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DESIGN FACTORS FOR BITUMINOUS CONCRETE 

By Egons Tons and Ilan Ishai 
University of Michigan 

The main purpose of this research was to look for prac-

tical, quan·titative factors which would describe the behavior 

of different aggregates and gradings used in bituminous mixes. 

Eight aggregates were selected having a wide representation 

of properties (slag, porous sandstone, limestone, mine rock, 

smooth beach pebbles, natural gravel, dolomite and crushed 

gravel). The work was divided into two main phases: 

l. Aggregate factors were defined and measured for one 

sieve-size fractions. 

2. The developed parameters were expanded to describe and 

tes·t the behavior of graded bituminous mixtures. 

In the first phase the packing volume concept, as developed 

l by Tons et al. for one-volume particles, was extended. TWo 

factors, mainly {a) the packing volume of a particle and (b) the 

geometric irregularity2 (particle shape, angularity, and rough-

ness combined) were found to be the unifying parameters for 

1AAPT Proceedings, 1970, page 24. 

2called rugosity by Tons, Goetz, and Anderson. 

48904 



Abs·tract continued: 

all aggregates tested. The one-volume particles were repre-

sented by easily obtainable one-size sieve fractions. The 

packing volume of the aggregates was measured using a newly 

developed pouring test. 'l:'he geometric irregularity (rugosity) 

of uncoa·ted aggregates was characterized by specific rugosity 

(S ) in terms of a volume ratio calculated from the pouring 
rv 

test data. For asphalt coated particles the amount of sta-

tionary asphalt inside the aggregate voids and surface crevices 

was measured and expressed as asphalt lost by rugosi·ty (B ) • 
rv 

The remaining active asphal·t was designated as flow asphalt 

(W fv) • 

In the second phase, the one-size aggregate parameters 

were used to develop procedures for characterizing graded 

(multi-size) aggregate and asphalt mixtures. The amount of 

finer particles which interact and get lost in the surface 

crevices of the larger particles was measured and designated 

as fines lost by rugosity (F ). The important components 
r 

making up a compacted bituminous mix were identified as 

follows: 

1. Aggregate particles lost in the surface crevices 
of the larger fractions (total fines lost by 
rugosity) • 

2. Active aggregate par·ticles (not lost, floating in 
the matrix) . 

3. Asphalt filling the micro and macro voids in 
the aggregate surface (asphalt lost by rugosity) . 



Abstract con·tinued: 

4. Flow or active asphalt between the active 
aggregate particles. 

5. Air voids. 

Laboratory tests using one grading and one asphalt wi·th the 

8 widely different aggregates were performed including Marshall 

measurements. The optimum conditions for the eight compacted 

mixes were achieved at similar flow asphalt contents regard-

less of aggregate type. Thus a new, unified, quantitative 

approach ·to a bituminous mix design has been initiated. 

In addition to the number of new mix parameters, conven-

tional ones were also measured both for the aggregates and 

the mix. Comparisons and relationships are shown and analyzed 

to explain the differences and similarities between the 

existing and new parameters for bituminous concrete mixes. 
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INTRODUCTION 

Description of ·the Problem 

The present methods used for designing bituminous concrete 

mixes are based on trial-and-error testing in the labora·tory 

and on field correlation studies. Since such tests and observations 

involve measurements on specimens in bulk, it is difficult to see 

and discuss mix behavior with certainty when various types and 

sizes of aggregates and different bi·tumens are used. In other 

words, there is a lack of proper quantitative factors which would 

tie together the properties of the components making up the 

bituminous concrete (bitumen and aggregate particles) with the 

behavior of the compacted mixture in a specimen and on the road. 

One of the main stumbling blocks towards a unified approach 

of designing bituminous mixtures has been the great variety of 

irregular aggregate particles found in various geographic locations. 

Since aggregates occupy by far the largest volume of the mix, they 

have a profound influence on its behavior. Therefore, the most 

important objective of this research was ·to find quanti·tative (physical) 

factors or parameters which can characterize the properties of 

particles (aggregates) from different sources and of different 

sizes and gradings in such a way that the bulk behavior (in pave-

ment) can be made more predictable. Since the aim of this work was 

to develop an approach which applies to a wide range of aggregates, 



it is often called a unified approach in this report. 

Purpose and Scope of this Investigation 

The purpose of this investigation was: 

(a) To develop physical factors for a unified characterization 

of dry aggregate particles of different types and sizes. 
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(b) To relate these parameters with factors which would reflect 

the asphalt requirement for bituminous concrete mixtures. 

(c) To develop simple and practical techniques for measuring the 

aggregate parameters. 

(d) To compare the developed parameters with aggregate factors 

presently used in bituminous mixture technology. 

(e) To develop a practical procedure for estimating the optimum 

asphalt content in compacted bituminous mixtures. 

With regard to (a) and (b), the unified aggregate factors 

were based on the recently developed packing volume concept 

(2, 3). 1 This concept (which will be described later in detail) led 

to a development of aggregate parameters which serve to characterize 

rock particles individually, as well as in bulk. The main intention 

was to come up with factors which will be both quantitative and 

practical. 

As for (c), several testing methods were tried for measuring 

single parameters. The final test methods were chosen based on 

reliability, simplicity, rapidity, repeatability and reproducibility. 

A practical test for measuring packing volume of aggregate was 

developed. 

1 (2, 3) numbers in paren·theses refer to ·the list of references 
in the Bibliography. 



In connection with (d), a comparison of the new aggregate 

factors with the conventional ones underscored the advantages of 

the suggested new approach. 
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Concerning (e), a preliminary procedure for estimating the 

optimum asphalt content for compacted bituminous mixtures was 

suggested. · This procedure is based uniquely on the new aggregate 

factors discussed above. 

In general, the entire investigation involved literature 

review, theoretical considerations, statistical design of laboratory 

experiments and analysis of test results, and computer programming. 

The experimental work involved investigation of eight different 

types of aggregates which represent a wide range of aggregates used 

in bituminous mix·t:ures. For each type of aggregate six different 

sizes were tested. These sizes were combined when graded mixtures 

were investigated. 

