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Lateral Swelling Pressure on Conduits from 

Expansive Clay Backfill 

G. KASSIFF, Senior Lecturer, Kumasi College of Technology, Ghana;l/ and 
J . G. ZEITIiEN, Professor of S o i l Engineering, I s r a e l I n s t i t u t e of Tech­
nology, Haifa. 

The phenomenon of l a t e r a l swelling pressiires exerted 
by expansive clays i s well-known. Some structvires 
( p i l e s , retaining w a l l s , conduits, e t c . ) crack or f a l l 
e i t her by action of swelling forces i n the horizontal 
d i r e c t i o n or by combinations of l a t e r a l with other 
forces. 

This paper deals with a study of the l a t e r a l pres­
sures developed along conduits buried i n a swelling clay. 
These pressures originated from the horizontal swelling 
of the c l a y b a c k f i l l during moisture va r i a t i o n s . 

The study included laboratory investigations of 
the c l a y b a c k f i l l swelling c h a r a c t e r i s t i c s , as w e l l as 
f i e l d experiments on two pipelines burled at d i f f e r e n t 
moisture-density conditions. The pipelines were equip­
ped with s t r a i n gages i n s t a l l e d i n the longitudinal 
d i r e c t i o n of the conduits, thus making possible the 
determination of the horizontal moment dis t r i b u t i o n 
along the pipelines caused by the l a t e r a l swelling of 
the b a c k f i l l . From the moments, the load d i s t r i b u t i o n 
diagrams, as w e l l as the e l a s t i c l i n e s , were estab­
l i s h e d . The e l a s t i c l i n e s were compared with d i r e c t 
f i e l d measurements of the horizontal movements of the 
conduits. 

The maximum moments were also computed by assum­
ing various load distributions and s t a t i c a l conditions 
of the pipe ends. A reasonable correlation was found 
between the assumed t h e o r e t i c a l conditions and the re­
s u l t s obtained from the measxirements, which may help 
futiire prediction of swelling pressures from clay 
b a c k f i l l s . 

#THE PHENOMENON of l a t e r a l swelling pressures exerted by expansive clays 
on structures i s w e l l known. Some structures such as p i l e s , retaining 
walls, and conduits crack or f a i l e i t her under the action of horizontal 
swelling forces or by combinations of the l a t e r a l with other forces. For 
example, cases of horizontal shear of p i l e s have been attributed mainly to 
the l a t e r a l swelling of the c l a y ( l ) , and rupture of conduits has been 

1/ On loan from I s r a e l I n s t i t u t e of Technology, Haifa. 
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found to r e s u l t from non-uniformity of the swelling forces exerted by the 
c l a y (2,3). 

V e r t i c a l swelling behavior has been the subject of appreciable re­
search and publication (^^5,^6), but l i t t l e has been reported on horizon­
t a l action. This paper reports that portion of a research on buried con­
duits i n which l a t e r a l swelling pressures were developed from clay back­
f i l l placed at two d i f f e r e n t i n i t i a l moisture-density conditions. The 
purpose i s to show t y p i c a l l a t e r a l load distributions and the correspond­
ing horizontal movements xmder the different conditions. A method was 
developed for the evaluation of the swelling pressures and the r e s u l t i n g 
maximum bending moments. The l i m i t a t i o n s of future assessment of pressiores 
by t h i s method are pointed out. 

THEORETICAL CONSIDERATIONS 
The l a t e r a l pressures acting on a conduit l a i d In expansive clay are 

dependent on the b a c k f i l l properties. Upon the Ingress of moisture into 
the c l a y b a c k f i l l , opposing l a t e r a l pressiires develop. I f the b a c k f i l l 
s o i l were absolutely imiform and the increase of moisture on both sides 
of the conduit equal, the pressures would be n u l l i f i e d and only infliience 
ring s t r e s s e s . However, t h i s i s not the actual case, since i t i s not 
practicable under f i e l d conditions to ensure that the b a c k f i l l s o i l w i l l 
not have scane v a r i a t i o n i n moistiure or density along both sides of the 
pipe. Moreover, even i f the b a c k f i l l i s completely homogeneous, non-uni­
form moisture conditions on the sides might r e s u l t from accidental flood­
ing, non-uniform i r r i g a t i o n , etc., thus producing inequaJ.lties i n the 
opposing pressures. 

The pressure on one side of the conduit i s p a r t l y cancelled by pres­
sure on the opposite side, but such forces are non-imlfom along the 
length of the pipe. As a r e s u l t the pipe deforms longitudinally under 
the net d i f f e r e n t i a l load. Should measurements of longitudinal deforma­
tions be u t i l i z e d to calculate l a t e r a l loads, only the f i n a l (not d i f f e r ­
e n t i a l ) load, under which the structure i s s t a t i c a l l y i n eqiillibrium, woiild 
be found. I t i s not f e a s i b l e to deduce the o r i g i n a l swelling pressiire on 
each side of the conduit from these f i n a l loads, because any p a i r of op­
posing l a t e r a l pressures may y i e l d the same d i f f e r e n t i a l pressure. Hence, 
the following approach was used for the eval\iation of the l a t e r a l swelling 
pressTire. 

A laboratory investigation was conducted on the swelling character­
i s t i c s of the b a c k f i l l s o i l . The r e s u l t s a s s i s t e d i n assuming the magni­
tude of the swelling pressxxres that may develop i n the f i e l d . With these 
data i n hand, the moments xmder various load distributions and assump­
tions as to the end conditions of the pipe were determined. 

The various load distributions that were t r i e d were as follows: 

Case ( a ) . - Distributed load, q, twice as large as the opposing 
load, acting on the middle portion of an individual condiiit (1 = k.O m), 
hinged at the ends ( F i g . l a ) . The moments: 

M̂  = 0 « (1) 

^ C = ^ m a x = l r 
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Figure 1. Load and moment distributions of a conduit: 

ends, (b) with fi x e d ends. 
(a) with hinged 
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Assuming the ends are fixed, ( F i g . l b ) the moments: 

\ = ̂ c = 5 ^ 
Case ( b ) . - Distributed load, q, acting on an indiv i d u a l conduit 

( l = ij-.O m) along one side. The conduit i s assumed to r e s t on an e l a s t i c 
subgrade along the other side ( F i g . 2) and f i x e d at the ends, which simu­
l a t e s either r i g i d connections or a long pipe subjected to moisture changes 
differen t from the section analyzed. ^ ̂  
The moments according to the formulae of Hetenyl ( t ) : 

M^=M3 = q r, /Sin hXl - Sin Xlv 
2~X ^Sln hXl + Sin XI 

i i M 1 1 i i 1 1 1 I load Distribution 

^ ^ f f l r l i Moment Distribution 
II I I I l r v ^ . 4 j j j | ^ l j j j > > ' * f T ' " " ' 

Figvire 2. Load and moment distributions of a fixe d conduit subjected to 
subgrade reaction. 



U 2ii M ^ 
/Sin 2 Cos h 2 - Cos 2 Sin h 2 „ q /bin uos h ki - Cos i£ Sin h 2 v . x 

*t = 2 ( Sin hXl + Sin XI ) ^5) 
where 

^1 — 
y = Y (The c h a r a c t e r i s t i c of the beam) 

from 

K = K B o 
i s the c o e f f i c i e n t of subgrade reaction, 

B i s the outside diameter of the pipe, 
E i s Young's modulus of the pipe materieil, and 
I i s the moment of i n e r t i a of the pipe section. 

The maximum deflection takes place at"point C and may be computed 

XI \1 hL' 
^ q , 2(Sln h 2 Cos 2 + Cos h 2 Sin 2 ) (6) 

L " Sin h + Sin J ^c = K 

The calculated moments and displacements were then compared with the 
maximum values obtained i n f i e l d measurements and the v a l i d i t y of the 
swelling pressures assmed was thus examined. 

LABORATORY INVESTIGATIONS OF THE CLAY BACKFILL 
C l a s s i f i c a t i o n . - The r e s u l t s of the basic c l a s s i f i c a t i o n t e s t s on the 

clay, sampled from the experimental s i t e , are summarized i n Table 1. 

TABLE 1 

Clay s i z e s (5̂  smaller than 5 microns) 65 - 70 
Liquid l i m i t H) 78 - 85 
P l a s t i c l i m i t (^) 20 - 22 
P l a s t i c i t y index (?&) 58 - 63 
Shrinkage l i m i t {<jo) 9.5 - 11 
A c t i v i t y 1.1 - 1.2 
Free swell d ) (8) I30 

I t i s obvloiis that the clay under study i s of a highly expansive nature. 
Swelling Behavior. - The swelling c h a r a c t e r i s t i c s of the remolded clay 

were investigated for a wide range of moisture and density obtained by 
varying the energy applied to the Harvard Miniature Compactor. Three com­
paction curves produced i n the laboratory and one obtained i n the experi­
mental s i t e i n the f i e l d served as the basis for the swelling behavior 
study. I t shovild be noted that the density range tested was w e l l below 
the maximum density of about l.h t per cu m as obtained by A.S.T.M. Stand­
ard Compaction t e s t . 



Two types of swelling t e s t s were performed on samples prepared at 
placement conditions corresponding to selected points on the compaction 
curves: ( l ) percent swelling vinder the b a c k f i l l pressure and (2) swelling 
pressure with zero movement. 

Swell under B a c k f i l l Pressure. — The t e s t procedure followed the one 
suggested by Holtz and Gibbs (6), i n which the amount of swelling of a 
compacted specimen under a c e r t a i n load and subjected to soaking i s deter­
mined. The specimens were tested under a pressure of 0.13 kg per sq cm, 
which corresponds to the b a c k f i l l load (assuming a depth of 0.9 m and unit 
weight of l.k t per cu m). 

The t e s t r e s u l t s were produced i n terms of "equal swelling l i n e s " pro­
jected on the compaction curves ( F i g . 3). The amount of swelling varied 
under the conditions tested from 1 percent at high i n i t i a l moisture content 
to 7.5 percent at the d r i e s t conditions. Actually the amount of swelling 
increased imder combined conditions of low moisture and high density. 

Swelling Pressure with Zero Movement. — According to the t e s t pro-
cedure ( b ) , the c l a y specimen i s restrained from swelling and the maximum 
pressure required to keep the specimen from moving i s measured. The re­
s u l t s are presented i n Figure h i n terms of "equal pressure l i n e s " pro­
jected on the compaction curves. The swelling press\ires were fovmd to 
vary from 0.05 kg per sq cm to O.k^ kg per sq cm, increasing with com­
bined conditions of low moisture and high density. 

THE FIELD STUDY 
Program. — The program of the f i e l d study included measurements of 

longitudinal deformations and movements i n the horizontal direction of two 

0) 
(It) am laboratoty 

Jwellmo 
curves 

V-ines 

so 3S 4o 

Figure 3. Equal swelling l i n e s for compacted clay. 
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Figure h. Equal pressure l i n e s for compacted clay. 

experimental asbestos-cement pipelines subjected to moisture variations 
i n .the clay b a c k f i l l . The pipe diameter was \ i n . , the length of each 
l i n e 20 m and they were buried at a depth of 0.9 m. In the center of each 
pipeline a standpipe of the type used for i r r i g a t i o n was i n s t a l l e d . The 
individual, pipes (ll-.O m long each) on both sides of the st&ndplpe were 
mounted with vibrating wire s t r a i n gages (9) i n the longitudinal direction 
of the pipelines and horizontal with both sides of the pipe section. 
Metal plates were attached to the top of these pipes for measurement of 
horizonteuL movements. The plates were made accessible and at the same 
time protected by a 6 -in. aluminium sleeve resting on the pipeline. 

The b a c k f i l l placement conditions varied as follows: Pipeline I was 
bxjried xander compacted wet s o i l , simulating an i n s t a l l a t i o n of pipeline 
under wet conditions. Compaction was accomplished by hand tamping. Pipe­
l i n e I I , on the other hand, was placed under dry b a c k f i l l , simulating a 
practice often encountered i n I s r a e l , i n which the trench and b a c k f i l l 
are l e f t exposed to drying before b a c k f i l l i n g . B a c k f i l l i n g was accom­
plished by hand tamping of dry cl a y i n I m p s . 

The behavior of the pipelines was observed xmder gradxial moisture 
changes caused by the winter rains of 1958/59 and l a t e r under concentrated 
I r r i g a t i o n . 

Distribution of HorizontsJ. Moments.— The zero readings on the vibra­
t i n g wire s t r a i n gages were taken before b a c k f i l l i n g at the end of the 
summer of 1958* Later readings were taken p e r i o d i c a l l y i n conjunction 
with determinations of moisture changes i n the b a c k f i l l . Upon the swel­
l i n g of the clay b a c k f i l l , considerable horizontal transverse loads were 
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developed along both p i p e l i n e s . The horizontal moment dist r i b u t i o n s due 
to these loads and t h e i r v a r i a t i o n with time are presented i n Figure 5 
for pipeline I and i n Figure 6 for pipeline I I . 

Distribution of Horizontal Loads. — From the moment diagrams the 
l a t e r a l load d i s t r i b u t i o n s along the pipelines were established. These 
are presented i n Figures 7(a) and 8(a) for pipeline I and I I respectively. 

From the load-distribution v a r i a t i o n with time i t may be seen that 
the loads developed by the b a c k f i l l l a t e r a l pressure on both pipelines 
(namely, a f t e r completion of the b a c k f i l l i n g operation) are low i n com­
parison to those caused by the nontmiform swelling pressures exerted by 
moisture variations i n the clay. The difference between the load d i s t r i ­
butions (due to b a c k f i l l i n g and swelling) Increased with the increase of 
moisture content i n the b a c k f i l l and reached a maximum value a f t e r i r r i g a ­
t i o n . I n pipeline I I t h i s difference was much more c r i t i c a l than i n the 
other pipeline, probably due to the I n i t i a l dry s o i l conditions i n pipe­
l i n e I I . 

7 T[59 

Opc/cMI 

\2 ias8 
r/elcl dbseltvai 

Figure 7» L a t e r a l load diagram and horizontal displacement of pipeline I . 
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Figure 8. L a t e r a l load diagram and horizontal displacement of pipeline I I . 

Horizontal Movements. — The techniques developed for the measurement 
of the horizontal movement of the pipelines consisted e s s e n t i a l l y of pre­
c i s e measurements at various time i n t e r v a l s of angles between points along 
the pipelines and a f i x e d base l i n e . The measurements were made possible 
by placing o p t i c a l targets on top of the metal plates attached to each 
pipeline. The r e s u l t s obtained by measurements were correlated with the 
e l a s t i c l i n e s established by calculations from the moment di s t r i b u t i o n s . 
A reasonable agreement was found between the two methods, as may be seen 
from Flgiires 7(b) and 8(b). I t may be noted that the greatest loads 
evolved at zones where the lateraJ. movement was restrained. 

CORRELATION BETWEEN CALCULATIONS AND EXPERIMEMTAL RESUI2PS 
Pipeline I . — Frcaa. the laboratory study (Pig. 4) i t may be seen that 

the maximtm l a t e r a l swelling pressure that may be exerted under the s o i l 
placement conditions of pipeline I i s about 0.15 kg per sq cm. Allowing 
for some release of pressure from the horizontal movements. I t i s j u s t i ­
f i e d to assume, for comparison, that the swelling pressure was reduced to 
0.1 kg per sq cm. The resvilting l a t e r a l load, then, i s 120 kg per m, 
assiming that the pressure acts normal to the whole outside diameter of 
the pipe; I . e . , 12 cm. 

When t h i s loeid was applied to the s t a t i c a l conditions described I n 
Case (a) the r e s u l t i n g moments at the hinged ends and the middle of the 
conduit were found to be 0 kgm and 80 kgm, respectively. However, when 
i t was assumed that the ends were fixed , the moments at the middle and 
the ends were computed to be ko kgm. The application of the same load 
coupled with the conditions described i n Case (b) y i e l d s moments of 
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TABLE 2 

COMPARISON OP MEASURED AND COMPUTED VALUES, PIPELINE I 

Values 

Maximum 
Load on 
Pipe 
(kg/m) 

End 
Moment 
(kgm) 

Middle 
Moments 
(kgm) 

Maximum 
Horizontal 
Movement 
(m) 

Mieasttred valties 125 38 38 1.5 
Computed values 

Case (a^ hinged 
Case (a) f i x e d 
Case (b) 

120 
120 
120 

0 
ho 

80 
1̂0 
10 

2.5 
0.5 
1.0 

In.5 kgm at the ends and 10 kgm at the middle, assianlng K^ = 1.0 kg per cu 
cm fo r the tamped clay ( l O ) . The maximum computed horizontal movement re­
su l t i n g from the assumptions of Case (b) was found to occur i n the center 
and equal to 1 mm. the valvies obtained by the calcvilations may be com­
pared to the measured values i n Table 2. I n t h i s case a reasonable corre­
l a t i o n was obtained between the measured values and values arrived at by 
assuming the s t a t i c a l conditions of Case (a) with f i x e d ends. 

Pipeline I I . — The swelling pressijre obtained i n the laboratory 
study ( F i g . h) under the s o i l conditions of pipeline I I was O.lf kg per sq 
cm. However, allowing f o r the r e l a t i v e l y large horizontal movement of 
t h i s pipeline, a l a t e r a l swelling pressinre of 0.2 kg per sq cm i s assimied 
fo r the theoretlcfiil calcvilatlons. The r e s u l t i n g load, hence, i s 2k0 kg 
per m. 

The r e s u l t s of measurements and t h e o r e t i c a l computations for t h i s 
pipeline are compared i n Table 3. I n t h i s case i t may be noted that the 
approach based-on subgrade reaction produced the best corr e l a t i o n with 
f i e l d values. 

TABIE 3 

COMPARISON OF MEASURED AND COMPUTED VALUES, PIPELINE I I 

Values 

Maximum 
Load on 
Pipe 
(kg/m) 

End 
Moment 
(kgm) 

Middle 
Moments 
(kgm) 

Maximum 
Horizontal 
Movement 

(mm) 

Measured values 
Computed values 

Case (a) hinged 
Case (a) f i x e d 
Case (b) 

200 

2k0 

80 

0 
80 
83 

1̂0 

l6o 
80 
20 

2.7 

5 
1 

2.5 
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CONCLUSIONS 

The t h e o r e t i c a l approach suggested I n t h i s paper f o r determining the 
latersLL l o n g i t u d i n a l moments and displacements o f pipes b u r i e d i n expan­
sive s o i l s has shown t h a t i t i s p o s s i b l e t o estimate the s w e l l i n g pres­
sures t h a t may occur i n the f i e l d . I t i s obvious, however, t h a t t h e r e are 
l i m i t a t i o n s t o the use o f the approach f o r f u r t h e r p r e d i c t i o n o f l a t e r a l 
pressures on conduits or other s t r u c t u r e s u n t i l much more research i s con­
ducted on the s u b j e c t . 
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Studies of Swell and Swell Pressure 

Characteristics of Compacted Clays 
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Factors a f f e c t i n g the values of s v e l l and s w e l l pressure 
developed by compacted samples o f an expansive s o i l on 
exposure t o water imder c o n t r o l l e d c o n d i t i o n are ex­
amined. 

Data are presented and discussed t o i l l u s t r a t e 
such f a c t o r s as: 

1. The e f f e c t of time on s w e l l pressxire. I t i s 
shown t h a t considerable periods o f time are r e q u i r e d 
before a sample develops i t s fvH s w e l l pressure a f t e r 
exposure t o water. 

2. The e f f e c t o f sample shape on measured s w e l l 
pressures. I t i s shown t h a t sample faces must be per­
f e c t l y p l a i n i f r e l i a b l e measurements are t o be made. 

3. The e f f e c t o f volume change on measured s w e l l 
pressures. I t i s demonstrated t h a t volume expansions 
of as l i t t l e as 0.1 percent du r i n g s w e l l pressure 
measurement may cause an e r r o r o f l a r g e magnitude i n 
the values of s w e l l pressure observed. 

k. The r e l a t i o n between s o i l s t r u c t u r e , as de­
termined by compaction method, and the amount o f s w e l l 
and the s w e l l pressure. 

5. The e f f e c t o f st r e s s h i s t o r y on s w e l l and 
s w e l l pressure. 

6. The r e l a t i o n s h i p between s w e l l and s w e l l 
pressure. I t i s shown t h a t t h e magnitude o f the s w e l l 
pressure cannot be r e l i a b l y p r e d i c t e d from a knowledge 
of the amoimt o f s w e l l . 

Explanation of the re s i a l t s i s o f f e r e d , where pos­
s i b l e , i n terms o f the fundamental aspects o f t h e sys­
tem composition and s t r u c t u r e . P r a c t i c a l i m p l i c a t i o n s 
o f the r e s u l t s are po i n t e d out w i t h p a r t i c u l a r reference 
t o pavement design. 

©EMGIWEERIIJG PROBLEMS and f a i l u r e s r e s u l t i n g from the s w e l l i n g o f clays 
have been encountered i n many areas o f the w o r l d i n connection w i t h high­
way f i l l s , highway subgrades, b u i l d i n g fovindations, canal l i n i n g s , and 
other s t r u c t u r e s . When a s w e l l i n g s o i l i s encountered, the engineer may 
have a v a i l a b l e s e v e r a l courses o f a c t i o n f o r the s o l u t i o n o f the associated 
problems. Among the s o l u t i o n s t o be considered are the f o l l o w i n g : 

12 
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1. By-pass the s i t e . 
2. Remove the expansive s o i l and replace i t w i t h a nonexpansive s o i l . 
3. Prevent access o f water t o the s w e l l i n g s o i l . 
k. Make the s o i l nonexpansive by appropriate chemical treatment. 
5. Allow expansion t o occur xmder selected l o a d i n g c o n d i t i o n s and 

design the s t r u c t u r e s i n such a msinner t h a t they are able t o w i t h s t a n d 
displacement w i t h o u t d i s t r e s s . 

6. Prevent s w e l l i n g by appropriate surcharge l o a d i n g and design 
s t r u c t u r e s t o w i t h s t a n d t h e s w e l l pressures t h a t may develop. 

The r e l a t i v e m e r i t s o f each s o l u t i o n must be judged, o f course, w i t h 
respect t o each p a r t i c u l a r p r o j e c t . I n cases where some s w e l l i n g i s a l ­
lowed t o occur, s a t i s f a c t o r y engineering w i l l r e q u i r e r e l i a b l e estimates 
o f the probable magnitude o f the s w e l l and s w e l l pressures developed. 

During the past decade, numerous studies have been conducted t o i n ­
v e s t i g a t e the s w e l l i n g c h a r a c t e r i s t i c s o f c l a y s o i l s ; y e t , because o f the 
complexity o f the problem, considerable d i f f i c u l t y has been encountered 
i n t he development o f s a t i s f a c t o r y procedures. One o f the primary reasons 
f o r t h i s has been the l a c k o f i n f o r m a t i o n concerning the many f a c t o r s t h a t 
might i n f l u e n c e s w e l l and s w e l l pressure measurements i n s o i l s . I n the 
absence o f an understanding o f a l l f a c t o r s i n v o l v e d , accurate evaluations 
o f s w e l l i n g c h a r a c t e r i s t i c s cannot be reasonably expected. 

Much progress has i n f a c t been made, however, i n r e p o r t i n g on s w e l l ­
i n g s t u d i e s , a number o f i n v e s t i g a t o r s have p o i n t e d o u t , from time t o 
tim e , p r o c e d i i r a l changes i n f l u e n c i n g the t e s t data and, i n conducting 
s t u d i e s on s o i l s f o r pavement design purposes, the authors have noted a 
number o f other f a c t o r s a f f e c t i n g the r e s u l t s o f s w e l l i n g t e s t s . Recent 
developments i n understanding the s t r u c t u r e o f compacted clays have pro­
v i d e d a basis f o r e x p l a i n i n g the i n f l u e n c e o f many of these f a c t o r s , and 
thus i t would seem t h a t an appropriate stage has been reached when a pres­
e n t a t i o n and a n a l y s i s o f a v a i l a b l e data might u s e f x i l l y c o n t r i b u t e t o an 
improved understanding o f the s u b j e c t . 

CAUSES OF SWELL AND SWELL PRESSURES IN COMPACTED CLAYS 
The fundamentsLL f a c t o r s causing s w e l l i n g have been s t u d i e d by many 

i n v e s t i g a t o r s . The i n f l u e n c e o f mechanical f a c t o r s i n s w e l l i n g was i l l u s ­
t r a t e d a number o f years ago by Terzaghi ( l ) , w h i l e B o l t (2) has obtained 
data on the r o l e o f physicochemical e f f e c t s i n c l a y expansion. More r e ­
c e n t l y Lambe (3), Ladd {k), and Lambe and Whitman (5) have o u t l i n e d the 
causes of c l a y expansion i n some d e t a i l . 

I t i s g e n e r a l l y agreed t h a t expansion o f a s o i l on exposure t o water 
and/or e x t e r n a l l o a d r e d u c t i o n i s a t t r i b u t a b l e t o the combined e f f e c t of 
sever a l f a c t o r s . The f a c t t h a t a s o i l takes i n water on exposure t o f r e e 
water or on l o a d release i s , o f course, a d i r e c t consequence o f a water 
pressure d i f f e r e n c e i n s i d e and outside the sample. Free water can only 
enter under the i n f l u e n c e of a h y d r a u l i c g r a d i e n t . The f a c t o r s responsible 
f o r water pressures l e s s than those i n f r e e water are the fundamental 
f a c t o r s c o n t r o l l i n g s w e l l i n g and the development o f s w e l l i n g pressures. 
Conditions w i t h i n a f i n e - g r a i n e d s o i l t h a t give r i s e t o a s w e l l i n g t e n ­
dency may be c l a s s i f i e d i n t o two general categories — physicochemical 
and mechanical. 



