less. Organization of molecules into a restrained structure, which is 
akin to crystallization, results in decrease or loss of its solvent properties, a phenom 
non utilized in purification of chemicals by zone-melting. 

Taking a soil sample of uniform moisture content at about the wilting or similarly 
significant point (indicating that most of the water molecules are in a restrained condi 
tion at the particular temperature), make one end of the sample warmer and the other 
colder. Because the restraining power of the mineral surface increases in depth with 
decreasing temperature and vice versa, the water will shift from the warmer side 
having less restraining power, to the colder side. If more water is available than ned 
essary to satisfy the mineral surfaces, then this will be distributed in uniform thickna 
above the restrained layer. If this free water is of a sufficiently large amount, its 
presence may hide the fact that larger amounts of the total water are under restraint i 
the cold than on the warm side and the distribution of the water substance will remain 
uniform. On the other hand, because the strongly restrained water may not serve as 
solvent, only the free water can contain the electrolyte and, as in the Australian expe 
ments, a great shift in electrolyte content may occur without apparent shift in total 
water content. There will be, of course, special effects at the ends of the samples d 
to the abrupt change in condition and to "thermal shock" at the beginning of the experi 
ment. This also is exemplified by the Australian experiments as well as by those ma 
by Trejo for his 1946 master's thesis in the speaker's laboratory at Princeton. 

I would like to state categorically that those of us who believe in the indicated wate 
shift toward the cold end in the liquid phase do not deny contributions by vapor transp 
and other means. Rather, because evaporation and condensation phenomena are so a 
parent and are ever-present in our daily life, their very obviousness seemed to makt 
it unnecessary to talk much about them, especially because they are well covered in ' 
classical soil science literature. There is sufficient experimental evidence to permi 
the statement that every transport mechanism imaginable in accordance with establis 
physical laws will actually participate in the total phenomenon to an extent that is con 
trolled by its activation energy. It is the degree of participation that is still to be est 
lished for different materials and conditions. Of considerable pertinence in connect! 
with the effect of thermal gradients on moist soils is the symposium paper by Kolyas 
and Gupalo. With respect to thermal conductivity of moist soils, the speaker expects 
to show in a forthcoming paper^ the necessity of havii^ several transportation mechai 
isms acting at the same time in order to account for the actual magnitude of the total! 
effect. 

*"The Behavior of Moist Soils i n a Thermal Energy Field." 9th Annual Clay Symposium,| 
National Research Council (I961) . 
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Supplementary Note on Work of Caron and Szuk 

Before this bulletin went to press, communications were received from Claude 
aron. Chief of the Research Laboratory of Soletanche, Paris , and Geza Szuk of the 
ungarian Scientific Institute for Structural Engineering, Budapest. These communica-
ons resulted from a Seminar by Correspondence organized by Professor L'Hermite 

behalf of R I L E M on moisture-measurement in materials and structures. They are 
considerable importance with respect to the condition of moisture in sands and soils 

|id to electric and thermal resistivity of soil-water systems. 
Caron investigated the possibility of using the thermal probe (1̂ ) as a nondestructive 

ethod of moisture determination. He employed a thermal probe of 2 mm outside dia-
eter and 120 mm length containing an electric heating wire and a thermocouple. Heat-
g was done by a 6-volt battery regulated with a rheostat so that the heating current re-
ained constant at 300 or at 600 milliamp. The increase in temperature of the needle 

a function of time was measured with an electronic voltmeter (Philips GM 6010). 
The water content of a soil specimen is related to its thermal resistivity; the res is-

trity is represented by the slope of the line obtained if the thermocouple voltage is 
lotted as the ordinate and the log of time as the abscissa. One selects the straight 
| r t of the curve between 1 and 10 min. 

Figure 4 (reproduced herein as Fig. 1) of Caron's paper (2) gives the water content 
a sand as a function of the tangent of the slope of the experimental temperature-log 

f ie curve. The relationship is very good for low moisture contents. The method may 
0 be applied to determine the porosity of saturated sands. 
The paper by Caron elicited the following discussion, written by Geza Szuk: 
"Caron discusses in his paper results obtained with the method of moisture deter-
nation based on thermal conductivity. When evaluating the diagrams, it is striking 

L t the tangent (tg 0.46) of the sample with a water content of 4.77 percent does not 
|em to fit into the other results of the test series. 