A total of more than a thousand measurements were made to 

obtain ·the experimental data. 



II 

THEORETICAL AND EXPERIMENTAL CRITERIA 
FOR ADOPTING AGGREGATE FACTORS FOR 

ONE-SIZE AGGREGATE FRACTIONS 

Theoretical Considerations 

As indicated in the literature review, two major factors 

largely characterize the properties of aggregate particles and 

their influence on the performance of the compacted bituminous 

mixture: (a) particle volume and (b) particle geometry (shape, 

angularity, and surface texture). An attempt has been made to 

assign quantitative values to these basic properties, but the 

wide range of irregularity of aggregate particles has made it 
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difficult to measure and implement them in design of bituminous 

mixtures. 

Therefore, the first concern and emphasis was to find 

aggregate factors which: 

(a) Can be defined quantitatively (physically). 

{b) Can be based on a concept which unifies the major 
properties of particle and at the same time reflects 
the behavior of particles in bulk with or without 
the asphalt binder. 

(c) Can be measured by simple, practical and reliable tests. 

(d) Can have predictable relationships. 

(e) Can show significant advantages when compared ·to 
conventional factors presently used. 

Since volume and geometric properties are two basic properties 

of aggregate particles, a definition of particle volume which would 

reflect the bulk behavior and which would also serve as a basis 
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for a definition of the geometry is desirable. 

Volume of Particles 

It was shown by Tons et al. (2, 3) that the volume which 

a rock particle occupies in a mass of monovolume one-size par-

ticles largely determines the density and the voids in bulk, and 

therefore this volume is important in the resis·tance of these 

particles to various forces. Since the particles usually touch 

one another at the peaks of the surface roughness, the volume 

which a particle occupies in a mass of other particle encompasses 

not only the volume of the solids and voids of the particle, but 

also the volume of the macro dips and valleys of the particle 

surface (see Figure 3). 

This volume was designated as packing volume of a particle 

and the packing volume concept was sta·ted as follows: 

Different ·types of monovolume (V ) aggregates will be 
p 

compacted to the same bulk volume (Vbl) when they possess 

identical total packing volumes (~ V ) under identical 
p 

compaction procedures. 

That is, when~ V is constant, any type of monovolume 
p 

particles will be compacted to the same volume in bulk under 

identical compaction energy input (provided the particles are not 

crushed or broken during compaction). 

If Vp is constant, the following equation can be written (4): 

-:;_ w i 
= = .•.. =constant, 

Gpi 
( 1) 

MICHIGAN . ARTMENT OF STATE 



and thus 

where 

= 

= 

G . 
Pl Gp2: .. • : Gpi: •. • ' 

the weight of all particles of the i-th monovolume 

(one-size) frac·l:;ion which occupy the same volume in 

bulk 

the packing specific gravity of the i-th monovolume 

fraction (dry-weight divided by packing volume). 

The packing volume can also be measured by fitting to the 

particle an ellipsoid as a geometric shape. In this case the 

long, medium and short dimensions ((, m, s, respectively) can 

be used to calculate v by v = 77 e ms/6 (2). 
p p 

It is also possible to approximate the packing volume 

membrane by immersing the aggregate particle in asphalt and 

scraping the excess asphalt down to the peaks of the rock sur-

face ( 2, 3) . 
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( 2) 

Equation {l) leads to a practical way for direct evaluation 

of the packing specific gravity of monovolume particles. If one 

takes two types of monovolume particles, one standard with known 

and another with an unknown packing specific gravity, and pours 

them into the same size container by identical procedures, then 

the packing specific gravity of the unknown material can be 

defined by the ratio of the weights of the particles which 

occupy the same bulk volume (4), that is: 

G px 

:fW 
X 

G 
ps ( 3) 



where 

G , G 
px ps 

= 
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packing specific gravities of the unknown and 
the s·tandard fractions, respectively 

::E.w ,;£w 
X S = weights of the unknown and standard fractions 

which occupy the same bulk volumes. 

If the packing specific gravity of the particles has been 

determined, the packing volume of a particle can be evaluated when 

the particle weight (average) of ·the one-size fraction is known. 

This relationship was used all through this study to measure the 

packing volumes of different rock ·types and sizes. 

Geometric Properties of Particles 

The packing volume can be visualized as volume under an imaginary 

membrane enveloping the particle solids, voids and surface hills 

and valleys. (See Figure 4.) The geometric factors such as shape, 

angulari·ty and surface roughness are all united under one parameter 

called rugosity or surface voids of the particle. This unified 

geometric property was defined by Ishai and Tons (4) as the specific 

rugosity 

where 

s rv 

v 
sr 

v 
p 

( s ) : rv 

srv = 100 

= specific rugosi·ty, percent of packing volume 

(4) 

= volume of all the surface roughness voids down ·to the 
membrane of apparent specific gravity (see Figure 5) 

= packing volume of the particle, 

Practically, Srv can be defined by the packing specific 

gravity (G ) and by the apparent specific gravity of the particle 
p 

( G ) ,l 
ap 

= 100 
G - G ap p 

Gap 

1used for practical convenience 

(5) 
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Since both apparent and packing specific gravity can be obtained 

by simple tests, this equation will be used for calculating the 

rugosity of monovolume (one-size) par·ticles. 

Other Related Factors 

So far both the volume (in terms of a packing volume V 
p 

and packing specific gravity G ) and the geometric factors 
p 

in ·terms of a specific rugosity S have been defined. These two rv 

will now be used to expand into the area of one-size aggregate 

mixes. To achieve this, additional definitions and equations will 

be developed. 

