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LABORATOR'X STUDY OF ASPHALT PAVING MIXTURES 

by W. K . BOYD* 

INTOODUCTION 

H i i s paper sumnarizes the r e su l t s o f a 
p o r t i o n o f an ex tens ive l a b o r a t o r y t e s t 
program performed to study the basic f ac 
t o r s t h a t a f f e c t the q u a l i t y o f asphal t 
paving mixtures . Since only a very l i m i t 
ed amount o f work had been done previous ly 
w i t h the Marshal l equipment w i t h respect 
t o i t s s e l e c t i o n f o r use, the new study 
a lso permi t ted an oppor tun i ty t o develop 
and improve techniques and procedures f o r 
t e s t i n g and f o r making a design ana lys i s . 
I n t h i s l a b o r a t o r y program the f a c t o r s 
t h a t were s t u d i e d t o d e t e r m i n e t h e i r 
e f f e c t on the q u a l i t y o f an asphalt paving 
mixture were: (a ) amount o f asphalt cem-
ment, (b) aggregate g rada t ion , ( c ) aggre
gate type , (d ) f i l l e r , and (e) penetra-
t a t i o n grade o f a spha l t cement. Since 
the technique f o r sample prepara t ion was 
the same f o r a l l t e s t s , the f a c t o r o f 
dens i ty produced by d i f f e r e n t compactive 
e f f o r t s was no t a c o n s i d e r a t i o n . I t i s 
recognized t h a t the densi ty o f a mix has 
an impor tant bear ing on i t s p r o p e r t i e s , 
as w i l l be discussed i n considerable de
t a i l i n a l a t e r paper. 

I n order t o evaluate and compare the 
q u a l i t y o f two o r more asphalt mix tu res 
i t was necessary f i r s t t o develop t o o l s 
or yardst icks f o r measuring c e r t a i n prop
e r t i e s o f each prepared t e s t specimen. 
The s e l e c t e d M a r s h a l l t e s t p r o v i d e d a 
means o f m e a s u r i n g the s t r e n g t h and 
p l a s t i c i t y o£ a t e s t specimen which could 
be expressed as numer i ca l v a l u e s . I n 
a d d i t i o n , the s p e c i f i c g r a v i t y o f each 
specimen could be determined and used i n 
t h e computa t ion o f such propert ies as 
t o t a l w e i g h t , u n i t weight o f aggregate 
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o n l y , f rom which such p r o p e r t i e s as ag
g rega te and t o t a l w e i g h t , the percen t 
vo ids i n both the aggregate i and t o t a l 
mix, and the percent o f the t o t a l vo ids 
f i l l e d w i t h a s p h a l t . I n a l l cases the 
proper t ies named were determined f o r each 
specimen prepared and t e s t e d and they 
were used t o compare and e v a l u a t e one 
specimen w i t h respec t t o another . The 
e f f e c t s o f the d i f f e r e n t var iab les studied 
are presented i n the f o l l o w i n g paragraphs. 

EFFECT OF ASPHALT CONTOrr 

I n the e n t i r e laboratory study the var
i a t i o n s produced by changes i n a spha l t 
con ten t were the f i r s t v a r i a b l e s t o be 
compared. H i a t i s , f o r a given type and 
gradat ion o f aggregate, a number o f t e s t 
specimens were prepared under e x a c t l y 
comparable condi t ions a t each o f several 
asphalt contents. Hie r e s u l t s o f changes 
i n asphalt content on the seven t e s t pro
p e r t i e s chosen f o r s tudy are presented 
f o r a t y p i c a l example on Figure 1. 
Stability - I t can be seen on F igure 1 
tha t the s t a b i l i t y o f a mixture increases 
w i t h a d d i t i o n a l increments o f asphal t t o 
a maximum value and then decreases w i t h 
f u r t h e r add i t ion o f asphal t . I t i s there
f o r e pos s ib l e t o express , as numer ica l 
va lues , the comparative s t r eng th o f any 
g iven mix f o r var ious asphal t con ten t s . 
I n the l a b o r a t o r y s tudy the amount o f 
asphalt required to produce maximum s t a b i l 
i t y was the sole c r i t e r i o n f o r determin
ing the asphalt content a t which the other 
p r o p e r t i e s o f asphal t mix tures would be 
compared. Later i n t h i s symposium i t w i l l 
be shown tha t other c r i t e r i a f o r se l ec t ing 
optimum asphalt should also be considered. 
However, f o r the purpose o f t h i s l abo r 
a t o r y i n v e s t i g a t i o n the p r o p e r t i e s a t 
maximum s t a b i l i t y p r o v i d e d a d e f i n i t e 
b a s i s by wh ich a l l m i x t u r e s c o u l d be 
evaluated and ccmpared. 
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Flow - The amount o f p l a s t i c i t y inherent 
i n a paving mixture f o r various percent
ages o f asphalt may be measured w i t h the 
M a r s h a l l equipment by the f l o w t e s t . 
This t e s t measures, i n u n i t s o f 1/100 o f 
an inch , the amount o f deformation r e q u i r 
ed t o produce f a i l u r e o f the t e s t speci 
mens. R e f e r r i n g t o F i g u r e 1 , the f l o w 
v a l u e i nc r ea se s w i t h the a d d i t i o n o f 
asphalt . Refe r r ing to both the s t a b i l i t y 
and f low curves, i t can be seen by inspect
i n g the s t a b i l i t y curve t h a t values o f 
equal s t a b i l i t y can be selected both be
low and above the optimum asphalt content. 
Hie f l ow curve shows tha t such values do 
not represent e q u a l l y s t ab l e m i x t u r e s , 
s ince a mix w i t h a lower f l o w value may 
be e n t i r e l y s t a b l e , w h i l e the mix w i t h 
the h igher f l o w may be p l a s t i c and d i s 
place badly under t r a f f i c . For t h i s rea
son s t a b i l i t y must be a s soc i a t ed w i t h 
f low when comparison between two mixes i s 
made. At optimum asphal t , however, the 
f l o w value o f the mixes s t u d i e d i n the 
i n v e s t i g a t i o n v a r i e d o n l y w i t h m a very 
narrow range. Since comparison o f the 
other va r i ab l e s , aggregate gradat ion and 
aggregate type , w i l l be at optimum, the 
f low value w i l l not be a f a c t o r . I t w i l l 
be shown l a t e r i n another paper tha t f low 
i s considered an important measure o f the 
q u a l i t y o f an asphalt mixture under t r a f 
f i c . 
Dens I t y 