11̂  
Physlcochemlcal Components of Swelling 

The surface s t r u c t u r e of the c l a y minerals i s such t h a t water mole­
cules are s t r o n g l y a t t r a c t e d t o them. This adsorptive e f f e c t i s respon-
sllDle f o r a p o r t i o n o f the water r e q u i r e d t o s a t i s f y t he s w e l l i n g tendency 
of a s o i l . I n a d d i t i o n t o the unique siorface s t r u c t i i r e o f c l a y m i n e r a l s , 
the p a r t i c l e s u s u a l l y possess a net negative e l e c t r i c a l charge and, i n 
order t o achieve e l e c t r i c a l n e u t r a l i t y i n the s o i l , c a t i o n s are a t t r a c t e d 
t o the surfaces. These ca t i o n s and t h e i r water o f h y d r a t i o n take up space 
and thus t e n d t o keep p a r t i c l e s a p a r t . More Important from a s w e l l i n g 
s t a n d p o i n t , however, i s the f a c t t h a t i n the v i c i n i t y o f the c l a y p a r t i c l e s 
the c a t i o n i c c o n c e n t r a t i o n i s much higher than i n the f r e e water w i t h which 
the s o i l commijnicates. The d i f f e r e n c e i n i o n i c concentrations gives r i s e 
t o an osmotic pressure d i f f e r e n c e t h a t causes water t o f l o w from the p o i n t 
o f low co n c e n t r a t i o n t o the p o i n t o f hi g h c o n c e n t r a t i o n ( i . e . , i n t o the 
s o i l ) , unless t h i s osmotic pressure i s balanced by appl y i n g a t e n s i o n 
s t r e s s t o the f r e e water or applying a pressiire t o the water of hi g h i o n i c 
c o n c e n t r a t i o n . 

I n p a r t i a l l y s a t i i r a t e d s o i l s t he a f f i n i t y o f the s o i l f o r water, as 
a r e s u l t o f the adsorptive and osmotic p r o p e r t i e s , a c t i n g i n c o n j i m c t i o n 
w i t h t he surface t e n s i o n of water, gives r i s e t o curved a i r - w a t e r i n t e r ­
faces. The pressiare d i f f e r e n t i e a across these i n t e r f a c e s i s given by 
2t/r where t i s the surface t e n s i o n o f water and r i s the radius o f the 
meniscus. Water d e f i c i e n c i e s a r i s i n g from mechanical e f f e c t s i n p a r t i a l l y 
s a t u r a t e d systems w i l l a lso be r e f l e c t e d through curved a i r - w a t e r i n t e r ­
faces. The r e l a t i o n s h i p s between r a d i u s of c u r v a t u r e , osmotic, a d s o r p t i v e , 
pore a i r , and h y d r o s t a t i c pressures i n p a r t i a l l y s a t u r a t e d s o i l s have been 
r e c e n t l y analyzed by M i t c h e l l (6). 

Mechanical Components of Swel l i n g 
Though the e f f e c t s t o be considered below may appear p u r e l y p h y s i c a l 

i n n a t u r e , i t i s important t o keep i n mind t h a t they o f t e n depend on the 
a f f i n i t y o f water f o r s o i l surfaces and on water surface t e n s i o n , both of 
which are physicochemical i n o r i g i n . P a r t i c l e s w i t h i n a s o i l mass may 
be deformed under l o a d i n two ways. The f i r s t , an a c t u a l e l a s t i c compres­
s i o n o f s o l i d p a r t i c l e s , i s probably i n s i g n i f i c a n t w i t h i n the p r a c t i c a l 
range o f lo a d i n g s . I n the second, volxome changes r e s u l t i n g from the bend­
i n g o f p l a t y c l a y p a r t i c l e s may be appreciable. P s i r t i c l e s could be h e l d 
i n bent p o s i t i o n s by e i t h e r e x t e r n a l l o a d i n g or through water surface 
t e n s i o n e f f e c t s . Release o f the stresses by unloading or exposure t o 
f r e e water could r e s u l t i n expansion o f the s o i l mass. Terzaghi ( l ) has 
demonstrated t h a t the compression-expansion curve o f almost any c l a y s o i l 
may be d u p l i c a t e d by a p r o p e r l y chosen sand-mica f l a k e m i x t u r e . Physico-
chemical e f f e c t s i n such mixtures may be assumed n e g l i g i b l e . By making 
reasonable assumptions concerning moduli o f e l a s t i c i t y , i t may be shown 
t h a t a t y p i c a l c l a y p l a t e , a c t i n g as a simple beam between other p a r t i c l e s , 
may be h e l d by menisci i n a deformed s t a t e where the d e f l e c t i o n i s about 
10 percent o f the span. 

A mechanical component of s w e l l i n g t h a t may be o f Importance i n com­
pacted clays ( p a r t i a l l y s a t u r a t e d c l a y s ) a r i s e s from the compression o f 
the a i r i n the voids as water enters the s o i l d u r i n g s w e l l i n g . I f t h e r e 
are many interconnected t u b u l a r a i r voids and the a i r i s i n i t i a l l y a t a t ­
mospheric pressure, water e n t e r i n g the s o i l from a l l d i r e c t i o n s w i l l cause 
the a i r t o be compressed and e x e r t a d i s r u p t i v e pressure along the w a l l s 
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o f the t u b i i l a r v o i d s . I f the s o i l s t r u c t u r e i s t o o weak t o w i t h s t a n d 
these pressures, then expansion may occur. Such a phenomenon has been 
sviggested as the cause of s l a k i n g when a dry sample i s Immersed i n water 
w i t h o u t confinement. 

I n compacted clays both physicochemical and mechanical, f a c t o r s may 
be s i g n i f i c a n t c o n t r i b u t o r s t o the s w e l l or s w e l l pressure t h a t develops 
on exposure t o water. A t y p i c a l example o f the i n f l u e n c e o f both types 
o f f a c t o r s i s provided by the r e s u l t s o f t e s t s on an expansive sandy c l a y 
s o i l having a l i q u i d l i m i t o f 35 percent, a p l a s t i c l i m i t o f 19 percent, 
25 percent by weight f i n e r than 2 microns and m o n t m o r i l l o n i t e as the domi­
nant c l a y m i n e r a l . Several samples o f the s o i l were prepared by kneeuiing 
compaction at a water content of I7.3 percent t o a d e n s i t y o f 111.3 p c f . 
The samples were then p e r m i t t e d t o s w e l l i n s o l u t i o n s o f c a l c i i M acetate 
under a surcharge pressure of 0.1 kg per sq cm. The r e s u l t s , p l o t t e d as 
percent s w e l l vs calcivmi acetate c o n c e n t r a t i o n i n Figure 1, show t h a t the 
amount o f s w e l l decreases as the e l e c t r o l y t e c o n c e n t r a t i o n increases, but 
t h a t i t appears t o reach a constant value of about 1.1 percent above a 
con c e n t r a t i o n o f about I.5 Nomal. The higher swells a t low e l e c t r o l y t e 
concentrations are a t t r i b u t a b l e t o osmotic pressure d i f f e r e n c e s between 
the s w e l l i n g s o l u t i o n and the f l u i d between c l a y p a r t i c l e s . E v i d e n t l y the 
c o n c e n t r a t i o n a t the midplane between p a r t i c l e s was o f the order o f I.5 
Normal.-i/ Since some 1.1 percent s w e l l appears t o be independent o f ele c ­
t r o l y t e content, i t seems reasonable t o a t t r i b u t e i t t o f a c t o r s other than 
osmotic pressure. I t i s u n l i k e l y t h a t water sidsorptive f o r c e s would be 
s i g n i f i c a n t a t a water content of 17.3 percent ( t h i s s o i l has been observed 
t o absorb water f r e e l y from the atmosphere t o a water content o f on l y about 
5 p e r c e n t ) . The basic s w e l l o f 1.1 percent i s more l i k e l y due t o a com­
b i n a t i o n o f the mechanical f a c t o r s already o u t l i n e d . 

FACTORS AFFECTING THE SWELL AND SWELL PRESSURE OF 
COMPACTED CIAY AND THEIR MEASUREMENT 

The b r i e f sunnnary o f s w e l l i n g mechanisms presented i n the previous 
s e c t i o n would t e n d t o i n d i c a t e t h a t a great v a r i e t y o f f a c t o r s might i n ­
fluence the s w e l l and s w e l l pressure c h a r a c t e r i s t i c s o f a given s o i l . I n 
the case o f compacted c l a y s , the molding water content and d e n s i t y would 
obviously be expected t o be o f paramount importance. The data i n Figure 1 
show t h a t the nature o f the imbibed f l u i d plays an important r o l e . Some­
what l e s s obvious b u t perhaps o f equal importance i s the method o f compac­
t i o n used f o r sample p r e p a r a t i o n . As i l l u s t r a t e d by Seed and Chan (7), 
t h i s i s due t o the f a c t t h a t the method o f compaction determines t h e ~ s t r u c -
t u r e o f a compacted c l a y , and the s t r u c t u r e i n f l u e n c e s the behavior of 
exposure t o water. A l l o f these f a c t o r s may be considered under the gen­
e r a l category o f the i n f l u e n c e o f compositional f a c t o r s on s w e l l and s w e l l 
pressure. 

I n order t o evaluate p r o p e r l y the i n f l u e n c e o f the compositional f a c ­
t o r s , however, r e l i a b l e and i n t e r p r e t a b l e methods o f measurement must be 
used. Studies have I n d i c a t e d t h a t acc\jrate d etermination o f the expansion 
c h a r a c t e r i s t i c s of a s o i l , i n p a r t i c u l a r the s w e l l pressure, i s not always 
a simple task and t h a t c a r e f u l l y c o n t r o l l e d t e s t c o n d i t i o n s must be main-

I^The a c t u a l c o n c e n t r a t i o n i s a f u n c t i o n o f the c l a y exchange c a p a c i t y , 
p a r t i c l e spacing, pore f l u i d e l e c t r o l y t e content, and other f a c t o r s . I t 
cannot be measured d i r e c t l y . 
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t a i n e d . Although, a t the present stage, the e f f e c t s of a l l o f the v a r i ­
ables i n t e s t c o n d i t i o n t h a t might reasonably be expected t o i n f l u e n c e 
the t e s t r e s u l t s have not been eveiluated, the i n f l u e n c e o f many f a c t o r s 
has been r e l i a b l y e s t a b l i s h e d . Included i n t h e l a t t e r category are the 
e f f e c t o f time on s w e l l pressure development, the e f f e c t o f sample shape 
on s w e l l pressure, the e f f e c t o f volume change on s w e l l pressure, the e f ­
f e c t o f temperature on s w e l l readings, and the i n f l u e n c e o f st r e s s h i s t o r y 
on s w e l l . A l l o f these f a c t o r s may be considered under the general cate­
gory o f the i n f l u e n c e of measurement methods on s w e l l i n g c h a r a c t e r i s t i c s , 
and t h e i r e f f e c t s are considered i n the next s e c t i o n . Test r e s u l t s i l l u s ­
t r a t i n g t h e i n f l u e n c e o f c o n ^ j o s i t i o n a l f a c t o r s are discussed i n the f o l ­
l owing s e c t i o n . 

THE INFLUENCE OF TEST CONDITIONS ON SWELL AND SWELL PRESSURE MEASUREMENTS 

The ETfect o f Time on the Development o f Swell and Swell Pressiire 
When a compacted s o i l i s exposed t o water, time i s r e q u i r e d f o r the 

movement o f water i n t o the sample under the h y d r a u l i c g r a d i e n t set up by 
the negative water pressures w i t h i n the s o i l r e l a t i v e t o f r e e water. The 
process i s i n many ways analogous t o the process o f c o n s o l i d a t i o n wherein 
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the movement o f water i n a loaded c l a y i s re t a r d e d by the low p e r m e a b i l i t y . 
A t y p i c a l s w e l l vs l o g time cinrve f o r a sample o f compacted sandy c l a y i s 
shown i n Figure 2 . I t may be noted t h a t f o r t h i s r e l a t i v e l y t h i n sample 
of 0 . 6 3 -in. i n i t i a l t h i c k n e s s , a considerable p e r i o d i s r e q u i r e d f o r f u l l 
expansion t o occur. I t may also be seen t h a t the shape o f the curve i s 
e s s e n t i a l l y the reverse o f a t y p i c a l cuiwe f o r c o n s o l i d a t i o n . 

I 

/n/t/a/ sample thickness=0.630in 
Surcharge pressure...j=O.Ikg persgcm 
Molding wafer content =168% 
Initial dry density = III llbpercuft 

50 100 500 1000 
Elapsed Time - minutes 

5000 10,000 

Figure 2 . Increase i n s w e l l w i t h time f o r t h i n sample of compacted sandy 
c l a y 

The development o f s w e l l pressure on exposure o f an expansive s o i l t o 
water proceeds i n much the same manner. A t y p i c a l t e s t r e s u l t showing the 
r a t e of development o f s w e l l pressure f o r a sandy c l a y s o i l i s shown i n 
Figure 3« The procedure used f o r the measurement o f the pressures shown 
i n Figure 3 and f o r the other s w e l l pressures obtained i n t h i s i n v e s t i g a ­
t i o n was, unless otherwise i n d i c a t e d , as f o l l o w s : Samples were mixed t o 
the d e s i r e d water content and compacted i n h-tn. diameter molds, using a 
kneading compactor t o form specimens approximately 2 . 5 - i n . h i g h . The 
samples were then subjected t o s t a t i c pressure u n t i l moisture was exuded. 
The pressure was then released and the sample allowed t o stand f o r h a l f 
an hour. A p e r f o r a t e d p l a t e w i t h a v e r t i c a l stem was placed on t o p o f the 
sample, and the mold c o n t a i n i n g the sample was placed i n an expansion 
pressure device (see F i g . k) so t h a t the stem o f the p l a t e f i r m l y con­
t a c t e d the center o f a h o r i z o n t a l p r o v i ng bar f i x e d a t each end.£/ A d i a l 
gage was mounted t o recor d subsequent d e f l e c t i o n s o f the proving bar. 
Water was poured on the upper face of the specimen and the pressure t h a t 
developed as the sample tended t o expand was observed by n o t i n g the de­
f l e c t i o n o f the p r o v i n g bar. C a l i b r a t i o n o f the p r o v i n g bar p e r m i t t e d 
computation o f the expansion pressure. I t may be noted t h a t t h i s i s the 
same procedure used by a number o f State Highway Departments i n connection 
w i t h the design o f pavements. 

2 / A seating l o a d o f O.h p s i was used. 
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f o r compacted sample o f sandy c l a y 

I t should also be noted, however, t h a t i n t h i s procedure the sample 
i s not maintained a t constant volume, inasmuch as the pr o v i n g betr must 
d e f l e c t upwards t o measure the expansion pressure, and the sample i s thus 
allowed t o expand by an amount equal t o the d e f l e c t i o n o f t h e p r o v i n g b a r . 
Thus, w h i l e the ax:tual sample expansion i s q u i t e small (0.003 i n . per p s l 
or l e s s depending on the thickness o f the pr o v i n g bar used), the tioie 
s w e l l pressure a t zero v o l m e change i s n o t measured, b u t r a t h e r an ex­
pansion pressure corresponding t o some small amo\int o f s w e l l i s determined. 
The marked e f f e c t o f very small volume Increases on the observed pressures 
w i l l be i l l u s t r a t e d i n a subsequent s e c t i o n . 

From Figure 3 i t may be seen t h a t t he expansion pressure Increased 
r e l a t i v e l y r a p i d l y f o r the f i r s t day b u t t h a t t h e r a t e o f increase was 
very low a f t e r t h i s t i m e . At the end o f one week, however, the pressure 
had reached a value s i g n i f i c a n t l y higher than a f t e r one day. Figure 5 
shows the r e s u l t s o f a se r i e s o f t e s t s on the same sandy c l a y conducted 
over a range o f water contents l i k e l y t o be o f g r e a t e s t p r a c t i c a l I n t e r e s t 
f o r pavement design considerations (expansion pressures l e s s than 1,5 p s i ) . 
The pressure developed a f t e r 7 "lays was a t l e a s t 100 percent g r e a t e r than 
the pressures developed a f t e r 1 day. This would seem t o i n d i c a t e t h a t 
even when samples are compacted t o a c o n d i t i o n approaching f u l l s a t u r a t i o n , 
considerable periods o f time are s t i l l r e q u i r e d t o deteimine u l t i m a t e 
values of s w e l l pressirre i f samples o f 2 . 5 - i n . thickness are employed. 

S i m i l a r time e f f e c t s have been r e p o r t e d by DuBose (8) f o r the de­
velopment o f s w e l l i n samples o f h i g h l y p l a s t i c c l a y . For samples 5 i n . 
i n t h i c k n e s s , f u l l s w e l l was not developed even a f t e r 50 days. 
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The long time r e q u i r e d f o r the development of f u l l s w e l l or s w e l l 

pressure i s a r e s u l t o f the time r e q u i r e d t o e f f e c t the s t r e s s t r a n s f e r i n 
the water from a l a r g e negative value e x i s t i n g before exposure o f the sam­
pl e t o water up t o the zero value t h a t must e x i s t throughout the system a t 
e q u i l i b r i x m i . The pore-water-pressxore change r e q u i r e s the f l o w o f water 
i n t o the p a r t i a l l y s a t u r a t e d s o i l i n order t o f l a t t e n menisci and s a t i s f y 
water adsorptive f o r c e s . The process i s slow due t o the low p e m e a b i l i t y 
of compacted cla y s ; and the r a t e decreases w i t h i n c r e a s i n g time because 
of the c o n t i n u a l l y decreasing g r a d i e n t t e n ding t o draw water i n . Unfortu­
n a t e l y , a f t e r about 2k hours the r a t e o f change of s w e l l or s w e l l pressure 
may become so slow t h a t observers are tempted t o conclude t h a t the process 
i s completed; yet considerable s w e l l i n g may s t i l l develop a f t e r the i n i t i a l 
2l4-hour p e r i o d . Considerable care i s r e q u i r e d t o determine the maximum 
values f o r any given t e s t . 

The E f f e c t o f Sample Shape on Swell Pressures 
I t was observed, using the procedure p r e v i o u s l y described, t h a t i n 

seme cases the d e f l e c t i o n of the p r o v i n g bar decreased r a t h e r than i n ­
creased f o l l o w i n g the a d d i t i o n o f water t o the sample — a confusing r e ­
s u l t i n view o f the extremely l i g h t seating l o a d t o which the samples 
were subjected. These r e s u l t s remained unexplained u n t i l i t was n o t i c e d 
t h a t these samples developed considerable curvature o f t h e i r upper and 
lower surfaces i n the h a l f - h o u r w a i t i n g p e r i o d f o l l o w i n g the release o f 
the s t a t i c compactive l o a d . This c u r v a t i i r e i s l i k e l y t o occur i n a l l 
samples but more p a r t i c i z l a r l y w i t h those e x h i b i t i n g considerable rebound 
a f t e r s t a t i c compaction, becaxise f r i c t i o n between the sample and w a l l s o f 
the mold w i l l t end t o r e s t r i c t the rebovuid a t the edges o f the sample. 
At the center, g r e a t e r rebound i s p o s s i b l e because o f the absence o f edge 
e f f e c t s . 

I t was concluded t h a t f o r these samples t h e p e r f o r a t e d p l a t e was not 
i n contact w i t h the f u l l surface o f the sample, as shown i n Figure k, and 
t h a t the decrease i n proving-bar d e f l e c t i o n was due t o a progressive de­
crease i n curvature caused by the seating l o a d (the expansion o f the sam­
ple due t o the a d d i t i o n o f water being i n s u f f i c i e n t t o o f f s e t t h i s e f f e c t ) . 
Thus i t would seem reasonable t o conclude t h a t even i n cases where ex­
pansion pressures were recorded, the sample a c t u a l l y expanded appreciably 
t o f i l l t h e gaps between the o r i g i n a l curved surfaces o f the specimen and 
the h o r i z o n t a l base p l a t e and the p e r f o r a t e d p l a t e before any expansion 
pressure could be developed near the edges of t h e specimen. As a r e s u l t , 
the observed pressures woiild be appreciably l e s s than those t h a t would be 
developed by a sample i n contact w i t h i t s r e s t r a i n i n g boundaries over i t s 
e n t i r e surface area. 

To check the v a l i d i t y o f these conclusions, samples o f sandy c l a y 
were prepared using the procedure p r e v i o u s l y described, and cvurvature was 
allowed t o develop d i i r l n g the p e r i o d f o l l o w i n g s t a t i c compaction. Just 
before p l a c i n g the samples i n the expansion pressure device, the s o i l a t 
the curved ends was trimmed o f f t o form plane surfaces. The expansion 
pressures developed by these trimmed samples are compared w i t h those of 
I d e n t i c a l untrlmmed samples i n Figure 6. The s i m i l a r compositions o f both 
trimmed and untrlmmed samples are i n d i c a t e d by the p l o t o f d r y d e n s i t y vs 
water content a t the bottom o f Figure 6. 

The r e s u l t s i n d i c a t e t h a t the samples whose ends were trimmed p r i o r 
t o t e s t i n g developed considerably higher pressxires than d i d the untrlmmed 
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specimens. The d i f f e r e n c e between the expansion pressures developed by 
trimmed and untrlmmed specimens increases w i t h water content w i t h i n the 
range I n v e s t i g a t e d , and i n some cases was as gr e a t as 100 percent. The 
e f f e c t i s g r e a t e s t a t the higher water contents. This i s apparently due 
t o the f a c t t h a t a t the lower water contents t h e r e i s l i t t l e rebovmd o f 
the sample a f t e r removal o f t h e s t a t i c pressure and, t h u s , l i t t l e tendency 
f o r curvature o f the ends t o develop. This l a c k o f cinrvature i n the d r i e r 
samples was evident d u r i n g the t e s t s . S i m i l a r r e s v i l t s have been obtained 
f o r samples o f s i l t y c l a y prepared i n the same manner. 

I t i s thus apparent t h a t t he determination o f r e l i a b l e s w e l l pressirres 
i s dependent on i n s u r i n g p e r f e c t l y plane sample surfaces and i s p a r t i c u ­
l a r l y Important f o r s t a t i c s Q l y compacted samples or any samples subjected 
t o s t a t i c pressxires. U n f o r t u n a t e l y , however, trimming the ends o f a t h i c k 
sample prepared i n t h i s way may not be the proper procedure f o r o b t a i n i n g 
s a t i s f a c t o r y r e s u l t s , because the removal o f m a t e r i a l from the center p a r t 
of the sample w i l l r e s u l t i n a specimen o f nonuniform d e n s i t y , and the 
s w e l l pressure exerted by the edges may then exceed t h a t exerted by the 
center p o r t i o n ; f u r t h e i m o r e , some pressiire may r e s u l t from the expansion 
of the s o i l due t o the gradual release o f f r i c t i o n f o r c e s between the 
sample and the w a l l s o f the mold. 

The problem of curvature a t sample ends i s not the o n l y d i f f i c u l t y 
encountered i n making r e l i a b l e d e t e m l n a t i o n s o f s w e l l pressures f o r com­
pacted samples. Barber (9) has presented data I l l u s t r a t i n g the marked 
d i f f e r e n c e s i n r e s v i l t s t h a t may be obtained due t o v a r i a t i o n s i n the i n ­
t e r v a l o f time between compaction and the s t a r t o f the t e s t . T y p i c a l r e ­
s u l t s are presented i n Figure 7. I t i s apparent t h a t t h i s f a c t o r needs 
c a r e f u l c o n s i d e r a t i o n i n the c o r r e c t i n t e r p r e t a t i o n o f s w e l l pressure data. 

The E f f e c t o f Volme Change on Swell Pressure 

The s i g n i f i c a n t e f f e c t s o f v o l m e change on the s w e l l i n g pressvire 
developed by compacted s o i l s has been recognized f o r seme time. Barber 
( 2 ) , Dawson ( l O ) , and DuBose ( 8 ) , among o t h e r s , have presented data i l l u s ­
t r a t i n g the marked r e d u c t i o n i n s w e l l pressures caused by volume changes 
of even a f r a c t i o n o f 1 percent. T y p i c a l r e s i i l t s r e p o r t e d by Dawson (lO) 
f o r samples o f s i l t y c l a y compacted by the standard Proctor procedure are 
presented i n Figvire 8. 

I t i s apparent t h a t a c a r e f u l assessment o f the amount o f expansion 
p e r m i t t e d i n any t e s t i s r e q u i r e d i n the e v a l u a t i o n o f the t e s t data, and 
t h a t compeirative t e s t r e s u l t s can only be obtained where v o l m e changes 
are the same f o r a l l s o i l s . Probably the most convenient and o f t e n the 
most s i g n i f i c a n t standard o f comparison i s t h a t i n which samples are main­
t a i n e d a t constant volume. However, many t e s t procedures do not s a t i s f y 
t h i s requirement, and i t i s o f i n t e r e s t t o compare s w e l l pressure data f o r 
samples maintained a t constant volume w i t h those obtained using p r o v i n g 
bar procedures. The proving-bar method o f s w e l l pressure measurement must 
n e c e s s a r i l y permit some sample expansion, because the d e f l e c t i o n o f t h e bar 
forms the basis f o r e v a l u a t i o n o f the pressure. Though only a very s l i g h t 
expansion o f samples occurs by t h i s or other usvial methods o f s w e l l pres­
sure measurements, t h e measured pressures are l i k e l y t o be somewhat lower 
than those t h a t would be developed i f constant volume were maintained. 