Packing Porosity: In a way, the imaginary membrane makes all 

particles smooth and somewhat similar in appearance. The work by 

Tons et al. (2, 3) showed that by using the packing volume as a 

basis a given number N of monovolume particles placed or compacted 

in a specified bulk volume (container) will have identical packing 

porosities (air spaces between the particles) regardless of the type 

of aggregate (gravel, slag, limestone, etc.), or 

where 

p 
p 

p 
p 

= 

= 

= 

= 
- ~v p = constant , (6) 

packing porosity (interparticle voids) of monovolume (one
size) aggregates 

volume of the calibrated container 

total packing volume of monovolume particles. 
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Rugosi·ty and Flow Asphalt: If one-size aggregate is mixed with 

asphalt (or tar) part of the asphalt will fill the surface voids 

and irregularities of the particle while t.he other part will re-

main in the interparticle voids. The packing volume membrane 

again serves to define the ·two parts of asphalt (2, 3) : 

(a) The rugosity asphalt (asphalt lost in the under-

membrane voids) • 

(b) The flow asphalt (binding or effective asphalt, 

see Figure 5) . 

A knowledge of the rugosity asphalt is essential since it 

determines the amount of the flow asphalt (for a given asphalt 

content), which was found to be one of the major faC"i:ors that 

affect the flow (strength-deformation relationship) character-

istics of the compacted mixture (3). 

The amount of the rugosi·ty asphalt can be defined in two ways: 

(a) A simple way to express the amount of asphalt lost is 

using the term asphalt lost by rugosity (B ) : 
rw 

B 
rw 

where 

B 
rw 

w 
rw 

= 

= 

= 

= 

100 

asphalt: lost by rugosity (under the packing volume 
membrane), percent by weight of aggregate 

the weight of rugosity asphalt 

the dry weight of the aggregate particles. 

The amount of asphalt lost by rugosity can be practically 

(7) 

determined from the specific properties of the asphalt, the aggregates, 

and the mixture; namely: the specific gravity of the asphalt (Gb), 

the packing specific gravity of the aggregates (Gp), the asphalt 
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content (\~), and the maximum specific gravi·ty of the mixture 

( G ) : 
mm 

B 
rw 

100 :;::; _+ __ _ 

100-w 
- 100 : ) + 

mm 
(8) 

The asphalt content (w) is expressed here as a percentage of the 

total mixture by weight. The derivation of Equation (8) is given 

in Appendix B. 

{b) A more general way to express asphalt lost by rugosity 

is on volume basis: 

where 

B rv 

vbr 

v p 

G p 

~ 

B = 100 rv 
B 

r:w 
( 9) 

= asphalt lost by rugosity, percent of packing volume 

= volume of rugosity asphalt 

= packing volume o'f the particles 
-

= packing specific gravity of the particles 

= specific gravity of the asphalt. 

Multiplying Equation (8)by the ratio Gp/~, the practical 

form for B is obtained: 
rv 

= 100 
100 ( 100 

- ~) G 
Brv 100-w G p ' rom 

(10) 

but since ' 

Gef· 
100 - w 

= 100 w 
(11) 

G ~ rom 

·then 

(12) ' 
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where 

effective specific gravity of the aggregate particles 

G mm 
maximum specific gravity of the one-size mix. 

Specific Rugosity and Asphalt Lost by Rugosi·ty: It must be pointed 

out that there is a similarity between the specific rugosity (Srv) 

as measured on dry, uncoated aggregates and the asphalt lost by 

rugosity (B ). They both give a measure for the surface roughness 
rv 

and voids of the aggregate particle. Usually Brv < Srv' since 

it is expected that the imaginary apparent volume membrane (see 

Figure 5) used in S equation usually represents ·the limits of rv 

asphalt absorption inside the surface voids (rugosity). The ratio 

of B to S can be used ·to characterize the degree of asphalt rv rv 

penetration in·to the surface roughness and pores, thus: 

= 

where 

= 

100 
B 

rv 
s rv ' (13) 

percent asphalt satura·tion inside the surface voids 
(assuming water satura·tion after 24 hours of immersion 
as 100 percent). 

Since the difference between the effec·tive and apparent volumes 

of aggregate particles is within the small (micro) surface voids 1 

and since the larger (macro) void volumes 2 usually govern t:he 

variability of the rugosity terms, it is expected (where differences 

in solid specific gravities are not great) that S and B 
rv rv 

will have mutual linear relationship for a wide range of aggregates. 

1surface voids between the bulk and apparent volume membrane 
of the particles (see Figure 5). 

2surface voids between the bulk and packing volume membranes 
(see Figure 5). 
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Thus, for a given type of asphalt, this approximate relationship 

should permit the estimation of the amount of asphalt lost by 

rugosity (Brv or B ) on the basis of ·the specific rugosity (S ) 
rw , rv 

alone. This has a practical value in mix design. 

Equations for Macro and Micro Surface Voids: The total rugosity 

voids as expressed by the specific rugosity (Srv) can be quanti

tatively parti·tioned into the micro and macro surface voids, and 

can be expressed by volumetric equations (see Figure 5): 

G - G 
s = 100 ag E 

ma Gag 
(14) 

and 

G - Gag s = 100 G a:e 
mi p G - Gap ag 

(15) 

where 

s = percent macro surface voids (volume basis) ma 

8mi = percent micro surface voids (volume basis) 

Gag = bulk specific gravity 

G = apparent specific gravity 
ap 

G = packing specific gravity 
p 

s = 8ma + s mi rv 

Ex:eerimental Work 

The main goals of the experimental work were (1) to measure the 

various factors discussed for one-size aggregates of greatly 

varied origin with and without asphalt; (2) to analyze their 

effectiveness; and (3) to build a base for applying ·them to 

two-size and multi-size mixes. 
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Statis·tical Experimental Design 

This part of the research was designed with the following 

experimental and statistical considerations: 

(1) Because of ·the large number of experimental trea·tments, 
and because of the nature of test procedures, the design 
had to be simple and practical to provide efficient labora
tory operation. 

(2) The basic design structur2 had to provide maximum 
information about the effect of the main factors. 

TWO main factors were considered in this research phase: 

(1) Aggregate type- with eight different aggregates (levels), 
see list on page 14, and also Figures 8 and 9. 

(2) Fraction size- with six levels (1/2 in.-5/8 in., 
#3-#4, #8-#10, #20-#30, #60-#80, #200-#270). 