Total weight - The t o t a l weight curve 
shown on Figure 1 indicates tha t the t o t a l 
we igh t o f an a spha l t m i x t u r e increases 
w i t h a d d i t i o n a l increments o f asphalt to 
a maximum value beyond which i t decreases. 
The increase i n t o t a l weight i s account
ed f o r by the f a c t tha t more asphalt pro
vides g rea te r l u b r i c a t i o n which permits 
the aggregate t o be seated together more 
compactly and each added increment (up to 
a c e r t a i n l i m i t ) occupies a greater per
cent o f the voids between aggregate p a r t i 
c l e s , thus add ing we igh t t o the mass. 
For a given compactive e f f o r t a poin t i s 
reached where the asphalt replaces aggre
ga te i n the mass and, be ing a l i g h t e r 
m a t e r i a l , causes a reduct ion i n the t o t a l 
we igh t o f the specimen. For ex t remely 
coarse and open g r ada t i on , p a r t i c u l a r l y 
a spha l t i c concretes, i t was not possible 

t o develop a t y p i c a l asphalt versus t o t a l 
weight curve, because the voids between 
aggregate p a r t i c l e s are excessively l a rge . 

Aggregate weight - With the t o t a l 
weight o f the specimen determined by test 
and knowing the percent o f asphal t t h a t 
has been added, the u n i t we igh t o f the 
aggregate p o r t i o n may be found by compu
t a t i o n . A t y p i c a l curve i n which the 
aggregate weight i s compared w i t h v a r i a 
t i o n i n asphalt i s shown on Figure 1. In 
a l l cases the amount o f asphal t requi red 
t o produce maximimi aggregate dens i ty was 
less than tha t required f o r maximum t o t a l 
d e n s i t y . By e x a m i n i n g t he aggrega te 
weight curve i t can be seen tha t there i s 
a smal l range o f a spha l t con ten t s over 
which the aggregate s t r u c t u r e remains 
approximately constant . Any increase i n 
the amount o f a spha l t i n t h i s range i s 
u t i l i z e d i n f i l l i n g a d d i t i o n a l voids and 
adds weigh t t o the t o t a l m ix . Fur the r 
addi t ions o f asphalt above t h i s range sep
arate the p a r t i c l e s and cause a loss i n 
aggregate weigh t , but because t h i s loss 
may be o f f s e t by an increment o f asphalt 
which f i l l s a g rea te r amount o f the r e 
maining vo id s , the t o t a l weight may i n 
crease. Therefore , i n a l l cases the curves 
based on aggregate weight reached a maxi
mum value a t a lesser amount o f asphal t 
than d i d the curves based on t o t a l weight . 

Percent voids total mix - The p o r t i o n 
o f the t o t a l volume o f a specimen occupied 
by aggregate and aspha l t comprises the 
s o l i d f r a c t i o n and may be termed the per
cent by volume o f s o l i d s i n the pav ing 
m i x t u r e . The complement o f percent s o l 
i d s i s percent voids t o t a l mix . Uh F i g 
ure 1 a curve f o r t h i s t e s t p roper ty i s 
p l o t t e d w i t h a scale showing the percent 
voids t o t a l mix on one side and the per
cent so l ids on the other s ide . Re fe r r i ng 
t o these curves, i t i s apparent t h a t as 
asphal t i s added the voids i n the aggre
gate f r a c t i o n become less u n t i l a p o i n t 
IS reached where the mass contains a min
imum o f vo id s , and any f u r t h e r increase 
i n asphalt spreads the aggregate p a r t i c l e s 
apart leaving the percent voids v i r t u a l l y 
unchanged. TTierefore the p o i n t on the 
curve where the r a t e o f curvature changes 
indica tes the percent asphalt required to 
secure the maximum p r a c t i c a l d e n s i t y . 
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Percent voids aggregate only - Aggre
gate weight o f a t e s t specimen may be con
ver ted t o volume by c a l c u l a t i o n and ex
pressed as a percent o f the t o t a l volume 
o f the mix ture , l l i e r a t i o o f the volume 
occupied by aggregate to the t o t a l volume 
o f the mass i s termed p e r c e n t s o l i d s 
aggregate on ly . Tlie complement o f t h i s 
value IS termed percent voids aggregate 
on ly . ITie amount o f asphalt tha t produces 
the greatest aggregate weight i s the same 
as w i l l produce the l eas t percent voids 
i n the aggregate. 