"In the first section of straight lines determining the tangents, scatter is noteworthy 
ere the measured points are not in accordance with the straight lines. Caron is of 
opinion that this scatter is due to the heating of the probe and can be neglected. 
'In Figure 1, the relation between tg a and the percentage of moisture can be seen, 

tted as a continuous curve. 
K the diagram in Figure 1 is plotted on the basis of the actual experimental data, a 

^ k e d inflection is observed at 5.3 percent of water (Fig. 2, Curve 1). This phenome-
can also be observed in Figure 1 of Caron's paper. 

'The diverging values, measured in the first period of the straight lines determinir^ 
tangents, are doubtless a consequence of the heating period. But if the character of 
1 scatter is better investigated, it is found that stopping times for the scatter f irst in-

Kase with increase of moisture percentage and later, after a maximum between 5 and 
ercent, begin to decrease (Table 1). 
"Plotting these times against the percentage of humidity (Curve 2) a very interesting 
1-shaped curve is obtained. This curve has no peak, because there is no data be
en 4.77 and 6,55 percent. Comparing Curves 1 and 2, it is found that the inflection 

•nt of the tg curve (Curve 1) appears at the same place where the peak of Curve 2 
:ht to be (5.3 percent). 
'H the scatter is due solely to heating, it would have another character. It seems 
ibable that this phenomenon is connected with other properties of the sand becoming 

i'With our conductimetric measurements, it wjis found that by increasing the mois-
! content, the electrical resistance curve of the sand shows an inflection at a cer-
moisture percentage (3). 
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T A B L E 1 

Ptrcant Wotar per Dry Weight of Sand 

HaO End of Scattei 
(%) tg a (min) (sec] 

0 1.11 0 40 
3.85 0.47 -
4.77 0.46 2 00 
6.55 0.32 2 00 
9.1 0.245 1 00 

13.0 0.205 0 40 
16.65 0.160 - -
18.00 1,145 - -

Figure 1. Water content of sand as func
tion of tangent a . 

"This point was called wetting point a| 
it has been proved that this point deter
mines the water requirement of the aggr| 
gate. 

"The resistance curve of 0- to 0.5-m| 
sand is shown in the diagram as Curve sl 
With this size, the inflection is found to [ 
at 5 percent. Plotting the curve of densj 
decrease relative to the dry sand materf 
of similar size above the curve against 
moisture content (Curve 4), a very valuf 

S a n d , 0 - 0 5 mm 

Humidi ty , p c 

h\ ':-•<- 2. l.i.A-oric; , f . 1, cr.il c l . v properfci.^. of £E.'--d f u n c t i o n of water conteJ 
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(F i r s t se nes of measurements) 

4- One determination 
•l-'l- Two determination 
•l-t-f Three determinotit 
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pure 3. V a r i a t i o n of probe heating as fu n c t i o n of moisture content of sand, f i r s t 
s e r i e s of measurements. 

Ration is obtained; that is, decrease of the density shows a maximum value at the in-
ction point of the conductlmetric curve. 
"These measurements were taken with 0- to 0.5-mm Danube sand. Considering 
above statements, a relation between these phenomena is very probable. In the dia-

^m, the curve of change in density of 0- to 0.2-mm Danube sand is also plotted. As 
an be seen, the peak of the diagram is shifted in direction of the higher percentage 

moisture. This phenomenon was observed also when the wetting point of the sand 
•s determined conductimetrically. 

"Caron used 0- to 0.4-mm sand for his experiments. With this grading, the wettii^ 
pnt and the minimum of density has to be in a somewhat higher moisture zone than 

s found in our experiments with material of 0.5-mm size. 
"Caron's curves show indeed irregularities at 5.3 percent. It would be interesting 

•repeat the test with 0- to 0.4-mm sand of 5.3 percent moisture content, as it could 
P)ve our suppositions." 

Caron's response to the observations by Szuk was as follows: 
"Your contribution to the conference on the measurement of water content by electric 
sistivity and your comments on our own report have been of greatest interest to us. 
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• 
(New se nes of measurements) 

I 
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5 10 
Percent Water per Dry Weigtit of Sand 

Figure h. V a r i a t i o n of probe heating as a f u n c t i o n of moisture content of sand, n^ 
s e r i e s of measurements. 

"The discontinuity that you have observed on the curve representing the electric 
ductivity as a function of the moisture content and that you have interpreted as reprel 
sentative of the water required for wetting of the material (sand or silt) is indeed vef 
interesting. 

