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• T H E P R O B L E M o f i m p r o v i n g the p h y s i c a l p r o p e r t i e s of s o i l , p a r t i c u l a r l y the s t r eng th , 
i s g r o w i n g i n i m p o r t a n c e because of the r a p i d inc rease i n wheel loads of t r u c k s and of 
a i r c r a f t . Al though many methods of s o i l i m p r o v e m e n t o r s t a b i l i z a t i o n have been de ­
v i s e d , the c o m b i n i n g of d i f f e r e n t s o i l s to produce a m i x t u r e w h i c h i s s u p e r i o r to any 
of i t s components i s p robab ly the mos t a t t r a c t i v e s ince i t u t i l i z e s the cheapest i n g r e d ­
i e n t s — s o i l s . A l though m i x i n g ( t e r m e d mechan ica l s t ab i l i z a t i on ) has been w i d e l y e m ­
p loyed i n h ighway c o n s t r u c t i o n , the re i s l i t t l e known about the mechan i sm by w h i c h the 
s t a b i l i z a t i o n takes p l a c e . M u c h of the r e s e a r c h on mechan ica l s t a b i l i z a t i o n has been 
d i r e c t e d t o w a r d the development of s tandard spec i f i c a t i ons f o r the m i x t u r e s . U n f o r ­
tunate ly the p e r f o r m a n c e of s o i l m i x t u r e s designed i n accordance w i t h the spec i f i ca t ions 
i s somet imes not s a t i s f a c t o r y , i nd i ca t i ng that f u r t h e r study i s necessa ry . I t was the 
purpose of t h i s r e s e a r c h to inves t iga te the e f f e c t s of v a r y i n g the p r o p o r t i o n s of coarse 
and f i n e - g r a i n e d s o i l s on the s t rength of the r e s u l t i n g m i x . 

T H E O R I E S O F PROPORTIONING S O I L M I X T U R E S 

What cons t i tu tes the best m i x t u r e of s o i l s to f o r m a s t ab i l i z ed m a t e r i a l obv ious ly 
depends on what s o i l p r o p e r t y i s cons ide red to be the m o s t i m p o r t a n t . F o r subgrades, 
s t r eng th i s the m o s t i m p o r t a n t p r o p e r t y w i t h i n c o m p r e s s i b i l i t y a c lose second. F o r 
l a r g e f i l l s i n c o m p r e s s i b i l i t y i s the mos t i m p o r t a n t w i t h s t rength a c lose second. 

Both of these v i t a l p r o p e r t i e s a r e i n f luenced by s o i l dens i ty . F i e l d exper ience and 
l a b o r a t o r y tes ts show that the s t reng th of a s o i l i s i nc reased (up to a po in t ) and the 
c o m p r e s s i b i l i t y i s decreased by an inc rease i n dens i ty . A s a c o r o l l a r y to t h i s , i t i s 
o f t e n a rgued that when two d i f f e r e n t s o i l s a r e compacted by the same method, the 
denser w i l l be the s t r onge r and the l ess c o m p r e s s i b l e . On t h i s bas i s , t h e r e f o r e , the 
d e t e r m i n a t i o n of the best s o i l m i x f o r mechanica l s t a b i l i z a t i o n r e so lves i t s e l f in to the 
de t e rmina t i ons of the m i x w h i c h y i e l d s the grea tes t compacted dens i t y . A t f i r s t glance 
t h i s appears to be l o g i c a l , but a c a r e f u l cons ide ra t ion shows that the two condi t ions 
a r e not qui te c o m p a r a b l e . In sp i te of t h i s incons i s tency , mos t r e s e a r c h on mechan ica l 
s t ab i l i z a t i on has been d i r e c t e d t o w a r d ob ta in ing the densest poss ib le m i x t u r e . 

Two d i f f e r e n t approaches have been f o l l o w e d i n ob ta in ing the m a x i m u m dens i ty . One 
invo lves the i d e a l g rada t ion concept . T h i s i s i l l u s t r a t e d i n the f o l l o w i n g manner : A 
quant i ty of the l a r g e s t p a r t i c l e s a re a r r a n g e d i n t h e i r m o s t dense s tate; and the next 
l a r g e s t g r a i n s added a r e those that w i l l j u s t f i t i n the vo ids between the l a r g e s t g r a i n s . 
Each succeeding s m a l l e r s ize i s that w h i c h w i l l f i t i n to the vo ids between the next 
l a r g e r g r a i n s . I f t h i s p roces s i s cont inued to i n f i n i t y , the r e s u l t s w i l l be a s o l i d mass . 
F o r any g iven shape of p a r t i c l e the g r a i n s ize c u r v e of the i dea l g rada t ion w i l l f o l l o w 
a d e f i n i t e m a t h e m a t i c a l p r o g r e s s i o n , extending to i n f i n i t y . T h i s approach has been 
used i n the study of concre te aggregate graduat ions (1^, 2 , 3) but the m a t h e m a t i c a l 
cu rves developed f r o m these s tudies have had s e r i o u s sho r t comings i n s o i l engineer ­
i n g . The i d e a l g rada t ion concept becomes hopeless ly complex when w i d e l y d i f f e r e n t 
p a r t i c l e shapes a r e i n v o l v e d , such as bu lky quar tz g r a i n s and f l a k e y m i c a . The g r a i n 
s ize d i s t r i b u t i o n cu rves w h i c h a r e p roduced by m i x i n g d i f f e r e n t s o i l s a r e u sua l ly qui te 
i r r e g u l a r , r e g a r d l e s s of the p r o p o r t i o n s . T h e r e f o r e , r e - s o r t i n g of the s o i l s w o u l d be 
r e q u i r e d to achieve anyth ing approaching an i dea l m i x . The g rada t ion concept does not 
take in to account the absorbed wa te r of the c l ays w h i c h r e n d e r s the i dea l g rada t ion of 
these p a r t i c l e s meaning less . 