For each experimental treatment (type-size combination) two 

replicates were made. 

Based on the experimental and statistical considerations given 

above, a two-factor nested (hierarchal). design (80) was chosen. 

The main group factor was the size of the fraction. The subgroup 

(nested) factor was aggregate type. The replicates were nested 

within the treatments, thus, nested within size and type. The 

design is illustrated in Figure 6, 

The statistical model which described the experiment was 

as follows: 

where 

y. 'k 
:LJ 

= 

= 

= 

y. 'k = H' + dfl... 
:LJ I[ :L 

the k-th response of type j within size i (the 
dependent variable). 

(16) 

an overall mean value common to each treatment and 
replica·te 

an effect due to size i 



p ij 

E. ijk 

= an effect due to material j within size i 

= an effect due to replicate k within material j 
within size i (experimental error). 

Since the levels within each factor were not chosen 

14 

randomly to represent the entire population, the factors were 

considered to provide fixed effects. 

This specific model provides the basic information about 

main effects (size and type). For each dependent variable (measured 

or calculated parameter), data have been analyzed by means of analysis 

of variance. Tables of ANOVA, cell means, and cell deviation 

were obtained by computer with the UCLA Biomedical Computer Program -

BMD8V (see reference 81). 

chasing Materials 

In order to include aggregate ·types which will represen·t 

a wide range of geometric irregularity as well as different specific 

gravities 

8 ana 9). 

(1) 

( 2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

the following aggregates were chosen (see also Figures 

BP - Lake Superior Beach Pebbles and sand. 

NG - Natural Pit-Run Gravel from McAvory Pit 76-22. 

LS- Crushed Limestone from Inland L & S Co., Pit 75-5. 

DL- Crushed Dolomite from Drummond Dolomite Co., 
Pit 17-66. 

MR - Crushed Mine Rock from Pit 66-76. 

CG- Crushed Gravel from American Aggregate co., 
Pit 47-3. 

SL - Slag from Gary, Indiana. 

SS - Sandstone from Grindstone City. 

The asphalt used was asphalt cement 120-150 penetration grade, 

see Table L 



Laboratory Work 

Aggregate Preparation: Batches of the eight types of aggregate 

were supplied by Michigan Department of Sta-te Highways. In 

order to obtain particles from each chosen size, some of the 

aggregates were crushed in the laboratory. 

After crushing, ·the aggregates were sieved by vibratory 

sieve shaker (23 in. x 15 in.) to form nine fractions from each 

material. The sieves used were 3/4 in., 3/8 in., #4, #8, #16, 

#30, #50, #100, and #200. The fractions were stored in closed 

canvas bags. 

15 

Modifying Test Procedures: For measuring the packing specific 

gravity (Gp) of one-size aggregates, a simple pouring test was 

developed and reported by Ishai and Tons (4). It worked well for 

natural gravel aggregates but had to be revised to achieve uniform 

pouring rate for the great variety of aggregates used in this 

investigation. 

In order to investigate the influence of pouring rate on 

the packing of particles, a series of measurements employing 

different orifice sizes were performed with the pouring device 

for each aggregate (and size) and also for the glass beads of 

the appropriate size (used as standard). This testing permitted 

the fitting of a single orifice diameter for each aggregate size. 

These orifice diameters were used later to obtain the final 

testing data. The modified pouring test is described in Appendix D. 

An example of the influence of pouring time on the packing of 

#8-#10 particles is shown in Figure 7. 

1 Pouring rate - amount of packing volume of particles poured 
in a unit time. 
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As described in reference (4), the comparison between the 

values of water and asphalt absorption indicated that during 

the measurement of the maximum specific gravity of the mixtures 

by the solvent immersion test, the solvent dissolved the asphalt 

which coated the particles and probably penetrated inside the 

voids which were impermeable ·to asphalt. This distorted the physical 

definition of the rugosity terms. It was, therefore, decided to 

compare various methods for the measurement of the maximum specific 

gravity. These methods were as follows: 

(l) Water saturation Test, ASTM D 2041, based on Rice's 
Method (33),. (9), (13). 

(2) The Michigan Solvent Immersion Test (10, 15). 

(3) Methanol (Methyl Alcohol) Saturation Test (see Appendix 
E). 

All tests were performed with Michigan immersion flasks. 

In order to check the amount of air bubbles trapped between 

coated particles, and to eliminate any other factors which might 

influence test results, the three procedures were compared by 

l 
using three one-size glass beads mixed with asphalt. For determining 

the influence of solvent penetration into the micro surface voids 

on the maximum specific gravity, the solvent and methanol tests 

were further compared by using one-size mixtures with different types 

of aggregates (beach pebbles, limestone, slag, and sandstone). Test 

results are summarized in Tables 2 and 3. Based on these results, 

it was decided to adopt the methanol test for obtaining the final 

testing data. 

1The diameters of the glass beads were 16mm, 6mm, and 3mm. 
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Measuring Packing and Bulk Volume~Parameters: Tests were per-

formed by blocking the size factor and randomly choosing types of 

aggregate within the blocks (as specified by the nested design). 

For each 48 treatments, two replicates were run to form a total 

of 96 experimental units. 

Similar to previous research (4), the following tests and 

operations were performed: 

An 

and 

(l) Subsieving to obtain one-size fractions, 

(2) washing and drying. 

(3) Measuring mean particle weight. 

(4) Measuring particle dimensions for shape analysis. 

(5) Measuring packing specific gravity by the pouring test 
(Appendix D). 

(6) Measuring bulk specific gravity and water absorption. 

(7) Mixing with asphalt and measuring maximwm specific 
gravity. 

(8) Evaluating asphalt content by extraction. 

The above work was performed as follows: 

The subsieving was performed both by manual and sieve shaker. 

a·ttempt was made to follow the same procedure for all types 

sizes using 8-inch diameter sieves. 

The one-size fractions were washed for 10 minutes under hot 

water on a sieve, then dried in the oven overnight (120 C). 

The mean particle weight was measured by counting 1000 

particles (chosen randomly by quartering) and weighing them on an 

analytical balance. 

