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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 

78 



79 

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 

I Clay 1 Silt 1 Rne Sand 1 Coorse Sand 1 Gravel 
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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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Figure 2. 
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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 . 

S0 + 
Row Soil 
°H)drovn" Soli 
"Alumlnm" Soil 
"Ferric" SoD 
"Cddum" SoO 

- * 1 1 1 1 1 -
20 22 24 26 28 30 

TlnfiB In Hours 

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: 
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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 

SCO 

^ .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 



89 

S »oo 

11-12 

I I I I I I I I 1 1 L 
10 12 14 l< IS 20 22 24 26 28 30 92 34 36 

TlUC IN HOURS 

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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