Another approach i s the aggrega te-b inder concept . The s o i l i s cons idered to be 
made up of two components : the aggregate , composed o f the l a r g e r g r a i n s ; and the 
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binder-, cons i s t ing of the f i n e r g r a i n s and the c l a y . The aggregate should be compacted 
to i t s densest s ta te . The v o i d s between the g r a i n s a r e f i l l e d w i t h compacted b inde r , to 
produce the m a x i m u m dens i ty . T h i s approach was f i r s t suggested by Macadam' s m e t h ­
od of pavement c o n s t r u c t i o n , but i t has been extended by m o r e r ecen t r e sea rch ( 4 , 5 ) . 
In s o i l w o r k , t he re a r e s e r ious ob jec t ions i n that the d i v i s i o n of a s o i l in to aggregate 
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Figure 1. Grain size distribution for aggregate and binder s o i l . 

and b inder mus t be a r b i t r a r y and a r t i f i c i a l , and, al though i t i s not too d i f f i c u l t to c o m ­
pac t the aggregate a lone , t h e r e i s no way a t the p r e sen t t i m e to i n t r o d u c e compacted 
b inder in to the v o i d s of the compacted aggregate . 

Because of the sho r t comings of both approaches , engineers have f a l l e n back on e m ­
p i r i c a l r u l e s guided by these t h e o r e t i c a l concepts but based on exper ience and t e s t s . 
Examples of the r u l e s based on the g rada t ion concept a r e the s tandard spec i f i ca t ions 
f o r mechan ica l ly s t ab i l i z ed s o i l s adopted by the A S T M (6 ) and by many highway d e p a r t ­
men t s . Supplementary r u l e s f o r p r o p o r t i o n i n g m i x e s have been proposed ( 7 , 8, 9 ) ; 
s i m i l a r r u l e s i n v o l v i n g b inde r and aggregate p r o p o r t i o n s have been proposed ( 1 0 ) . 
P a r t i c u l a r a t ten t ion has been pa id to the qua l i ty of the b inder component and v a r i o u s 
methods f o r c o n t r o l of the b inde r qua l i ty have been advocated ( U ^ , 12) . 
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Some w o r k has been done to evaluate the f a c t o r s w h i c h c o n t r o l the pene t ra t ion r e ­
s is tance ( 5 ) of s o i l aggregate m i x t u r e s . However , l i t t l e r e s e a r c h has been devoted 
t o the components of the s t r eng th of the s o i l : the "cohes ion" and the angle o f shear 
res i s t ance ( o r angle of i n t e r n a l f r i c t i o n ) . I t was the purpose of t h i s r e s e a r c h to study 
the e f f e c t of s o i l p r o p o r t i o n i n g on these components of s t r eng th . Jn doing so, the a g ­
g rega te -b inder concept was employed , s ince i t m o r e c lo se ly r ep resen t s the way i n 
w h i c h two component s o i l s a r e handled i n the f i e l d than does the i d e a l g rada t ion concept . 

E X P E R I M E N T A L P R O C E D U R E 

Two n a t u r a l s o i l s , such as w o u l d be used i n mechan ica l s t a b i l i z a t i o n , w e r e obtained 
f o r t h i s s tudy. The f i r s t was a coarse to m e d i u m g ra ined angular to sub-angular r i v e r 
sand f r o m C a r t e r s v i l l e , Geo rg i a . The g r a i n s w e r e l a r g e l y qua r t z , bu t because of 
s m a l l percentages of b a r i t e g r a in s and m i c a the spec i f i c g r a v i t y of the so l ids was 2 . 7 1 
ins tead of the c u s t o m a r y 2 . 6 6 . The second s o i l was a l ow p l a s t i c i t y inorgan ic sandy 
c l a y . I t came f r o m the B - h o r i z o n of a r e s i d u a l s o i l d e r i v e d f r o m the wea the r ing of the 
gneiss bed r o c k of the A t l a n t a a r e a . The g r a i n s ize and p l a s t i c i t y p r o p e r t i e s of these 
s o i l s a r e g iven i n F i g u r e 1 . 

Each of the s o i l s was p r e p a r e d f o r compac t ion t e s t i n g a c c o r d i n g to A S T M Method 
D 6 9 8 - 4 2 T . V a r i o u s m i x t u r e s of the two s o i l s w e r e made rang ing f r o m 100 p e r c e n t 
sand (aggregate) to 100 p e r c e n t c lay ( b i n d e r ) w i t h the grea tes t number i n the range 
f r o m 0 to 50 pe rcen t b i n d e r . A compact ion tes t was r u n on each m i x t u r e us ing A S T M 
Method D698-42T except separate p o r t i o n s of s o i l w e r e used f o r each de t e rmina t i on of 
m o i s t u r e and dens i ty . The m a x i m u m dens i t i es and the co r r e spond ing o p t i m u m m o i s ­
t u r e s a r e shown i n F i g u r e 2 . 

A d d i t i o n a l samples w e r e p r e p a r e d at the o p t i m u m m o i s t u r e f o r each m i x t u r e and the 
samples w e r e compacted to the m a x i m u m dens i ty . P o r t i o n s of each sample w e r e 
t r i m m e d in to 1 . 4 - i n . d i ame te r c y l i n d e r s w h i c h then w e r e subjec ted to t r i a x i a l shear 
t e s t s . C o n f i n i n g p r e s s u r e s of 5, 15 and 30 l b p e r sq i n . w e r e employed . The samples 
w e r e loaded a x i a l l y i m m e d i a t e l y a f t e r the c o n f i n i n g p r e s s u r e s w e r e app l ied , so that 
the e n t i r e t e s t ing of each p o r t i o n r e q u i r e d less than 10 m i n . M o h r ' s c i r c l e s w e r e down 
f r o m the t e s t data and M o h r ' s envelopes p l o t t e d tangent to t h e m . The envelopes f o r 
a l l the tes t s w e r e found to be essen t i a l ly s t r a i g h t l i n e s . The i n t e r c e p t on the v e r t i c a l 
ax i s i s the "cohes ion" and the angle the envelope makes w i t h the h o r i z o n t a l ax i s i s the 
angle of shear res i s tance o r the angle of i n t e r n a l f r i c t i o n . The values f o r these two 
p a r a m e t e r s of the s o i l s t rength a r e shown i n F i g u r e 3. 