Particle dimensions (long, mediwm, and short) were measured 

for random samples of about 50 particles from l/2 in. - 5/8 in. 
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and #3-#4 fractions. Measurements were performed by a caliper. 

The packing specific gravity was measured by the modified pouring 

device (see Appendix D). six sizes of uniform glass beads were 

used as reference materials. Each size was chosen ·to fit closely 

the speci fie sizes of the one-size aggregate frac·tions. 

The bulk specific gravities and water absorption of the 

aggregates were measured according to ASTM standards. Fractions 

1/2 in. - 5/8 in. and #3-#4 were tested according to C 127; 

fraction #20-#30 according to C 128. Fraction #8-#10 was surface 

dried according to C 127, but the volumetric measurements were 

done according to C 128. 

The maximum specific gravity test was performed on mixtures 

with one-size fractions. Then mixtures were prepared by using 

120-150 penetration asphalt--mixed at 300 F, mixing time 2 minutes. 

Because of the uniform nature of the particles, the mixtures were 

remixed every 5 minutes during cooling to avoid the settling of 

the asphalt at the bottom of the bowl. This operation was stopped 

when uniform stable coating was observed. 

The maximum specific gravities of the mixtures were measured 

according to the Michigan immersion procedure, but with the use 

of Methanol (Methyl Alcohol) as the volumetric liquid. A partial 

vacuum {20 em of mercury) was applied for three minutes when 

mixtures with #20-#30 aggrega~es and finer were tested. The 

methanol was re!lsed about five times. Before each use, ·the 

methanol was filtered, and a sample was taken to determine its 

specific gravity. The procedure is described in detail in 

Appendix E. 
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The asphalt content for each mixture was determined by hot 

extraction. 

The above testing procedures were used for direct determina-

tion of six aggregate parameters: 

(a) The average particle weight (W). 

(b) 

(c) 

Bulk specific gravity (G ). ag 

Water absorp·tion (Aw). 

(d) Packing specific gravity (Gp). 

(e) Maximum specific gravity of mixtures (Gmm). 

(f) Asphalt content (w). 

These parameters were used for calculating the rugosity 

terms. 

The specific rugosity (Srv) was calculated using Equation 

(5), and the asphalt lost by rugosity (B and B ) were calcula-
rw . rv 

ted by using Equations (8) and (12). 

Conventional parameters, such as bulk specific gravity, were 

measured primarily for purpose of comparison. Also, using bulk 

specific gravity (~),maximum specific gravity of the one-size 

mix (G ) and the asphalt con·tent w (percent by weight) mm 

asphalt lost by absorption (Bag) was determined: 

Bag = ·1~g~w G -100 ~m ) 

the 

( 17) 

Additional Standard Tests: Samples from each type of aggregate 

were tested for resistance ·to abrasion by the Los Angeles machine. 

Grading B and D were tested according to ASTM C 131 (see 

Reference 6) and the results are summarized in Table 14. 



20 

The absolute specific gravity of each aggregate was deter-

mined by using ASTM C 188 test (37) on material passing sieve 

#270 with results summarized in Table 15. 

Aggregates from #20-#30 fraction were tested for bearing 

strength by using the Florida bearing test (82). Data on bearing 

strength are summarized in Table 16 and Figure 14. 

Results and Discussion 

Modification of Testing Methods 

As reported by Ishai and Tons (4), the particle pouring test 

was adopted as a basic method for direct evaluation of ·the packing 

specific gravity 

Michigan. Using 

(G ) of one-size 
p 

Equations ( 5) and 

gravel and sand pa:r·ticles from 

(8) the rugosity terms Srv and 

Brw (or Brv> could be calculated using the pouring test data. 

One of ·the important requirements in the pouring test is 

that the compaction energy must be kept constant for all aggre-

gates of a given one-size frac·tion. This means that the height 

of particle drop and the rate of pouring (in units of packing 

volume) had to be kept constant to achieve a similar packing for 

a given one-size fraction. 

There were no problems with the gravel and sand as reported 

by Ishai and Tons (4). However, the present research involved 

particles of greatly different geometric properties (slag, lime-

stone, smooth gravel, etc.) and therefore certain refinements 

in the pouring test were necessary. 

It was found that at a given orifice opening, different 

types of one-size rocks used in this inves'tigation showed different 
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flow (pouring) rates. This difference was found to be ,sta'tisti

cally significant for all sizes tested. Thus, in order to main

tain the unified characteristics of the pouring test procedure, 

it was decided to investigate and solve this problem. For each 

experimental unit within the basic experimental design, aggregate 

particle and glass beads were poured through different orifice 

sizes. As shown in Figure 7, it was found that the pouring rate 

had a definite influence on the pouring test response (~ W). 

~.'hat is the density of the particle packing increased with a 

decrease in the pouring rate (when particles are poured slowly), 

probably because particles had more time to locate denser posi

tions when there was less mutual interference. Figure 7 shows 

that the increase in density was more significant a't high pouring 

rates (particles are poured quickly), while at low pouring rates 

the curves tend to level and reach a flat section. At this stage 

the pouring rate had a small influence on the packing of particles, 

probably because the particles approached the efficient packing 

arrangement under 'the given compaction conditions (size of con

tainer, size of particles, pouring height, et,c.) . 

For practical use of the pouring method, a unified (s'tandard) 

orifice diameter was desired for each size of aggregate. For the 

determination of the unified diameter for each particle size the 

variation of the packing density with pouring rate must be con

sidered as well as the variation of pouring rates with different 

types of aggregates through a given orifice diamete:L Therefore, 

for each size of particle a unified orifice was chosen based on 

the following considerations: 



22 

(1) The orifice had to be small enough to produce a low rate 
of pouring so ·that test responses would fall within the 
fla·t range of the curves, for eliminating the influence 
of different pouring rates for different materials. 

(2) The orifice had to be large enough to produce a continu
ous rate of pouring without any bridging of particles 
at the funnel opening. 