Percent voids filled with asphalt - The 
r a t i o o f the volume of asphalt i n a mix to 
the aggregate voids may be expressed as 
the aspha l t -vo id r a t i o . For exaniple, i f 
the aggregate occupies 80 percent o f the 
volume o f a t e s t specimen, the v o i d s 
ava i lab le f o r asphalt are 20 percent. I f 
asphalt f i l l s 15 percent o f the aggregate 
v o i d s , then 15/20 or 75 percent o f the 
a v a i l a b l e voids are f i l l e d . 

From F igure 1 i t can be seen t h a t a 
higher percentage o f voids i s f i l l e d w i t h 
each a d d i t i o n a l increment o f a s p h a l t . 
Since i t has no peak value as i s the case 
w i t h some o f the o the r p r o p e r t i e s , and 
bacause the values at optimum asphalt f o r 
s a t i s f a c t o r y graded mixes vary only w i t h 
i n a narrow range o f values, the property 
i s o f l i t t l e importance i n t h i s paper. 
However, the p r o p e r t y w i l l be shown t o 
have considerable importance i n the papers 
to be given l a t e r . 

Importance of asphalt content - I t i s 
evident from the discussion j u s t present
ed tha t the t es t p roper t i es are a f f e c t e d 
a g r e a t deal by the amount o f a s p h a l t 
tha t i s included i n an aggregate mixture . 
I f a very small amount i s used, the r e 
s u l t i n g mix i s b r i t t l e , has low s t rength 
or s t a b i l i t y , the weight i s comparatively 
low, and the voids excessively large . I f 
too much asphal t i s used, the r e s u l t i n g 
mix i s too p l a s t i c , has l i t t l e s t r eng th 
and also may be considered unsa t i s f ac to ry . 
I t IS considered tha t asphalt content i s 
the most c r i t i c a l v a r i a b l e i n a paving 
m i x t u r e . I n the f o l l o w i n g paragraphs 
asphalt mixtures w i l l be compared .̂n which 
other fac tors are var iab les . In a l l cases 
the values shown w i l l r e f l e c t the t e s t 
p rope r t i e s o f an asphal t mix ture a t i t s 

optimum asphalt content as determined by 
the s t a b i l i t y t e s t . The data presented 
are summaries on ly . In a l l cases a series 
o f t e s t specimens was prepared i n which 
asphalt content was the var iab le and from 
which optimum asphalt was selected. 

EFFECT OF AGGREGATE GRADATION 
.Sand Asphalt - I n o rder t o i n v e s t i g a t e 
the e f f e c t o f aggregate gradation on sand 
a spha l t , n ine blends o f f i n e aggregate 
cover ing a wide range o f g rada t ion were 
p r e p a r e d . The b l ends are d e s i g n a t e d 
gradations 1 through 9, w i t h gradat ion 1 
the f i n e s t and g rada t ion 9 the coarsest 
mix . These blends provided f i n e aggre
ga tes , a l l o f which passed the No- 10 
s i e v e , v a r y i n g f rom a coarse t o a very 
f i n e gradat ion . I n general , the p r i n c i p a l 
d i f f e r e n c e between the n ine g r ada t i ons 
occurred m the amount o f ma t e r i a l pas
s i n g the No. 40 sieve w i t h minor d i f f e r 
ences i n the amount o f m a t e r i a l passing 
the No. 80 s i eve . S u f f i c i e n t l imestone 
d u s t was added t o each o f these n i n e 
basic blended mate r ia l s to give mixtures 
having a t o t a l o f 10, 15, and 20 percent 
o f f i l l e r . I n a d d i t i o n , l imestone dust 
was added to gradations 1, 3, 5, 7, and 9 
to give mixtures having a t o t a l o f 25 per
cen t f i l l e r . The g r a d a t i o n s o f these 
blends are shown on Figure 2 . 

On Figure 3 the r e s u l t s o f v a r i a t i o n 
i n f i n e aggregate g rada t ions are shown 
by curves f o r a l l t e s t p roper t ies . I n a l l 
cases the curves drawn through the p l o t t e d 
po in t s represent the changes tha t r e s u l t 
when the gradat ion o f the f i n e aggregate 
IS var ied w i t h the quan t i ty o f f i l l e r held 
cons tan t . The curves represen t ing f l o w 
(Figure 3) i n d i c a t e no s i g n i f i c a n t t r end 
and f o r the purpose o f t h i s ana lys i s i t 
i s assumed that they are a l l s a t i s f a c t o r y . 
A l l curves represent ing s t a b i l i t y show a 
progress ive increase i n numerical value 
from gradat ions 1 through 7 w i t h a t e n 
dency f o r lower values on g rada t ions 8 
and 9. U n i t w e i g h t s ( b o t h t o t a l and 
aggregate) show a progressive increase i n 
numerical value from gradations 1 through 
8 w i t h a tendency f o r lower values f o r 
g r a d a t i o n 9. The percent vo ids ( t o t a l 
mix and aggregate) g e n e r a l l y decreased 
progressively from gradations 1 through 7 
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w i t h a tendency t o remain constant or i n 
crease f o r gradations 8 and 9. Hie curves 
representing asphal t -void r a t i o s ind ica te 
a s l i g h t t rend t o f i l l more o f the voids 