R E S U L T S 

The r e l a t i onsh ip between m a x i m u m dens i ty and the p r o p o r t i o n s of aggregate and 
b inder ( F i g . 2) ind ica tes that the highest densi ty i s p roduced by 26 pe rcen t b inder and 
74 pe rcen t aggregate by w e i g h t . The m a x i m u m dens i ty i s g r e a t e r than tha t o f e i the r 
the aggregate o r the b inde r , and i t i s about 12 l b p e r cu f t heav ie r than t h e i r average . 
I f the vo lume of the vo ids i n the compacted aggregate i s assumed to be j u s t f i l l e d w i t h 
compacted b inder the r e s u l t i n g p r o p o r t i o n wou ld be 22 pe rcen t b inde r and 78 pe rcen t 
aggregate . The m a x i m u m dens i ty of t h i s t h e o r e t i c a l m i x wou ld be 148 l b p e r cu f t 
w h i c h i s f a r g rea te r than the greates t observed m a x i m u m dens i ty of the m i x t u r e s . 
These f a c t s ind ica te tha t the aggrega te-b inder concept i s not s t r i c t l y c o r r e c t . F u r t h e r 
l i g h t i s shed on the mechan i sm by the r e l a t i onsh ip of b inder compac t ion to the p r o p o r ­
t ions of aggregate and b inder ( F i g . 2 ) . The f i r s t p a r t of the c u r v e , f r o m 0 to 12 p e r ­
cent b inder , shows a r a p i d l i n e a r increase i n b inder compact ion f r o m 50 pe rcen t to 
82 pe rcen t . Since 82 pe rcen t compac t ion i s a p p r o x i m a t e l y the dens i ty wh ich i s obta ined 
by m e r e l y dumping the m o i s t b inder in to a conta iner , i t appears l o g i c a l that t h i s p a r t of 
the c u r v e ( f r o m 0 to 12 pe rcen t ) r ep resen t s the f i l l i n g of the vo ids w i t h the loose b inde r . 

F r o m 12 pe rcen t to 26 pe rcen t b inde r , the c u r v e o f b inder compac t ion i s f l a t t e r bu t 
a l so l i n e a r . T h i s appears to r ep resen t ac tua l compact ion of the b inder r a t h e r than the 
m e r e f i l l i n g of open vo ids i n the aggregate . A t 26 pe rcen t b inde r , the b inder s o i l i s 
a l m o s t 100 pe rcen t compac ted . P r o b a b l y the aggregate p a r t i c l e s , by c r e a t i n g h a r d 
spots tha t b r idge over the loose r m a t r i x of b inde r , p reven t 100 pe rcen t compac t ion . 
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Beyond t h i s p o i n t the b inde r compac t ion inc reased s l o w l y , as expected. 
The cu rves of cohesion and i n t e r n a l f r i c t i o n shed f u r t h e r l i g h t on the b i n d e r - a g g r e ­

gate behav io r . The aggregate alone has a h igh angle of i n t e r n a l f r i c t i o n but no cohes ion. 
The add i t ion of a s m a l l amount of b inder p roduces a sharp d rop i n the angle of f r i c t i o n 
and a r a p i d inc rease i n cohes ion . T h i s indica tes that some of the b inde r i s t r apped 
between some of the aggregate p a r t i c l e s , p r even t ing aggregate to aggregate contact . 
As the amount of b inder inc reases f r o m 10 percen t to 26 pe rcen t the cohesion inc reased 
but at a decreas ing r a t e . T h i s r e f l e c t s i nc r ea s ing b inde r compac t ion and a g rea t e r 
degree of v o i d f i l l i n g by the b inde r . The changes i n c u r v a t u r e occur at about the same 
po in t as the changes i n the pe rcen t b inder compac t ion c u r v e , as w o u l d be expected. 
The i n t e r n a l f r i c t i o n i n the range f r o m 10 to 26 pe rcen t b inder decreases s l i g h t l y w i t h 
i n c r e a s i n g b inde r , showing that t he r e i s l i t t l e add i t i ona l s o i l t r apped between the a g ­
gregate p a r t i c l e s . 

Both the cohesion and the i n t e r n a l f r i c t i o n change r a p i d l y i n going f r o m 26 p e r c e n t to 
33 pe rcen t b i n d e r . The i n t e r n a l f r i c t i o n d rops to that of the b inder a lone, w h i l e the c o ­
hes ion inc reases to n e a r l y of tha t of the b inder a lone . The change begins at the 
same po in t the b inde r compac t ion cu rve reaches 97 pe rcen t compac t ion and b reaks 
s h a r p l y . A t t h i s po in t the aggregate p a r t i c l e s begin to be su r ro imded by compacted 
b inder ; beyond 33 pe rcen t b inder the aggregate p a r t i c l e s f l o a t i n the compacted b i n d e r . 
T h e r e i s no change i n the i n t e r n a l f r i c t i o n beyond t h i s p o i n t . The cohesion increases 
g r a d u a l l y , w i t h i n c r e a s i n g b inde r , s ince the t o t a l cohesive f o r c e ac ross any plane of 
shear inc reases when the v o l u m e of aggregate decreases . 

F i g u r e 4 shows the hypo the t i ca l g r a i n s t r u c t u r e f o r d i f f e r e n t amounts of b inder and 
aggregate , based on the observed b inder compac t ion , cohesion, and i n t e r n a l f r i c t i o n 
cu rves of the s o i l m i x e s tes ted . F i g u r e 4a r ep resen t s compacted aggregate a lone. 
F i g u r e 4b shows the s t r u c t u r e w i t h up to 10 o r 12 p e r c e n t b i n d e r . P a r t of the b inder 
i s h igh ly compacted between the contact po in t s of the aggregate w h i l e the loose r e m a i n ­
de r p a r t i a l l y f i l l s the aggregate v o i d s . Some of the aggregate p a r t i c l e s s t i l l make d i r e c t 
contact , m a i n t a i n i n g t h e i r f r i c t i o n . In F i g u r e 4c (12 to 26 pe rcen t b inde r ) t he r e i s 
h i g h l y compacted b inder between the contact po in t s of the aggregate and p a r t i a l l y c o m ­
pacted b inder f i l l i n g the v o i d s . F i g u r e 4d i l l u s t r a t e s the aggregate f l o a t i n g i n a m a t r i x 
of compacted b inde r , when the b inder exceeds about 33 pe rcen t . Between 26 and 33 
pe rcen t the re i s a t r a n s i t i o n w i t h the amount of h igh ly compacted b inder between the 
contact po in t s decreas ing and the degree of compac t ion i n the vo ids i n c r e a s i n g . 

