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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 : 
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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. 
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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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Figure 3 . Increase i n s w e l l pressure w i t h time a f t e r exposttre t o water 
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 . 



23 

3000 

2500 

% 2000 

I I 1500 

I /ooo 

500 

5min.delo 
y)mpactio 

ybetweei 
n and test 

1 
ing 

241 
com 

'lourde/oj 
paction a 

vbetweei 
nd testing V 

\ 

All sa mples 4 nches in iiameter 

1 '22 

I 
8 12 16 20 24 

I 
lie 

114 
4 8 12 16 20 

Initial Water Content -percent 
24 

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 . 

ACKNOWLEDGMENTS 
The t e s t r e s u l t s summarized i n t h i s paper were obtained i n the Univer

s i t y o f C a l i f o r n i a , S o i l Mechanics Laboratory over a p e r i o d o f sev e r a l 
years and include the e f f o r t s o f numerous former and present s t a f f members 
and l a b o r a t o r y employees. The authors are p a i r t i c u l a r l y indebted t o Pro
fes s o r C. L. Monismith, Mr. F. N. Finn, Mr. D. Clark, and Mr. D. R. Hooper 
f o r t h e i r assistance i n performing many o f the t e s t s . 

The a p p r e c i a t i o n o f the authors i s also extended t o Mr. George D i e r k i n g 
who prepared the f i g u r e s . 

REFERENCES 
1. Terzaghi, K., "The Infl u e n c e o f E l a s t i c i t y and P e r m e a b i l i t y on the 

Swell i n g o f Two-Phase Systems." C o l l o i d Chemistry, 3: 65-88 
(1931). Alexander, Ed., ChemlcEil Catalog Company, I n c . , New 
York. 

2. B o l t , G. H., "Physicochemical Analysis o f the C o m p r e s s i b i l i t y o f Pure 
Clay." Geotechnlque, 6: No. 2 ( I 9 5 6 ) . 

3. Lambe, T. W., "The Engineering Behavior o f Compacted Clay." P r o c , 
ASCE, Paper I655 (1958). 



39 
k. Ladd, C. C, "Mechanisms o f Swelling by Can5)acted Clay." B \ i l l . 2U5, 

10-26 (1959). 
5. Lambe, T. W., and Whitman, R. V., "The Role o f E f f e c t i v e Stress i n t h e 

Behavior o f Expansive S o i l s . " P r o c , 1st Annual Colorado S o i l 
Mechanics Conference (1959). 

6. M i t c h e l l , J. K., "Con5)onents o f Pore Water Pressure and Their Engineer-
I i n g S i g n i f i c a n c e . " 9th N a t i o n a l Clay Conf., Purdue Univ. 

(i960). 
7. Seed, H. B., and Chan, C. K., " S t r u c t u r e and Strength C h a r a c t e r i s t i c s 

o f Compacted Clay." P r o c , ASCE (1959). 
8. DuBose, L. A., Discussion o f "Engineering Properties o f Expansive 

Clays." Trans., ASCE, 121: 6^h-6^6 (1956). 
9. Barber, E. S., Discussion o f "Engineering P r o p e r t i e s o f Expansive 

Clays." Trans., ASCE, 121: 669-673 (1956). 
10. Dawson, R. F., Discussion o f "Engineering Properties o f Expansive 

Clays." Trans., ASCE, 121: 661̂ -666 (I956). 
11. H o l t z , W. G., and Gibbs, H. J., "Engineering P r o p e r t i e s o f Expansive 

Clays." Trans., ASCE, 121 (1956). 