w i t h asphalt progressively from gradations 
1 through 9. Hie data i n d i c a t e t h a t i n 
creasing the amount o f f i n e aggregate r e 
t a i n e d on a No. 40 screen t o P S much as 
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about 55 t o 65 percent o f the t o t a l aggre
gate mnproved a sand asphalt mix ture , the 
e x a c t amount b e i n g c o n t i n g e n t on t he 
amount o f f i l l e r present i n the m i x t u r e . 
I t i s JMJt i n f e r r e d that sand asphalt mix-
tjures o b t a i n i n g f i n e r gradations are un
s a t i s f a c t o r y , as no l i m i t s f o r t he t e s t 
p r o p e r t i e s have been e s t ab l i shed . 
E f f e c t on optimum asphalt - On Figure 4 
the amount o f asphalt determined as o p t i 
mum IS shown by a curve f o r each v a r i a t i o n 
i n aggregate g r a d a t i o n and f o r each o f 
four f i l l e r contents. I t can be seen tha t 
the amount o f asphalt required fo r optimum 
was reduced w i t h incremental increases i n 
the amounts o f coarse sand u n t i l about 50 
t o 60 percent o f the t o t a l aggregate i s 
re ta ined on the No. 40 screen. A f u r t h e r 
increase i n coarse sand again increased 
the optimum asphal t content . TTiis t r end 
was dup l ica ted by the curves f o r percent 
voids aggregates on ly shown on Figure 3, 
and suggests t h a t the amount o f asphal t 
r e q u i r e d i s dependent on the a v a i l a b l e 
v o i d s . I f the f o u r curves on F igure 4 
are compared, i t i s seen tha t they are m 
the order o f f i l l e r content . That i s , a 
given aggregate gradation w i t h 15 percent 
f i l l e r requi red less asphalt f o r optimum 
than the same grada t ion w i t h 10 percent 
f i l l e r , s t i l l less f o r 20, and least w i t h 
25 percent f i l l e r . I t i s apparent t h a t 
' ioth asphalt and f i l l e r are v o i d f i l l i n g 

mater ia l s and w i l l supplement each other 
( w i t h i n l i m i t s ) m a paving mix tu re . 
Asphaltic concrete - I n order t o i n v e s t i 
gate the e f f e c t o f aggregate gradat ions 
on asphal t concrete mix tures , ten blends 
each were prepared f o r the 3/4 and J^-in. 
maximum aggregate s ize and eleven blends 
f o r the 1- in . s i ze . Blends have been de
signated gradat ion 1 through 10 (o r 11) , 
blend 1 being the f i n e s t . Gradation curves 
f o r the blends are shown on Figure 5. Test 
series conforming t o the gradation curves 
shown were prepared using uncrushed gravel 
and s lag as the coarse aggregate. A l so , 
t e s t s e r i e s were made conforming t o the 
gradation curves f o r 3/4 i n . maximum size 
using crushed limestone and crushed grave l , 
i n a d d i t i o n t o the se r ies f o r uncrushed 
gravel and s l a g . I n a l l cases the f i n e 
aggregate f r a c t i o n consis ted o f a blend 
o f two l o c a l sands. Limestone dust was 
used as the f i l l e r . I n general , the p r i n 
c i p a l v a r i a t i o n i n the g rada t ion curves 
occurred i n the coarse aggregate f r a c t i o n . 
I f the gradations o f the f i n e aggregates 
were r ep lo t t ed on the basis o f 100 percent 
pass ing a No. 10 s i e v e , they would be 
reasonably comparable. 
Uncrushed gravel - Summary t e s t r e s u l t s 
on specimens p repared w i t h uncrushed 
gravel i n which the percent o f coarse ag
gregate v a r i e d f rom about 15 t o 80 per
cent o f the t o t a l aggregate and f o r three 
iVi-t 3 / 4 - , and 1 - i n . ) maximum s i z e ma
t e r i a l s are shown on Figure 6. With each 
added increment o f coarse aggregate the 
s t a b i l i t y and a l l densi ty propert ies were 
improved u n t i l the mix tu re was composed 
o f approximately 60 t o 70 percent coarse 
aggregate. There was a ra ther i n d e f i n i t e 
t r e n d i n the percent vo ids f i l l e d w i t h 
a spha l t t o increase u n t i l more than 70 
percent coarse aggregate was included i n 
the mix ture ; beyond 70 percent the value 
dropped markedly . I t i s c l e a r t h a t i n 
these t e s t s s t a b i l i t y was dependent on 
dens i ty , which means tha t ( f o r any given 
aggregate type) the gradat ion which per
m i t s the l e a s t aggregate v o i d s , o r the 
highest densi ty , w i l l usua l ly possess the 
highest s t r u c t u r a l s t rength . From visual 
inspec t ion o f the t e s t specimens, i t was 
observed tha t those con ta in ing more than 
70 percent coarse aggregate would no t 
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Figure 5 