Based on these criteria six different orifice openings were 

chosen for the six fraction sizes. These openings were used to 

determine the final testing data. For further details about the 

pouring device and procedure, see Appendix D. 

As described in the previous chapter, the use of the solvent 

immersion test for measuring the maximum specific gravity of 

mixtures produced close values for water and asphalt absorption. 

It was assumed that these results may be influenced by ·the 

solven·t which dissolved the asphalt that coated the particles and 

penetrated into the pores which were impermeable to asphalt. 

A series of maximum specific gravi·ty evaluations on various 

mixtures using ASTM D 2041 test, based on Rice's method (9, 13), 

introduced the difficulty of expelling air bubbles which were 

trapped between ·the coated particles (although a partial vacuum 

was applied and a wetting agent was added to the water). Thus, 

it was decided to find another liquid which, on one hand would 

not dissolve the asphalt, and on the other hand would be charac-

terized by a better wetting property. Different types of liquids 

were checked and it was found that alcohols had good wetting 

properties. Methanol was finally chosen for the experiments 

mainly because of economic considerations and availability. 

For checking the wetting properties of the methanol (capa

bility of expel.ling air bubbles) a series of tests were performed 
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on mixtures with three sizes of uniform glass beads. Glass beads 

were chosen because no asphalt absorption can take place, and 

thus, any variability in the maximum specific gravity of identical 

mix·tures tested by different methods will be due t.o the amount of 

trapped air bubbles. 

Test results for identical mixtures, which were tested by 

the three methods previously described are shown in Table 2. It 

is evident that by dissolving all ·the asphalt which coated the 

particles, the beads became loose, and all the air bubbles could 

be expelled easily. Thus, if ·the maximum specific gravities 

obtained by ·the ASTM D 2041 and the methanol tests are compared 

with those obtained by t:he solvent immersion test, an indication 

about the amount of trapped air bubbles can be obtained. Test 

resul·ts indicate that the maximum specific gravities as obtained 

by the methanol test deviate from the solvent test only slightly 

for all sizes of glass beads (less ·than 0.43%). On the o·ther 

hand, the deviations of the ASTM tes·t results from ·the solvent 

test results increased with decreasing particle size (up to 2.67% 

for 6 mm glass beads). I·t is expected that these deviations will 

increase when smaller particles will be involved, because of the 

high surface tension of bubbles inside the capillary voids. It 

must be noted here ·that no vacuum was applied in the methanol test •. 

Since the solvent and me·thanol tests tend to produce similar 

results for non-absorptive particles, it was possible to check 

the amount of solvent pene·tration into the aggregate during the 

solvent test. Identical mixtures with two sizes of four types of 
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aggregates (beach pebbles, limestone, slag, and sandstone) were 

tested in the solvent and methanol tests. As shown in Table 3, 

the maximum specific gravities which were determined by the two 

methods deviated considerably (up to 7.61% for the absorptive 

sandstone). This would verify, of course, the expected high 

amount of solvent penetration using the solvent immersion test 

with porous aggregates. 

Furthermore, the methanol test was found to be simple, 

economical, and produced repeatable results. For these reasons 

it was decided to use the methanol test in the investigation. It 

was found later that in about 150 tests, the variations between 

replicates were always less than 0.015 units of specific gravity. 

The vacuum application was also found to be unnecessary for one-

size mixes since a vacuum of 35 em of mercury, which was applied 

to fine.r fractions, caused an increase of only 0. 008 units of 

specific gravity. 

General Physical Trends 

Based on the statistical analysis [as shown in Table 17 a) and 

b)], it was found that the effects of the main factors (type and 

size of aggregates) are significant for all bull< and packing volume 

fE rameters (G , G , A , B , G , srv' B , B , Sb, S , and ag ap w ag p rw rv rna 

S . , which are summarized in Tables 4 through 9). That is, ·these 
m~ 

parameters, as measured by the specific ·techniques, are consider-

ably different due to type and size of the particles. 

The specific statistical model used cannot provide any infor-

mation about type-size interactions, but because of the high 
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repeatability of replicates and the nature of the tes·ting proce-

dures a fully crossed (factorial) design of main factors may lead 

to similar variability of testing data. Therefore, an inference 

about interactions could be drawn by analyzing the same data 

according to an 8 x 6 factorial experiment with nested replicates. 

This analysis was performed and it was found that for all ten 

dependent variables, the interactions between size and type of 

aggregates are significant. The existence of these interactions 

is very well shown (for a typical parame·ter - Srv) in Figure 10. 

Based on the above findings, the following average physical 

trends are significant fo:~:· all types and sizes (see Tables 4 

through 10). 

(1) 

(2) 

(3) 

(4) 

The amount of asphalt lost 

the geometric irregularity 

and the relative volume of 

by rugosity (B and B ), rw rv 
(specific rugosity- Srv)' 

the macro surface voids 

(S ) tend to decrease with particle size (see also 
rna 

Figure 10). 

The packing specific 

with particle size. 

gravity (G ) tends to 
p 

increase 

On the other hand, the bulk and apparent specific 

gravities (Gag and 

size, but within a 

G ) tend to decrease ap 
narrower range. 

with particle 

No similarly 

asphalt lost 

absorption). 

consistent trends have been observed for 

by absorption (B ) (and also for water ag 
The average value here tends to increase 

with particle size for the sand fractions (finer than 

#8) but decrease with particle size for the coarse 

aggregate fractions (1/2 in.-5/8 in., and #3-#4). 

(5) Based on the rugosity terms, the sandstone and the slag 

possess the highest geometric irregularity, while the 

beach pebbles and the natural gravel possess the lowest. 

Other aggregates fall between as shown in Table 10. 
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Bulk and Packing Volume Parameters 

The main objective of the laboratory work in this stage was 

to verify the theoretical relationships and assumptions which 

were described at the beginning of this chapter. That is, to 

show that the packing volume parameters could also characterize 

and unify the geometric properties, and asphalt requirements, of 

one-size particles from aggregates which possess different solid 

specific gravities. 

Table 13 and Figures 10 through 14 represent relationships 

between packing and other parameters. 