To i n v e s t i g a t e the i n f l u e n c e o f such e f f e c t s on the expansion pres­
sures developed by samples o f sandy c l a y , t h r e e s e r i e s o f t e s t s were r u n . 
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Figure 7. E f f e c t o f i n t e r v e a between compaction and t e s t i n g on s w e l l 
pressure recorded a t constant volume. (Values from E. S. Barber, I 9 5 6 . ) 

using the s w e l l pressure device shown i n Figure \ w i t h p r o v ing bars o f 
1 / 8 - i n . thickness and l / l i - i n . t hickness and using a l o a d i n g yoke i n s t e a d 
o f a proving bax over the stem o f the p e r f o r a t e d p l a t e t o mai n t a i n constant 
volume. For the s e r i e s maintained a t constant volimie, the sample faces 
were trimmed p r i o r t o the a d d i t i o n o f water;'data were obtained f o r both 
trimmed and untrlmmed specimens xising the l / 8 - i n . p r o v i ng bar; and data 
on untrlmmed spec linens o n l y were obtained w i t h the l / 4 - i n . p r o v i n g bar. 
With the l / 8 - i n , bar an expansion pressvire o f 1 p s i caused a d e f l e c t i o n o f 
0.003 i n . ; w i t h the l / l ^ - i n . bar the d e f l e c t i o n was 0.000̂ 4- i n . per p s i ; 
and using the l o a d i n g yoke, constant volimie was e s s e n t i a l l y maintained by 
a p p l i c a t i o n o f appr o p r i a t e loads. A s l i g h t v o l m e increase i s pos s i b l e 
w i t h the l o a d i n g yoke due t o the e l a s t i c compression o f the v e r t i c a l stem 
above the p e r f o r a t e d p l a t e . Compression o f the stem was computed t o be 
0.000376 i n . per 10 p s i expansion pressure exerted by the I ) - i n . diameter 
samples. 

Figsxore 9 shows the r e l a t i o n s h i p between s w e l l pressure a t the end o f 
7 days and water content f o r the f o u r c o n d i t i o n s o f t e s t . I t may be seen 
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( A f t e r 

t h a t the measured s w e l l pressure I s very s e n s i t i v e t o the amount o f volume 
change a c t u a l l y allowed t o take place d i i r i n g t h e measurement. I t i s e v i ­
dent t h a t the measured pressures, even i n a r e l a t i v e l y s t i f f system (e.g., 
w i t h a l / 8 - i n . p r o v i n g b a r ) axe much lower than the pressures measured 
under constant volume c o n d i t i o n s . 

I n cases where the r e l a t i o n s h i p between amount o f s w e l l and s w e l l 
pressure i s d e s i r e d , s u i t a b l e r e s u l t s can be obtained using the proving-
b£ir type o f equipment w i t h bars of d i f f e r e n t thicknesses i n c o n j u n c t i o n 
w i t h the l o a d i n g yoke apparatus. T y p i c a l data obtained i n t h i s way f o r 
samples o f sandy c l a y , prepared by kneading compaction a t various water 
contents using a constant compactive e f f o r t , are presented i n Figure 10. 
The d e n s i t y vs water-content cuiwe f o r the samples s t u d i e d i s shown i n 
the lower p a r t o f the f i g u r e . 

The s o i l was compacted i n k-ixi. diameter molds t o form samples h.^ i n . 
i n h e i g h t ; a f t e r compaction, the samples were trimmed o f f t o leave a speci­
men w i t h a height o f 2.5 i n . i n the mold. Three sets o f samples were t e s t ­
ed. I n the f i r s t , the samples were given access t o water w i t h a 3 / l 6 - i n . 
t h i c k p r o v i n g bar \ised t o measure expansion pressures; i n the second, a 
3 / 8 - i n . t h i c k p r o v i ng bar was used; and i n the t h i r d , the samples were con­
f i n e d between the base p l a t e and a l o a d i n g yoke w i t h a l u c i t e p i s t o n . I n 
the t h i r d s e t , s u f f i c i e n t pressure was a p p l i e d t o the yoke t o prevent 
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apparent expansion of the specimen as indicated by a d i a l gage mounted on 
the yoke. Actually,however,a s l i g h t volume change could occur due to com­
pression of the l u c i t e piston. The magnitude of t h i s volume change could 
be evaluated and i s Included i n consideration of the t e s t r e s u l t s . 

The expansion pressure a f t e r 7 days and the volume change i n percent 
for each of the samples axe shown i n Figure 10 as functions of molding water 
content. I t may be seen that the samples having the lowest water content at 
compaction had the highest expansion pressures, and the greater the expan­
sion that i s permitted during the t e s t , the lower i s the measured pressure. 

The r e s u l t s i n Figtire 10 have been used to prepare Flgiire 11, which 
shows the expansion pressure as a function of volume change at different 
compaction water contents and d e n s i t i e s . Presentation of the data i n t h i s 
form provides a convenient means for assessing the magnitude of swell pres­
sure for any degree of expansion and would be useful i n p r a c t i c a l s i t u a ­
tions where, very often, the swelling pressure against a s t r u c t u r a l member 
and the deflection of the members are mutually dependent. 
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Figure 11. E f f e c t of volume change on swell pressure developed by samples 
of sandy c l a y prepared using constant compactive e f f o r t . 

E f f e c t of Temperature on Stfell and Swell Pressure Msasurements 
An additional factor affecting the r e s u l t s of swell pressure measure­

ments i s temperatiire v a r i a t i o n during the t e s t . The magnitude of swell 
and swell pressure i s a function of temperature for purely physlcocheml-
c a l reasons, as the I n t e r p a r t i c l e forces and pore water pressures are 
known to be temperatiare s e n s i t i v e . Excliisive of the Influence of physico-
chemical f a c t o r s , however, temperature e f f e c t s are also important through 
t h e i r influence on the voliane of the components of the measuring system. 
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I t has been found, for example, that temperatiire variations of 10 to 15° 
F can cause a change i n observed swell up to 0.5 percent i n sample of l/2-
i n . thickness. Differences of t h i s magnitude may be intolerable i f the 
specimens being investigated only swell 1 or 2 percent. While r e l i a b l e 
data have not yet been obtained concerning the e f f e c t of temperatxare v a r i ­
ations on swell pressure, i t might be expected to be rather large, because 
as shown i n Figure 11, very small volume changes lead to large changes i n 
swell pressure. 

E f f e c t of Stress History on Swelling of Compacted S o i l s 
The relationships between the amount of swell that w i l l develop when 

a compacted sample i s exposed to water and the siircharge pressiire r e s i s t ­
ing expansion i s often of i n t e r e s t i n p r a c t i c a l problems. The labor i n ­
volved i n determining such a relationship could be appreciably reduced i f 
the same sample could be used for determination of several points on the 
percent swell vs s\ircharge pressure curve by means of successively re­
ducing the surcharge load a f t e r equillbrivmi has been reached under the 
previous load. However, t e s t r e s u l t s show that the amount of swell i s 
s i g n i f i c a n t l y influenced by the s t r e s s history of a sample, and no such 
simple procedure can be used. 

The e f f e c t s of s t r e s s history i n t h i s type of t e s t are demonstrated by 
the r e s u l t s of the following study: Three compacted specimens of k-ln. 
diameter a l l having the same I n i t i a l composition of 13.1 percent water 
content and dry densities of 122.5 to 122.8 pcf were trimmed to a thick­
ness of S A i l l * placed between porous d i s c s . Surcharge pressures were 
applied and measurements made of the amoiant of swelling when the samples 
were immersed i n water. Specimen No. 1 was tested under an i n i t i a l sur­
charge of 10 p s i . After equilibrium had been achieved, the surcharge 
pressure was reduced to 5 p s l ; a f t e r a second equilibrium was attained, 
the pressure was further reduced to 1 p s i and swell measurements continued 
for an additional 28 days to insure ultimate e q u i l l b r l m . Specimen No. 2 
was subjected to an I n i t i a l surcharge pressure of 5 p s i , and, when no fur­
ther swell appeared l i k e l y , the surcharge was reduced to 1 p s i . Specimen 
No. 3 was maintained under 1 p s i throughout the t e s t . 

Flgiare 12 summarizes the changes i n thickness occurring i n each of the 
samples throughout the t e s t period. I t may be seen that the amount of 
swell of Specimen No. 1, on which the load was reduced i n stages from 10 
to 1 p s i , was l e s s than that of Specimen No. 2, on which the s t r e s s was 
reduced from 5 to 1 p s i , and that both of these specimens swelled l e s s 
than Specimen No. 3 which was subjected to only 1 p s i throughout. 

The r e s u l t s of a s i m i l a r s e r i e s of t e s t s reported by Barber (9) for a 
clay of low p l a s t i c i t y are presented i n Figure 13. For these studies, 
compacted samples were placed under i n i t i a l pressures of 8,000, 1,000, 
500, 200, and 20 psf and allowed to swell to equilibrium conditions; the 
pressure on a l l samples was then reduced to 20 psf and the f i n a l e q u i l i ­
brium conditions determined. The marked differences i n f i n a l expansion 
r e s u l t i n g from the use of different i n i t i a l pressxures are r e a d i l y apparent. 

I t i s c l e a r from these r e s u l t s that s t r e s s history does have a s i g n i ­
f i c a n t e f f e c t on the amount of swell of a compacted s o i l and that erroneous 
r e s u l t s may be obtained i f the equilibrium conditions of compacted speci­
mens a f t e r swelling are predicted from meas\irements made by progressively 
reducing the surcharge pressure on a single specimen. The r e s u l t s also 
indicate that i f a sample i s used to measure swell pressure i t cannot then 
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be unloaded and allowed to swell i n the hope of determining the swelling 
c h a r a c t e r i s t i c s of the s o i l . Separate samples are required for swell 
pressure and swell measurements. 

Recent developments i n the study of the structure of compacted clays 
provide a possible explanation for t h i s type of behavior. I t has been 
shown, Lambe (3), Seed and Chan (7), that samples compacted dry of optimvmi, 
as were the samples used to obtain the data i n Pig\ire 12, exhibit floccu-
l e n t s t m c t u r e s j i . e . , the c l a y p a r t i c l e s are more or l e s s randomly o r i ­
ented. The pore-water pressures are negative and of rather large magnitude 
i n such s o i l s , and i t i s l i k e l y that many of the platy p a r t i c l e s are held 
i n a deformed state by menisci. On exposure to water, the r e l i e f of these 
high water tensions enables deformed p a r t i c l e s to straighten, water adsorp-
t i v e forces to be s a t i s f i e d , and double layer osmotic pressures to be b a l ­
anced. I t i s reasonable to assume also that some rearrangement of the i n ­
t e r n a l structure of the s o i l w i l l take place as water i s imbibed and the 
tensions i n the water are released. As water moves i n , deformed p a r t i c l e s 
tend to straighten and ef f e c t i v e p a r t i c l e spacings tend to increase. The 
form of the structure adjustment w i l l be a function of the r e s t r a i n t s ap­
p l i e d to the sample and could reasonably be expected to take the path of 
l e a s t r e s i s t a n c e . 

When sample expansion can take place with ease, as i n the case of lew-
surcharge pressures, then large o v e r - a l l volume increase of the specimen 
may occur and a r e l a t i v e l y high swell may r e s u l t . When v e r t i c a l expansion 
i s restrained by the application of high surcharge pressures i t i s l i k e l y 
that i n t e r n a l p a r t i c l e reorientations occur such that the i n i t i a l s truc-
ture, which could be considered to consist of cliasters or aggregates of 
randomly oriented p a r t i c l e s , s h i f t s i n the direction of a more dispersed 
or p a r a l l e l structure as the dis s i p a t i o n of stresses and the movement of 
p a r t i c l e s proceed. The tendency for p a r t i c l e orientation to become more 
ps i r a l l e l i n a di r e c t i o n normal to the di r e c t i o n of s t r e s s application 
when saturated clays are subjected to high pressure has already been d i s ­
cussed by Lambe (3), while Seed and Chan (7) have shown that p a r a l l e l par­
t i c l e orientations exhibit lower swelling c h a r a c t e r i s t i c s than random 
orientations. Thus, i t seems l i k e l y that the subsequent swelling chsirac-
t e r i s t i c s of samples previously subjected to high pressures are l e s s than 
those of i d e n t i c a l samples subjected d i r e c t l y to low pressures beca\ise of 
the increased degree of p a r t i c l e orientation induced by the high pressure 
application. 

I f the above mechanism were correct, i t would be expected that the i n ­
i t i a l structure of a compacted cla y would infliience the magnitude of the 
st r e s s h istory e f f e c t . I t would be further anticipated that the str e s s 
history e f f e c t would be more pronounced i n samples having flocculent struc-
tvires than i n samples having dispersed structinres, because i n t e r n a l par­
t i c l e adjustments i n dispersed systems might be expected to be f a i r l y small, 

THE ROLE OF COMPOSITIOKAL FACTORS IN DETERMINING THE SWEIi AND SWELL 
PRESSURE CHARACTERISTICS OF COMPACTED CLAYS 

As pointed out at the outset of t h i s paper, the swelling characteris­
t i c s of a compacted s o i l are dependent on several fundamental f a c t o r s . 
The r e l a t i v e influence of these factors for a given s o i l i s , i n most cases, 
detenmined by more or l e s s controllable conditions that are imposed on the 
composition of the compacted s o i l . By composition of a compacted s o i l i s 
meant the water content, density, and structure of the material i n the 
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as-compacted s t a t e . The coonposition of the f l u i d to which the compacted 
s o i l i s exposed during swelling i s a further Important variable as shown 
by Ladd (If) and Mitchell (6). The structure i s , i n many cases, determined 
by the method of compaction and the molding water content, as i l l u s t r a t e d 
by Seed and Chan (7) and Lambe (3). The influence of these various com­
posi t i o n a l factors i s i l l u s t r a t e d i n the following paragraphs. 

Influence of Density and Water Content on Swelling C h a r a c t e r i s t i c s 
The infliience of campacted density and molding water content on the 

swell and swell pressure of compacted clays has been studied by numerous 
investigators i n recent years. Probably t-he most convenient way of pres­
enting the r e s u l t s of such studies i s that of plotting contours of eq[ual 
expansion e f f e c t s on a standard dry-density vs water-content p l o t . Typi­
c a l examples of such p l o t s , obtained by Holtz and Gibbs ( l l ) , are pres­
ented i n Figures lU and I 5 . These data were obtained from studies of the 
relationships between compacted density, water content, and swelling 
c h a r a c t e r i s t i c s of samples of a highly p l a s t i c clay prepared by impact 
compaction. I t i s r e a d i l y apparent that for t h i s method of compaction an 
increase i n molding water content at any given density causes a decrease 
i n swell £ind swell pressure; however, an increase i n density at any given 
water content may Increase or decrease the swell depending on the range 
of densities involved. This l a t t e r e f f e c t i s due to the f a c t that changes 
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i n density, at high degrees of saturation, are accompanied by changes i n 
s o i l structure, and the swelling c h a r a c t e r i s t i c s r e f l e c t the e f f e c t s of 
both density and s t r u c t u r a l changes. 

The E f f e c t of S o i l Structure on Swelling C h a r a c t e r i s t i c s 
In addition to the i n i t i a l density and water content, the swell and 

swell pressure of compacted samples are greatly influenced by t h e i r i n i t i a l 
structiares. As shown by Seed and Chan (7), for many s o i l s the method of 
compaction provides a simple method for the inducement of differen t struc­
tures i n compacted samples at I d e n t i c a l water contents and d e n s i t i e s . How­
ever, such s t r u c t u r a l variations generally can only be obtained at water 
contents greater than optimum for the compactive e f f o r t and procedure used. 
Under those conditions i t has been shown that kneading compaction tends to 
create a dispersed structure and s t a t i c compaction a flocculent structure 
i n many c l a y s . The influence of such s t r u c t u r a l differences on the swell 
of samples of sandy c l a y i s shown by the data i n Figure l 6 . I t may be 
seen that for samples compacted dry of optlmimi, the swell i s r e l a t i v e l y 
i n s e n s i t i v e to method of compaction, because both methods y i e l d flocculent 
structures. Wet of optimum, however, the floccvilent sample prepared by 
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s t a t i c compaction swells considerably more than the sample with a dispersed 
structure prepared by kneading compaction. That the swell pressxure i s sim­
i l a r l y affected by structure i s i l l u s t r a t e d by Figure 17, which presents 
data for samples of two clays prepared at various densities wet of optimum 
by kneading and s t a t i c compaction. The swell pressures of the s t a t i c a l l y 
compacted sajriples are greater than those for the kneading compacted sam­
ples at the same molding water content over the entire range of densities 
investigated. 

The E f f e c t of Swelling Solution Composition on Swell 
The ef f e c t of the composition of the solution to which a compacted 

s o i l i s exposed on the swelling c h a r a c t e r i s t i c s has been discussed i n con­
nection with swelling mechanisms and Figure 1. Similar measurements have 
been reported by Ladd (k). Such behavior ( i . e . , decreased swell with i n ­
creased e l e c t r o l y t e content) might be expected with any s o i l i n which phy-
sicochemical components, p a r t i c u l a r l y osmotic pressures, are s i g n i f i c a n t 
contributors to the swell. Figure 1 presents data for samples prepared by 
kneading compaction. These data are compared i n Flgare l 8 with the r e ­
s u l t s of si m i l a r t e s t s on samples prepared by s t a t i c compaction to the same 
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d e n s i t y and water content. I t may be noted t h a t the e f f e c t o f s o l u t i o n 
composition, shown by the shaded areas, i s about the same f o r each method 
of compaction, suggesting t h a t the e l e c t r o l y t e - s e n s i t i v e f a c t o r s i n f l u ­
encing s w e l l are r e l a t i v e l y i n s e n s i t i v e t o s t r u c t u r e . The greater over­
a l l s w e l l o f the s t a t i c a l l y compacted samples i s r e a d i l y apparent. 

Discussion o f the Relationships Between Composition and Swelling 
C h a r a c t e r i s t i c s 

The behavior summarized i n Figures ik through l8 appears t o f o m a con­
s i s t e n t p i c t u r e r e l a t i v e t o the known c h a r a c t e r i s t i c s o f compacted c l a y s , 
physicochemical p r i n c i p l e s , and s o i l s t r u c t u r e . S t r u c t u r e appears t o be 
one o f the major v a r i a b l e s governing s w e l l i n g behavior. The data i n F i g -
vtres 16, 17, and I8 sHow t h a t f l o c c u l e n t s t r u c t u r e s c o n s i s t e n t l y s w e l l 
more and develop higher s w e l l pressures than dispersed s t r u c t t i r e s . Study 
o f Figure 18 and o f data presented by Ladd (k) i n d i c a t e s t h a t the propor­
t i o n o f the s w e l l t h a t i s i n s e n s i t i v e t o the e l e c t r o l y t e content of the 
s o l u t i o n t o which the sample i s exposed i s much g r e a t e r f o r f l o c c u l e n t 
than f o r dispersed samples. I f i t i s assmed t h a t the e f f e c t o f the e l e c ­
t r o l y t e content i s a measure o f the physicochemical components o f the 
s w e l l , then i t wovild seem t h a t mechanical f a c t o r s are p r i m a r i l y respon­
s i b l e f o r the d i f f e r e n c e between the s w e l l i n g c h a r a c t e r i s t i c s o f the two 
s t r u c t u r e s . Compaction t o a f l o c c u l e n t s t r u c t u r e might be expected t o 
give a g r e a t e r number o f deformed p a r t i c l e s and higher i n t e r n a l stresses 
because o f the random p a r t i c l e arrangements and the i n a b i l i t y o f p a r t i c l e s 
t o s l i d e i n t o unstressed p a r a l l e l p o s i t i o n s , as i s the case by kneading 
compaction. 

The Increase i n s w e l l and s w e l l pressure w i t h increase i n d e n s i t y a t 
a given water content i s a l o g i c a l consequence o f se v e r a l f a c t o r s . I n 
low d e n s i t y samples, the p a r t i c l e deformations would be expected t o be 
l e s s than i n h i g h d e n s i t y samples i n the as-compacted s t a t e . The average 
i n t e r p a r t i c l e spacing o f low d e n s i t y samples i s g r e a t e r than i n h i g h den­
s i t y samples; t h u s , i n t e r p a r t i c l e r e p i i l s i v e f o r c e s due t o i n t e r a c t i n g 
double l a y e r s would be l e s s , and, t h e r e f o r e , the samples would r e q u i r e 
less water t o reach an osmotic e q u i l i b r i u m . Furthermore, s t r u c t u r a l ad­
justment w i t h i n the samples could take place more e a s i l y i n low d e n s i t y 
samples. 

Both s w e l l and s w e l l pressure decrease w i t h i n c r e a s i n g molding water 
content because s t r u c t u r e s are g e n e r a l l y more dispersed a t higher water 
contents f o r any method o f compaction, and the n a t u r a l d e s i r e f o r the s o i l 
t o imbibe water t o s a t i s f y adsorptive and double l a y e r pressures decreases 
w i t h i n c r e a s i n g water content. 

The form o f the r e l a t i o n s h i p between s w e l l pressure or s w e l l and mold­
i n g water content f o r samples prepared a t constant compactive e f f o r t i s 
the r e s u l t of v a r i a t i o n s i n the combined e f f e c t s o f d e n s i t y , water content, 
and s t r u c t u r e . At water contents a few percent below optimum, the s w e l l 
i s reasonably i n s e n s i t i v e t o changes i n molding water content. This i s 
because the d e n s i t y increases w i t h i n c r e a s i n g water content, and the e f ­
f e c t s o f the two v a r i a b l e s tend t o cancel each other out. At water con­
t e n t s i n the v i c i n i t y o f optimum, the d e n s i t y i s not changing r a p i d l y and 
the e f f e c t s o f water content and s t r u c t u r e predominate. S t r u c t u r e under­
goes a marked s h i f t towards greater d i s p e r s i o n as optimum water content 
i s reached. Thus the s w e l l and s w e l l pressure decrease r a p i d l y as the 
water content changes from j u s t below t o j u s t above optimum f o r the 
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compactive e f f o r t being used. When water contents considerably wet o f 
optimum are reached, f u r t h e r s t r u c t u r a l changes have more or l e s s ceased 
and p h y s i c a l I n t e r a c t i o n between p e i r t i c l e s becomes low. Physlcochemlcal 
e f f e c t s and the e f f e c t s o f decreased d e n s i t y are probably the important 
f a c t o r s i n f l u e n c i n g the s w e l l i n g c h a r a c t e r i s t i c s i n t h i s range, and t h e i r 
i n f l u e n c e i s shown by a gradual decrease i n s w e l l and s w e l l pressure as 
the water content Increases. 

SUMMARY AUD CONCLUSIONS 
The f a c t o r s responsible f o r the s w e l l i n g c h a r a c t e r i s t i c s o f compacted 

clays have been b r i e f l y reviewed. These f a c t o r s may be conveniently con­
sidered t o be o f two types: physlcochemlcal f a c t o r s , which are f u n c t i o n s 
o f I n t e r p a r t i c l e e l e c t r i c a l f o r c e s , p a r t i c l e surface s t r u c t i i r e , pore f l u i d 
composition, the surface t e n s i o n p r o p e r t i e s o f water, and the composition 
of the water t o which the s o i l i s exposed; and mechanical f a c t o r s , which 
i n c l u d e the e f f e c t s o f e l a s t i c a l l y deformed p a r t i c l e s or p a x t l c l e groups 
and the compression o f a i r i n the voids d u r i n g i m b i b i t i o n o f water. 

Some o f the f a c t o r s a f f e c t i n g the r e s u l t s o f s w e l l and s w e l l pressure 
measurements have been examined. I t ' was shown t h a t considerable a t t e n t i o n 
t o d e t a i l i s necessary i f meaningful values o f s w e l l pressure character­
i s t i c s are t o be determined. Periods up t o a week or longer are o f t e n 
necessary f o r the determination o f e q u i l i b r i i m i s w e l l and s w e l l pressure 
i n compacted samples o f appreciable thickness (2.5 i n . ) , even i f the i n i ­
t i a l degree o f s a t u r a t i o n i s over 90 percent. Data have been presented 
t h a t show t h a t , f o r samples prepared by s t a t i c compaction, cvirved surfaces 
may develop d u r i n g the p e r i o d between the end o f compaction and the begin­
n i n g o f a s w e l l presstire d e t e r m i n a t i o n as a r e s u l t o f the rebound o f the 
c e n t r a l p o r t i o n o f the sample. The e f f e c t o f the curved surface i s t o 
giv e a s w e l l pressure l e s s than the t r u e pressure. Furthermore, changes 
i n the i n t e r v a l between compaction and t e s t i n g may also i n f l u e n c e t he 
r e s v i l t s . 

The extreme s e n s i t i v i t y o f measured s w e l l pressiure t o volume change 
was i l l u s t r a t e d . For the samples s t u d i e d , f o r example, the measured pres-
sure may be as much as. 100 percent t o o low i f as l i t t l e as 0.1 percent 
expansion occurs, depending on the i n i t i a l c o n d i t i o n s . The combined e f ­
f e c t s o f sample surface c u r v a t u r e . I n s u f f i c i e n t time o f t e s t , and expan­
s i o n can l e a d t o observed values o f s w e l l pressure t h a t are s e v e r a l hund­
red percent t o o low, as shown by the t e s t r e s u l t s i n Figure 19. 

The e f f e c t o f s t r e s s h i s t o r y on the s w e l l o f a compacted sandy c l a y 
has a l s o been shown t o be l a r g e . I f a sample i s f i r s t exposed t o water 
\mder a h i g h surcharge and allowed t o s w e l l , and the sample i s l a t e r un­
loaded t o a low sijrcharge, the u l t i m a t e s w e l l w i l l be s i g n i f i c a n t l y l e s s 
than i f the sample had been subjected t o a low surcharge on i n i t i a l ex­
posure t o water. Such behavior precludes the use o f the same sample f o r 
the d e t e r m i n a t i o n o f more than one p o i n t on a s w e l l vs surcharge pressure 
curve o r the p r e d i c t i o n o f s w e l l from s w e l l pressure data. 