Because the cohesion increases and the i n t e r n a l f r i c t i o n decreases w i t h i n c r e a s i n g 
b inde r content , i t i s not i m m e d i a t e l y apparent what p r o p o r t i o n s p roduced the grea tes t 
s o i l s t r eng th . Since the s t reng th of such so i l s depends on the degree of conf inement , 
i t was assumed that the s o i l was employed as a s u l ^ r a d e beneath a 1 0 - i n . t h i c k pave ­
m e n t . The bea r i ng capaci ty of the subgrade was computed on the bas i s of a u n i f o r m l y 
loaded c i r c u l a r a rea hav ing a 1 0 - i n . d i ame te r ( s i m i l a r to a r ubbe r t i r e ) on the pave ­
ment s u r f a c e . The t i r e load was assumed to spread out th rough the pavement as i f the 
pavement f o r m e d a t runca ted cone w i t h i t s s ides s lop ing 2 ( v e r t i c a l ) to 1 ( h o r i z o n t a l ) . 
The bea r i ng i n k i p s pe r square f o o t was computed by the f o r m u l a (J[3) : 

qc =""1 tan*(45+<l.) + q ' tan*(45-t4) + 2c [ t a n (45++) + tan ' ' (45+*) 
^ 2 2 L 2 2 

i n w h i c h 

d = d i ame te r of the a rea ; 
•y = weigh t p e r cubic f o o t of s o i l ; 

q' = pavement weight ; 
c = cohesion; and 
<|> = angle of i n t e r n a l f r i c t i o n . 

The r e s u l t s of the computa t ions a r e shown i n F i g u r e 3c . 
The bea r ing increases w i t h i n c r e a s i i ^ b inder up to 26 pe rcen t . The inc rease i s 

r a p i d a t f i r s t but the c u r v e l eve l s o f f above a b inder percentage of 10 o r 12 pe rcen t . 
T h i s i s the same po in t at w h i c h the percentage of compac t ion cu rve changes s lope . 
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Figure 3. Strength and computed bearing capacity of soil-aggregate mixtures for various 
proportions of the binder s o i l and aggregate. 
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a . Compacted a g g r e g a t e a l o n e 
w i t h g r a i n t o g r a i n c o n t a c t and 
h i g h I n t e r n a l f r i c t i o n . 

b . A g g r e g a t e w i t h s i p a l l amount 
o f b i n d e r . B i n d e r h i g h l y com­
p a c t e d be tween c o n t a c t p o i n t s o f 
a g g r e g a t e , and l o o s e i n v o i d s . 
Some open v o i d s and g r a i n t o 
g r a i n c o n t a c t p e r s i s t s . 

c . A g g r e g a t e w i t h s u f f i c i e n t 
Dinder t o f i l l v o i d s l o o s e l y . 
B i n d e r h i g h l y compac ted be tween 
c o n t a c t p o i n t s o f a g g r e g a t e , 
l o o s e i n b e t w e e n . 

d . A g g r e g a t e f l o a t i n g i n a 
m a t r i x o f u n i f o r m l y w e l l com­
p a c t e d b i n d e r . 

Loose B i n d e r 
(Less t h a n 80% 
C o m p a c t i o n ) 

W e l l compac ted 
b i n d e r (95-1007. 
C o m p a c t i o n ) 

H i g h l y compac ted 
b i n d e r ( o v e r 100% 
C o m p a c t i o n ) 

Figure k. Grain structure of s o i l aggregate mixtures. 

When the amount of b inde r exceeds 26 pe rcen t , the bea r i ng f a l l s o f f v e r y sha rp ly to a 
m i n i m u m at 33 pe rcen t b i n d e r . W i t h m o r e b inder the s t reng th increases s l i g h t l y but i t 
never approaches the peak v a l u e . The r e s u l t s of these computa t ions show that the 
c u s t o m a r y assumpt ion that m a x i m u m dens i ty produces g rea tes t s t r eng th i s j u s t i f i e d i n 
t h i s case. A s l i gh t increase i n b inder beyond that wh ich produces m a x i m u m densi ty 
does not produce a s i g n i f i c a n t decrease i n densi ty but i t does produce a v e r y m a r k e d 
d rop i n s t r eng th . A decrease i n b inder below that r e q u i r e d f o r the m a x i m u m r e s u l t s 
i n on ly a s m a l l decrease i n s t reng th , however . M i x p r o p o r t i o n s w h i c h wou ld s a t i s fy 
the A S T M r e q u i r e m e n t s f o r g r anu l a r s t ab i l i z a t i on were found f r o m g r a i n s ize analyses 
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to range f r o m 15 to 35 pe rcen t b i n d e r . These l i m i t s a r e shown i n F i g u r e 3. The 
p r o p o r t i o n s f o r m a x i m u m s t r eng th and dens i ty l i e w i t h i n t h i s s p e c i f i e d r ange . Howeve r , 
the sharp d rop i n bea r ing a lso o c c u r s w i t h i n the range, w h i c h ind ica tes that the s p e c i ­
f i c a t i o n s cou ld r e s u l t i n both a v e r y s t rong s o i l and a weak one. 

R E C O M M E N D A T I O N S 

On the bas i s of these tes t s a s i m p l e method of d e t e r m i n i n g the bes t m i x f o r b e a r i n g 
capaci ty i s p roposed . The aggregate alone and the b inde r alone a re compac ted . The 
weigh t of compacted b inder r e q u i r e d to f i l l the aggregate vo ids i s computed . The ac tua l 
amount of b inder spec i f i ed could v a r y f r o m 50 pe rcen t of the computed value to 100 
pe rcen t of the va lue wi thou t a s i g n i f i c a n t change i n s o i l b e a r i n g . 

The conc lus ions reached i n t h i s i nves t iga t ion w e r e based o n on ly t w o s o i l s . A l though 
these w e r e r ep resen ta t ive m a t e r i a l s , add i t iona l r e s e a r c h i s c e r t a i n l y necessary to 
es tabl i sh the a p p l i c a b i l i t y of t h i s r e s e a r c h to o the r m a t e r i a l s . 
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Discussion 
EUGENE Y . H U A N G , Research Ass i s t an t P r o f e s s o r of C i v i l Eng inee r ing . U n i v e r s i t y 
of I l l i n o i s — T h e e f f ec t of s o i l p r o p o r t i o n i n g on the s t rength components of the r e s u l t i n g 
m i x t u r e has been r e a l i z e d f o r a good many y e a r s . However , i t has r a r e l y been c o r ­
robo ra t ed by quant i ta t ive data such as those presented i n t h i s pape r . The paper i s an 
i n t e r e s t i n g and valuable add i t ion to the l i t e r a t u r e of mechanica l s o i l s t a b i l i z a t i o n . 