Table 13 summarizes the range of correlation coefficients 

between different parameters, as determined for each size sepa-

rately. 

As predicted, the weight-volume relationships between ·the 

packing specific gravity (G ) and the rugosity terms (S and B ) 
p rv rw 

were characterized by low correlation coefficients for some of the 

fractions of aggregates which possessed different solid specific 

gravity. 

It was also predicted that since B is defined on a weight. rw 

basis, the relationship between B and S will also deviate rw rv 

from its linearity when aggregate with different specific gravity 

are involved. Although this relationship is characterized by high 

linear correlation coefficients (as indicated in Table 13), Figure 

12 shows that a nonlinear relationship would better fit test data 

for all types and sizes combined. 

Theoretically, it was suggested to eliminate the differences 

in solid specific gravities by using parameters which are defined 



volumetrically. Therefore, as expected, linear relationships 

with high correlation coefficients exist between the volumetric 

1 
rugosity terms Srv and Brv for all sizes separately (see Table 

13). As snown in Figure 13, a linear relationship can also be 
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assigned to data for all types and sizes combined (quantitatively, 

r = 0.980, F = 2223). This combined relationship for all aggre-

gate ·tested can be described by the following equation: 

= 1.009 srv - 1.60 • (18) 

This unique relationship permits a fast and reltable estimate 

of the amount of asphalt lost by rugosity on the basis of Srv· 

Attention must be given to two pairs of points in Figure 13 

which deviate considerably from the others. These points repre-

sent test data for coarse sandstone particles (1/2 in.-5/8 in., 

and #3-#4). 

Based on a theoretical concept which was adopted here, the 

coarse sandstone is a very special material, since its geometric 

irregularity is not a property of the surface of the particle 

alone but a property of the total solid structure. The coarse 

sandstone particle was a combination of very fine sand particles 

cemented together to form a capillary porous medium. Thus, when 

it is immersed in water, the water penetrates through the capil-

laries and usually saturates the particle. For this reason, the 

capillaries within the particle are measured as the micro surface 

voids. This is why the macro surface voids (S ) a:~:·e equal, or 
rna 

even sometimes smaller, ·than the micro surface voids (Smi) for 

the coarse fractions (see Tables 4 ana?). 

1 Brv is defined by Equation (33). 
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When coarse sandstone particles are mixed with asphalt, the 

asphal·t will penetrate only below the surface {up to about 1/8 in. 

penetration (83)) while leaving the smaller inside voids unfilled. 

This will be reflected in a very low asphalt saturation inside the 

surface voids (Sb) {about 41% for 1/2 in.-5/8 in. particles, see 

Table 4. Since most of the other types of aggregates are charac-

terized by a much higher asphalt saturation (usually about 80%), 

the points which reflect the relationships between ·the total 

geometric irregularity (as expressed by S ) and the volume of 
rv 

the rugosity asphalt (as expressed by B ) for the sandstone, are rv 

expected to deviate from those of other aggregates. This devia-

tion will diminish withfue decreasing size of sandstone particle 

sizes, since in rock pieces smaller than 1/8 in., the asphalt can 

penetrate the inner capillaries. 

Thus, if the specific sandstone observations are excluded 

from the above data a better correlation is achieved within each 

size {0.983) r)' 0.999), and for all sizes and types combined 

(r = 0.995, F = 7652). The combined relationship (excluding the 

sandstone) can be described in the following equation: 

= 1.012 srv- 1.33 • ( 19) 

It must be pointed out, however, that in spite of the devia-

tion for sandstone, the basic procedure is still valid. The only 

limitation is that the asphalt requirement, as expressed by B 
rv, 

could not be predicted for the sandstone on the basis of Srv alone 

(with the aid of Figure 13) but it will also need an experimental 

evaluation of Brv It is anticipated that a similar deviation 
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will be obtained for other types of lightweight and porous aggre-

gates; therefore, Figure 13 for asphalt prediction purposes 

must be used with care and judgment. 

Brv should be measured. 

If in doubt, both S and rv 

Based on Table 13 and Figure 14, the linear correlations 

between water absorption (A) and asphalt absorption (B ), w ag 

obtained in the first stage of this investigation (4), are still 

maintained when aggregates of different solid specific gravities 

are involved. This trend might be expected since both parameters 

are based on weight ratio, and the specific gravity of water and 

asphalt is almost identical. Therefore, in this case, the differ-

ence in the specific gravity of solids does not change the linear 

relationship which is governed here only by the geometric charac-

teristic of the particles. 

In Figure 14 regression lines were constructed for the materi-

als used showing relationship between A and B Although a good w ag 

linear correlation was found (r = 0.920 for all materials, 

r = 0.933 if sandstone is excluded) it is apparent that the curves 

have little practical value for predicting asphalt absorption (B ) 
ag 

from water,absorption Aw· 

The geometric irregularity of one-size particles (S ) was rv 

also correlated with the Florida bearing values for sand. Although 

this test is empirical, it is thought to provide a relative indica-

tion of stability of particles in bulk. As expressed in Table 16 

and Figure 15 a linear correlation (r = 0.975) was obtained between 

Srv and the Florida bearing value for all aggregates (excluding 

the sandstone) within the fraction tested. 
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Aggregate Types and Sizes 

The main effects within the experimental model, and the 

significant interactions of types and sizes, permit the 

sensitive rating of different types of aggregates. Besides 

·the rating which has been made on the basis of the average 

values of parameters, it is also possible to compare 

on the basis of the variability of a certain parameter with 

size. Figure 13 represents a typical relationship be·tween 

rugosity term (S ) and the size (V ). The varying behavior 
rv p 

of a given material with size, and the existence of interactions 

can be very well noted in the Figure. 

Summary for One-Size Aggregates 

The following important aggregate and mix factors have 

been measured in this laboratory study for a wide range of 

one-size aggregates and mixes: 

Particle packing volume, vp. 

Packing specific gravity, Gp. 