F i n a l l y , the r o l e s o f d e n s i t y , water content, s o i l stimctiu-e, and the 
nature o f the s o l u t i o n t o which the s o i l i s exposed i n i n f l u e n c i n g the 
s w e l l i n g c h a r a c t e r i s t i c s o f compacted c l a y were summarized. I t was shown 
t h a t s w e l l and s w e l l pressure increase w i t h I n c r e a s i n g d e n s i t y , decreasing 
water content, i n c r e a s i n g randomness o f s t r u c t i i r e ( f l o c c u l e n t s t r u c t i i r e ) , 
and decreasing e l e c t r o l y t e c o n c e n t r a t i o n i n the absorbed water. The data 
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Samples trimmed and maintained 
at constant volume - swell 
pressure after 7days 

Wimmedsamples-, 
1 proving bar-swell 
°- pressure after I day 

'14 16 18 20 22 24 
Water Content at End of Test - percent 

Figure I 9 . Range o f observed s w e l l pressures f o r s i m i l a r samples o f sandy 
c l a y t e s t e d under d i f f e r e n t c o n d i t i o n s . 

a l l appear c o n s i s t e n t w i t h known c h a r a c t e r i s t i c s o f compacted c l a y s , phy-
sicochemical p r i n c i p l e s , and s o i l s t r u c t u r e . 

I t i s b e l i e v e d t h a t r e c o g n i t i o n o f the importance o f the many f a c t o r s 
c o n t r o l l i n g s w e l l and s w e l l pressure may a i d i n the s e l e c t i o n o f a p p r o p r i ­
ate compaction c o n d i t i o n s and i n improved methods o f p r e d i c t i n g the e f f e c t s 
o f s w e l l i n g i n engineering p r a c t i c e . 
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Experiences With Expansive Clay in 
Jackson (Miss.) Area 
J. F. REDUS, S o i l s and Paving Engineer, Michael Baker, J r . , I n c . , Jackson, 
Miss. 

The very expansive, s l i c k e n s l d e d Yazoo c l a y i n the 
Jackson, Miss., area has presented many problems t o 
engineers. Upheavals o f roads and s t r e e t s o f as. much 
as one f o o t are common. Str u c t u r e s on h i l l s i d e s i n 
which conventional foundations were used have moved 
d o w n h i l l s e v e r a l f e e t . Many s l i d e s have occurred i n 
excavation slopes where the Yazoo c l a y was exposed. 

Laboratory I n v e s t i g a t i o n s and observations have 
I n d i c a t e d c e r t a i n c h a r a c t e r i s t i c s t h a t can be taken 
i n t o account i n design and c o n s t r u c t i o n t o e l i m i n a t e , 
or a t l e a s t minimize, undesirable performance o f the 
expansive c l a y . 

•JACKSON, MISS., l i e s i n a physiographic b e l t known as the Jackson 
Plateau, which i s a s u b d i v i s i o n o f t h e Gulf Coastal P l a i n s Province, This 
b e l t rims i n a g e n e r a l l y east-west d i r e c t i o n across the State o f M i s s i s ­
s i p p i w i t h i t s western end a t the eastern edge o f the Yazoo River b a s i n 
and becomes i n d i s t i n g u i s h a b l e near the Alabama l i n e on the east. The 
predominant s o i l o f t h i s b e l t i s a f a t , v e r y expansive, s t i f f marine c l a y 
c a l l e d the Yazoo c l a y because o f i t s outcropping along the Yazoo River 
b a s i n . 

GEOLOGIC HISTORY OF AREA 
The Yazoo c l a y was deposited i n g l a c i a l times, probably i n the r a t h e r 

shallow waters o f the Gulf o f Mexico t h a t covered most o f M i s s i s s i p p i 
d u r i n g s e v e r a l p e r i o d s . The deposit i s g e n e r a l l y t h i c k — a b o u t ^00 f t 
around Jackson. I n l a t e r periods the Yazoo c l a y was covered w i t h a l o e s -
s l a l - t y p e m a t e r i a l t h a t ranges i n depth today from 0 t o 10 or 12 f t . The 
l o e s s l a l - t y p e m a t e r i a l i s g e n e r a l l y c l a s s i f i e d as a lean c l a y . 

CHARACTERISTICS OF YAZOO CLAY 
The t o p 10 t o 15 f t o f the Yazoo c l a y became h i g h l y weathered w h i l e 

exposed d i i r i n g i t s e a r l i e r h i s t o r y and t h i s changed the c o l o r from the 
normal dark blue t o a y e l l o w i s h green. The many shrinkage cracks t h a t 
developed i n the weathered p a r t closed d u r i n g subsequent periods when the 
overburden was placed, but they remain i n evidence today as j o i n t s or 
s l i c k e n s i d e s . The imweathered p a r t i s not j o i n t e d . A t t e r b e r g l i m i t s and 
volume change t e s t s on a hxmdred or so samples o f Yazoo c l a y from the 
Jackson area showed l i q u i d l i m i t values ranging from 50 t o 120, p l a s t i c i t y 
index values ranging from 30 t o 80, and volume changes from the l i q u i d 
l i m i t ranging from 70 "to I90 percent. 

ko 
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I n connection w i t h the paving design f o r the new Jackson Municipal 

A i r p o r t , laboratory-soaJced CBR t e s t s were performed on s e v e r a l specimens 
of t y p i c a l Yazoo c l a y . F i g i i r e 1 shows the r e s u l t s o f such a t e s t on a 
t y p i c a l sample w i t h l i q u i d l i m i t of about 70 percent and volxmie change 
from l i q u i d l i m i t o f about 100 percent. The graph a t the bottom shows the 
moisture-density r e l a t i o n s h i p , and the middle graph shows soaked CBR values 
versus molding moisture contents. I t should be noted t h a t the soaked CBR 
values are low (about ^) at low molding moisture contents b u t increase t o 
a peak value (about 15) a t a moisture content j u s t above optimimi. The 
upper p l o t o f percent s w e l l versus molding moisture content shows t h a t the 
amount o f s w e l l i s highest a t low molding moisture contents and decreases 
r a p i d l y as optimimi i s approached. At a molding moisture content o f 8 l / 2 
percent, the h e i g h t o f the specimen increased l8 percent; w h i l e a t optimum 
(15 percent) the s w e l l was only 2 percent. Even le s s s w e l l was experienced 
where the molding moisture content exceeded optimimi. These c h a r a c t e r i s t i c s 
and r e l a t i o n s h i p s have been found by a number of i n v e s t i g a t o r s ( l ) of clays 
and are considered t y p i c a l o f such s o i l s . 

The e f f e c t s o f d r y i n g on the amount of s w e l l during subsequent w e t t i n g 
when specimens of the p r e v i o u s l y described sample were molded a t 95 per­
cent m o d i f i e d and optimum are i l l u s t r a t e d by Figure 2. Specimens were 
allowed t o dry i n an a i r - c o n d i t i o n e d room f o r 10 days, a f t e r which they 
were submerged f o r 8 days. The shrinkage i n 10 days amounted t o about 
0.5 percent; and subsequent 8 days o f soaking produced a s w e l l o f about 
12 percent. A l a b o r a t o r y CBR t e s t s i m i l a r t o the one shown i n Figure 1 
was performed on t h i s m a t e r i a l except t h a t the compactive e f f o r t used was 
approximately 95 percent o f m o d i f i e d AASHO e f f o r t . The specimen molded 
a t about optimum moisture content showed a s w e l l o f about 2 percent when 
soaked f o r k days as compared t o about 9 percent f o r the sample o f ( F i g -
Mce 2) t h a t had been allowed t o dry f o r 10 days. 
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Figure 1. CBR t e s t — Yazoo c l a y . Figure 2. E f f e c t s o f d r y i n g on 
amount o f s w e l l . 
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When a i r - d r i e d Yazoo c l a y i s subjected t o w e t t i n g , i t slakes q u i c k l y , 
whereas m a t e r i a l a t n a t u r a l moisture content i s a f f e c t e d very l i t t l e by 
water. An a i r - d r i e d lump about the size o f a t e n n i s b a l l was placed i n a 
d i s h c o n t a i n i n g about l / 2 i n . o f water and a t the same time a s i m i l a r -
s i z e d specimen a t natiu-al moisture content was submerged. At the end o f 
an hovir the a i r - d r i e d specimen was almost completely slaked w h i l e the other 
specimen showed o n l y a b a r e l y n o t i c e a b l e amount o f s l a k i n g . 

Because o f the s t r u c t u r e o f the s o i l i t i s very d i f f i c u l t t o a r r i v e a t 
a shear s t r e n g t h f o r the h i g h l y f i s s u r e d , weathered Yazoo c l a y ; the shear 
s t r e n g t h o f th e unweathered m a t e r i a l can be determined more s a t i s f a c t o r i l y . 
A study o f values a v a i l a b l e from a number o f p r o j e c t s around Jackson showed 
t h a t shear s t r e n g t h values o f the weathered p o r t i o n range from about 0.14-
t o over 1 t o n per sq f t , and those f o r the tmweathered p o r t i o n ranged up­
ward from 1.75 tons per sq f t . Attempts t o use va r i o u s types o f t r i a x i a l 
and d i r e c t shear t e s t s on the weathered m a t e r i a l have not proven s a t i s f a c ­
t o r y , and most engineers have used the unconfined compression t e s t f o r 
design purposes. General p r a c t i c e i n the area has been t o use about the 
lower q u a r t i l e o f the range o f unconfined compression t e s t s , o r even lower, 
f o r design shear s t r e n g t h s . This has proven so s a t i s f a c t o r y t h a t i t r a i s e s 
a question as t o whether these values are u l t r a c o n s e r v a t i v e . However, un­
t i l f u r t h e r i n v e s t i g a t i o n i n d i c a t e s c o n c l u s i v e l y t h a t higher values can 
be used reasonably, i t i s b e l i e v e d t h a t the more conservative approach 
should be used. 

From the p h y s i c a l c h a r a c t e r i s t i c s o f the p r e v i o u s l y discussed c l a y i t 
may be s t a t e d t h a t d e t r i m e n t a l s w e l l i n g can be expected when Yazoo c l a y 
i s allowed t o dr y below optimum and i s then wetted. Slaking w i l l occur 
when a i r - d r i e d m a t e r i a l i s wetted. 

DIFFICXJIiTIES 
Many cases o f s t r u c t u r e d i s t r e s s due t o heaving or s l i d i n g o f the 

Yazoo c l a y are t o be found. These " d i s t r e s s e s " v a r y from v e r y s l i g h t 
movements t o displacements o f as much as 1 f t and are t o be found i n every 
type o f s t r u c t u r e : p r i v a t e homes, p u b l i c b u i l d i n g s , u t i l i t y l i n e s , s t r e e t s , 
highways. A few examples o f the most evident t o the casual passer-by w i l l 
be discussed. 

Before c i t i n g these examples i t would be w e l l t o c a l l a t t e n t i o n t o the 
change o f moisture content w i t h i n s o i l . When s o i l i s exposed t o t h e a t ­
mosphere, i t goes through d r y i n g and w e t t i n g cycles according t o the 
weather. When s o i l i s covered w i t h a highway o r a i r p o r t pavement t h e r e i s 
a tendency f o r s o i l s w i t h moisture contents below optimum t o become w e t t e r 
w h i l e those w i t h h i g h e r moistiure contents may ten d t o d r y s l i g h t l y ( 2 ) . 
These tendencies, however, may be changed i f the s o i l i s covered w i t h a 
f l o o r slab f o r a b u i l d i n g t o be a r t i f i c i a l l y heated o r cooled, thereby 
producing a d i f f e r e n t subgrade thermal regime. 

Roads and s t r e e t s show some o f the most s t r i k i n g examples o f t r o u b l e s 
t h a t stem from the presence o f Yazoo c l a y . Examination o f the p r o f i l e s o f 
pavement surfaces shows t h a t most o f the "wavy" c o n d i t i o n i s caiised by up­
heavals above the a s - b u i l t grade. Cracks i n the pavement and the curbs 
are wider a t the t o p than a t the bottom as a r e s u l t o f t h i s upward move­
ment. Figure 3 shows t h e h i g h p o i n t o f such a movement w i t h a d i f f e r e n t i a l 
displacement i n the curbing of about 3 i n * The lower side o f the curbing 
was estimated t o be about 1 i n . above a s - b u i l t grade. There i s no r e a d i l y 
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Figure 3. Figure k. 

apparent explanation for the difference i n amount of heave of the two 
sides of the j o i n t . Probably i t i s due to difference i n resistance to 
heave. Many of these areas of heave can be i d e n t i f i e d as places where the 
pavement was cut, the subgrade trenched for u t i l i t y connections, and the 
trench walls allowed to dry; or where 6JCJ b a c k f i l l was placed around struc­
tures, i i , 

No "drunken fo r e s t s " have been observed but a " t i p s y sidewalk" was 
seen i n front of one home i n Jackson (Figure k), Indications are that the 
u t i l i t y l i n e s to the house are located i n a trench along the right-hand 
side of the walk and that heave occurred over the trench. Figure 5 
shows one case at a bridge abutment where the upheaval amounted to 5 i n . 

r. B A S E COURSE 
777777 
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- B A C K F I L L 
Figure 5* Upheaval at bridge abutment. 
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building. 

I 4 - s t o r i e d 

The nat\iral ground, Yazoo clay, was ^ — R O O F FRAMING 
excavated to give working room and 
the space b a c k f i l l e d with non-heav­
ing m aterial. I t i s noted that the 
heave has occiorred over the i n t e r ­
face between the natural ground and 
the b a c k f i l l . The face of the na-
tiaral ground would have had ample 
opportunity to dry considerably 
while the bridge was being con­
structed and before the b a c k f i l l was 
placed. L i t t l e e f f o r t i s made dur­
ing the course of normal construction 
to prevent cut faces or f i l l mater­
i a l from losing moisture, and there­
fore, l i t t l e Imagination i s required 
to envision a detrimental amovint of 
drying taking place i n cut faces, 
trench w a l l s , road foundations, and 
stockpiles of f i l l or b a c k f i l l ma-

Figure 6. 
With respect to d i s t r e s s e s i n 

buildings, cases of d i f f e r e n t i a l ver­
t i c a l movement of as much as 1 f t i n 
ordinary dwellings have been reported. 
One interesting case of a 1)—story 
building i s i l l u s t r a t e d i n Figure 6. 
The bearing walls were placed on p i l ­
ing and showed no movement. P a r t i ­
t i o n walls on the lower f l o o r were 
placed on a slab with a few inches 
of base course l a i d d i r e c t l y on Yazoo 
clay. Upheaval i n the i n t e r i o r of 
the f l o o r slabs forced p a r t i t i o n 
walls upward caiising much damage to 
i n t e r i o r w a l l s , f l o o r s , and c e i l i n g s 
a l l the way to the top f l o o r . 

Figure 7 shows a case where up­
heaval has cracked the e x t e r i o r wall 
severely. The window s i l l has been 
displaced upward over an inch. The 
i n t e r i o r of t h i s building presents 
a rather disturbing appearance with 
cracked walls and f l o o r slabs up- Fig\ire 7. 
l i f t e d as much as 2 i n . The condi­
t i o n of t h i s building i s t y p i c a l of 
several small buildings with conventional foundation and no p i l i n g . I n 
every case the buildings were located where the Yazoo clay had l i t t l e or 
no overburden. 

Many s l i d e s have occurred i n cut slopes i n the h i l l s around Jackson 
where the Yazoo c l a y has been exposed. Examination of a number of s l i d e s 
indicated that none has occurred where good txirf has been established or 
where drying of the exposed fax:e was prevented. A t y p i c a l section of a 



^5 

TOPSOIL 

LEAN CLAY 

SLAKED YAZOO 
CLAY 

YAZOO 

CLAY 

Figure 8. Section of a s l i d e . 

s l i d e investigated i n considerable d e t a i l i s shown i n Figiare 8. This area 
was bare of vegetation, had been exposed for several Weeks, and was ob­
served to have developed large shrinkage cracks. Several rains occurred 
during the time the cut face was exposed. When the s l i d e was repaired, 
the slaked material was found at the toe of the slope. The other material 
showed no evidences of slaking and became quite stable under a l i t t l e t r a f ­
f i c of earth-moving equipment. A t y p i c a l s l i d e along a roadway i s shown 
i n Figure 9. I t has been necessary for maintenance forces to remove slaked 

material that has flowed out over the 
roadway here several times. 

DESIGN AND CONSTRUCTION 
I t i s considered t h e o r e t i c a l l y 

possible to construct an embankment 
of Yazoo clay for a roadway or street 
that would be e n t i r e l y s a t i s f a c t o r y 
for many years. However, i t i s con­
sidered improbable that such a struc-
tixre coiild be maintained so that de­
trimental moisture change of the 
Yazoo clay could be e n t i r e l y pre­
vented. I t i s believed that any 
circumstances that removed vegeta­
t i v e cover from the slopes or changed 
the thermal regime produced by the 
pavement woiild cause volume change 
i n the clay. Therefore, i t i s be­
lie v e d necessary to r e s t r i c t the use 
of Yazoo clay as a f i l l material to Figiire 9-
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the bottoms of deep f i l l s and to cover side slopes of such embankments 
with ample amounts of leaner s o i l s and turf. 

I t i s obvious from the laboratory data presented i n Figure 1 that 
Yazoo clay should be placed i n an embankment at a moisture content above 
optlmimi to prevent swelling. The shear strength of such an embankment 
w i l l be l e s s than one compacted at lower moisture contents, and t h i s must 
be taken into consideration during design from the standpoint of s t a b i l i t y 
and settlement. Under c e r t a i n circumstances the s o i l might dry out a f t e r 
being compacted wet of optirnvm, but l i t t l e or no detrimental shrinkage may 
be expected because the shrinkage l i m i t i s only s l i g h t l y l e s s than the 
compaction moisture content. 

Foimdations for buildings shoxild be so designed that v e r t i c a l move­
ment of the structiire of the Yazoo clay w i l l not be r e f l e c t e d i n the struc­
ture. Poured-in-place p i l i n g are recommended with s u f f i c i e n t clearance 
under grade beams for considerable movement to take place without a f f e c t ­
ing the beams. Experience has shown that there i s l i t t l e or no moisture 
change below 8 f t . I t i s considered good practice to l i n e the top 6 or 
8 f t of each hole with b\iilders' paper, p l a s t i c sheeting, or some other 
bond-breaking material, so that the p i l e would not be subjected to an up­
ward force i n case of heave along the p i l i n g . S u f f i c i e n t length of p i l i n g 
i s provided below the 8-ft depth to absorb the Imposed load i n skin f r i c ­
t i o n and end bearing. Slab foundations shoiild not be used even when as 
much as a foot of base course material i s placed between the slab and the 
Yazoo clay . 

Cut slopes shoiild be completed, blanketed with t o p s o i l , and grassed 
i n as neetrly a continuous operation as possible to prevent drying of the 
clay. Although no s l i d e s were observed on slopes d e f i n i t e l y i d e n t i f i e d 
as f l a t t e r than 3 to 1, f l a t t e n i n g slopes above shoiald not be considered 
s u f f i c i e n t protection against s l i d i n g . The use of li- to 1 or 5 to 1 slopes 
for cut sections, however, i s recommended wherever possible as added pre­
caution. Establishment of t u r f by the quickest method possible (prefer­
ably s o l i d sodding) i s considered highly e s s e n t i a l . 

The foregoing discxission indicates that a prime e f f o r t i n both design 
and construction where Yazoo clay i s involved should be expended i n keep­
ing the material from drying during construction operations. I t i s be­
l i e v e d that adherence to these recommended design p r i n c i p l e s and construc­
t i o n procedures w i l l do much to eliminate the trotiblesome e f f e c t s of Yazoo 
clay. I t i s further believed that application can be made to expansive 
clays I n other sections of the country. 
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Osmotic Interpretation of the Swelling of 

Expansive Soils 

CELESTINO L. RUIZ, S c i e n t i f i c ConsTiltant, Highway Department of the Pro­
vince of Buenos Aires, Argentina 

#VOLUME CHANGES and swelling pressures represent the most important prop­
e r t i e s of s o i l s i f the l a t t e r are employed for engineering piorposes, es­
p e c i a l l y as supporting bases and other s t r u c t u r a l components of roads and 
highways. The problem of the consolidation of water-satvirated s o i l s under 
applied loads has been studied quite thoroughly i n s o i l mechanics. I n 
contrast, the external work performed by swelling s o i l s with increase i n 
moistiire content that can seriously a f f e c t the superimposed structures 
has attracted only minor attention. I n the p a r t i c u l a r case of subgrades, 
Wooltorton ( l ) has c l e a r l y indicated that swelling must be considered as 
a factor i n pavement design and i n Hveem's method swelling i s considered 
of equal importance with the generally accepted c r i t e r i o n of minimum de­
formation. I n the c l a s s i c a l method of the C a l i f o r n i a Bearing Ratio, i t s 
originator. Porter, indicates that no swelling should occur xmder a sur­
charge that i s equal to the weight of the contemplated superstructure. 

From a p r a c t i c a l point of view, the subject of greatest i n t e r e s t i s 
the external work that p o t e n t i a l l y expansive s o i l s can perform against 
the superimposed structure during swelling. This work i s measured by the 
product of volume increase and swelling pressure and i s performed against 
the weight of the superstructure. Hence, i t i s not s i i f f i c i e n t , as i s 
generally done, to Judge a s o i l s o l e l y on the basis of volumetric change; 
one must also take into account the swelling presstire which supplies the 
force involved i n volume changes and which together with the volume changes 
determines the totsil detrimental work. 

Experience has shown that both factors are functions of the i n i t i a l 
moisture content and t h i s value must be established for each case. This 
moisture content i s of p a r t i c u l a r importance with respect to the swelling 
pressure. For air-dry s o i l s of low moisture contents, swelling pressures 
of the order of 11 kg per sq cm (11.3 tons per sq f t ) have been observed 
(2). R e l a t i v e l y common expansive s o i l s - a t moisture contents that corre­
spond to working conditions, l y i n g i n the v i c i n i t y of the p l a s t i c l i m i t , 
give swelling pressures from about 0.5 to 3 kg per sq cm (0.5 to 3 tons 
per sq f t ) . 

The range of i n i t i a l moisture contents of i n t e r e s t i n s o i l engineer­
ing i s quite large. One may accept as a minimum moisture content the 
hygroscopic moisture of air-dry s o i l s , i . e . , the moisture content that i s 
i n equilibriimi with the vapor pressure of the atmosphere. The hygro­
scopic moisture i s not a constant for a given s o i l but depends on the 
temperature and the degree of humidity of the a i r . The l a t t e r i s usually 
given as r e l a t i v e humidity and expressed as 
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H = ^ 100 
where p° and p are the respective water vapor preesiares of the saturated 
and the actual atmosphere. The condition of air-dryness at ambient tem­
perature (25 C) generally r e f e r s to either of two cases: 

(a) i n dry a i r with H = 50 and 
(b) i n p r a c t i c a l l y saturated a i r with H = '^6, which corresponds 

to the water vapor pressure of a 10 percent aqueous solution of s i i l f u r i c 
a c id. 

The highest water content for manipulated s o i l s corresponds to the 
l i q u i d l i m i t at which the mechanical resistance of a s o i l i s p r a c t i c a l l y 
zero. Within t h i s large range, the moisture contents of greatest i n t e r e s t 
are those that correspond to actual working conditions, such as the opti­
mum moisture for compaction and the p l a s t i c l i m i t . Increase i n moisture 
content above the l a t t e r resvilts In rapid decrease of the bearing capacity 
of cohesive s o i l s . 

From the point of view of swelling, one I s not interested I n fluctua­
tions of moisture content that do not pass above the shrinkage l i m i t be­
cause, by d e f i n i t i o n , no volume changes take place In t h i s moisture range 
and the external work I s zero. With respect to the shrinkage l i m i t , i t 
must be stated that the value obtained by the method of the U. S. Biireau 
of Public Roads i s a mini mi nn value. In many expansive s o i l s at molstxare 
contents about and below the p l a s t i c l i m i t , the reduction i n volume no 
longer equals the volume of water l o s t . Residual contraction s t a r t s when 
the volxjme change i s smaller than the volume of water l o s t and proceeds 
gradually u n t i l the shrinkage l i m i t i s reached. For t h i s reason, some 
i n s t i t u t i o n s such as the Road Research Laboratory of England consider as 
shrinkage l i m i t the Intercept of the t h e o r e t i c a l extrapolation of the i n ­
dicated relationship below which appreciable contractions are not expected 
to occur. I t i s exactly i n t h i s moisture range i n which high swelling 
pressures are found accompanied by small volxme changes. These combina­
tions axe, of course, l e s s detrimental than smaller pressures associated 
with r e l a t i v e l y large volume changes. 

The swelling of s o i l s i s a consequence of t h e i r a b i l i t y to take i n 
free water and i n doing so to overcome the resistance of the soil-water 
system to expansion, the viscous resistance to the movement of water 
throughout the s o i l system, and the confining forces that are due to e x i s t ­
ing surcharges. The capacity for water sorption I s i n txirn a r e s u l t of 
the tendency of the system to pass into a more stable condition under l o s s 
of free energy (second p r i n c i p l e of theromodynamlcs). Hence, the forces 
that determine the retention of water by a s o i l are also responsible for 
i t s swelling c h a r a c t e r i s t i c s . Therefore, every theory or explanation of 
swelling must nec e s s a r i l y s t a r t from a consideration of the nature and 
magnitude of the forces that determine the suction of water into a s o i l 
at a c e r t a i n i n i t i a l molstiare content. 

The primary purpose of t h i s paper i s to point out the various factors 
Involved i n t h i s problem and how the organization of these factors may 
then serve as a dependable guide for experimentation. 