Al though the data i n F i g u r e 3 ind ica te tha t the s t rength components of the s o i l - a g -
grea te m i x t u r e s a re d e f i n i t e l y a f f ec t ed by the p r o p o r t i o n s of b inder s o i l and aggregate, 
m a t e r i a l p r o p o r t i o n i n g mus t never be r ega rded as the only f a c t o r tha t a f f e c t s the 
s t reng th c h a r a c t e r i s t i c s of a so i l -aggrega te m i x t u r e . I n t e r n a l f r i c t i o n i s the res i s t ance 
of s o i l g r a i n s to s l i d i n g on any plane th rough the m a t e r i a l by the i n t e r l o c k i n g o r mu tua l 
support of adjacent p a r t i c l e s ; cohesion i s the res i s t ance of s o i l g r a i n s to d i sp lacement 
by the bond developed at the sur faces of contact of v e r y f i n e - g r a i n e d s o i l s as a r e s u l t 
of e l e c t r o - c h e m i c a l f o r c e s of a t t r a c t i o n . I t may be sa id that i n t e r n a l f r i c t i o n i s p r i ­
m a r i l y con t r ibu ted by aggregate and cohesion i s p r i m a r i l y con t r ibu ted by c l ay , thus 
an increase i n the amount of each const i tuent gene ra l ly r e s u l t s m an inc rease i n i t s 
co r re spond ing s t rength component; i t mus t be r e a l i z e d , however , that the r e s u l t i n g 
e f fec t i s a t t r i bu t ab l e to a number of f a c t o r s . 

h i t e r n a l f r i c t i o n l a r g e l y depends upon a n g u l a r i t y , shape, su r face t e x t u r e , and s ize 
of p a r t i c l e s ; g rada t ion and dens i ty of the m i x t u r e ; and the amoimt of p r e s s u r e exer ted 
on the s l i d i n g p lane . Cohesion i s l a r g e l y dependent upon the k i n d and r e l a t i v e abundance 
of c l ay m i n e r a l s and the m o i s t u r e content . Because some of these f a c t o r s a r e m o r e 
o r less c o r r e l a t e d w i t h each o the r , the pu re in f luence of these v a r i a b l e s on the s t rength 
c h a r a c t e r i s t i c s of so i l - aggrega te m i x t u r e s can only be d e t e r m i n e d by a sy s t em of 
p o l y f a c t o r ana lys i s based on the data of a v a r i e t y of m i x t u r e s . 

Of p a r t i c u l a r i m p o r t a n c e to the s t reng th of a so i l - aggrega te m i x t u r e , f r o m the 
p r a c t i c a l s tandpoint , i s the f i e l d m o i s t u r e condi t ion of the m i x t u r e . Both cohesion and 
i n t e r n a l f r i c t i o n a r e a f f ec t ed by the m o i s t u r e content and a re w e l l p r e s e r v e d on ly when 
a m i x t u r e i s r e l a t i v e l y d r y . A s the m o i s t u r e content inc reases , the adsorbed m o i s t u r e 
f i l m s between f i n e s o i l g r a i n s w i l l be th ickened and cohesion w i l l decrease . The i n ­
c rease i n m o i s t u r e content w i l l a lso cause v o l u m e change i n the b inder s o i l wh ich w i l l 
expand the s o l i d f r a m e w o r k and decrease the mechan ica l contact between s o i l p a r t i c l e s . 
Thus the i n t e r l o c k i n g of g r a n u l a r p a r t i c l e s and the m u t u a l support so i m p o r t a n t to the 
i n t e r n a l f r i c t i o n i s r e a d i l y e l i m i n a t e d . W i t h these s o i l p r o p e r t i e s i n m i n d , the p r o ­
p o r t i o n i n g of m a t e r i a l s mus t a i m at c o m b i n i n g the h igh i n t e r n a l f r i c t i o n of the a ^ r e g a t e 
w i t h the b e n e f i c i a l cohesion of the b inder s o i l i n such p r o p o r t i o n s as to avo id d e t r i m e n t a l 
c h a r a c t e r i s t i c s of absorbed m o i s t u r e . When a b inder s o i l i s i n c o r p o r a t e d i n an a g g r e ­
gate f o r the purpose of supply ing cohesion to s t ab i l i zed the o t h e r w i s e loose mass , the 
amount of the b inder s o i l mus t be d e t e r m i n e d not on ly by the cohesive p r o p e r t y but a lso 
by the s w e l l i n g p r o p e r t y of the s o i l , t a k i n g in to cons ide ra t ion l o c a l c l i m a t i c and d r a i n ­
age cond i t ions . A m i x t u r e should never be cons idered s a t i s f a c t o r y wi thou t due r e g a r d 
to the f i e l d m o i s t u r e cond i t ions . 

To d e t e r m i n e what p r o p o r t i o n s of aggregate and b inder s o i l w o u l d p roduce the g r e a t ­
est s o i l s t rength the au thors have computed the b ea r i n g capac i t i es of v a r i o u s m i x t u r e s , 
a s suming they a r e employed as subgrade m a t e r i a l s beneath a 1 0 - i n . pavement ( F i g . 3 ) . 
Based on values of cohesion and angle of i n t e r n a l f r i c t i o n , the w r i t e r has es t imated 
the bea r ing capac i t i es of seven so i l -aggrega te m i x t u r e s us ing the f o l l o w i n g f o r m u l a : 

q^l = V2 k d 7 ( N j - 1) + q ' N j + 2c'^{ii^ + 1) 

Tn t h i s f o r m u l a , 1^ i s the u l t i m a t e be a r i ng capaci ty , o r the m a x i m u m p r e s s u r e that 
can be sustained by a so i l - aggrega te subgrade; q ' i s the surcharge p r e s s u r e due to the 
weight of a 1 0 - i n . t h i c k pavement and i s assumed to be 115 l b p e r sq f t ; "Y i s the u n i t 
we igh t of the s o i l - a ^ r e g a t e m i x t u r e , c i s the cohesion shear ing res i s tance of the m i x ­
t u r e ; and N ^ , c o m m o n l y known as f l o w va lue , i s dependent upon the angle of i n t e r n a l 
f r i c t i o n <|> of the m i x t u r e , and i s equal to tan^ ( 4 5 ° + <|)/2). The f a c t o r k i s a rough 
measure of the depth of the m a t e r i a l i nvo lved and i s assumed to b e ^ N ^ i n a l l cases . 
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Figure 5. Computed bearing values of soil-aggregate mixtures. 
F o l l o w i n g loading condi t ions assumed by the au thors , the d i ame te r of the c i r c u l a r bear ­
i n g a r ea , d , i s 1.67 f t . 