"Interpreting several water content curves by variation of the thermal capacity w| 
we had given in our report, you have found a double discontinuity: 

1. The curve that represents the rate of heating as a function of the water conteri 
would flatten out in the vicinity of the content required for wetting in analogy with th^ 
respective observation in the case of electric resistivity. 

2. The curve that represents the time passed before the heating curve becomes 
linear as a function of the water content exhibits a maximum just at the water conterj 
required for wetting. To give you more information on these two phenomena, we ar | 
sendii^ you our complete series of measurements. On the four curves that will be 
cussed subsequently, we have reported the water content as a percentage of the dry 
weight of the material which in all cases is a sand that passes the 0.4-mm sieve. 

Curve of the Slope of the Temperature-Log Time Relationship as a 
Function of the Moisture Content 

"Figure 3 gives all the data obtained in the original investigation, of which only a 
portion was reported in our previous communication. Figure 4 gives a new series ( 
data obtained with another thermal probe. One can notice a slight tendency of inflec 
at a water content of about 5 percent, but we do not dare to be as categorical about 1 
as in your measurements on electric resistivity, since we recognize the lower sens| 
tivity of our thermal method. 
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[Old measurements) 

4 

(New me Qsurements) 

(b) 

+ + 
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20 
Percent Water per Dry Weiglit of Sand 

ure 5. V a r i a t i o n of tiine of d i s p e r s i o n as f u n c t i o n of water content of sa^d, (a) o l d 
measurements, and (b) new measurements. 

•ve of the Time of Dispersion aa a Function of the Water Content 
'As in your communication, we designate as time of dispersion the time passed be-
2 the plots of the temperature versus log time become linear; that is, before they 

Jin to obey the theoretical law. We have found that the first points do not align them-
Ives with the data taken after 1 min. It is possible to draw a straight line through these 
Bt points. This line has a different slope than the theoretical straight line obtained 
ween 1 and 10 min. The time of dispersion has been defined by us as the time at 
jch these two lines cross. Precise determination of the dispersion time is obviously 
Possible, since the first straight line is quite ill-defined. Consequently, the inter-

is also ill-defined and so is the curve resulting from plotting the dispersion times 
lus the moisture content. 
'Nevertheless, despite this fact which is true not only for our first determinations 
;. 5a) but also for our second series (Fig. 5b), one can obtain a type of bell-shaped 

Ke whose maximum is in the vicinity of the water percentage required for the wetting 
e sand. Therefore, a discontinuity appears to exist at the moment at which the 
l-water-air system passes from what is essentially a two-phase sand-air system I/hich the water has not yet wetted the sand grains completely and formed a continu-
water phase) to a three-phase sand-air-water system. This discontinuity will be 
nore important, the finer the particle size of the material." 
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Figure 6. Tangent a as f u n c t i o n of water content of saad and c l a y . 

It should be very enlightening with respect to the controversy on the thermal moi 
ture movement in sands to reanalyze available data by taking the findings of Caron i 
Szuk into account and also to run new experiments with sands having moisture conte 
that straddle those at which the observed discontinuity occurs. 

Caron also attempted to apply the method of moisture determination by means of 
thermal resistivity tests in the case of clay soils. He made numerous determinaticl 
of the same precision as those on sand. However, on plotting the tangents of the he 
ing-log time curve versus the moisture contents, two anomalies were observed: 

"Instead of the points defining a continuous curve as in the case of sands, there M 
points that deviate considerably. The tangent values, which are proportional to thel 
thermal resistivities, are very high even for very low clay contents (with 75 g of c l l 
or 10 g of bentonite per liter at water, one obtains tangent values that are ten times' 
larger than those for pure water). 

"At first we thought that small air bubbles entrained in the clay suspension came 
contact with the hot thermal probe and formed some insulating patches. However, 
carefully de-aired suspensions gave the same high values. We thought to have four 
an explanation in the high viscosity of the clay suspensions which are pseudo-liquidl 
which convection phenomena may occur. As a matter of fact, if one applies the sai 
method to glycerine, one finds a tangent value that is fifteen times larger than that 
water although the specific heat of glycerine is about 40 percent less. On the othei 
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Figure 7. Thermocouple readings i n Provins c l a y a t various water contents. 

d, the tangent value found with a viscous sodium silicate solution was ten times 
•ler than that for water. 