produce a desirable wearing course paving 
m i x t u r e because o f t h e i r open t e x t u r e . 
Hie curves f o r %, 3/4, and 1 i n . maximum 
s ize aggregate also show t h a t there was 
an improvement i n both s t a b i l i t y and den

s i t y ( s l i g h t ) as the maximum size increas
ed. I h e r e f o r e , i n general , both f o r econ
omy ( less crushing, screening, e t c . ) and 
g r e a t e r s t r e n g t h , the l a r g e s t maximum 
s i ze aggregate cons i s t en t w i t h pavement 
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thickness and cons t ruc t ion should be used. 
SZag - In general , the statements concern
i n g uncrushed gravely are t r u e f o r m i x 
tures conta in ing slag as the coarse aggre
gate f r a c t i o n , as shown on Figure 7. How
ever , maximum values f o r s t a b i l i t y and 
dens i ty were secured a t about 60 percent 
coarse aggregate f o r the slag rather than 
the s l i g h t l y h igher range i n d i c a t e d f o r 
uncrushed g r a v e l . T h i s was due t o the 
f ac t s tha t s lag was a much l i g h t e r mater
i a l and t h a t a l l percentages were based 
on weight, the volume o f s lag being great
er f o r equal weights o f the two mater ia l s . 
The s p e c i f i c g r a v i t y o f a mater ia l should 
t h e r e f o r e be considered when any s t a t e 
ment concerning maximum amounts o f coarse 
aggregate i s made. 

CmSfeO GRAVEL 

CRUSHED UUE5T0NE 

UNCRUSHED GRAVEL 

10 20 30 40 SO 80 70 
PERCENT RETAINED ON NO 10 SIEVE 

80 

ASPHALTIC CONCRETE 
SUMMARY OF OPTIMUM ASPHALT CONTENTS 

3/4 INCH MAXIMUM SIZE 

Figure 8 

E f f e c t on optimum asphalt - On Figure 8 
i s shown the amount o f asphalt i nd i ca t ed 
as optimum f o r d i f f e r e n t aggregate grad
a t i o n s and aggregate types . A l l o f the 
curves have the same general charac te r 
i s t i c s and show tha t less asphalt was r e 
qui red w i t h each a d d i t i o n a l increment o f 
coarse aggregate added to the paving mix
t u r e u n t i l the t o t a l amount o f coarse 
aggregate exceeded about 55 percent f o r 
s l a g and about 65 percen t f o r crushed 
limestone and g rave l . Below these l i m i t s 
the t r e n d f o r l e ss aspha l t corresponds 
d i r e c t l y w i t h the reduct ion i n the aggre

gate voids (Figure 9 ) . Since at optimum 
about the same percent o f the aggregate 
voids was always f i l l e d w i th asphalt , the 
amount o f asphalt a t optimum must be r e 
duced w i t h each incremental increase i n 
coarse aggregate.' I t may be noted t h a t 
the re was a p o i n t (65 percent f o r s l a g 
and 70 percent f o r crushed limestone and 
gravel ) where the r a t i o between aggregate 
voids and percent asphalt i n the mix was 
not cons tant . Apparen t ly the voids be
came excessively large so tha t they were 
n o t f i l l e d t o the same e x t e n t as were 
sma l l e r v o i d s , and the amount r e q u i r e d 
f o r optimum asphal t was sharply reduced. 
As p rev ious ly discussed, a l l t e s t speci 
mens i n the l a b o r a t o r y s tudy were com
pacted at one compaction e f f o r t . I t w i l l 
be shown i n l a t e r papers t h a t t h i s com
pac t ion e f f o r t was low. A grea te r com
pac t ion e f f o r t w i l l produce higher den
s i t i e s , reduce aggregate vo ids , and any 
g iven mix tu re w i l l consequently r equ i r e 
less asphalt fo r the optimum value than i s 
shown by these data. Therefore, the data 
should be compared only from a q u a l i t a t i v e 
s tandpoint . 

EFFECT OF AGGREGATE TYPE 

A sumnary o f t e s t p roper t i es f o r four 
types o f coarse aggregate 3/4 i n . maximum 
s ize , i s presented on Figure 9. I t should 
be noted t h a t the var ious dens i ty curves 
show the same trends w i t h change i n amount 
o f coarse aggregate and, w i t h respect t o 
each o t h e r , r e f l e c t the d i f f e r e n c e i n 
t h e i r s p e c i f i c g r a v i t i e s . Slag had the 
lowest apparent s p e c i f i c g r a v i t y and the 
greatest amount o f voids i n the aggregate 
o f the four types compared. I t also had 
the highest s t a b i l i t y . Crushed limestone 
was the heaviest ma te r i a l ; yet the aggre
gate voids were h igh , being exceeded only 
by the s lag . I t i s apparent tha t compari
sons o f types o f aggregate on a weight 
basis f o r s p e c i f i c a t i o n purposes are not 
necessa r i ly v a l i d w h i l e l i m i t i n g values 
f o r s t a b i l i t y , f l o w , percent voids aggre
gate o n l y , percent voids t o t a l mix, and 
percent voids f i l l e d w i t h asphalt may be 
established which apply to a l l aggregates. 
However, as has been discussed i n prev
ious paragraphs , a we igh t bas i s i s o f 