The f o r m u l a a f f o r d s noth ing except an app rox ima te method f o r evaluat ing the i n f l u ­
ence on b e a r i n g capac i ty of i n t e r n a l f r i c t i o n and cohes ion . I t i s d e r i v e d , a cco rd ing to 
the p r i n c i p l e s of s t a t i c s , o r i g i n a l l y f o r a rough computa t ion of the bea r ing capaci ty of 
cont inuous f o o t i n g s , a s s u m i n g tha t the subgrade m a t e r i a l under load ac ts i n c o m p r e s ­
s ion s i m i l a r to a spec imen i n a t r i a x i a l shear t e x t . I t may be noted tha t the f o r m u l a 
i s a l m o s t exact ly l i k e the one used by the au tho r s . 
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The bea r i ng capaci ty of a so i l -aggrega te m i x t u r e , as ind ica ted by the f o r m u l a , i s 
d e r i v e d f r o m th r ee sources : (a ) The f r i c t i o n due to the weight of the so i l -aggrega te 
m i x t u r e , (b) the f r i c t i o n due to the su rcharge o r the weight of the pavement , and (c ) 
the cohesion shear ing res i s tance of the so i l - aggrega te m i x t u r e . 

The r e s u l t s of the computa t ions a r e tabula ted i n Tab le 1 and also shown i n F i g u r e 5. 
The data indica te that both the f r i c t i o n due to the weight of the m i x t u r e and that due to 
the su rcharge decrease g radua l ly w i t h i nc r ea s ing b inder s o i l . The cohesion shear ing 
res i s t ance , however , inc reases c o n c u r r e n t l y at a much h igher r a t e . A s a r e s u l t of the 

TABLE 1 
COMPUTATION OF BEARING VALUES 

Mixture 
Desig­
nation 

Aggregate 
in 

Total Mixture 

(%Wt.) 

100 

86 

74 

66 

60 

53 

0 

Binder Soil 

Total Mixture 

(%Wt.) 

Unit Wt., 

(pcf) 

Cohesion 
Value, 

(psf) 

0 

14 

26 
34 

40 

47 

100 

133 

137 

139 

138 

137 

136 

126 

0 

700 

720 

1,700 

1,800 

1,720 

2,300 

Angle of 
Internal 
Friction, 

+ 

(deg) 

45.5 

36.0 

35.5 

21.0 

24.0 

22.5 

23.0 

Diameter Pavement Flow 
Value, I of 
N^ J Loading 

i Area, 
' d 

(ft) 

5.97 

3.87 

3.77 

2.12 

2.37 

2.24 

2.28 

Weight 
per 

|Unit Area, 
1' 

(psf) 
Shi 
(pst: 

1.67 

1.67 

1 67 

1.67 

1.67 

1.67 

1.67 

I 115 

I 115 

115 

i 115 

j 115 

115 

115 

(psf; 

'9,410|4, 

|3,110 

2,980 

5801 
820 

680 

670 

100 

710 

640 

520 

650 

580 

(psf) 

0 

13,300 

13,300 

15,400 

18,700 

16,700 

600 e2,800 

(psf) 

13,500 

18,100 

17,900 

16,500 

20,200 

18,000 

24,000 

combined e f f ec t , the bea r ing capaci ty of the so i l -aggrega te m i x t u r e shows an inc rease 
by add i t ion of b inder s o i l and reaches Us peak value at 100 pe rcen t of the s o i l . I t mus t 
be noted, however , that the so i l - aggrega te m i x t u r e s w e r e tes ted f o r s t rength at o p t i ­
m u m m o i s t u r e content . A s p r e v i o u s l y d iscussed, the increase i n b ea r i n g capac i ty at 
t h i s p a r t i c u l a r m o i s t u r e content as a r e s u l t of an mcrease i n cohesion does not neces­
s a r i l y ind ica te that the m i x t u r e i s becoming m o r e des i r ab l e , s ince t h i s s t reng th c o m ­
ponent i s not r e l i a b l e under a l l cond i t ions . I t may a lso be noted that the m a x i m u m 
dens i ty , w h i c h occur s at 26 pe rcen t of b inder s o i l , d i d not p roduce the grea tes t bea r ing 
s t r eng th . 

A s a bas i s f o r examin ing the behavior of the b inder s o i l and the aggregate at o p t i ­
m u m m o i s t u r e content i n v a r i o u s m i x t u r e s , the w r i t e r has used the data of compac t ion 
tes t s f r o m F i g u r e 2 and computed the absolute vo lumes of aggregate , b inder s o i l , 
wa te r , and a i r i n these m i x t u r e s . The r e s u l t s a r e presented i n F i g u r e 6. The absolute 
v o l u m e of vo ids ( w a t e r p lu s a i r ) i n the so i l -aggrega te m i x t u r e s i s ind ica ted by cu rve 
A B C . T h e o rd ina tes between cu rves A D E and A B C rep re sen t the absolute v o l u m e of 
the b inder s o i l ; those between l ines F E and A D E represen t the absolute v o l u m e of the 
aggregate . 

A s s u m i n g tha t bo th the b inder s o i l and the aggregate had no change i n t h e i r i n d i v i d u a l 
v o i d c h a r a c t e r i s t i c s when they w e r e combined , the absolute vo lumes of these two c o n ­
s t i tuents i n v a r i o u s m i x t u r e s wou ld be ind ica ted by l i nes A E and AC ( F i g . 6) and the 
t o t a l amount of vo ids i n these m i x t u r e s ( w a t e r p lu s a i r ) w o u l d be r ep resen ted by the 
o rd ina tes of l i n e A C . However , both the ac tua l absolute v o l u m e of the aggregate and 
that of the b inder s o i l , under s tandard compact ion condi t ions , a r e l a r g e r than those 
assumed. The c o r r e c t vo lumes a r e ind ica ted by the l i nes A D E and A B C . The amount 
of the underva lua t ion i n the absolute v o l u m e of aggregate i s r epresen ted by the v e r t i c a l 
o rd ina te between the l ines A E and A D E . The underva lua t ion m the b inder s o i l v o l u m e 
i s represen ted by the v e r t i c a l o rd ina te between A C and A B C , minus the o rd ina te be ­
tween A E and A D E . T h i s i s represen ted as the o rd ina te between A C and AGC ( F i g . 6 ) . 