"Measurement of moisture content by thermal diffusion seems to be feasible only if 
particles are not affected by convection currents of the medium. Such a conclusion 
only be tentative. More extensive studies must be undertaken to clear up this anom-

ns behavior of clays. 
'But if the viscosity of the medium causes this anomaly, why do the data for pure 
er fall so well in the extrapolated curve for sands (see Fig. 6)? If it is the inter-
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stitial water that must be able to move freely and not be bound to the particles, why 
does the glycerine, which is so much more viscous than water, show anomalous be
havior? The problem remains in its fullness and much research is necessary to re
solve i t . " 

The findings of Caron with respect to the doubling of the thermal resistivity of wate 
by the addition of 1 g of bentonite per liter and the increase to ten times the water valu 
hy dispersion of 75 g of Provins clay in a liter of water are of greatest interest with 
respect to the problem of thermal and moisture conduction in clay-water systems (Fig 
7). Giving due consideration to the large body of thermal resistivity data on clay soil! 
collected by Sinclair, BuUer, and Benham (4) and analyzed by Winterkorn (5) and keei 
ing in mind that the average thermal resistivity of clay minerals at random orientatioi 
should be quite close to and possibly less than that of water, the tremendous increase 
in the thermal resistivity of water by the presence of dispersed clay, as observed by 
the thermal probe test, must be due to either or both, the disturbance of the water 
structure by the presence of the clay particles and a special geometric arrangement 
the clay particles in the vicinity of the thermal probe. In view of the magnitude of the 
change in thermal resistivity, i t is felt that its most probable cause is a circular ar-
rai^ement of the clay platelets at a small distance from the probe surface in the shap 
of a cylinder that is concentric with the thermal probe. Such a structure could functi 
as a thin wall and impede the loss of heat from the water phase between it and the sur 
face of the probe, in a manner similar to that described and analyzed already by 
Fourier (6). However, as Caron states, this problem deserves further thorough ex
perimental investigation and theoretical evaluation. 
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Hosing Remarks by Chairman 
With all due respect for our modern, highly refined, physical methodologies, es-

cially those involving electromagnetic and corpuscular radiation, we must keep in 
nd that the picture obtained by their use is often in a similar relationship to the ob
it of our interest as is an X-ray picture to the real thing. As a matter of fact, better 
:tures or models of the "reality" obtained within the range of dimensions in which the 
jineer is interested are often derived with some of the more old-fashioned tools of 
^aical and colloid chemistry. This seems to be true especially for the case of the 
strained or bound water that has lost its solvent properties. There exists a large 
;rature on this subject dispersed in various scientific fields. An excellent critical 
riew, covering significant Western work on this subject and supplementing i t with 
re recent Japanese research results, was published in 1955 by Ken'iti Hlgasi (1). 
Also, this subject is well covered by M. W. Tschapek (2) in his most recent book, 
entire contents of which are very pertinent for the present conference. 

I should also mention in this connection the recent, small, but pregnant book entitled 
;lations Between Water and Soil" by T. J. Marshall (3) of Australia written f rom an 
Icultural point of view and the proceedings of a conference on "Water in Porous 
lies" (4) held in 1959 in Paris under the chairmanship of Robert L'Hermite, Director 
he Institute of Building Research and Public Works of France. The papers contained 
hese proceedings breathe the spirit of modern engineering material science. 
To return to some specific aspects of the soil-water problem and crawl around the 
5 and molecules in order to observe them more closely. One may start out with a 
;le crystal flake of montmorillonite in as dry a condition as possible without affecting 
Dehavior toward water. In this condition, it wi l l s t i l l have some strongly adsorbed 
sr molecules on the surface and also, if the material is surrounded by air, some 
jrbed oxygen molecules probably arranged so as to continue, as well as possible, 
pattern of the adsorbed water molecules, inasmuch as hydrophilic materials are 
illy oxophilic. In this state, the exchangeable cations wil l be located within the 
d surface of the mineral. If water is added in smal increments, possibly by adsorp-
from atmospheres of increasing water vapor pressure, this water wi l l tend to re-
luce the pattern of the first adsorbed layer with disturbances of the organization 
iming greater as the thickness of the water f i lm increases. The degree of restraint 
jred by the molecules in the various layers manifests itself in a lower specific and 
; heat as compared with that of normal water, the difference being given off as heat 
etting. 