22 ASPHALT PAVING MIXTURES 

tso » 

30 40 30 eo 
PERCENT COARSE ACCRECATE 

30 40 90 eo 
PERCENT COARSE ACCRESATE 

30 40 90 eo 
PERCENT COARSE ACCRECATE 

30 40 90 
PERCENT COARSE ACCRECATE 

< 100 

30 40 90 eo 
PERCENT COARSE ACCRECATE 

30 40 SO eo 
PERCENT COARSE ACCRECATE 

20 30 40 50 eo TO 
PERCENT COARSE ACCRECATE 

N O T E S V A L U E S F O R E A C H MIX S E L E C T E D A T 
P E R C E N T A S P H A L T Y I E L D I N G .MAXIMUM 
S T A B I L I T Y 

LEGEND 
— 0 3 / 4 " MAXIMUM S L A G 

- A V * ' MAXIMUM C R U S H E D L I M E S T O N E 
K 3 / 4 » M A X I M U M C R U S H E D G R A V E L 

— O 3 / 4 - M A X I M U M U N C R U S H E D G R A V E L 

ASPHALTIC CONCRETE 
SUMMARY OF T E S T PROPERTIES 

T Y P E S OF 
COARSE AGGREGATE COMPARED 

Figure 9 



ASPHALT PAVING MIXTURES 23 

c o n s i d e r a b l e impor tance i n the des ign 
a n a l y s i s and c o n s t r u c t i o n c o n t r o l o f a 
s p e c i f i c a spha l t paving m i x t u r e . Wi th 
regard t o s t a b i l i t y (see Figure 9 ) , the 
s t a b i l i t y curves were grouped c lose ly t o 
gether when the coarse aggregate was less 
than about 40 percent o f the t o t a l mix 
( t h i s assumes tha t about 34 percent s lag 
by weight was equivalent i n volume to 40 
percent o f the other ma te r i a l s ) . For mix
t u r e s c o n t a i n i n g more than 40 percen t 
coarse aggrega te , the curves begin t o 
spread w i t h the s t a b i l i t y f o r crushed 
mater ia l s higher than f o r uncrushed mat
e r i a l , s lag being the highest o f a l l mat
e r i a l s tes ted. Apparently when the coarse 
aggregate was less than 40 percent o f the 
t o t a l . I t was e f f e c t i v e p r i n c i p a l l y i n 
r e d u c i n g the vo ids and i n c r e a s i n g the 
d e n s i t y w i t h each p a r t i c l e f l o a t i n g i n 
the m a t r i x independently o f the o the r s . 
When present i n excess o f about 40 percent, 
the q u a l i t y o f the mater ia l became e f f e c t 
i v e by p a r t i c l e to p a r t i c l e con tac t , as 
r e f l e c t e d by higher s t a b i l i t y values f o r 
crushed mate r ia l s and s lag when compared 
to uncrushed gravel • 

FILLER 

E f f e c t of amount of filler - From Figure 
3 i t can be seen tha t 15, 20, and 25 per
cent f i l l e r i n the nine basic gradations 
show progressive improvements i n the pro
per t ies over those secured f o r respective 
gradat ions w i t h 10 percent f i l l e r . The 
data on Figure 4 show tha t as the amount 
o f f i l l e r i s increased, optimum asphal t 
content i s reduced. The func t ion o f f i l 
l e r m a mix i s r e a d i l y apparent f rom a 
review o f these two f i g u r e s . Incremental 
increases i n f i l l e r up to about a maxi
mum o f 20 percent increased the s t a b i l i t y , 
increased the t o t a l and aggregate weight, 
reduced b o t h the aggrega te and t o t a l 
voids , and required less asphal t . I t i s 
be l i eved t h a t the amount o f f i l l e r s e l 
ected f o r a p a r t i c u l a r design should i n 
clude the f o l l o w i n g considerations: (a) the 
amount r equ i r ed to produce s a t i s f a c t o r y 
s t a b i l i t y , (b) the amount required to pro
duce s a t i s f a c t o r y v o i d va lues , ( c ) the 
gradation o f the aggregate, and (d) r e l a 
t i v e cost o f asphal t cement, aggregate, 
and f i l l e r . Tliere are o ther considera