MECHANISM OF WATER SUCTION BY SOILS 
I t i s necessary to examine f i r s t the various mechanisms that determine 

the sorption of water by s o i l s , p a r t i c u l a r l y , s t a r t i n g at an i n i t i a l mois­
ture content of the order of the shrinkage l i m i t . 
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The following statements recapitulate the available knowledge on the 
f i x a t i o n of water by s o i l s (3*it.>5): 

1. Dry s o i l f i x e s water vapor from the atmosphere or l i q u i d water by 
polar absorption. This i s p a r t i c i i l a r l y important for the c l a y f r a c t i o n 
because of i t s high degree of dispersion or large s p e c i f i c surface (sur­
face per unit volume or mass) and I t s large energy per unit of surface. 
This i s a consequence of the small s i z e produced by physical weathering 
and the alterations due to chemical weathering which produce e l e c t r i c 
surface charges not balanced within the mineral s t n i c t u r e . These ionic 
charges are predominantly of negative sign. They give r i s e to a f i e l d of 
potential energy that acts on the hydrated ions i n the aqueous mediimi sxir-
rounding the p a r t i c l e s and on the water molecules themselves because of 
t h e i r polar nature. The l a t t e r are oriented toward the s o l i d surface and 
are immobilized to a greater or l e s s e r degree. Opposed to t h i s action i s 
the k i n e t i c energy of the ions and molecules. 

Water held by t h i s e l e c t r i c f i e l d i s quite strongly bound and does not 
possess the same ph y s i c a l properties as free water, and i n i t s mechanical 
properties, resembles more or l e s s a r i g i d s o l i d . The binding energy i s 
greatest at the s o l i d interface and f a l l s off with increasing distance as 
an exponential function; t h i s means that the binding energy decreases with 
increasing thickness of the films aroimd the p a r t i c l e s , which thickness i s 
determined by the water content of the system and i t s t o t a l i n t e r n a l sur­
face. The k i n e t i c energy i s a maximum at an I n f i n i t e distance from the 
p a r t i c l e s^irfaces (free water) and decreases with decreasing distance from 
the s o l i d siarfaces. 

The strongly retained (immobilized) water corresponds to a f i l m thick­
ness of up to 10 molecules, or approximately 2 to 3 millimicrons (m|i.); 
p r a c t i c a l l y , i t represents the hygroscopic moisture i n an atmosphere of 
H = 50 (pF =6.0) and the l o s s i n free energy manifests i t s e l f as heat of 
wetting. For higher water contents as for hygroscopic moisture at H = 96 
(pF = h.^), f i l m thicknesses of the order of hundreds of molecules (20 -
kO mn) are reached involving only p a r t i a l Immobilization of the water 
molecules. The d i f f e r e n t i a l heat of wetting ( i . e . , the heat developed by 
adding an additional gram of water to a moist s o i l system) i s very small 
or zero at a hygroscopic moisture content corresponding to H = 50. These 
films act as semirigid or p l a s t i c bodies and flow or deform under r e l a ­
t i v e l y small s t r e s s e s . This explains why polar adsorption reaches a min­
imum at hygroscopicities corresponding to H = 100 I n the v i c i n i t y of which 
c a p i l l a r y condensation i s added to polar adsorption. Water held i n excess 
of that corresponding to hygroscopicity at H = 100 cannot be explained by 
polar adsorption. 

2. Clay s o i l s at moisture contents at or above t h e i r hygroscopicitles 
at H = 100 are able to sorb more l i q u i d water with l e s s energy but i n 
larger quantity. This gives r i s e to f i l m thicknesses i n the order of 
hvmdreds of millimicrons c a l l e d lyosorptive layers by Ostwald and i t I s 
these that represent the swelling water. Commonly, t h i s water suction i s 
attributed to the c a p i l l a r y action of concave menisci i n the s o i l system 
or to the r e s u l t i n g c a p i l l a r y p o t ential which gives an adequate explana­
t i o n for water sorption I n coarse, granular, and s i l t y s o i l s . Undoubtedly, 
c a p i l l a r y suction also plays a role i n water sorption by c l a y s o i l s , but 
i t does not explain water sorption into saturated clay systems i n which 
the absence of an airphase prevents the formation of menisci. In expan-
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s i v e , and hence, compressible s o i l s , saturation occurs at moisture con­
tents of the order of magnitude of the optimum for compaction; suction, 
however, continues up to moisture contents as high as the l i q u i d l i m i t 
and even i f dispersed i n an excess of free water the p a r t i c l e s r e t a i n en­
velopes of more or l e s s strongly bound water. 

During the period 1931-33^ Mattson (6) proposed the osmotic forces as 
causative agents of water retention by c l a y s . According to him, t h i s os­
motic Imbibition occurred after saturation of the polar adsorption capacity. 
The ideas of Mattson represent an application to s o i l s of the swelling 
mechanism proposed by Wilson i n I916 general 1y for proteins and particu­
l a r l y for collagen, which i s of such importance I n the tanning process. 
Except for the work of Winterkorn (5.̂ 7*8)> this interpretation has not 
found wide application i n the f i e l d of s o i l engineering i n which the ca^ 
p i l l a r y interpretation p r e v a i l s despite i t s d e f i n i t e shortcomings. 

From the physicochemical point of view, osmotic suction i s based on 
two general phenomena, namely osmosis without membrane and Donnan e q u i l i ­
brium. These fundamenteil phenomena w i l l be dlsc\issed and applied to the 
swelling of s o i l s and related problems. This s h a l l be done i n a quanti­
t a t i v e or at l e a s t semiquantitative manner. 

Mattson's concept of osmotic Imbibition i s fundamentally based on the 
concept of the Donnan e q u i l i b r i a while the theory treated here considers 
as the fundamental phenomenon osmosis without membrane combined with the 
concept of osmotic a c t i v i t y . The Donnan equilibrium modifies but does 
not govern osmotic suction and i t s influence i s important only i n s a l i n e 
s o i l s . The osmotic swelling i t s e l f i s a consequence of the cation ex­
change c h a r a c t e r i s t i c of c l a y s . Table 1 gives data by Mattson showing 
that swelling increases with an increasing value of T, the base exchange 
capacity expressed i n milliequlvalents per 100 gm of s o i l . 

TABLE 1 

Volume (cu cm) 

Clay S o i l T value Dry Swollen Clay S o i l 

H+ Na+ 

Nipe 1̂  0.90 0.92 0.90 
Norfolk 21 l.Ol^ 1.14-2 2.30 
Sharkey 80 1.12 1.75 7.20 

Osmotic suction i s possible only i n polar solvents that sire able to 
disperse the exchange cations. I t does not take place i n nonpolar s o l ­
vents such as hydrocarbons and carbon tetrachloride i n which, of course, 
c a p i l l a r y suction can occur. 

OSMOSIS WITHOUT MEMBRAHE 
The molecules or ions of a substance i n solution possess k i n e t i c energy 

that permits them to diffuse spontaneoiisly when the solution i s i n contax:t 
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with the pure solvent or with a more dilu t e solution, u n t i l uniform d i s ­
t r i b u t i o n i s reached. 

When a solution A containing a ce r t a i n number of p a r t i c l e s per unit 
volimie (concentration) i s placed i n contact with a pure solvent or more 
dil u t e solution B by means of a membrane or semipervious w a l l a b that 
permits only the passage of the pure solvent, then two cases may be d i f ­
ferentiated ( F i g . l ) . 

Figure 1. 

Case A. — I f the semipermeable w a l l a b i s f r e e l y moveable, then i t 
w i l l displace i t s e l f i n the direction of B while solvent from compartment 
B moves into compartment A u n t i l the concentrations i n both compartments 
are equal. 

Case B. — I f the semipermeable w a l l a b i s fixed , then the tendency 
to equalize the concentrations i n both compartments w i l l r e s u l t i n the 
movement of solvent from B to A. This causes a hydrostatic or osmotic 
pressure to develop i n compartment A and a suction i n compartment B. This 
process continues \xntil the hydrostatic pressure i n compartment A pushes 
the solvent into the compartment B with the same force as the osmotic 
phenomenon sucks the solvent from compartment B into compartment A. At 
t h i s point, a permanent e q u i l i b r i m i s reached. One sees that i t i s the 
osmotic phenomenon that determines the hydrostatic or osmotic pressiore 
and not the reverse. The osmotic pressure can be measured by the magni­
tude of the extemsil pressure that must be applied at A i n order to pre­
vent osmotic l i q u i d movement through the semipenneable w a l l . 

I n 1885 Van t'Hoff applied the gas laws to the case of dilu t e solu­
tions and conceived the osmotic pressure as equivalent to the pressure 
that the dissolved substance would exert i f i t were i n gas form i n the 
same volume as occupied by the solution. I n accordance with t h i s concept, 
the osmotic pressure can be calciilated i n the following way from the mol­
ecular concentration ( c ) l / 

P = R T (c) where 

i/Number of p a r t i c l e s i n one l i t e r of water expressed as multiples of the 
Avogadro number (6.02 x 10^3). 
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P = osmotic pressure 
R = universal gas constant = 0.082 l i t e r atmospheres 
T = absolute temperature 

(c) = molar concentration. 
The pressure PQ developed when one mol of solvent (l8 g of H2O i s osmo-
t i c a l l y incorporated into a l i t e r of molar concentration (c) has been de­
r i v e d thermodynamically by Van t'Hoff on the b a s i s of the osmotic work 
performed which i t s e l f i s r elated to the vapor pressures at the respective 
concentrations. I f M denotes one additional mol of solvent, p and po the 
vapor pressures of the solution and the pure solvent, respectively, then: 

P = ^ l n P 2 M p 

The law of Van t'Hoff states that the osmotic pressure depends only on 
the number of dispersed p a r t i c l e s i rrespective of t h e i r nature, hence they 
may be atoms, ions, molecxiles, or c o l l o i d a l or even larger p a r t i c l e s . The 
respective systems are c a l l e d i d e a l solutions i f they obey t h i s law c l o s e l y , 
and d i s t i n c t i o n i s made between i d e a l Eind r e a l solutions i n the same manner 
as between i d e a l and r e a l gases. In the case of dilute solutions, the d i s ­
solved and dispersed p a r t i c l e s can move independently of each other and con­
sequently follow the law quite c l o s e l y . In other cases such as i n concen­
trated e l e c t r o l y t e solutions, ionic a t t r a c t i o n and repulsive forces act be­
tween the p a r t i c l e s and r e s u l t i n a deviation from the i d e a l osmotic law. 
Each ion tends to surround i t s e l f with ions of opposite charge with r e s u l ­
tant change i n ionic a c t i v i t y . The i n t e r i o n i c forces increase i n strength 
with increasing concentration and increasing ionic charge. As a consequence, 
the r e a l osmotic a c t i v i t y i s smaller than that calculated for i d e a l solu­
tions. For t h i s reason, Lewis developed the concept of a c t i v i t y (I9OI-O7) 
and introduced the c o e f f i c i e n t of a c t i v i t y f , which i s defined as follows: 

^ _ r e a l a c t i v i t y _ a 
~ concentration (c) 

For very di l u t e solutions, a approaches (c) and f-»l. With increase 
i n concentration and valency f changes as i l l u s t r a t e d below: 

A c t i v i t y c o e f f i c i e n t s f 

(c) 0.01 0.001 0.0001 

K+ i n KCl 0.89 0.96 0.99 

Cu"*^ i n CuSOl^ o.ko 0.75 0.91 

A l ^ ^ i n AICI3 0.08 0.1)-5 0.78 

From a thermodynamic point of view, the presence of a semipervious 
w a l l i s not absolutely necessary for r e s t r a i n t of diffusion and develop­
ment of osmotic pressure. I t i s s u f f i c i e n t i f , due to the influence of 
other forces such as adsorption and e l e c t r o s t a t i c a t t r a c t i o n , one com­
ponent i s free to diffuse while the movement of the other i s restrained. 
From t h i s a r i s e s the concept of osmosis without membrane, which i s of 
s p e c i a l Importance f o r the swelling of c l a y s . 
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One must keep i n mind that osmosis i s a consequence of the k i n e t i c 

energy of the dispersed p a r t i c l e s and that the forces that play the role 
of a semipermeable membrane must n e c e s s a r i l y decrease the osmotic a c t i v i t y 
of the p a r t i c l e s by r e s t r a i n i n g t h e i r freedom of movement and hence t h e i r 
k i n e t i c energy. This i s the e s s e n t i a l basis for an osmotic interpretation 
of water sorption by c l a y s o i l s above a c e r t a i n i n i t i a l moisture content. 

Consequently, application of the law of Van t'Hoff to r e a l systems i n ­
volving osmosis without membranes must make use of the a c t i v i t y f ( c ) rather 
than of the concentration alone. This i s Important because several authors 
have used concentrations rather than a c t i v i t i e s i n the application of Van 
t'Hoff's law to the osmotic swelling of clay-water systems (7,9,10). A l ­
though t h i s has been done more for the pm^jose of i l l u s t r a t i o n and as a 
guide to experimentation, i t could be misleading to the \jnlnitlated who 
may believe i n the r e a l i t y of the veiy high osmotic pressures that are 
obtained by such c a l c u l a t i o n s . 

OSMOTIC PRESSURE OF THE SOIL-WATER SYSTEM 
As a s t a r t i n g point for application of the concept of osmosis without 

membrane to soil-water systems a peptized, s a l t - f r e e , clay s o i l i s taken 
at a moisture content between the l i q u i d and the p l a s t i c l i m i t . 

The water occupying the free spaces between the s o l i d p a r t i c l e s acts 
as a dispersion medium for the exchange cations. The l a t t e r are subjected 
to two counteracting Influences: (c) the e l e c t r o s t a t i c a t t r a c t i o n by the 
e l e c t r i c charges on the surfaces of the s o l i d p a r t i c l e s and (b) the d i s ­
persive tendency which I s due to the k i n e t i c energy of the p a r t i c l e s and 
because of -vriilch the l a t t e r attempt to d i s t r i b u t e themselves uniformly 
throughout the l i q u i d phase. The cations are i n a hydrated condition, 
which means that the radius of the k i n e t i c p a r t i c u l a t e unit i s that of 
the p a r t i c l e plus i t s bound water molecules. 

The d i s t r i b u t i o n of exchange ions around p a r t i c l e s dispersed i n an 
aqueous medium has been studied by Duclaux ( l l ) under the assumption that 
the p a r t i c l e s are spherical and that the e l e c t r o s t a t i c and k i n e t i c forces 
are i n equilibrium. He arrived at the conclusion that the concentration 
of the cations decreases exponential 1y with increasing distance from the 
p a r t i c l e surfaces. Later, Winterkom (7) applied the same calcul a t i o n to 
plane p a r t i c l e surfaces that are more i n accordance with the shape of r e a l 
swelling clays and arrived at the conclusion that, p r a c t i c a l l y , there i s 
no change i n concentration of the exchange cations with increasing d i s ­
tance up to a f i l m thickness of the order of hundreds of molecules. Schmid 
(12) arrived at a s i m i l a r r e s u l t for mlcroporous systems. Consequently, 
i t should be permitted to assume a uniform d i s t r i b u t i o n of cations i n the 
aqueous medium for the moisture range i n which we are Interested. For 
higher moisture contents, the cations w i l l tend to become more concentrated 
toward the p a r t i c l e surfaces i n accordance with the c l a s s i c a l theory of 
the Helmholtz double la y e r , which i s applicable for dilute clay suspensions. 

Accepting a xmifom concentration of the exchange ions i n the aqueous 
dispersion mediimi, one can calculate the molar concentration from the ex­
change capacity of the clay (Hisslnk "T"-Value); the valency Va of the 
cations i n the case of homoionic clays or the median valency i n the case 
of heteroionic clays and the moisture content. The exchange capacity "T" 
i s usually expressed i n milllequlvalents per 100 g of s o i l . Hence, the 
number of equivalents per 100 g of s o i l i s "T" per 1,000 and of moles "T" 
per 1,000 X Va when Va represents the valency. I f t h i s number of moles 
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e x i s t s i n 100 g of s o i l that contains 1 g of water, then the molar concen­
t r a t i o n [c] or the number of moles of exchange ions per l i t e r of aqueous 
dispersion medim becomes 

"ijiii 

An " i d e a l " dispersion of cations of a ce r t a i n concentration, placed i n 
contact with pure water by means of a membrane that allows free passage 
of the water molecules but not of the cations, develops an osmotic suction 
that can be translated into a hydrostatic pressiire whose magnitude accord­
ing to Van t'Hoff i s 

(^o)i^aa = « ̂  (2) 
where (Po)ideal i s the hydrostatic pressure i n atmospheres that e q i i i l i -
brates the developed osmotic pressure, R i s the gas constant (0.082 1 atm), 
and T the absolute temperature. 

The t h e o r e t i c a l osmotic pressures, calculated \mder assumption of 
" i d e a l " behavior, are inversely proportional to the i n i t i a l moistxire con­
tent and are of the order of magnitude of tens of atmospheres. Thus, for 
"T" = 30, 1 = 28.6, T = 273 + 25 = 298 C and Va = 1, one obtains 

(^o)ideal = ^ 298 2H#3n: = 25.6 atm (pF = k.kl) 

The osmotic pressures a c t u a l l y developed i n r e a l soil-water systems 
are n e c essarily smaller than those j u s t calculated for i d e a l systems. I n 
a r e a l soil-water system, the role of the assumed semipemeable membrane 
i s f i l l e d by the e l e c t r o s t a t i c a t t r a c t i o n between the cations and the 
negatively charged p a r t i c l e surfaces. This a t t r a c t i o n decreases the ef­
fectiveness of the k i n e t i c energy of the cations, which i s the cause of 
t h e i r d i f f u s i o n tendency and of the resviltant osmotic pressure. Hence, 
one may write 

(^o)real = (^°)ldeal ^ 
where f i s a c o e f f i c i e n t smaller than 1 that corresponds to the a c t i v i t y 
c o e f f i c i e n t of Lewis and expresses the r e a l osmotic a c t i v i t y of the d i s ­
persed ions under the prevailing environmental conditions. 

The c o e f f i c i e n t of a c t i v i t y f must decrease with decreasing moistiire 
content, since the restrainiiag e l e c t r i c a t t r a c t i o n of the cations by the 
charged p a r t i c l e sxirfaces increases with increasing proximity of the ca­
tions, i . e . with decreasing moisture content. Therefore, f should be ex­
pressed as a fimctlon of the moisture content f ( l ) , the maxlmtmi value of 
t h i s function being unity. The general expression i s 

(Po)real = (^o)ideal ^ ^^^^ = ̂  ^3) 
I n equation (3), R, T, "T", and Va are constants for a p a r t i c u l a r s o i l 

at constant temperature and (Po)real ^ function of the moisture con­
tent. The decrease of (Po)real with increasing i n i t i a l moisture content 
i s due to two f a c t o r s : 

(a) d i l u t i o n : (Po)reeLL changes inversely with change i n moisture 
content; 
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(b) a c t i v i t y : higher i n i t i a l moisture content implies l e s s electro­

s t a t i c r e s t r a i n i n g influence, i . e . greater d i f f u s i b i l i t y 
and l e s s osmotic pressure. This i s expressed by the 
factor f ( i ) . 

The factor f ( i ) can be calc\ilated i f one knows (Po)real' Equation (3) 
can then be transformed as follows: 

f ( l ) = (Po)real x i x Va (M R T "T" 
i t s solution Implies the experimental determination of (Po)real' 

The l o g i c a l method for the determination of (Po)real i s by means of 
the consolidation t e s t as used i n s o i l mechanics. I f one applies to a 
soil-water system that i s i n communication with free water a constant 
pressinre of s u f f i c i e n t magnitude, then free water i s squeezed out of the 
s o i l with corresponding decrease i n volimie u n t i l the system has reached a 
state of equilibrium. Let P be the externally applied pressure that causes 
equilibrium to be reached at a water content of i . I f we consider the c e l l 
of the consolidation apparatus as an osmometer, then the hydrostatic or 
osmotic pressure developed by a puddled soil-water system at a water con­
tent of i must be compensated by the externally applied pressure i n order 
that a permanent equilibrium may be reached. This s i g n i f i e s that the os­
motic pressure f i l l s a role s i m i l a r to that of the pore pressure for satu­
rated systems i n s o i l mechanics and that the applied P measures d i r e c t l y 
the (Po)real' Therefore, 

(Po)real = P 

P = R T "T" X 1 X f ( i ) f^. 

where a l l terms except f ( i ) can be measured experimentally and f ( i ) can 
be calcxilated from 

for each moistvire content as long as the condition (Po)real = P holds. 
From theory, i t may be expected that f ( i ) i s a decreasing exponential 

function of i . This i s confirmed by plotting the logarithms of experi­
mentally obtained f ( i ) values against the respective i values. This has 
been done i n Figure 2 which shows the straight l i n e relationships obtained 
for severed, ionic modifications of Putnam s o i l . This relationship i s also 
shown i n Figvire 3« 

With s o i l A, one obtains straight l i n e s that can be extrapolated to 
f ( i ) = 1 or log f ( i ) = Oj they intercept the abscissa at a moisture con­
tent IQ which can be expressed by the equation 

log f ( i ) = K ( i - i o ) . (7) 
Accordingly, f ( i ) f a l l s exponentially with increase i n moisture content 
above a c e r t a i n i n i t i a l moistin-e content I Q for which the maximum theoreti­
c a l value of the osmotic pressvire holds i n accordance with Eq. 3. As 
co\ad be expected, the value ±q i s of the same order of magnitude as the 
shrinkage l i m i t of the s o i l . Consequently, i n t h i s type of s o i l , the os­
motic water suction gives r i s e to pore pressiares and associated expansion. 
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Figure 3. Osmotic pressure of Na-clay. 



57 
s t a r t i n g at moisture contents that are of the same order of magnitude as 
the shrinkage l i m i t . The negative angular c o e f f i c i e n t K can be calculated 
by the equation 

K = ^ log f ( i ) 
1 - 1̂  (8) 

I t s value determines the osmotic behavior of a s o i l . For the same s o i l , 
the K value depends on the nature of i t s exchangeable cations. Highly 
hydrated cations such as Na+ give negative values of K that are smaller 
than those for cations that have a higher position i n the Hofmeister lyo-
tropic s e r i e s sucTi as K+ or the bivalent cations. This r e s u l t s from the 
force that a t t r a c t s the cations to the p a r t i c l e surfaces being a function 
of t h e i r charge (valency), radius, and degree of hydration. 

I n the case B, one obtains a straight l i n e that i s broken at point 0. 
The straight l i n e B follows Eq. 7, but the value I Q i s larger than the 
shrinkage l i m i t . Evidently, at the moisture content that corresponds to 
point 0 and i s around 36 to hO percent, the s o l i d volume i s of the same 
order of magnitude as the pore volimie and contact i s established between 
the more energetically bound semirigid water envelopes around the s o l i d 
p a r t i c l e s . In the case of fl o c c u l a t i n g cations, such as Ca++ and H+, 
that cause greater a t t r a c t i o n forces between the p a r t i c l e s , a certain 
structure i s developed and the consolidation pressure i s p a r t i a l l y consumed 
by the deformation of t h i s structiire. This r e s u l t s i n a change of the 
angiilar c o e f f i c i e n t . With the new angular c o e f f i c i e n t , the straight l i n e 
must tend toward I Q = shrinkage l i m i t because the structxire formed by 
these s o i l s cannot r e s i s t the shrinkage forces. By deformation of t h i s 
structure or by a new s t r u c t u r a l arrangement, the shrinkage l i m i t i s f i n ­
a l l y reached. 
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EXPERIMEMTAL DATA 

The work of Winterkorn and Mooman (13) on Putnam clay s o i l of podsolic 
o r i g i n contains the data necessary for the application of the t h e o r e t i c a l 
concepts that have been developed. I t contains the engineering s o i l 
c h a r a c t e r i s t i c s , the "T" value, the nature of the exchange cations from 
which the median valency can be calculated, and the consolidation curves 
for the natural s o i l and for the homoionic Na+, H+, K+, Ca"*^, and Mg"*̂  
s o i l s . I n Flgiu-e h the moisture contents have been calculated from the 
voids r a t i o s given. The temperature has been assimied to be 25 C or 298 A. 

In Table 2 are given the data taken from the work of Winterkorn and 
Moorman (13) and i n Table 3 are found, the values for f ( i ) , K, and I Q that 
have been calculated by means of the Eqs. 7 and 8 from the consolidation 
pressures P and the equilibrium water contents i taken from the consolida­
t i o n graphs of Winterkorn and Moorman (l3)« Figure 2 shows plots for log 
f ( i ) versus i with the straight l i n e s extended to obtain the I Q values. 

TABLE 2 

CHARACTERISTICS OF THE PUTNAM CLAY SOIJ^ 
AND ITS HOMOIONIC MODIFICATIONS 

+ + + ++ ++ C h a r a c t e r i s t i c s Natural H Na K Mg Ca 

Liquid l i m i t 61̂ .5- 56.U 88 52.8 56.3 61.9 
P l a s t i c l i m i t 23.5 24.8 25.U 27.7 25.4 27.0 
P l a s t i c i t y index kl.O 31.6 62.6 25.1 30.9 31̂ .9 
Shrinkage l i m i t 17.9 16.3 11.8 19.l^ 12.U 12.14-

Hygroscopiclty 5.8 5.3 k.2 1̂ .6 1̂.1+ 5.7 
Vacuvmi moist equiv. 57.1 5^.3 water­ 53.7 58.7 58.9 

logged 

Optimimi moisture (Proctor) 28.6 30.9 31.3 28.1+ 31.2 32.2 
'f> passing No. 200 sieve 98.1 98.7 97.5 98.5 98.6 98.5 
io clay 0.005 mm ^k.o 1̂ 8.0 61.0 kh.O k9.0 1+5.0 
5& coll o i d s 0.001 mm 33.0 26.0 1̂ 8.0 21.0 25.0 22.0 

^ B a s e exchange capacity, "T" = 30 me per 100 g; cations i n natural s o i l 
i n me per 100 g—H+ = 12.0, Ca++ = 11.6, Mg++ = 4.5, Na+ = 1.1+, K+ = 0; 

Average valency ( c a l c . ) = 12 , 11.6 , 4.5 , l.h 30 = 1.4. 
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TABLE 3 

OSMOTIC ACTIVITY f ( l ) OF PUTNAM CLAY AMD ITS HOMOIONIC MODIFICATIONS FROM 
THE CONSOLIDATION GRAPEIS OF REFERENCE 

S o i l 
Modification il) 

P 
(atm) 

f ( i ) 
Eq. 6 

K 
Eq. 8 lo lo/S.L. 