s the water f i lm reaches a certain thickness, the more energetic of the exchange 
are induced to leave their places within the solid mineral surface and venture into 

vater. These are followed by others, with increasing water f i lm thickness, in a 
ler that the actual concentration of the exchange ions in the water remains constant 
a considerable rat^e. This has been known for a long time from pH measurements 

ays at different water contents. Depending on their size and charge, the cations 
bind or restrain vicinal water molecules which again wil l manifest itself in heat of 
ation that wil l add to the total amount of the heat of wetting of the soil. The dis-
;d cations now give rise to osmotic swelling if in contact with free water. The 
permeable wall normally required for osmotic swelling is simulated by the elec-
[ield that issues from the surface of the mineral and holds the cations within its 
re of influence (5, 6). The different "types" of water that may exist in an aqueous 
^nsion of clay minerals have been enumerated in my symposium paper, 
i the water content of a clay water system is decreased from a condition where 
is plenty of room for the hydrated exchange ions to swim freely in the water phase 

! initial condition of dryness, then various hysteresis phenomena w i l l be encoun-
because the hydrated cations wil l require time to shed their hydration hull and 
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return to their proper places within the mineral surface. Hence, depending on the ra 
of wetting and drying, respectively, mineral-water systems may at the same water ci 
tent exhibit markedly different properties if this content is reached by wetting in one 
case and by drying in the other. 

There is another interesting point that deserves mentioning. The bond energy per 
mole of water is 3600 calories. The average heat of wetting per gram of water, as d 
termlned on clays drjed over powdered phosphor pentoxide is 50 to 90 calories, or 
about 900 to 1600 calories per mole. While this is less than one-half of the bond ene: 
of liquid water, i t is of the same order of magnitude as the heat released in the freez 
of water under normal conditions. Hence, hydration of soil particles under release ( 
the indicated heat of wetting may be expected to have a similar effect on the consiste 
of the water involved as has the freezi i^ of normal water. Now, Pickett referred to 
apparent paradox that relatively large effects of water bonding on the consistency of 
clay-water systems are associated with relatively small effects of such bonding with 
respect to the viscosity of the restrained water itself. 

Qf course, very thin water films between mineral particles may act as strong ce
ments, but appreciable effects on consistency properties of soils are observed even I 
with a water content that falls within the range where osmotic swelling predominates! 
Here, the tendency of the exchange ions to get as far away as possible from the chaij 
surfaces may induce the soil minerals to form cell-like structures (like houses madi 
of playing cards or honeycombs) that are stabilized by the mutual repellency of the « 
change ions deriving from the mineral surfaces. Analogies to this picture are the t 
gidity of healthy plants, as compared with the lower mechanical resistance properti 
of wilted plants and the stiffness of a well-filled air mattress. 

In line with these comments, there exists a good body of evidence that the differel 
in consistency properties of monoionic variations of the same clay mineral at the s J 
moisture content is due more to differences in state of dispersion and structure of t 
clay minerals, affected by the ions in interplay with the water present, than to dire 
effect of the ions on the viscosity of the water involved. 

There is so much more that we should discuss this afternoon, but our time has s 
ready run out. It may be pertinent to mention here that while st i l l under the fresh 
presslon of the symposium as given in January 1958, I had an opportunity to formul 
a synoptic picture of the subject matter on occasion of a Water Supply Conference a 
Princeton University. This was printed in Bulletin 12, Water Supply, the Princeto 
University Conference 1958, which is available on request. The paper was deemed 
sufficient importance to have been translated Into German and has already been re
printed in Germany and Austria in three different publications. 
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ERRATA 

SPECIAL REPORT 40 

ige 5, line 7: "nessltatem" should read "necessitatem." 

ige 61, line 25: "-50 C" should read "-5 C . " 

^e 123, line 42: the column numbers "17 and 30" should read 
"17 and 31." 

ge 123, line 48: "column No. 32" should read "column No. 13." 

ge 160: reference 23 should read "Simultaneous Transfer of Heat 
and Moisture in Porous Media." Trans. Amer. Geophys. Union, 
39:909-916 (1958). Ee 162: reference 64 should read "Unpublished manuscript." 

e 166 Eq. 10b should read: 

d'Cosh''* ^ = ^ 1̂°̂ ^ te 170, line 7: "(u,V) plane" should read "(u,v) plane." 

e 176: Eq. 21 should read: 

K = ̂ l n ^ (21) 

;e 278, line 16: "hydration" should read "hydratation." Ie 278: "Ti" and "Ta" in drawing should read "ri" and "ra." 

e 283, line 8: "permanent design" should read "pavement design." 
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r p H E NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote eff'ective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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