F i g u r e 6 indica tes that , when the b inder s o i l was i n c o r p o r a t e d i n the aggregate, i t 
apparent ly reduced the p a r t i c l e i n t e r f e r e n c e and f a c i l i t a t e d the r e a r r a n g e m e n t of a g ­
gregates being compacted in to c lo se r a s soc ia t ion . The absolute vo lume of the b inder 
s o i l was c o n c u r r e n t l y inc reased a t t r i bu tab le to i t s f i l l i n g in to the vo ids of the aggregate 
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and/or an increase in its degree of densification. It is difficult to discriminate the 
influence of these two factors. It appears, however, that the void-filling effect was 
probably predominating when the amount of binder soil was relatively low. For a mix­
ture with a large amount of binder soil, the aggregate particles were floating in the 
soil mass. The increase in the absolute volume of the binder soil would be primarily 
attributed to the increase of its degree of compaction. At all events, the data in 
Figure 6 suffice to show that the binder soil did not, in the main, function as a filler 
of voids within the structure formed by the aggregate. 

The writer expresses his appreciation to Richard A. Davino, Research Assistant 
in Civil Engineering at the University of Illinois for reading the first draft of this 
paper and checking the computations in Table 1 . 
W.H. CAMPEN, Manager, Omaha Testing Laboratories, Omaha, Nebraska—The most 
important point brought out by this paper is that in order to obtain maximum strength 
the mixture must be such as to produce maximum density. In other words, the mix­
ture must contain all the aggregate it can possibly carry. In spite of the fact that the 
authors seem to be of a different opinion, the writer is sure that most of those engaged 
in this field are aware of the principle involved and have been following it. 

The method suggested for determining the relative amounts of aggregate and binder 
has merit. However, it might be difficult to determine the weight per cubic foot of 
some coarse aggregates, and for this reason it might be necessary to make moisture-
density tests with mixtures containing the calculated amount of coarse aggregate as 
well as a few percent more or less. 

The strength of soil-aggregate mixtures is susceptible to moisture content. There­
fore, the use of as little as 50 percent of the binder necessary for maximum density 
might be undesirable for the reason that the mixture would be able to take in more 
water than indicated by the optimum moisture. 

W.A. GOODWIN, Research Engineer, Tennessee Highway Research Program, Univer­
sity of Tennessee, Knoxville—This subject is one of considerable interest. It is en­
couraging to know that research work of this nature is being carried on and is finding 
its way into the literature, ^formation of this type is of immeasurable benefit to those 
who use soils as an engineering material. 

Data presented in Figure 3 is most significant. It can be seen that there is an opti­
mum percent binder for maximum strength as indicated by the curve for bearing capac­
ity versus percentage of binder solids in total mix. This optimum occurs at about 26 
percent. As stated in the paper, present ASTM specifications permit a wide range in 
percent binder which could result in both strong and weak mixes. In view of these data, 
the recommendations in the paper for determining the best mix seem to be justified. 

Tn support of the data presented the writer wishes to submit the following summary 
of a paper which was presented at the annual meeting of ASCE in New York in Novembei 
1951 . The paper was entitled "Clay Mineralogy and Soil Stabilization, " by James H. 
Havens and W.A. Goodwin, Highway Materials Research Laboratory, Lexington, 
Kentucky. 

The strength characteristics of soils, as presented in this discussion are based 
largely upon relationships developed experimentally in connection with a long-range 
program of research on clays and their influences on the fundamental properties of 
soils. The objective of the over-all program is to develop data on the occurrence and 
distribution of clays in Kentucky and eventually to correlate these findings with soil 
formations as well as with the engineering properties of the soils. 

For this phase of the project, about 40 lb of a mixed illite-kaolinite clay, smaller 
than 1 micron ( H. ) , was separated from one soil and another 40 lb of a mixed montmor-
illonite-kaolinite clay, also smaller than 1 ji , was recovered from another soil. The 
separations were accomplished by sedimentation procedures. About 50 lb of silt was 
separated from a third soil, also by sedimentation. The recovered clays, with both 
Na+ and Ca++ modifications, were combined in definite proportions with the silt to 
form synthetic soils of known composition. 

Maximum densities and optimum moisture contents, under a given method of static 
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compaction, were determined and these formed the basis for preparation of triaxial-
test samples for combined stress analysis. Further comparisons or evaluations were 
made through the Atterburg limits tests. 

X-ray diffraction patterns for both clays indicated that Samples C-3 is a yellow clay 
composed of illite and kaolinite. Sample C-13 is a red clay composed of montmorillon-
ite and kaolinite. The silt is composed of angular quartz grains ranging in size from 5 
to 75 | i , the largest portion occurring at about 25 (i, 

Cationic modifications were introduced during the process of recovery by adding to 
the suspension of clay, chloride salts of sodium and calcium in excess of the amount 
necessary to produce flocculation. The flocculated clays were separated from the re­
maining water by vacuum filtration. The recovered clays were then air-dried, pulver­
ized to pass the No. 200 sieve, and combined with the silt. 

Triaxial specimens were prepared by adding sufficient water to the mixtures to 
bring them up to optimum moisture contents. The specimens were formed in a 2-in. 
diameter split-mold under a compressive load of 1,500 lb. They were sealed and al­
lowed to age a minimum of 21 days prior to testing. In terms of triaxial nomenclature, 
the loading conditions approximated the so-called consolidated quick-type of test. Con­
fining pressures of 0, 5, 10, and 15 lb per sq in. were used throughout this study. 

Since the synthetic soils used in this study were formed by combining two clays with 
a silt, it might be well to consider them separately and then collectively. The clays 
were a flat, flaky, fine-grained material which could hold considerably more water 
than the silt before their strengths were materially reduced. The silt was composed 
of relatively clean, angular to spherical-shaped particles. Its strength was sensitive 
to small changes in moisture. 

The combined influence of clays and granular (silt) materials in a mixture are best 
understood by their influence on the total voids of the mixture. It is the clay-water 
system within the voids which reflects the strength of the mix. 