Natural 33.3 1+ 0.255 -O.O6I+ f t 
3^.0 3.5 0.228 -O.O6I+ I 3i^.6 3 0.198 -0.066 21+ 1 
37.7 2 O.II+5 -0.061 
1+1.2 1 0.079 -O.O6I+ 
1+5.2 0.5 O.I+3I+ -O.O6I+ 

Sodium 1+0.6 1+ 0.222 -0.0228 1 1 
1+1.7 3.5 0.200 -0.0236 1 I 
l+l+.O 3 0.180 -0.0233 12 1 .02 
l^9.3 2 0.135 -0.0233 
59.1 1 0.081 -0.0232 
68.0 0.5 O.OI+65 -0.0238 

Potasslvm 31.8 1+ O.I7I+ -0.063 i t 
32.5 3.5 0.156 -0.0635 19 . 8 1 .02 
33.3 3 0.137 -O.O6I+ 
35.5 2 0.097 -O.O6I+5 
39.8 1 O.O5I+5 -0.063 
1+3.0 0.5 0.0295 -0.066 

Calcium 36 1+ 0.398 -0.105 
37 3.5 0.35^ -0.09l|-
38.2 3 0.315 -0.0835 t t 39.8 2 0.219 -0.0795 32.2 2 6 
1+3.6 1 0.1195 -0.081 
1+7.2 0.5 O.O6I+5 -0.0795 

Magnesium 3^.6 1+ 0.378 -O.OI+6 j 
35.5 3.5 0.3!*^ -O.OI+6 
37.0 3 O.30I+ -0.01+1+5 25.1+ 2 05 
39.8 2 0.218 -O.OI+6 
1+5.7 1 ' 0.125 -0.01+45 
50.0 0.5 0.0685 -O.0I+35 

Hydrogen 35.5 1+ O.I9I+ -0.080 
37.0 3.5 0.177 -0.072 
38.0 3 0.156 -0.071 
39.8 2 0.109 -0.073 26.6 1. 63 
1+3.6 1 6.060 -0.071 
1+6.8 0.5 0.032 -0.073 1 
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The resxalts shown i n Table 3 and Figure 2, which have been obtained 
by considering water suction i n clay s o i l s as an osmotic phenomenon with­
out membrane due to the exchange ions, lead to the following conclusions: 

1. The di r e c t application of Van t'Hoff's law implies that the hydro­
s t a t i c or osmotic pressure developed (Eq. 2 ) i s d i r e c t l y proportional to 
the base exchange capacity and inversely to the valence of the exchange 
ions. This i s i n q u a l i t a t i v e agreement with the known fa c t s on the i n ­
fluence of the quantity and natiire of the clay minerals and organic mat­
t e r on water sorption and with the l e s s e r a c t i v i t y of polyvalent cations. 
On the other hand, t h i s does not explain the enormous infliience of the 
nature of the cation, for exanrple, Na+ and K+. The same law would make 
the osmotic pressure, under otherwise equal conditions, increase with i n ­
creasing temperatxire, a phenomenon that according to our knowledge has not 
as yet been investigated experimentally. The simple application of 
Van t'Hoff's law considers the osmotic pressiare inversely proportional to 
the i n i t i a l water content of the s o i l system, which we have c a l l e d the 
di l u t i o n factor, but i t does not explain the quantitative relationship 
between both factors and leads to extremely high values f o r the osmotic 
pressixre developed. 

2 . The basic hypothesis i s the introduction of the concept of the 
osmotic a c t i v i t y of the exchange ions, which i s a di r e c t and necessary 
consequence of the fa c t that osmotic water suction i n the case of clay 
s o i l s i s "osmosis without membrane." The a c t i v i t y i s a function that de­
creases exponentially with increase i n moisture content and the course of 
the decrease depends on a s p e c i f i c s o i l constant K, which i s the basic 
factor that determines the osmotic pressure a c t u a l l y developed. Figure 3 
shows the influence of the "dilution" factor and of the a c t i v i t y factor 
on the magnitude of the osmotic pressure developed by Na^-Putnam clay. 

The value for K depends for each s o i l on the nat\ire of the exchange 
ions and decreases i n the following order: 

Na+ Mg++ K+ H+ Ca++ 

K = - 0 . 0 2 3 J - 0 . 0 4 5 ; - 0 . 0 6 3 ; - 0 . 0 7 2 ; - 0 . 0 8 1 

which corresponds to t h e i r degree of hydration or solvatation. The os­
motic pressure developed i s , of coinrse, a decreasing function of the mois-
tiire content (Eq, 3 ) » 

3 . I t i s an important experimental f a c t that the maximum value for 
the a c t i v i t y ( i . e . f ( i ) = l ) corresponds to a moisture content I Q that i s 
p r a c t i c a l l y i d e n t i c a l with the shrinkage l i m i t for the Na+- and K+-Putnam 
clay s o i l s . The r a t i o io/S.L. increases for the other ions i n the order 

io 
S.L. 

Na+ = K+ nat H+ Mg++ Ca++ 

= 1 .02 1.3!^ 1 .63 2 . 0 5 2 . 6 

This s i g n i f i e s that the bivalent cations, and likewise H+ which also has 
a fl o c c u l a t i n g e f f e c t , exhibit aggregation tendencies and form a struc­
ture as the moisture content decreases and the p a r t i c l e s come closer to­
gether. One must keep i n mind that at a water content of i o , the pore 
volume and the s o l i d volume of the system are approximately equal, giving 
a chance f o r contact between the p a r t i c l e s , and that i o i s that water 
content at which the relationship, "decrease of volume of the system = 
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COORDINATES OF RICHT-OF-WAY OWNERSHIPS FROM ORIGINAL PUT DESCRIPTIONS 

OWNERSHIP CO ORDINATES 

JOB PARCEL CRNER NS CO ORD EK CO ORD 

HOLMANTAOS HES 317 1 53.890.72 75.302.70 

HOLMANTAOS HES 317 2 53.72.1.40 75.251.53 

HOLMANTAOS HES 317 3 53.642.24 75.218.44 

HOLMANTAOS HES 317 53.541.72 75.175.36 

HOLMANTAOS HES 317 5 53.641.44 74.935.20 

HOLMANTAOS HES 317 6 53.765.13 74.423.93 

HOLMANTAOS HES 317 7 54.068.73 73.842.37 

HOLMANTAOS HES 317 B 54.177.70 73.936.32 

HOLMANTAOS HES 317 9 53.955.91 75.053.01 

ERRORS 

HOLMANTAOS HES 317 1.36 0.31 53.640.88 75.218.75 

PDIUCOH » 

tfV FO INS f 
COLOIAOO D ^ A I T M E N T C « HtOHWAYt 

f ^ ^ ^ T i o ^TRAVERSE COMPUTATIONS 

99 

33 674 

AICA IN MUAIE FEEI 

193 990 

*50 »20 

132 260 

263 250 

33 6T» 

0 014343896 

0 72S4T0613 

0 999979626 

0,791496069 

0 999894230 

0 689077041 

0 006981299 

0 699783102 

LAIIIUOe 
O l 

AREA (N ACnS 
C L O S U I E 

f i ^ f 306 298 

^ 912 993 

12292 192 CHORD CALC 263 248 

490 416 + 32643.616 CHORD CALC 

tATITUDE 
OK 

AWAINACIES 

OErAIIUU 01 
SINE OF DELTA 

E I tot or c i o s u » E 

S 328 118 

N 132 297 

N 197 821 

773 
•447 

E 139 976 

H 308 972 

019 

C O O I D I N A T E S 

P I O O I E S S I V E T O T A I S 

100000 000 

99998 091 

99669 999 

100000 O i l 

100000 000 

100113 976 

99826 327 

100000 019 
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TABLE 5 
RELATIONSHIP BETWKEH OSMOTIC PRESSURE AMD SOII^WATER CONSTAOTS 

Osmotic Pressure Osmotic Pressure 
Cation L L for 1 = L L P L for 1 = P L 

atm pF atm pP 

Natiiral 6U.5 0.021 1.32 _ - -
Na+ 88.0 0.11(2 2.15 25.lt l l t . l 

K+ 52.8 0 107 2.03 27-7 8.U 3.9 
H+ 56.U 0.093 1.97 - - -
Ca-H- 61.9 0.025 l.UO - -
Mg 56.3 0.269 2.1*2 - - -

Vacuum 
Moist 

Osmotic 
for 1 

Pressure 
= V M E Opt 

Moist 
Osmotic 
for i 

Pressure 
= Opt M 

Equlv atm pF 
Opt 

Moist atm pP 

57.1 0.070 1.81* - - -
water­ - - 31.3 8.2 3.9 
logged 

28.1* 53.7 0.090 1.95 28.1* 7.3 3.8 
5U.3 0.138 2.11* - - -
58.9 0.1*26 2.63 - - -
58.7 0.199 2.29 - - -

the more cl o s e l y , the more permeable the s o i l I s . Table 5 contains vacu­
um moisture equivalents and the corresponding osmotic suction values c a l ­
culated by means of Eq. 5- The osmotic suction values approach the ap­
p l i e d suction of 0 . 5 5 atmospheres i n the following order: 

Na+ < nat < K+ < H+ < Mg-H- < Ca++ 
This order coincides v i t h that of the permeabilities given by Winterkom 
and Moorman ( 1 3 )• The calcxalated osmotic press\ire for the most pervious 
s o i l (Ca++) i s 0 . 4 2 6 atm, which i s closest to that f o r the applied suc­
t i o n . Waterlogging of the Na+ s o i l , the l e a s t permeable, prevented the 
determination of i t s vacuum moistiore equivalent. 

I t has been shown that the swelling of s o i l s i s due to the action of 
the osmotic pressure that i s developed i n the aqueous phase of a compacted 
soil-water system that i s i n contact with free water. For constant ccm-
pactive e f f o r t (Standard Proctor) at optimum moisture-content, i t i s pos­
s i b l e to calculate by means of Eq. 5 the osmotic pressure of the respective 
moisture contents by using data given i n the work by Winterkom and Moorman 
( 1 3 ) . Resvilts of such calculations are found i n Table 5 f o r the Na"*"- and 
K^Putnam clays for which the extrapolation to I Q , from which f ( i ) i s de­
termined, can be considered as permissible i n the range of the i valxje at 
the optimum moisture content because of the coincidence of I Q and the 
shrinkage l i m i t . For the other s o i l s , i t i s necessary to have consolidation 
t e s t data at lower moisture contents, because the optimum moisture content 
f a l l s i n the range where K changes or i s l i k e l y to change becaiise the 
shrinkage l i m i t i s smaller than I Q . 

The same problem for the c a l c u l a t i o n of f ( i ) appears i n the case of 
the p l a s t i c l i m i t and for t h i s reason only the osmotic pressures that per­
t a i n to the Na+ and K+ modifications are given i n Table 5 . The osmotic 
pressures calculated f o r these two cases give an idea of the magnitude of 
the suction force that c l a y s o i l s are capable of developing at low i n i t i a l 
humidities. They also reveal the P.I. as an index of osmotic a c t i v i t y 
since the larger P.I. of the Na+ modification corresponds to a larger K 
value. This i s a consequence of the r e l a t i v e l y smaill influence of the 
natiire of the exchange cations on the p l a s t i c l i m i t and t h e i r marked i n ­
fluence on the l i q u i d l i m i t . I t i s the l a t t e r constant that i s of major 
Importance from the point of view considered here (see Figure 4 ) . 

The properties c h a r a c t e r i s t i c for clays (such as p l a s t i c i t y and com­
p r e s s i b i l i t y ) are intimately connected with t h e i r cation exchange capacity 
which i n turn governs the osmotic suction. I t i s w e l l known that rocks 
that have not suffered chemical weathering (e.g. quartz flower ground to 
the s i z e of clay p a r t i c l e s ) show very low base exchange capacity and also 
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no p l a s t i c i t y or water-retaining power exceeding c a p i l l a r y saturation. A l l 
t h i s leads to the conclusion that osmotic water suction plays a fimdamental 
role with respect to these properties. 

The a b i l i t y of clays to r e t a i n water, even when under external pressure, 
atove that required for c a p i l l a r y satxiratlon goes p a r a l l e l with t h e i r plas­
t i c i t y properties and several indices for t h e i r measurement have been pro­
posed. Skempton ( 7 ) proposed the index of compressibility, which i s the 
numerical value of the tangent of the approximately straight l i n e obtained 
by plotting the logarithms of the pressures applied i n the consolidation 
t e s t against the corresponding water contents. 

^ i l - i 2 I c = log P^/Pg 

The l i m i t i n g value of t h i s function i s the Inverse of ^ ^ which im-
di 

p l i e s that P v a r i e s exponentially with 1 . The Importance of the index of 
compressibility i s that i t i s inversely correlated with the l i q u i d and 
p l a s t i c l i m i t s but has a general, proportionality with the content i n 
<0.002 mm clay. This i s to be expected, since not only the quantity of the 
clay f r a c t i o n but also the character of the component minerals and the na­
ture of the exchange cations Eire determinant fa c t o r s . The relationship 
between Terzaghi's c o e f f i c i e n t of compressibility and Skempton's index of 
compressibility i s apparent. 

Operating at high moisture contents where the logarithmic relationship 
of Skempton represents a closer approximation, Eq. 5 should hold true I f 
the osmotic interpretation I s correct. This equation implies that P i s 
not a simple exponential function of 1, but a function of a fianction of 1. 
I t seemed indicated to calculate I c i n accordance with the osmotic concept 
and to compare i t with the findings of Skempton. Using the logEirithms i n 
Eq. 5^ one obtains: 

log P = log (RT"T") + log £ ^ 

where RT"T" i s a constant for each ind i v i d u a l s o i l at a f i x e d temperature 
Eind the index of compressibility the Inverse of d log P; 

f(l) 
Setting = s, one obtains 

di 

di-(l) 
ds 1 d i f ( l ) 
d i 

d log P O.I+3I+ 1 
• • S • • • • • • • 

ds f ( i ) 

O.I+3I+ 1 d f ( 1 ) - 0.I+3I+ f ( i ) 
d log P ds d log P _ d l 

di ~ d i d s - rjjj) 
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Since f ( i ) i s an exponential function of i : 

d f ( i ) _ K f ( i ) = MOO 

d log P o ^ C T T - '^'^ _ K oMk 
— d j — = nxi) ^ -

Consequently: I Q = R - O.^k 

TABLE 6 

INDEX OF COMPRESSIBILITY, NATURAL PUTNAM CLAY SOIL 

1 P ^ d-lHj-p • aJter 
ii) (atm) di di Skempton 

3 3 . 3 ^ - 0 . 0 7 7 1 2 . 9 
31^.0 3 .5 - 0 . 0 7 7 1 2 . 9 1 2 . 5 
31^.6 3 - 0 . 0 7 8 1 2 . 8 8 . 8 
3 7 . 7 2 - 0 . 0 7 2 5 1 3 . 8 1 7 . 6 
1^1.2 1 -0.071^5 1 3 . 2 1 1 . 6 
1^5.2 0 . 5 -0.07^^ 1 3 . 5 1 3 . 3 

Mean - - 13-2 1 2 . 9 

Table 6 gives values of I c axicording to Skempton (Col. 5 ) and values 
calculated by means of Eq. 9 f o r the natural Putnam s o i l using the ex­
perimental data of Winterkom and Moorman ( 1 3 ) . The values calcialated by 
means of Eq. 9 are i n better agreement with each other than the I c values 
a f t e r Skempton i n which the term 0.^*3^/1 i s neglected. On the other hand, 
these calculations show why the s t r a i g h t - l i n e relationship between log P 
and i i s only an approximation and that the true index of compressibility 
i s K - 0,h3k/l. The approximative character of the l i n e a r relationship 
between log P and 1 has also been indicated by Macey ( 1 8 ) and by Terzaghi 
with respect to the relationship between the voids r a t i o and log P. 

There have been other empirical formulae proposed to express the re­
lationship between P and 1. Freundlich and Posniak ( 1 5 ) found with other 
materials: 

P = Po X Ck 

where PQ and k are constants and C i s the concentration expressed i n grams 
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of co l l o i d s per 1000 gm of c o l l o i d plus water; t h i s relationship was ap­
p l i e d by Terzaghi to s o i l s . Majitson ( 6 ) proposed: 

P = ^ where B i s a constant and i the cubic centimeters of 
i ^ 

water retained per gm of bentonite clay. 
These relationships represent only gross approximations and conse­

quently do not f i t the experimental data very w e l l . This, of course, i s 
to be expected, because i n accordance with osmotic considerations P i s a 
function of a function of i . 

I t would be desirable to apply Eq. 5 to other s o i l s and engineering 
c h a r a c t e r i s t i c s that involve a s i i f f i c i e n t l y high water content for osmotic 
suction to play a determinant r o l e . For t h i s purpose, data on consolida­
t i o n behavior, base exchange capacity, and nature of the exchange ions 
are required. Unfortunately, these l a t t e r properties have not been given 
s u f f i c i e n t attention by most experimenters. I t i s hoped that t h i s state 
of a f f a i r s w i l l be r e c t i f i e d and that the osmotic theory i n i t s present 
form may be tested and v e r i f i e d on the basis of a larger body of experl-
menteil evidence. I f additional experimental evidence confirms the con­
clusions drawn from the data on Putnam s o i l , then a xmlfied physical i n ­
terpretation can be given to apparently unrelated empirical s o i l character­
i s t i c s and be connected by these c h a r a c t e r i s t i c s with the fundamental prop­
e r t i e s of the s o i l at hand ("T" value and character of exchange ions) at 
moistxire contents at which osmotic suction i s a detennlnant factor. 

On the other hand, recent investigations have demonstrated the r e l a ­
tionship e x i s t i n g between the physical properties of s o i l s and clays and 
t h e i r mineral components. Each of the major known groups of clay minerals 
has a more or l e s s w e l l defined range of exchange capacity and consequently 
of osmotic capacity: 

Clay Mineral Group "T" value i n m e per 100 g 
Montmorillonite 60-100 

I l l i t e 20-i^O 
Kaolinite 3-15 

Their osmotic a c t i v i t y , however, w i l l depend on the nature of the exchange 
cations among which the Na+ ion plays an outstanding part. 

OSMOTIC INTERPRETATION OF SWELLING 
In the osmotic Interpretation of consolidation data obtained on re­

molded sat\u:ated clay s o i l s , equilibrium was reached when the applied 
pressure P equals the hydrostatic pressure of osmotic o r i g i n developed by 
the dissolved exchange ions. 

P = (Po)real i n equilibrium with a water content 1. Before the 
equilibrium condition i s reached, the applied constant pressure P performs 
consolidation work that involves p l a s t i c defoimation and expelling of 
water through the pores of the system. For the l a t t e r , viscous flow re­
sistance must be overcome. This resistance follows the law of P o i s e u i l l e 
which r e l a t e s the flow rate to the pressure gradient and the pore radius. 
Therefore, a c e r t a i n period of time i s necessary for e q u i l i b r i a to be 
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attained at each constant applied pressure and t h i s period w i l l be the 
greater the smaller i s the e f f e c t i v e pore radius. The elimination of 
water implies an increase i n the concentration of the exchange ions and 
of t h e i r osmotic a c t i v i t y " T " / i ^nd. f ( i ) i n Eq. 3 , i . e . i n the osmotic 
pressure (Po)real which at a c e r t a i n water content i reaches the value of 
P. The osmotic Interpretation d i f f e r s from the mechanical model of Terzaghi 
i n the explanation of the equilibrium condition, but agrees with i t on the 
influence of the time factor. 

I f the consolidation pressure i s removed at e q u i l l b r l i m and contact 
with free water i s maintained, osmotic suction s t a r t s because of the d i l u ­
t i o n tendency of the exchange ions. The system begins to swell, but the 
swelling i s opposed by the defomatlon resistance of the system and the 
viscous resistance against the inflow of water. I f the previously applied 
consolidation pressure has been s u f f i c i e n t l y high to produce a high 
(Po)real equilibrium condition, t h i s pressure w i l l overcome the r e s i s ­
tance of the system and r e s u l t i n swelling which may even perform external 
work by l i f t i n g a stircharge; i n othey words, a swelling pressure Pg i s 
developed that may be measured by a surcharge that j u s t prevents swelling. 
Swelling involves an increase i n moisture content 1; therefore, the i n i t i a l 
(Po)real e x i s t i n g at the removal of ^he surcharge decreases while the 
system swells u n t i l i t becomes equilibrated by the combined e f f e c t of the 
i n t e r n a l resistance and the remaining surcharge. This decrease of the 
swelling pressiare PQ with increasing 1 makes the swelling process essen­
t i a l l y d i f f e r e n t from the consolidation process which proceeds a t a con­
stant pressure. 

The p o s s i b i l i t y of r e a l i z i n g external work from the swelling process 
and of having a swelling pressxjre Pg that can be determined experimentaly 
i s a consequence of a low i n i t i a l moisture content and of an advanced 
state of consolidation. Such a state can be obtained by consolidation of 
a system from a high i n i t i a l moisture content to a point where the moisture 
Just f i l l s the pore space. 

By t h i s reasoning, i t i s possible to explain the shape of both the 
consolidation and swelling curves as corresponding to exi s t i n g equilibrium 
conditions. I n consolidation, the applied load P balances the osmotic or 
hydrostatic pressure e x i s t i n g i n the aqueous phase of the system at the 
equilibrium water content, whereas i n swelling, the osmotic pressure i s 
balanced by the surcharge and the i n t e r n a l resistance of the system to 
expansion and water Intake. 

Figure 1+ presents swelling and consolidation curves derived for Na+-
Putnam clay from the data by Wlnterkorn and Moorman ( l 3 ) . We consider an 
I n i t l a i l state a with a water content 1 that i s i n equilibrium with pres­
sure P i equal to (Po)real-j^* ^ "t^e pressure P̂^ i s reduced to Pg2 while 
the system i s i n contact with free water, then (Po)real-|^ - ^ s l determines 
the swelling and the associated decrease i n osmotic pressure and Increase 
i n 1. At the moisture content i g , the value of the osmotic pressure 
reaches that of the supercharge Pg2 and swelling stops. From Pgj to Pg2 , 
the swelling produces external work that i s measured by the area l i Ip c b 
(pressure x volume, i f I 2 - l i i s used to express the volume increase). 
I f one wants to complete the c y c l e o n e must increase the supercharge to 
P2 (point d); then, following the consolidation cvirve, water i n the amount 
of 12 - i l i s expelled and the i n i t i a l state i s reached by performing an 
amount of work given by the area I 2 - i i d a. The area a b c d or P l P2 



68 

P s l Ps2 measures the difference between the work supplied to the system 
during the consolidation process by the action of the supercharge Pq^ and 
the external work r e a l i z e d from the osmotic swelling. This difference i s 
a measxire of the i n t e r n a l resistance of the system to swelling and i s 
c a l l e d swelling h y s t e r e s i s . 

For small amoxmts of swelling {±2 - i i — - O ) , the area P i P2 P s l Ps2 
i s approximately equal to P - Ps ( l 2 - il)» Hence, for the same increment 
{±2 - i l ) , P - Ps i s a measure of the i n t e r n a l resistance of the system 
to swelling. This can be read d i r e c t l y from consolidation-expansion e q u i l i ­
brium graphs made from plotted experimental data. 

For the case i n which the moisture content i s ig and Pg = 0 , the con­
solidation pressure equals P 3 . This i s the minimimi value for an eff e c t i v e 
consolidation and corresponds to a (Po)real that i s equal to the i n t e r n a l 
resistance of the system. Higher pressures lead to further consolidation 
and to (P - P s ) > 0 ; i . e . , to swelling pressures that a f t e r removal of the 
external load permit the system to perform external work. 

A relationship between the applied consolidation pressure P and the 
maxlTnum swelling pressure Pg, which the system can produce and which cor­
responds to a small increase i n moisture content ( i . e . at p r a c t i c a l l y con­
stant volume), can now be established. A c o e f f i c i e n t a that permits the 
dividing of P into Pg and the i n t e r n a l resistance i s introduced i n the 
following manner: 

oP = Psj (1 - a) P = P - Ps 

aP + (1 - a) P = P ( 1 0 ) 

When o — p - l , P — ^ P s and P - Ps = 0 , then one i s dealing with strongly 
consolidated s o i l s having a low moisture content, a high (Po)real; 
consequently high swelling pressiares i f the i n t e r n a l resistance does not 
compensate for the (Po)real that has been developed. 

When a — » - 0 , P s — - 0 and P - Ps — * P, the system i s one of low con­
solidation, high moisture content, low (Po)real; and small swelling pres-
s\ire. When (Po)real equal to or smaller than the in t e r n a l resistance, 
no expansion or production of externeil work i s possible. For each s o i l 
there e x i s t s a maximvmi value for P at which a = 0 and Pg = 0 . 

From the consolidation-swelling graphs given by Winterkom and Moorman 
( 1 3 ) for natural and homoionic Putnam s o i l s , the P and Pg values for 
moisture contents have been taken that were p r a c t i c a l l y equal for the ex­
treme cases, i . e . for Pg = 0 and, i n the case of maximum values, for equal 
P values. These are shown i n Table 7-

I t can be seen that the i n t e r n a l resistance compensating (P6)real ^"0^ 
Pg = 0 corresponds to a moisture content and degree of consolidation at 
which contact between the s o l i d p a r t i c l e s or the strongly bound water 
films around these p a r t i c l e s i s already possible. This moisture content 
i s d i s t i n c t l y higher for the Na"*" s o i l s . 