t ions which may modify the maximum amount 
o f f i l l e r t ha t I S des i rable i n a mix, such 
as the f l e x i b i l i t y o f a mix or the t e n 
dency t o check and crack dur ing construc
t i o n r o l l i n g ; however, these f ac to r s were 
not determined by the l a b o r a t o r y s tudy . 
I n Appendix B o f Waterways Exper iment 
S t a t ion Technical Memorandum No. 3-254Ci) 
a method o f ana lys i s i s presented which 
ind ica ted tha t , based on laboratory tes ts 
o n l y , the maximum amount o f f i l l e r f o r 
any o f the mixes shown was about 2C per
cent. 
E f f e c t of type of filler - TTie t e s t r e 
s u l t s obtained by s u b s t i t u t i n g 10, 15, 20, 
and 25 percent sand passing a No. 200 mesh 
sieve f o r equal q u a n t i t i e s o f l imestone 
f i l l e r are shown f o r a t y p i c a l case on 
F i g u r e 10. I t i s apparent t h a t equal 
amounts o f sand f i l l e r do not improve the 
d e s i r a b l e p r o p e r t i e s o f a m i x t u r e ( i n 
creased s t a b i l i t y and densi ty , decreased 
v o i d s ) t o the same ex t en t as l imes tone 
f i l l e r . Increasing the quan t i ty o f l ime
stone f i l l e r (up t o a c e r t a i n p o i n t ) i n 
creased s t a b i l i t y and densi ty and decreas
ed the voids ; however, t h i s was not nec
e s s a r i l y t rue f o r sand f i l l e r , and i t can 
be seen i n some cases that add i t i ona l i n 
crements o f sand f i l l e r were a c t u a l l y de
t r i m e n t a l . A g r a d a t i o n curve f o r each 
type o f f i l l e r i s shown on Figure 2. TTie 
sand f i l l e r was composed l a r g e l y o f mat
e r i a l between 0.07 and 0.03 mm i n s i z e , 
whereas the l imes tone f i l l e r was w e l l 
graded w i t h approximately 17 percent f i n 
er than 0.004 mm. I f the p r o p e r t i e s o f 
an asphal t mix ture are to be improved by 
adding f i l l e r , i t i s e s s e n t i a l t h a t the 
f i l l e r be we l l graded and tha t i t include 
m a t e r i a l f i n e r t h a n 0 . 0 1 mm i n s i z e . 
Otherwise, f i l l e r may become a v o i d - p r o 
ducing ra ther than a v o i d - f i 11 ing m a t e r i a l . 

EFFECT OF PENEmTION GRADE OF ASPHALT 

Tests were conducted t o determine the 
e f f e c t o f p e n e t r a t i o n grade o f a spha l t 
cement on the t e s t p roper t ies . Four grades 
o f asphal t cement having penetrat ions o f 
53, 80, 117, and 135 were used. Resul ts 
o f these t e s t s are summarized on Figure 
11 . A l l t e s t s were conducted at optimum 
asphalt content. I t can be seen tha t the 



24 ASPHALT PAVING MIXTURES 

! i . s | « „ 
i- o 

go 

Z 119 I 

10 19 20 29 
PERCENT F I L L E R 

10 19 20 29 
PERCENT F I L L E R 

<̂  149) 

^ 5 ' 4 0 j 

1 f 

Z 130 ( 

129 

700 r 

sooh 

900 

400 I 

300^ 

2001 

10 19 20 29 
PERCENT F I L L E R 

10 19 20 29 30 
PERCENT F I L L E R 

a 10 

i 
o 

3 
E . 0 

so 

70 
a 
i 
1 .0 

5 " 

10 19 20 29 
PERCENT F I L L E R 

m 

10 19 20 29 30 
PERCENT F I L L E R 

3 

10 19 20 29 30 
PERCENT F I L L E R 

LEGEND 
- 0 L I M E S T O N E F I L L E R 

4 -A SAND F I L L E R 

SAND ASPHALT 
SUMMARY OF T E S T PROPERTIES 

TYPES OF F I L L E R COMPARED 

Figure 10 



ASPHALT PAVING MIXTURES 25 

29 90 79 100 129 190 ITS 
PENETRATION CRAOE 

29 90 79 100 129 ISO I 
PENETRATION CRADE 

I 

29 90 79 100 129 190 179 
PENETRATION CRADE 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

SO
LI

D
S-

TO
TA

L 
M

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PE
R

C
EN

T 
V

O
ID

S
-T

O
TA

L 
M

IX
 

9 
IP

 
O

 

Z 
M 

i 
100 

PENETRATION CRADE 

90 79 100 129 ISO 179 ui 
PENETRATION CRADE 

29 90 79 100 129 I 
PENETRATION CRAOE 

SAND ASPHALT 
SUMMARY OF TEST PROPERTIES 

GRADES OF ASPHALT CEMENT COMPARED 

29 90 75 100 129 ISO 175 
PENETRATION CRAOE 

Figure 11 



26 ASPHALT PAVING MIXTURES 

use o f d i f f e r e n t grades o f asphalt cement 
had l i t t l e or no e f f e c t on any proper ty 
except s t a b i l i t y . Inc reased M a r s h a l l 
s t a b i l i t y can be secured by us ing a low
er penet ra t ion asphal t . 

CONCLUSIONS 

The conclusions given i n the f o l l o w i n g 
paragraphs are be l ieved warranted on the 
basis o f the in format ion and data presen
ted i n t h i s paper. A more complete d i s 
cuss ion and analyses o f the l a b o r a t o r y 
s tudy, together w i t h a d d i t i o n a l conclu
s i o n s , may be found i n Appendix B o f 
Waterways Experiment S t a t i o n IM 3-254(J). 

The M a r s h a l l s t a b i l i t y t e s t i s an 
e m p i r i c a l t e s t whereby t he r e l a t i v e 
s t rength o f b a s i c a l l y d i f f e r e n t asphal t ic 
mixtures can be compared. 

The f low t e s t , an i n t e g r a l par t o f the 
s t a b i l i t y t e s t , measures the r e l a t i v e 
p l a s t i c i t y o f asphal t ic mixtures . 

Incremental increases o f asphalt cem
en t t o a s p h a l t m i x t u r e s w i l l i nc rease 
the amount o f f l o w ; t h e r e f o r e , mix tures 
o f equal s t a b i l i t y which conta in unequal 
amounts o f a s p h a l t cement may be com
pared on the basis o f f l o w . 