An idealized concept of the system can be shown by considering three methods of 
packing uniform spheres. Let A represent the loosest arrangement, B the densest, 
and C an mtermediate stage. All three conditions are independent of size and quantity 
of spheres so long as they are uniform. 

A has a calculated porosity of 47.6 percent; B, 26 percent; and C, 39.7 percent. A 
can accommodate, in its interstices, an equivalent number of spheres whose size is 
0.732 times the diameter of the large spheres. These smaller spheres reduce the 
porosity of A to 27 percent. C will accommodate an equivalent number of small spheres 
0.528 din diameter, but they only reduce its porosity to 31.8 percent. B, which is the 
densest arrangement to begin with, will accommodate two sizes of small spheres, 
0.414d and 0.225 d. Together, they reduce the porosity of B to only 19.86 percent. 
The average for all conditions in which the small spheres are included is 26 percent 
voids, whereas without the small spheres the average for all three conditions is 37.8 
percent voids. 

Taking the average of A, B, and C with their corresponding small apheres as rep­
resentative of a well-graded granular material, 26 percent voids could well be consid­
ered typical of naturally-occurring soils. Since the range is only about 20 percent to 
32 percent, the assumption of 26 percent is within the predictable limits of 6 percent. 

The introduction of sizes larger than the interstices for any condition would expand 
the structure and increase the porosity. Furthermore, a volume of a clay-water mix­
ture in excess of the porosity of any granular structure would tend to float the strength­
ening structural members, and the strength of the mass thereafter would be determined 
by the strength of the clay-water system alone. 

Although these concepts are elementary in nature, they have a bearing on the inter­
pretation of results and should be kept in mind. The extrapolated or dashed portion of 
the curves between 30 and 100 percent clay (Fig. 7) represent the writer's conceptions 
of the relationships, and they lack verification by experimental data. 
Maximum Dry Density vs Percent Clay 

As the percent clay is increased the maximum density of the mass increases to the 
place where the clay begins to over fill the voids. When this occurs, it is apparent 
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that the clay has begun to expand the granular structure and, consequently, further con­
solidation of the mass is dependent upon the susceptibility of the clay-water system to 
consolidate. This relationship is shown in Figure 7. 
Cohesion vs Percent Clay 

In considering the cohesion of the mixtures, reference should be made to the "mini­
mum porosity of the granular structure." With respect to the silt used in these experi­
ments, the silt alone at maximum density has a calculated porosity of 43 percent which 
means that 43 percent of its bulk volume may be occupied by a clay-water system with­
out disrupting its structure. 

The silt alone is cohesive to the extent of the meniscus tension of the water within its 
voids. As clay is added in small increments, the water content required by optimum 
conditions is still very large in terms of clay content. In fact, it is so large that the 
clay-water system exists there in a state of fluidity incapable of contributing further 
cohesion to the silt. As more clay is introduced, the moisture content, with respect to 
the clay only, decreases. Accordingly, the moisture content of the clay is higher than 
its liquid limit until about 22 percent clay has been added. Above 22 percent, the clay 
very rapidly approaches its plastic limit, which serves to explain the sharp inflections 
in the cohesion curves. 

At clay contents above the critical volume, determined by the minimum porosity of 
the silt, cohesion is no longer dependent upon binding the silt grains together but is 
dependent upon the cohesion of the clay-water system itself. Throughout this higher 
range of clay content, cohesion is constant provided the moisture content of the clay is 
constant, which it is assumed to be. 
Angle of Internal Friction vs Percent Clay 

Below the critical minimum porosity of the silt in Figure 7, the angle of internal 
friction for the mass is determined by the degree of frictional contact existing between 
the silt grains. As the clay becomes more concentrated with respect to the water in the 
voids, it departs more and more from a state of fluidity and merges into a state of low 
plasticity. In doing so, it becomes increasingly capable of lubricating the silt grains 
which explains the proportional decrease in the angle to about 30 percent clay content. 

As the clay content approaches the minimum porosity of the silt, the angle rapidly 
becomes less dependent upon the inter-granular friction of the silt and more dependent 
on the degree of friction inherent in the clay-water system. 

The following summary is quoted from the original paper: 
"Throughout the discussion of this group of curves, the most outstanding feature 

common to all has been the volume relationships existing between the clay-water sys­
tems and the void volume of the granular structures. These have shown up repeatedly 
as critical points of inflection in the curves. 

'As an approach to soil stabilization, these relationships emphasize the necessity of 
defining a soil in terms of its clay-water system and granular structure. As an approach 
to the evaluation of clay-water systems, they confirm the necessity of testing them in­
dependently of a granular structure. When tested independently, they demonstrate the 
profound characteristics inherent in the mineralogical identity of the clay and the extent 
to which cationic modifications influence the physical properties of clay-water systems." 

GEORGE F . SOWERS, Closure—The authors wish to thank Mr. Huang for his inter­
esting analysis of their data. They agree that absorbed moisture should also be con­
sidered, particularly when the soils are exposed to extreme weathering. Huang's 
analysis of bearing capacity tends to underrate the contribution of internal friction to 
bearing capacity, compared to the author's analysis. Furthermore, the author's anal­
ysis is low compared to the widely-used method of Terzaghi. Therefore, Figure 5 
may give the false impression that bearing increases with increased binder amounts. 
It has been the author's experience that there is an optimum binder amount that is in the 
neighborhood of that shown in the paper. 
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Mr. Campen's comment regardii^ the importance of maximum density is welcomed. 
However, exception is taken to the statement that most engineers engaged in the field 
are aware of it. Too many highway engineers place blind faith in rigid specifications 
for soil aggregate mixtures which may not yield the maximum density. The most im­
portant fact brought out by the paper is the sharp drop in strength produced by amounts 
of binder only slightly in excess of that required for maximum density. 

It was not intended to imply that the mix proportions are the only factor affecting 
soil strength. Certainly, if the soil is subjected to extreme moisture conditions a 
shortage of binder might be detrimental, unless the binder has swelling properties. 
In the latter case a shortage of binder would be helpful. 

It is gratifying that the work of Havens and Goodwin confirms some of the findings 
presented in this paper. It is particularly encouraging to see the emphasis placed on 
the volume relationships of the soil and aggregate. The volume approach is a much 
sounder basis for stabilization than one based purely on gradation. Of course, the 
mineralogy of the binder is extremely important, as Mr. Goodwin demonstrates, and 
any consideration of volume should include the volume changes of the clay components. 