I t can be expected that a i s a function of the degree of consolidation 
which detemines the free pore space, and of the moisture content, which 
determines (Po)real' The swelling curves of Winterkom and Moorman ( 1 3 ) 
have a flattened shape and i t was possible to extract only a few points 
that indicate i n a preliminary manner that a decreases l i n e a r l y with i and 
increases exponentially with P^ sta r t i n g at a PQ value that corresponds 
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TABLE 7 

S o i l i P P-Ps a -M o d i f i c a t i o n s m (atm) (atm) (atm) a - p-

Na t u r a l 3 6 . 2 2 . 8 0 2 . 8 0 

h 0 . 9 3 . 1 0 . 2 5 

Potassium 0 2.h 0 
3 1 . 8 k 0 . 5 3 . ^ 0 . 1 2 5 

Magnesium 3 7 . 7 2 . 8 0 2 . 8 0 

h 1 . 2 2 . 8 0 . 3 0 

Sodiimi 1+9.0 2 . 2 0 2 . 2 0 

1^1.3 k 1 . 6 2.1+ 0 .1+0 

Hydrogen 3 8 . 1 + 2 . 8 0 2 . 8 0 
3 6 . 2 h 0 . 7 3 . 3 0 . 1 7 5 

Calcium 3 7 . 0 2 . 6 0 2 . 6 0 

33 .1+ 2 . 2 1 . 8 0 . 5 5 

w i t h a = 0 . I t i s de s i r a b l e t o r a t i f y these r e l a t i o n s h i p s on the basis 
of a l a r g e r body of experimental data. 

The osmotic i n t e r p r e t a t i o n of the c o n s o l i d a t i o n and s w e l l i n g phenomena 
occiur-ring i n saturate d c l a y s o i l systems permits the r e c o g n i t i o n and or­
g a n i z a t i o n o f the causative f a c t o r s o f these phenomena i n the f o l l o w i n g 
manner: 

1. The a c t i v e s w e l l i n g f o r c e i s the osmotic pressure o f the aqueous 
phase o f the s o i l - w a t e r system. This f o r c e decreases w i t h i n c r e a s i n g 
water content. The s o i l c h a r a c t e r i s t i c s t h a t govern t h i s f o r c e have been 
t r e a t e d e a r l i e r . 

2 . Opposed t o t h i s a c t i v e f o r c e i s an i n t e r n a l resistance of the s o i l -
water system expressed by the c o e f f i c i e n t a . The i n t e r n a l resistance i s 
the sum of (a) the mechanical resistance of the system t o expansive de­
for m a t i o n and (b) the viscous resistance t o the I n c o r p o r a t i o n o f s w e l l i n g 
water i n t o the pores o f the system. This sum i s a f u n c t i o n of the v i s ­
c o s i t y of the water and the p e r m e a b i l i t y of the system. 

3 . The capa c i t y f o r s w e l l i n g ajid f o r developing a s w e l l i n g pressure 
t h a t i s able t o perform e x t e r n a l work depends on the r e l a t i v e magnitude 
of the s w e l l i n g pressure and the i n t e r n a l r e s i s t a n c e . 

1+. Remolded, noncemented, expansive s o i l s possess a low resistance 
t o deformation and a high one t o viscous f l o w . The c o e f f i c i e n t approaches 
u n i t y when a high pressure of c o n s o l i d a t i o n r e s u l t s i n a low i n i t i a l 
moisture content and a h i g h (Po)real^ * — " u n d e r opposite c o n d i t i o n s . 

5 . Undisturbed or cemented, structure-endowed, expansive s o i l s pos­
sess a high r e s i s t a n c e t o deformation and may absorb a l a r g e p a r t o f 
(P o ) r e a i ; consequently a — « - 0 . 
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6 . When the clay f r a c t i o n of a s o i l occupies the spaces between the 
coarse granular components of a s o i l , then the swelling of the clay re­
s u l t s i n expansion of the system i f the combined volime of clay p a r t i c l e s 
and osmotic water exceeds that of the intergranular pore space. I f the 
combined volvme of clay and osmotic water i s smaller than the intergranu­
l a r porosity, then a—•O; i f larger, then a — — 1 , as shown by Winterkom 
and Choiidhury ( 2 0) and Winterkom ( 2 1 ) . 

7 . When the i n i t i a l soil-water system i s not watersaturated, then 
water intake can take place by dislocating a i r without Increase i n t o t a l 
volume. I t i s Impossible, however, to expell a l l a i r . Occluded a i r w i l l 
be compressed by the swelling pressure i n accordance with Boyle's law and 
dissolved I n part i n accordance with Henry's law. The r e s u l t of t h i s i s 
a decrease i n active swelling pressure. Altogether, the swelling press 
that a given s o i l i n a given condition can develop depends fundamentally 
on the osmotic a c t i v i t y of the cations i n the aqueous phase and on the 
value of o. 

THE SWELLING OF SUBGRADES 
The swelling pressure and the volume changes that may take place i n a 

subgrade underneath a highway pavement are now examined. A subgrade s o i l 
compacted at Proctor optimum moisture content to maximum dry density, 
which expands against a supercharge that equals the weight of the contem­
plated superimposed structure i s assumed. Of primary i n t e r e s t i s the 
swelling pressizre that may be developed with volume changes small enough 
to leave the structure unaffected. This means that the s o i l volume should 
remain p r a c t i c a l l y constant or A V ^ ^ ^ percent 

For the determination of the maximum swelling pressure i n the labora­
tory under conditions that duplicate as cl o s e l y as possible those i n the 
f i e l d , one can use the apparatus of Hveem ( 1 5 ) or i t s adaptation for de­
termining the C.B.R. as used by Duarte Marchetti, and Ruiz ( 2 2 ) i n the 
laboratories of the Highway Department of the Province of Buenos Aires. 
Test specjLmens are made with compaction requirements s i m i l a r to those 
specified for the road project — at optimum moisture content as we l l as 
on the dry and wet side of i t . The mold with the specimen i s placed 
within a r i g i d frame. The surface of the specimen i s covered with a 
porous plate and a compressometer i s fastened between t h i s plate and the 
upper arm of the frame. The mold with specimen i s submerged i n water and 
the compressometer d i a l r e g i s t e r s simultaneously the swelling pressure 
and the expansion. One uses compressometers that, at maximim swelling 
force reached as a function of time, r e g i s t e r a volume increment l e s s 
than 0 . 5 percent of the o r i g i n a l volme. This means that the volimie re­
mains p r a c t i c a l l y constant and that a condition of permanent equlllbrlimi 
e x i s t s between swelling pressure and supercharge. 

Table 8 gives swelling pressures measured by t h i s method for t y p i c a l 
cases. These cases show as a generally observed c h a r a c t e r i s t i c the rapid 
f a l l of the swelling pressure with increase i n i n i t i a l moistiire content. 

The basic purpose of t h i s work i s to develop a theory that permits 
the interpretation of the preliminary r e s u l t s that have been obtained 
so f a r with diffe r e n t s o i l s of the Province of Buenos Aires and that can 
serve as a guide to the correction of swelling, a problem of great tech­
n i c a l and economic I n t e r e s t . 
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TABLE 8 

MAXIMUM SWELLING PRESSURES AT PRACTICALLY CONSTAIW VOHME OF 
TYPICAL S O I I S i / OF THE PROVINCE OF BUENOS AIRES 

S o i l C h a r a c t e r i s t i c s 
Compaction 
Moisture 

Max. Swelling 
Pressure 
(kg /cm2) 

A SL = 18 
LL = 34 
PL = 23 
Passing 200 = 98?^ 
HRB Class. A - 6 ( 9 ) 

20 . 
2 3 2 / 
25 

0 . 1 7 2 
0 .080 
0 . 0 1 1 

B SL = 10 
LL = 
PL = 25 
Passing 200 = 84^ 
HRB Class. A-7-6(12) 

18 . 
2 3 2 / 
2 8 . 5 

1.490 
0 . 5 2 9 
0 .230 

i/ccmpacted by the Standard Proctor Method at, below, and above optlmimi 
moisture content. 
2 / 
-J Optimum. 

The f i r s t point to be kept i n mind i s the i n i t i a l moisture content. 
From the osmotic point of view t h i s governs the active force of swelling, 
which i s the osmotic pressvire developed. Considering s o i l s compacted by 
the standard Proctor method at optimum moisture content, the compaction 
work employed amoxmts to 5-5 1^ x 25 blows x I 8 i n . = 1 2 . 4 f t - l b per cu 
f t = 6 0 . 4 kg per cu dm. These amounts are used up by the f r i c t i o n a l and 
cohesive forces that oppose themselves to the displacement of the p a r t i ­
c l e s . The act u E i l work performed i n t h i s compaction process i s necessarily 
smaller than that required for consolidation to the same density st a r t i n g 
with an excess of water. This i s because of the work involved i n over­
coming the viscous resistance of the -latter. Consequently the amounts of 
work involved i n compaction and consolidation are not s t r i c t l y comparable. 
Also, a soil-water system compacted at optimum moisture content with the 
Proctor standard method i s not saturated, but possesses an air-pore vol-
imie of the order of 5 percent. Thus, i n order for such systems to be satu­
rated, an increase i n moisture content of the order of 3 to 5 percent of 
the dry weight of the s o i l i s necessary. 

The f a c t of xmsaturation implies that osmotic suction can superimpose 
i t s e l f on c a p i l l a r y suction. The c a p i l l a r y suction l a t e r stops at satu­
ration while swelling continues as long as the osmotic pressure exceeds 
the resistance to volxmie Increase. 

The problem of establishing a moisture content for subgrade s o i l s 
that i s representative of that i n eqioilibrium under f i e l d conditions i s 
we l l known and need not be treated here. I t need only be stated that 
there e x i s t different c r i t e r i a for judging the danger of water saturation 
and swelling under service conditions. These c r i t e r i a are r e f l e c t e d i n 
the different t e s t methods proposed for obtaining data to be used i n design. 
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As examples, the following are mentioned: 
1 . The c r i t e r i o n of Porter: saturation In the presence of free water, 

the specimen being confined by a supercharge equal to the pressure exerted 
by the pavement. 

2 . The c r i t e r i o n of Hveem: no water exudation when the specimen i s 
subiaitted to a pressure of 28 kg cm-2. 

3 . The c r i t e r i o n of McDowell: satiiration under conditions of normal 
and l a t e r a l confinement that duplicate service condition. 

A l l t h i s shows the great need for a theory to explain the suction of 
water and the swelling of a s o i l system af t e r the e x i s t i n g c a p i l l a r y po­
r o s i t y has been saturated. Such a theory i s p a r t i c u l a r l y Important for 
s o i l s of marked swelling c h a r a c t e r i s t i c s . 

The osmotic theory explains, at l e a s t q u a l i t a t i v e l y , the experimental 
and observational f a c t s . For a certain degree of densifIcation, low I n i ­
t i a l moisture contents give r i s e to large osmotic pressures p a r t i c u l a r l y 
i n the case of Na+ exchange Ions possessing high osmotic a c t i v i t y . Osmo­
t i c suction does not stop at pore saturation of a s o i l and may s t i l l be 
present to a marked degree at the moisture content of the l i q u i d l i m i t . 
The osmotic suction produces a hydrostatic pressure (analogous to the 
pore pressure) that acts against the s o l i d phase and tends to expand the 
system against the resistance of the s o l i d phase. The osmotic suction 
forces must also overcome the resistance of the porous system to the en­
trance and d i s t r i b u t i o n of water. Simultaneously with water sorption, 
the osmotic pressure decreases tending to a new equlllbrixmi value. Low 
i n i t i a l moist\ire contents and associated high osmotic pressures may also 
e x i s t i n granular-cohesive s o i l systems that are possessed of a granular 
skeleton, the Intergran\alar spaces of which contain the swelling clay 
material. Under such conditions, i n t e r n a l swelling may occur without ex­
t e r n a l increase I n the volume of the s o i l system ( 2 0 , 2 1 ) . 

There are two basic reasons for the importance of the character of 
the exchange ions i n the swelling process. Ca++ and H+ ions possess l e s s 
osmotic a c t i v i t y than the Na+, K+, and Mg++ ions as expressed by the value 
of the constant K and a greater tendency to aggregation, which tendency 
favors formation of a flocculated structure and r e s u l t s i n increased i n ­
t e r n a l resistance to swelling. This explains the reduction of volumetric 
swelling by the incorporation into a s o i l of portland cement or hydrated 
lime often mentioned i n foreign and domestic l i t e r a t u r e ( 2 3 , 2 4 , 2 5 , 2 6 ) . 
No study seems as yet to have been undertaken on the effect of these ad­
mixtures on the swelling pressure though t h i s research with s o i l s of the 
Province of Buenos Aires i s being planned. Theoretically, small admlx-
txires of hydrated lime shoiild be s\ifficient for t h i s purpose as long as 
they are vmiformly distributed and given enough time for e f f e c t i v e cation 
exchange. I t I s important to keep i n mind that the influence of Na+ ex­
change ions on the physical properties of s o i l s are already pronounced 
when these ions represent only about 15 percent of the t o t a l exchange 
capacity ( 2 7 ) . Hence, marked changes i n v o l m e t r i c expansion and swell­
ing pressure which codetermine the swelling work may be expected already 
with additive concentrations w e l l below those calculated on the basis of 
the "T" value. 

The action of soluble s a l t s , such as CaCl2, employed i n the control 
of s o i l swelling i s of a more complex nature. I t s t h e o r e t i c a l treatment 
employs the Donnan equilibrium, to be shown l a t e r . 
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As previously indicated, experiments show a rapid f a l l of the maxlmim 
swelling pressure, at p r a c t i c a l l y constant volume of the system, with a 
small increase i n moisture content when the moisture content i s i n the 
range of the optimimi for compaction. The osmotic theory permits the de r i ­
vation of the function that connects Pg and 1 . 

When Eqs. 5 and 10 are combined, 

Pgi = X a X f ( l ) ( 1 1 ) 

which expresses the condition of equilibrium between the excess osmotic 
pressure developed with respect to the i n t e r n a l resistance of the system 
and the supercharge Pg. Eq. 11 shows the rapid f a l l of Pg with increase 
i n ±; the term R T "T"/Va i s a constant for each s p e c i f i c s o i l and tem­
perature and i s d i r e c t l y proportional to the base exchange capacity and 
inversely to the valency of the exchange ions. The term a f ( i ) i s a com­
bined expression of the i n t e r n a l resistance a and the osmotic a c t i v i t y 
f ( i ) ; both fimctions decrease with increasing moisture content 1 and are 
influenced by the natiare of the exchange cations. 

The term a f ( i ) can be evaluated provided that the remaining terms of 
Eq. 11 can be determined experimentally. Preliminary experiments show 
that a f ( i ) f a l l s exponentially with Increasing 1, because log [ a f ( l ) 3 
i s a decreasing straight l i n e function of 1 . With some s o i l s , t h i s func­
ti o n deviates from l i n e a r i t y at low moist\ire contents. This may be i n t e r ­
preted as a consequence of i n t e r n a l expansion i n systems possessing a 
granular skeleton with fi x e d Intergranular porosity ( 2 0 , 2 l ) . 

The importance of these preliminary r e s i i l t s and of the application of 
the osmotic theory l i e s i n the f a c t that they explain why one cannot ex­
pect simple relationships to e x i s t between Pg and 1 inasmuch as the f i r s t 
i s of necessity a function of a fxmction of the moisture content. The 
swelling of s o i l s and p a r t i c i i l a r l y of hydrophillc co l l o i d s i n general has 
been considered for many years as a complex phenomenon i n which p\irely 
mechanical factors are of Importance though the fundamental explanation 
must be sought i n the e l e c t r i c charges of the micelles and i n osmotic 
phenomena (Ostwald and t i d i e r , I 9 1 9 ) . The osmotic theory gives a f i r s t 
r a t i o n a l explanation of the infliaence of these factors when the moisture 
content of the s o i l i s such that osmosis without membrane i s the predomi­
nant phenomenon. This occurs i n s o i l s when the moisture content exceeds 
that of the shrinkage l i m i t and becomes the exclusive factor i n the satu­
rated state where the c a p i l l a r y forces cease to e x i s t . For the future 
development of t h i s theory, i t i s necessary that methods be found that 
permit separate determination of a and f ( l ) and the establishment of cor­
re l a t i o n s that connect these functions with molstvire content, degree of 
d e n s i f i c a t i o n , and s o i l c h a r a c t e r i s t i c s . 

THE INFLUENCE OF FREE ELECTROLYTES—DONNAN EQUILIBRIUM 
So f a r , only the Influence of water on soil-water systems i n the ab­

sence of free e l e c t r o l y t e s or s a l t s has been considered. S o i l s contain­
ing more than 0 . 2 percent of soluble s a l t s are c a l l e d saline and one d i f ­
f erentiates between weakly s a l i n i z e d ( 0 . 2 to O.5 percent) and strongly 
s a l i n l z e d ( > 0 , 5 percent) s o i l s (Rosov). At a s o i l moisture content of 
20 percent the s a l t s present i n the l i q u i d phase cause by themselves 
alone osmotic pressures of the order of tens of atmospheres and even 
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leirger i f they are separated from free water by means of a semipermeable 
membrane. I n the absence of such a membrane, free diffusion tsikes place 
and no osmotic pressure i s developed. 

The free e l e c t r o l y t e s i n t e r f e r e , however, with the osmotic pressure 
developed by the exchange ions which are held i n the e l e c t r o s t a t i c adsorp­
t i o n f i e l d of the s o l i d s o i l p a r t i c l e s . This interference gives r i s e to 
a covmterpressure c a l l e d "Donnan e f f e c t . " Consider the simplest case can 
be taken from Winterkom ( 8 ) , namely a homoionic Na+ clay i n a NaCl solu­
t i o n of molar concentration a. The contact surface AB i n Figure 5 i s per­
vious to water and free ions but not to the e l e c t r o s t a t i c a l l y restrained 
exchange ions. The molar concentration of the Wa"*" exchange ions shEill be 
c a l l e d z. 

I f there were no Na+ exchange ions, then Na+ and C l " ions of the ex­
t e r n a l solution would diffuse into the i n t e m a l water phase u n t i l the con­
centration i n both solutions were the same. I n the presence of the Na"*" 
exchange ions, the external Na and C l " ions diffuse only u n t i l thermody-
namlcal equilibrium i s established. The l a t t e r requires that the concen­
t r a t i o n product i n both solutions be equal. 

I f q i s the l o s s i n concentration of the external solution, then the 
equilibrium condition i s 

q (z + q) = (a - q)2 

FIGURE 5 

DONNAN EQUILIBRIUM 

I n t e m a l Solution f E x t e m a l Solution 
Clay" Na"*" -

z 
B 

Na+ 
a 

C l " 
a I n i t i a l State 

Clay" Na''" C l " A 1 Na+ C l " State of 
z + q <1 

1 
1 
1 

B 
a - q a - Donan E q u i l i -

*̂  brlum 

which permits the c a l c i i l a t i o n of q as a function of the known z and a 
values: 

a2 
q = + 2a 

The number of extemal Ions that cross the boundary AB depends, there­
fore, on the relationship between a and z. 

F i r s t case: a = 0 . This applies to nonsaline s o i l s , i . e . , s o i l s not 
containing free e l e c t r o l y t e s . The molar concentration of the i n t e r n a l 
solution corresponds to that calculated from the base exchange capacity 
as employed i n the preceding paragraphs. 

Second case; a < z. This applies to clays of high base exchemge 
capacity and low s a l t content. The equation for the Donnan equilibrium 
shows that the osmotic pressure developed \mder equilibrium conditions i s 
smaller than that calculated from Van t'Hoff's law because i t depends now 
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on the d i f f e r e n c e i n c o n c e n t r a t i o n of the i n t e r n a l and e x t e r n a l ions. 
This i s the basic p r i n c i p l e o f Mattson's theory o f "osmotic I m b i b i t i o n " 
(6). I n t h i s case, the d i f f e r e n c e or excess e w i l l be equal t o a, and 
e = (2q + .z) - 2(a - q) = l)-q - 2a + z. As the value f o r q i s unknown, 
one s u b s t i t u t e s i t s value as a f u n c t i o n o f z and a and obtains 

Ua2 ^ z2 e = —rr- - 2a + z = z + 2a z + 2a 
Then, i n accordance w i t h Mattson, the osmotic pressure becomes 

and water w i l l be sucked from the e x t e r n a l t o the i n t e r n a l s o l u t i o n . 
According t o the author's concept, the r i g h t hand p a r t of t h i s equation 
should be m u l t i p l i e d by f ( i ) t o account f o r the a c t u a l osmotic a c t i v i t y 
o f the exchange i o n s . 

T h i r d case; a > z. This applies t o clays w i t h low base exchange 
capa c i t y and concentrated e l e c t r o l y t e s o l u t i o n s . I n t h i s case, q — ^ l / 2 a , 
which means t h a t a t the l i m i t i n g case the e x t e r n a l Na+ and C I " ions t e n d 
t o d i s t r i b u t e themselves u n i f o r m l y throughout the e n t i r e l i q u i d medixmi, 
thus a n n u l l i n g the osmotic e f f e c t o f the exchange c a t i o n s . One sees 
c l e a r l y t h a t the Increase i n f r e e e l e c t r o l y t e c o n c e n t r a t i o n counteracts 
the osmotic s u c t i o n and hence s w e l l i n g . This i s a well-known experimen­
t a l f a c t shown, e.g., i n the c l a s s i c a l experiments by Winterkorn and 
Eckert and Schappler (8) who determined the f r e e s w e l l i n g o f a b e n t o n l t e 
Na"*" c l a y i n s o l u t i o n o f NaCl of i n c r e a s i n g c o n c e n t r a t i o n and o f Ca'^^-Putnam 
s o i l i n s o l u t i o n s o f CaCl2. However, experiments concerned w i t h the i n ­
f l u e n c e o f f r e e e l e c t r o l y t e s on the c o n s o l i d a t i o n phenomenon and the 
s w e l l i n g pressure are not known t o the author. 

Besides the vise o f Donnan e q u l l l b r i i m i i n a case where the c l a y was 
homoionic and had a c a t i o n i n common w i t h the e l e c t r o l y t e , the Donnan 
e q u i l i b r i u m can also be a p p l i e d t o more complicated systems where ther e 
are no common ions or where the ions are p o l y v a l e n t . The r e s u l t i n g eqiia-
t i o n s are more complicated, but the d i r e c t i o n o f the e l e c t r o l y t e i n f l u e n c e 
i s the same. 

I n r e c a p i t u l a t i o n , the basic concept i s t h a t the osmotic s u c t i o n o f 
water i s due t o the r e t e n t i o n o f the exchange ions by the e l e c t r o s t a t i c 
charges on the surfaces o f the c l a y p a r t i c l e s which counteracts t h e i r 
k i n e t i c energy and r e s t r a i n s t h e i r a b i l i t y t o d i f f u s e . Osmotic s u c t i o n 
occurs i n the absence of f r e e e l e c t r o l y t e s i n accordance w i t h the pheno­
menon of osmosis w i t h o u t membrane t o which the equation o f Van t ' H o f f 
can be a p p l i e d using, however, the "osmotic a c t i v i t y " I nstead o f the molar 
co n c e n t r a t i o n . The Donnan e q u l l l b r i i m i t h a t i s produced i n the presence 
of f r e e e l e c t r o l y t e s appears t o act as a reducing and not as a determinant 
f a c t o r w i t h respect t o osmotic s u c t i o n . Mattson's ideas are u s e f u l i n 
the e x p l a n a t i o n o f the depressing a c t i o n o f s a l t s on osmotic s u c t i o n i n 
the case o f s a l i n e s o i l s . 

I n order t o c l a r i f y the d i f f e r e n t concepts, the osmotic pressure t h a t 
Na+-Putnam c l a y can develop a t optimum molstxire content from the d i f f e r e n t 
p o i n t s o f view w i l l be c a l c x i l a t e d . I t i s assumed t h a t the d i s s o c i a t i o n 
of NaCl i n Na+ and C I " ions i s complete, t h a t t h e i r a c t i v i t y i n d i l u t e 
s o l u t i o n s i s u n i t y , and t h a t the "osmotic a c t i v i t y " f ( i ) o f the exchange 
Na+ i s the same as i n the absence o f the e l e c t r o l y t e . These s i m p l i f i c a t i o n s 
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are acceptable i n f i r s t approximation when the f r e e e l e c t r o l y t e concen­
t r a t i o n i s small. 

Taking: Optimum moisture content = 31.3j "T" = 30; Va = I j T = 273 + 25. 

l o g ( f ( i ) ) i ^ 31^3 = 0.0235 (31.3 - 12) = - O.h^^ = 1.5h6; 
f ( i ) = 0.352 

Applying the equation of Van t ' H o f f d i r e c t l y i n the absence o f f r e e 
e l e c t r o l y t e , i . e . f o r a = 0, one obtains 

^ - W = r i ^ = 3TxrT = 
PQ = 0.082 X 298 X 0.96 = 23.Ij- atm. This PQ holds f o r the case t h a t 

the aqueous phase behaves as an i d e a l s o l u t i o n . I n the absence o f elec­
t r o l y t e s , t h e r e e x i s t s no Donnan e q u i l i b r i u m and consequently the c a t i o n 
excess i s z = [_c]. I n t r o d u c t i o n o f the osmotic a c t i v i t y f ( i ) reduces t h i s 
value t o Po = O.082 x 298 x O.96 x 0.352 = 8.2 atm. 