Incremental increases o f asphalt t o a 
g iven aggregate mix ture w i l l produce an 
increase i n the t o t a l weight to seme max
imum value, a f t e r which f u r t h e r increases 
o f asphalt w i l l cause the t o t a l weight o f 
the mixture t o decrease. 

I n general , an increase i n the densi ty 
produces an increase i n the s t a b i l i t y o f 
a mix tu re . 

D e n s i t y , expressed as u n i t w e i g h t , 
cannot be used i n a r e l a t i v e comparison 
o f d i f f e r e n t types o f aggregate mixtures; 
however, i t i s considered to be o f prac
t i c a l va lue i n the des ign a n a l y s i s and 
c o n t r o l o f a s p e c i f i c a spha l t m i x t u r e . 

The amount o f a s p h a l t r e q u i r e d t o 
produce maximum dens i ty o f the aggregate 
on ly i s less than tha t r equ i r ed t o p ro 
duce maximum t o t a l we igh t . 

"Hie percent voids t o t a l mix i s depen
dent on (a) asphalt content , (b) aggregate 
g r a d a t i o n , ( c ) f i l l e r con ten t , (d) com-
pac t ive e f f o r t , and (e ) aggregate t ype . 

Where the asphalt content i s the only 
v a r i a b l e , the s e l e c t i o n o f a pe rcen t 

a s p h a l t r e q u i r e d t o produce maximum 
aggregate densi ty may be made vn the basis 
o f the amount o f aggregate voids. 

Tile quant i ty o f asphalt cement r equ i r 
ed f o r optimum asphalt content decreases 
as the aggregate voids decrease. 

Well graded f i n e and coarse aggregate 
mixtures prepared at optimum asphalt and 
w i t h a prescribed compactive e f f o r t w i l l 
have an a s p h a l t - v o i d r a t i o t h a t v a r i e s 
w i t h i n very narrow l i m i t s . 

Very open or harsh-graded aggregates, 
when used i n aspha l t i c mixtures , g ive an 
a s p h a l t - v o i d r a t i o a t optimum a s p h a l t 
con ten t cons ide rab ly less than t h a t o f 
w e l l - g r a d e d aggregates. 

Tlie addi t i ra i o f coarse sand (No. 10-40) 
up to about 60 percent o f the t o t a l aggre
gate improved the t es t propert ies o f sand 
asphalt mixtures f o r the mater ia ls tes ted. 

While the a d d i t i o n o f coarse sand up 
t o about 60 percen t improved the t e s t 
p rope r t i e s , the d e f i n i t e l i m i t o f coarse 
sand depends on the gradat ion o f the f i n e 
f r a c t i o n s o f the aggregate (No. 40-200) 
and the amount and type o f f i l l e r . 

Hie measured proper t ies o f an asphalt
i c concrete mixture were improved by the 
a d d i t i o n o f coarse aggregate t o a maxi
mum o f between 60 and 70 percent o f the 
t o t a l aggregate. 

An inc rease i n the maximum s i z e o f 
aggregate ( f rom % t o 1 i n . ) improved the 
t e s t p roper t i es o f the mix tu re . 

The t e s t p roper t i e s o f a mixture were 
n o t changed by t he type o f aggrega te 
( s l a g , crushed g r a v e l , uncrushed g rave l , 
or crushed limestone) when present i n the 
mixture i n amounts less than 40 percent. 

When the amount o f coarse aggregate 
exceeded 40 percent , the type o f aggre
gate became e f f e c t i v e ; s l ag produced the 
h i g h e s t s t a b i l i t y , crushed g r a v e l and 

• crushed l imes tone were about equal and 
produced the next highest s t a b i l i t y , and 
uncrushed g r a v e l produced the l o w e s t 
s t a b i l i t y . ' 

The add i t ion o f f i l l e r to an aggregate 
m i x t u r e increased the s t a b i l i t y , t o t a l 
and aggregate w e i g h t , and reduced the 
aggregate and t o t a l voids and the amount 
o f asphalt requi red f o r optimum. 

The maximum amount o f f i l l e r t o be 
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added t o an asphalt mixture was not de
termined and IS dependent on several fac
t o r s : (a) amount necessary t o produce a 
s a t i s f a c t o r y s t a b i l i t y , (b) amount nec
essary t o meet s p e c i f i e d v o i d r e q u i r e 
ments, (c) aggregate gradation r e q u i r e 
ments, (d) r e l a t i v e cost o f asphalt cement, 
sand, and f i l l e r , and (e) other possible 
factors not considered i n t h i s study, such 
as d u r a b i l i t y and f l e x i b i l i t y . 

The a d d i t i o n o f a well-graded f i l l e r 

t o a sand asphalt mixture improved the 
measured t e s t p r o p e r t i e s . 

TTie a d d i t i o n o f a poorly-graded sand 
f i l l e r d i d not improve the measured t e s t 
properties o f a sand asphalt mixture. 

Hie use of d i f f e r e n t penetration grades 
(between 50 and 135) o f aspha l t cement 
had no e f f e c t on any measured pro p e r t y 
except s t a b i l i t y which was increased with 
each decrease i n the penetration grade of 
asphalt. 