We consider now the presence o f O.I9 g of NaCl per 100 g of dry s o i l , 
which when d i s s o l v e d i n the aqueous phase o f the s o i l - w a t e r system gives 
a = 0.1. This f r e e e l e c t r o l y t e may d i f f u s e f r e e l y and does not modify 
Po according t o Van t ' H o f f ' s law. A p p l i c a t i o n o f the Donnan e q u i l i b r i u m 
reduces the a c t i v e c o n c e n t r a t i o n t o the excess o f i n t e r n a l , over e x t e r n a l 
c o n c e n t r a t i o n and one obtains 

' = 0.93 i ° ( r f 0.1) = 

which gives an osmotic pressxare of 
Po = 0.082 X 298 X 0.80 = 19.6 atm. 

This i s 16 percent l e s s than t h a t c a l c t i l a t e d according t o Van t ' H o f f . 
Considering now the r e a l osmotic a c t i v i t y of the exchange ions as a f f e c t e d 
by the r e d u c t i o n produced by the Donnan e q u i l i b r i \ m i , one obtains 

Po = 0.082 X 298 X 0.80 x 0.352 = 6.9 atm. 
Thus, the presence o f the NaCl reduces the ( P o ) r e a l '̂̂ cm 8.2 t o 6.9 atm. 

These c a l c i i l a t i o n s show t h a t the e f f e c t o f an assumed Donnan e q u i l i ­
b r i a i n the case o f nonsaline s o i l s i s much smaller than t h a t o f the 
osmotic a c t i v i t y f ( i ) . This i s a l o g i c a l consequence of the concept o f 
osmotic s u c t i o n as due t o osmosis w i t h o u t membrane. 

I n t u r n , the Donnan e q u i l i b r i x m i gives a f i r s t i f s e m i q u a n t i t a t i v e ex­
p l a n a t i o n o f the i n f l u e n c e o f f r e e e l e c t r o l y t e s i n the case o f s a l i n e 
s o i l s . The c a l c u l a t i o n made before i n v o l v i n g h i g h concentrations of NaCl 
do not correspond w i t h a c t u a l behavior, inasmuch as the s i m p l i f i e d assump­
t i o n s , by means of which c a l c u l a t i o n was made p o s s i b l e , are incompatible 
w i t h r e a l i t y . 

With respect t o p r a c t i c a l a p p l i c a t i o n s , such as adding soluble s a l t s 
f o r the c o r r e c t i o n o f s o i l s w e l l i n g , one must keep i n mind t h a t such s a l t s 
produce i o n i c interchanges and modify the s o i l p r o p e r t i e s . Also, one can 
use only such s a l t s as do not expand by c r y s t a l l i z a t i o n i n t h e i r hydrated 
forms. For economical and t e c h n i c a l reasons, the most promising s a l t f o r 
the i n d i c a t e d use i s calcium chlor.ide, which has been employed i n p r a c t i c e 
f o r a long time mainly because o f i t s hygroscopic p r o p e r t i e s . 
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Moisture, Density and Volume Change Relationships 
Of Clay Soils Expressed as Constants of 
Proportionality 

G. C. BLOMQUIST and J. M. PORTIGO, Respectively, C i v i l Engineering Depart­
ment, Michigan State U n i v e r s i t y , and C i v i l Engineer's Department, C e n t r a l 
R i i l l l p l n e U n i v e r s i t y . 

The p r o j e c t ' s purpose was t o devise a method f o r e s t a h l i s h -
i n g emperical r e l a t i o n s h i p s between volume change and d e n s i t y , 
and/or volume change and moisture content. 

The s o i l samples employed were homolonic s o i l s prepared 
from a Warsaw s o i l hy leach i n g p o r t i o n s o f the s o i l w i t h 
s u i t a b l e e l e c t r o l y t e s c o n t a i n i n g one o f the cat i o n s chosen, 
namely hydrogen, aluminum, f e r r i c , and calcium ions. 

The prepared s o i l s were t e s t e d i n va r i o u s combinations o f 
de n s i t y and moisture content c o n d i t i o n s f o r s w e l l character­
i s t i c s . 

A d d i t i o n s o f organic compoiinds were I n v e s t i g a t e d t o de­
termine the I n f l u e n c e o f n a t u r a l s o i l organic matter on s w e l l 
p r o p e r t i e s of the prepared homolonic s o i l s . L i g n i n was used 
t o represent n a t u r a l s o i l organic matter i n e q u i l i b r i u m w i t h 
s o i l m i c r o b i a l a c t i v i t y . Hypotheses d e r i v e d from the i n ­
v e s t i g a t i o n are given. 

•SUBGRADE RESEARCH was i n i t i a t e d i n the United States about I925. F a i l ­
ures of pavements designed t o u l t i m a t e standards by engineers were inves­
t i g a t e d t o determine c o n t r i b u t i n g f a c t o r s other than pavement d e f i c i e n c i e s , 
ninproved c o n s t r u c t i o n methods, t h i c k e r pavements, and p e r f e c t e d m a t e r i a l s 
d i d not prove t o be the s o l u t i o n t o the pavement f a i l x i r e s . 

Studies conducted i n Michigan ( l ) i n d i c a t e d t h a t more than h a l f o f the 
pavement f a i l u r e s were c o n t r i b u t e d t o by subgrade f a i l u r e s . These sub-
grade f a i l u r e s r e s u l t e d from d i f f e r e n t i a l expansion or settlements o f the 
subgrade m a t e r i a l s . Studies (2) o f f l e x i b l e road surfaces also proved 
t h a t the subgrade was a c o n t r i b u t i n g f a c t o r t o road surface f a i l u r e s . 
Later i n v e s t i g a t i o n s (3 ,»^) e s t a b l i s h e d d e f i n i t e c o r r e l a t i o n s between con­
cr e t e pavement failxores i n the form o f crack p a t t e r n s and the s o i l t e x t u r e 
o f the subgrade s o i l m a t e r i a l s . 

Pavement pvunping, blow-ups, f a u l t i n g , and l o n g i t u d i n a l cracking has 
also been c l o s e l y c o r r e l a t e d t o subgrade s o i l s and s o i l c h a r a c t e r i s t i c s 
( 2 , 6 ) . I n v e s t i g a t i o n s and studies o f pavement f a i l u r e have I n d i c a t e d t h a t 
the f a i l e d sections are the consequence o f c o n d i t i o n s o f excessive moisture 
and r e s u l t i n g l o s s o f cohesion; h i g h percentages of f i n e s , s i l t s , or f i n e 
sands and r e s u l t i n g i c e lense f o m a t l o n s w i t h heaving; excessive v o l m e 
change, shrinkage, or s w e l l i n g , r e s u l t i n g from moisture v a r i a t i o n s or the 
p h y s i c a l or chemical a l t e r a t i o n o f the s o i l c o n s t i t u e n t s . Swelling may 
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also r e s u l t from the removal o f e a r t h surcharge; however, t h i s c o n d i t i o n 
i s not p e r t i n e n t t o t h i s study. 

The presence o f excessive moisture i n the subgrade I s one o f the most 
important f a c t o r s i n e l i m i n a t i n g the s u s c e p t i b i l i t y o f the s o i l body t o 
volume change. 

The presence o f organic m a t e r i a l I n the s o i l body f u r t h e r complicates 
the s t a b i l i z a t i o n o f the subgrade m a t e r i a l . The organic m a t e r i a l i s ac­
cepted t o be compressible and e a s i l y decomposed by s o i l microorganisms. 
The organic matter i s also b e l i e v e d t o possess a c a p a c i t y of absorbing 
considerable moisture. There are very few known f a c t s concerning the e f ­
f e c t s t h a t v a r y i n g p r o p o r t i o n s o f organic m a t e r i a l s i n the s o i l have on 
the s t r e n g t h and s t a b i l i t y of the subgrade. I n general, organic m a t e r i a l s 
have been considered d e t r i m e n t a l and t h e i r e l i m i n a t i o n from subgrade s o i l s 
has been p r a c t i c e d , except I n v e r y minor amounts. The f o l l o w i n g are the 
e s s e n t i a l f a c t s used as the basis o f t h i s study: 

1. The c l a y and c o l l o i d a l f r a c t i o n o f a s o i l are capable o f base ex­
change and a d s o r p t i o n a c t i v i t i e s , both o f which are surface phenomena (7) . 

2. Cohesive s o i l s c o n t a i n s u f f i c i e n t p r o p o r t i o n s o f c l a y and c o l l o i d a l 
m a t e r i a l s t o provide f o r surface phenomena t o i n f l u e n c e the p r o p e r t i e s o f 
the t o t a l s o i l body. 

3. Water molecules Eire d l p o l e s a t t r a c t e d by Ions throxagh p o l a r i z a t i o n 
and o r i e n t a t i o n I n the c l a y m i n e r a l f r a c t i o n , e i t h e r on the broken bonds 
or between oxygen planes (8) . 

k. The character o f t h e adsorbed ions s a t u r a t i n g the exchange p o s i ­
t i o n s o f the c l a y m i n e r a l and c o l l o i d s determines the amount of water t h a t 
w i l l be taken up under o p t i m m c o n d i t i o n s d u r i n g s w e l l i n g (9) . 

5. P r i n c i p l e s o f base exchange and adsorption allow the surface char­
a c t e r o f s o i l c o l l o i d s t o be a l t e r e d by chemical means so t h a t the water-
a t t r a c t i v e character o f the c o l l o i d ' s sxirface may be a l t e r e d t o water-re­
p e l l e n t p r o p e r t i e s (9) . 

6. S o i l organic compounds may have a base exchange capacity (10,11). 

7. The organic matter i n a s o i l i s p r o t e c t e d by the c l a y m i n e r a l s , 
and the c l a y minerals have been found t o i n h i b i t p e p t i z a t i o n o f various 
p r o t e i n s (12). 

8. The exchange p o s i t i o n s and adsorption p o i n t s o f a c l a y m i n e r a l may 
be f i l l e d w i t h organic c a t i o n s i n s t e a d o f e a s i l y hydrated cations or water 
molecules, which would normally occupy them (13)• 

9. Of the organic m a t e r i a l s found i n s o i l s , l l g n i n has been determined 
t o be the most r e s i s t a n t t o m i c r o b i a l decomposition jlk). 

10. An excess o f organic m a t e r i a l i n a s o i l beyond t h a t adsorbed by 
the c l a y and c o l l o i d s can i n I t s e l f become an agent f o r absorbing water 
molecules and r e s u l t I n s w e l l i n g o f the s o i l mass. 

This study was c a r r i e d out under these s t a t e d premises, t o begin t o 
evaluate the e f f e c t s produced by v a r y i n g exchangeable bases and organic 
matter a d d i t i o n s on volume change, d e n s i t y , and moisture content and t o 
e s t a b l i s h emperical r e l a t i o n s h i p s between the v a r i a b l e s . 
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TABLE 1 

MECHANICAL ANALYSIS OF UNTREATED SOIL 

, , . P a r t i c l e Size Cumulative 
^y^^^ (nm) i Passing 

Sieve (US Standard 
Sieve): 

1- t o 1 1/2- i n . , - 100.0 
1- i n . ' - 100.0 
3/k- i n . - 98.7 
3/8- i n . 96.7 
No. k h.8 9k.2 
No. 10 1.98 89.8 
No. 20 0.833 86.3 
No. ho o.hn 73.8 
No. 60 0.21J-6 61*̂ .0 
No. ll^O 0.101+ 56.6 
No. 200 0.07h 55.2 

Hydrometer 
0.032 5^.6 
0.020 52.1+ 

- 0.012 14.3.9 
0.009 ho.2 
0.0061 36.5 
0.0032 29.1+ 
0.0013 26.9 

MATERIALS 
The s o i l s chosen f o r study were t y p i c a l of some of the road b u i l d i n g 

s o i l s a v a i l a b l e i n v a r i o u s l o c a t i o n s o f southeastern Michigan. A descri p ­
t i o n o f the s o i l i s given i n Table I , w i t h the g r a i n - s i z e d i s t r i b u t i o n 
shown i n Figure 1 . The samples obtained were taken from the B and C h o r i ­
zon and were a yellowish-brown t o reddish-brown coherent g r i t t y loam. 

Cationic m o d i f i c a t i o n s o f the raw s o i l were made t o produce a homolo­
n i c s o i l . The procedure adopted was t h a t p r e v i o u s l y used by Winterkom 
( 1 5 ) . The process con s i s t e d o f leach i n g the s o i l w i t h e l e c t r o l y t e con­
t a i n i n g t h e d e s i r e d c a t i o n i n enough c o n c e n t r a t i o n t o sa t u r a t e the base 
exchange c a p a c i t y o f the s o i l . I t must be assumed t h a t the process^results 
i n base s a t u r a t i o n . 

Homolonic s o i l s o f "hydrogen," "aluminum," " f e r r i c , " and "calcium" were 
produced by leaching the raw s o i l w i t h the corresponding c h l o r i d e s and 
subsequently washing the t r e a t e d s o i l s w i t h d i s t i l l e d water u n t i l the wash­
ings were t e s t e d as f r e e o f the c h l o r i d e i o n s . 

L i g n i n was chosen t o represent the organic matter i n e q u i l i b r i u m w i t h 
the s o i l m i c r o b i o l o g i c a l a c t i v i t y . I t was assumed t h a t , by the use o f 
l i g n i n , no f u r t h e r organic decomposition would take place i n the s o i l . 
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AMERICAN ASSOCIATION OF STATE HIGHWAY OFFICIALS CLASSIFICATION 
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Figure 1. P a r t i c l e size d i s t r i b u t i o n o f Warsaw s o i l sample (Horizons 
B and C). 

METHODS OF TESTING 
The homoionic s o i l s used were a i r d r i e d t o a uniform moisture content 

and f r a c t l o n e d t o insure t h a t a l l the m a t e r i a l passed a No. i^- sieve. 
The method o f t e s t i n g adopted f o r the s w e l l studies was the standard 

method f o r the determination o f volume change o f s o i l s , f i r s t proposed by 
W. K. Taylor ( l6) o f the B\ireau o f Public Roads and designated i n the 
AASHO Standard S p e c i f i c a t i o n s as T l l 6 - '^h. 

The apparatus used i n these s t u d i e s was devised from a S o i l t e s t con-
solidometer body and frame t o which a p e r f o r a t e d p i s t o n was added. A 
micrometer guage was used t o measure the upward movement of the p e r f o r a t e d 
p i s t o n as i t was f o r c e d upward by the s w e l l i n g a c t i o n o f the s o i l . The 
s o i l sample was maintained a t the moisture l e v e l o f satxaration throughout 
the e n t i r e t e s t s . The apparatus was m o d i f i e d from the standard AASHO 
desi g n a t i o n , which accommodates a U-in. diameter sample I.5625 i n . t h i c k , 
t o a much smaller sample, which a f t e r compaction t o near-Proctor stand­
ards was 2 1/2 i n . i n diameter and 1 I n . t h i c k . The diameter thickness 
r a t i o i s thus maintained. 

A c a l c u l a t e d weight o f the d e s i r e d s o i l s were compacted t o approxi­
mately 120 p c f , dry d e n s i t y , a t v a r y i n g moisture contents from 9 t o ik 
percent. This compaction was done w i t h s t a t i c l o a d i n g t o ins\ire u n i f o r ­
m i t y . ' 

Readings were recorded a t 15-mln i n t e r v a l s f o r the f i r s t hour, then 
hour i n t e r v a l s f o r the next 5 hours, and t w i c e d a i l y f o r the remaining 
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Swelling of homoionic s o i l s compacted a t t h e i r r e s p e c t i v e op­
timum moistures and d e n s i t i e s . 
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Figure 3. Swelling o f homoionic s o i l s compacted a t a d e n s i t y o f 120 pcf 
and a moisture content o f 13 percent. 
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Fig\ire k. Swelling o f "raw" s o i l a t various percentages o f l i g n i n . 

p e r i o d t h a t appreciable movement occurred. Readings were terminated on a 
given sample when the v e r t i c a l movement o f the p i s t o n d i d not exceed 0.001 
I n . i n an l8-hour p e r i o d . 

EVALUATION OF TEST RESULTS 
The general e f f e c t s o f the various ions o f the homoionic s o i l s on the 

s w e l l c h a r a c t e r i s t i c s may be compared t o the s w e l l c h a r a c t e r i s t i c s o f the 
raw s o i l . F i g i i r e 2 shows t h a t the s o i l samples were compacted a t t h e i r 
r e s p e c t i v e optimum moistures and d e n s i t i e s . When the s o i l samples were 
compacted a t a \mlform d r y d e n s i t y and moisture content, v a r i a t i o n s i n 
s w e l l were observed. An example o f t h i s i s shown i n Figxore 3, where a 
\inlform dry d e n s i t y o f approximately 120 p c f and a moisture content of 13 
percent were maintained. When employing optimum moisture and d e n s i t y the 
A l , Fe, and H s o i l s exceeded the raw s o i l i n s w e l l , and the Ca was s l i g h t l y 
lower i n sweUL. When compacting the samples a t uniform d e n s i t y and mois­
t u r e , the Ca s o i l exceeded the raw s o i l i n s w e l l and the H, A l , and Fe 
s o i l s were r e s p e c t i v e l y lower than the s w e l l o f the raw s o i l . 

The a d d i t i o n s o f organic matter i n the form o f l i g n i n v a r i e d the e f ­
f e c t s upon s w e l l i n g , dependending on the i o n o f the homolonic s o i l w i t h 
which i t was i n c o r p o r a t e d and on the amount o f l i g n i n added. I n some i n ­
stances small amounts o f l i g n i n decreased the s w e l l i n g , w h i l e greater 
amounts added t o the same s o i l increased s w e l l i n g . Figure k shows t h i s 
e f f e c t o f v a r y i n g percents o f l i g n i n added t o the raw s o i l . Figures 5, 
6, 7, and 8 show r e s p e c t i v e l y the e f f e c t s o f v a r y i n g percents of l i g n i n 
on homoionic s o i l s o f H, A l , Fe, and Ca. 
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Figure 5 . Swelling o f "hydrogen" s o i l a t various percentages o f l i g n i n . 
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Figure 6 . Swelling of "alimiinum" s o i l a t various percentages o f l i g n i n . 
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Figure 7 . S w e l l i n g of " f e r r i c " s o i l a t various percentages o f l i g n i n . 
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Figure 8. Swelling o f "calcium" s o i l a t various percentages of l i g n i n . 
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Additions of any l i g n i n t o a hydrogen s o i l Increased s w e l l i n g over 
the raw s o i l . A d d i t i o n s of 1 percent t o the raw, f e r r i c , and calcium s o i l s 
reduced s w e l l , whereas over 1 percent a d d i t i o n s increased s w e l l i n g . The 
aluminum s o i l would t o l e r a t e a d d i t i o n s of l i g n i n up t o 3 percent w i t h o u t 
any increase i n s w e l l , and 2 percent l i g n i n had only one h a l f the s w e l l of 
the nonadditive homoionic aluminum s o i l . 

I t can be g e n e r a l l y s t a t e d t h a t , f o r two s o i l samples compacted a t the 
same dry d e n s i t y , the v o l m e change f o r t h a t compacted at the lower mois­
t u r e content i s g r e a t e r . I n c o r r e l a t i o n t o moisture content, i n any two 
samples of a given s o i l compacted a t equal moisture contents but w i t h 
v a r i e d d e n s i t i e s , the one compacted a t the gre a t e r dry d e n s i t y w i l l ex­
h i b i t the l a r g e r volume change. 

To express the r e l a t i o n s h i p s of the moisture-density e f f e c t s on s w e l l ­
i n g o f s o i l s , constants of p r o p o r t i o n a l i t y i n the form o f expon e n t i a l 
curves were developed. 

The development of the constants of p r o p o r t i o n a l i t y were based on the 
f o l l o w i n g c o nsiderations: 

1. For two samples compacted a t the same d e n s i t y , the one w i t h the 
lower moisture content i n d i c a t e s greater s w e l l i n g . 

2. For two samples compacted a t the same moisture content and occupy­
i n g the same volume, the sample w i t h the higher dry d e n s i t y has the gre a t e r 
s w e l l i n g . 

3. I n the computations, Dg always r e f e r s t o the d e n s i t y o f the sam­
ple a t the higher moistvire content, and W2 r e f e r s t o i t s moist\ire content. 

The r e l a t i o n s h i p s and d e f i n a t i o n o f the constants are as f o l l o w s : 

% = f (D2/D-L) 

K2 = f (wi/w2) 

K3 = f ( t ) 

K4 = ( K l ) (K2) 

K = (Kl^) (K3) 
Therefore K = (K^) (K2) (K3) 

S^ and S2 are corresponding s w e l l i n g s , and are expressed as: 

S2/S1 = f (D2/D1, W-l/W2, t ) 

I f the d e n s i t i e s of the two samples are equal: 

S2/S1 = f (W-l/W2, t ) 

I f the moisture contents o f the two samples are equal: 

S2/S3^ = f (D2/D^, t ) 

I f the time of s w e l l i s equal f o r the two samples: 



87 

Sg/Si = f (D2/D1, W1/W2) 
I f the d e n s i t i e s , moisture contents and time o f s w e l l are equal: 

= S2 

The curves I n Figures 9, 10, 11, and 12 show the p l o t s of p r o p o r t i o n ­
a l i t y constant "K" v a r y i n g w i t h the time i n hours. 

The s w e l l of' two samples a t v a r y i n g moisture contents i s determined on 
the basis o f a p r o p o r t i o n a l i t y constant "K" as f o l l o w s : 

S2/S1 = K 

K i s a f u n c t i o n o f percent moisture and t i m e , K2 and K3, r e s p e c t i v e l y , 
o n l y because the d e n s i t y Kj^ i s a constant at 120 p c f . The s w e l l o f the 
samples, and S2, are expressed i n cubic centimeters per gram of dry 
s o i l i n each sample and are based on the o r i g i n a l sample volume. 

The curves are i n d i c a t i v e of an exponential expression f o r a given 
comparison of s w e l l c h a r a c t e r i s t i c s of a s o i l . The v a r i a t i o n s o f curves 
f o r a g i v e n s o i l may be a t t r i b u t e d t o the e f f e c t s o f moisture percent 
upon the s w e l l c h a r a c t e r i s t i c s of the s o i l and i t i s evident t h a t t h e r e 
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^ .600 

> 

eoo 

It IS 20 22 
TlUE IN HOURS 

Figure 9. Swell of "hydrogen" s o i l a t various moisture contents expressed 
as p r o p o r t i o n a l i t y constant "K". 
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Figure 1 0 . Swell of "aluminum" s o i l a t various moisture contents ex­
pressed as p r o p o r t i o n a l i t y constant "K". 

i s an optimum moisture content a t which s o i l s w i l l possess minimum s w e l l 
c h a r a c t e r i s t i c s . 

The "K" curves f o r the various homoionic s o i l s have s i m i l a r i t y i n 
shape and Character, b u t v a r i a t i o n s are a t t r i b u t e d t o the i o n of the ho­
moionic s o i l s . For each o f the homoionic s o i l s the shape and character 
o f the "K" curves are c h a r a c t e r i s t i c f o r a l l comparative moisture percents, 

The "K" curves f o r a l l the homoionic s o i l s I n d i c a t e t h a t a f t e r approx­
i m a t e l y 6 hours o f s w e l l i n g t e s t s the r e l a t i o n s h i p o f s w e l l of the samples 
a t v a r y i n g moisture content I s constant. 

CONCLUSIONS 
The f o l l o w i n g conclusions have been reached a t the present stage o f 

t h i s study: 
1. An expression i n e x p o n e n t i a l form can be employed t o express the 

r e l a t i o n s h i p of volume change o f s o i l specimens compacted a t the same d r y 
d e n s i t y but a t v a r y i n g moisture contents. 

2. Relationships o f voliome change, d e n s i t y , and moisture content are 
a f u n c t i o n o f not o n l y t h e o r i g i n a l d r y d e n s i t y and moisture content b u t 
also o f the time subsequent t o compaction, type of c l a y m i n e r a l , and t h e 
c o n t r o l l i n g exchange i o n s . 

3 . By employing a se r i e s o f c o n t r o l l e d t e s t s i t i s possible t o de­
termine f o r any given s o i l a combination o f optimum dry d e n s i t y and 
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Figure 11 . Swell of "calcium" s o i l a t various moisture contents expressed 
as p r o p o r t i o n a l i t y constant "K". 

moisture content t h a t w i l l r e s u l t i n a minimum volume change subsequent• 
t o i n i t i a l compaction. 

h. The a d d i t i o n s of organic matter i n the form of l i g n i n t o the ho­
moionic cohesive s o i l has a b e n e f i c i a l e f f e c t i n reducing s w e l l character­
i s t i c s f o r s o i l s having aluminum and f e r r i c ions sat\urating the base ex­
change ca p a c i t y of the c l a y and c o l l o i d a l p o r t i o n o f the s o i l . The l i g n i n , 
i f a p p l i e d i n amoxmts not exceeding t h a t necessary t o provide s t e r l c h l n -
derance t o water d i p o l e s , i s e f f e c t i v e as a moisture i n h i b i t o r , and thus 
reduces s w e l l . 

F i i r t h e r studies are being c a r r i e d out t o determine the f o l l o w i n g : 
1. The r e l a t i o n s h i p between v o l m e changes of samples compacted a t 

v a r y i n g d e n s i t i e s b u t a t the same moisture content. Studies t o date have 
i n d i c a t e d these volume changes may be expressed i n the form o f an expon-
e n t i e i l expression. 

2. The s w e l l c h a r a c t e r i s t i c s of sodium and potassium homoionic s o i l s 
as r e l a t e d t o d e n s i t y and moisture content v a r i a t i o n s . 

3 . The e f f e c t s o f optimum amounts of organic a d d i t i v e s i n the form of 
l i g n i n on the s w e l l c h a r a c t e r i s t i c s o f homolonic s o i l s a t uniform d e n s i t y 
and v a r y i n g moisture content, and a t constant moisture content and v a r y i n g 
d e n s i t i e s . 
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Figure 12. Swell o f " f e r r i c " s o i l a t various moisture contents expressed 
as p r o p o r t i o n a l i t y constant "K". 
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