Specific rugosity of aggregates, S rv 

(1) 

(2) 

(3) 

( 4) Asphalt lost by rugosity, Brw' Brv· 

These parameters have been useful for characterizing each 

of the aggregates and helpful for explaining bulk behavior of 

one-size fractions. The next step is to look into 2-size 

and multi-size plain aggregates and mixes with asphalt. 
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III 

TWO-SIZE AGGREGATE SYSTEM 

Theoretical Considerations 

In the previous chapters, physical parameters were defined 

to characterize the behavior of individual one-size particles, as 

well as the properties of one-size aggregate packings. The next 

step was to see what happens when two sizes of aggregates are 

mixed together. 

The packing volume definition is based on a concept which 

unifies the porosity of packings formed by different types of 

one-size aggregate particles. That is, within a constant volume 

container, and under identical compaction procedures, different 

types and sizes of uniform particles will possess identical packing 

porosity (Pp)' and therefore, will also have identical total packing 

volume ( :Z V ) . This concept has been formulated by Equation (6) . 
p 

Consider now the same container full with one-size, large, 

smooth particles. If there is added to this container a certain 

amount of one-size fine particles wi·th diameter ratios (related to 

the large particle) smaller than the so-called critical ratio of 

entrance (79), these fine particles will filter between the large 

ones and will fill the inter-particle voids of the coarse ones, 
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and thus, without changing the bulk volume (volume of the con·tainer) 

the total packing volume of the particles (~V ) will increase, 
p 

while the amount of packing porosity (V ) will decrease. 
p 

It can 

be seen now that the unified concept of constant volumes (constant 

bulk volume, constant :f. V , and cons·tant P ) which is expressed by 
p p 

Equation (6) is no longer valid for systems of multi-size fractions. 

However, when ideally smooth particles are involved, the model 

is still additive. That is, under no dilation of coarse particles, 

the increase of the total packing volume of ·the system is equal 

to the decrease of the volume of inter-particle voids (packing po-

rosity). Thus, if the packing volume of the individual fractions 

is known, the total packing porosity of ·the system can be calculated. 

The above conditions are similar to the model described by Furnas 

(78) • 

When the size ratio of the fine and coarse frac·tions (smooth 

surfaces) is greater than the ratio of occupation (79) , a dila-

tion will occur in the coarse particle s·tructure and the intro-

duction of the fine fraction will increase the bulk volume. How-

ever, the model is s·till additive, since, under constant packing 

volume of the particles, any additional increase in bulk volume 

will be equal to an increase in the volume of inter-particle voids 

(packing porosity) . 

The additivity and simplicity of the above models is distorted 

when irregular and rough aggregate fractions are involved. In 
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this case, fine particles can penetrate under the imaginary 

packing volume membrane of coarse particles. These fine parti

cles are then said to be lost inside the macro surface voids 

of the coarse particles. This interaction between coarse and 

fine particles is the reason for the distortion of the additivity, 

since, by adding fine particles to the packed system of the 

coarse aggregate fraction, the increase in total packing volume 

is not equal to the decrease of the packing porosity because 

of a loss of packing volume of the fine particles inside the 

macro surface voids of the coarse fraction. 

The non-additivity of packing volumes caused by the inter

action between coarse and fine particles can be seen better by 

considering aggregate-asphalt mixtures. When different sizes 

of aggregates are involved, the total amount of the rugosity 

asphalt will not be the sum of the rugosity asphalts of each 

fraction since, similar to the asphalt, fine particles are lost 

inside the macro surface voids of coarser particles. Thus, 

the amount of rugosity asphalt of the coarser particles is 

reduced by the same volume of fine particles which are trapped 

with the asphalt under their packing volume membrane. This 

decrease of rugosity asphalt can be easily verified. As shown 

in Table 10, the calculated average asphalt lost by rugosity 

(Brw) of six sizes of limestone and crushed gravel are 9.79 and 

10.87 (per cent by weight of aggregates), respectively. The same 

mixtures may require only 6o/o total asphalt content under practi

cal construction conditions. This reduction in asphalt content 
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is said to be due to the fine particles which occupy part: of the 

volume of the macro surface voids of coarser particles which were 

filled with asphalt when only one-size fractions were involved. 

A microscopic inspection of the macro surface voids of coarse 

particles, with relat:ion to the sizes of finer fraction, was performed 

on different types of aggregates. It was found that fine particles 

can be partially or completely lost in the macro surface voids of 

coarse particles if the ratio of their equivalent sphere diameter 

is greater than 2. 5, or if ·the ratio of their packing volume is 

grea·ter than 16. By comparing these numbers with the data reported 

by Lees (79), it can be said that each coarse fraction of irregular 

aggregates can interact with finer particles which possess size ratio 

less than the critical ratio of occupation under dense packing con-

ditions of the coarse particles. Thus, particles from #3-#4 frac-

tion and finer can be lost partially or completely in the macro sur-

face voids of 1/2 to 5/8 inch particles, or particles from #60-#80 

and finer, in the macro surface voids of #20-#30 particles, etc. 

Since no previous theory or experimental data are available 

on this specific subject,
1 

theoretical definitions and experimental 

approach had to be adopted for the quantitative formulation and 

evaluation of the interaction between coarse and fine fractions. 

It was decided to designate ·the in-teraction effect between 

coarse and fine particles as fines lost by rugosity (F), and, 
r 

1The need for reduction of rugosity asphalt due to the 
introduction of fine particles within the surface roughness 
of coarser ones was mentioned by N.W. McLeod in a discussion 
to a paper by Tons et al. (3). 
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Fr was defined as the ratio of the packing volume of the fine 

particles involved; that is: 

= fines (20) coarse 

Further, it was assumed that since no fine particles were able 

to penetrate into the micro surface voids, it can be concluded that: 

(21) 

where 

percent macro surface voids 

percent specific rugosity. 

Three major factors were assumed to influence the fines lost 

by rugosity (F ) of a certain fraction: 
r 

(1) The geometric irregularity of the large and small particles. 

(2) The total asphalt content of the two-size mixture. 

(3) The amount of potential fine particles1 within the mixture. 

The first factor was fixed for a certain type and size of aggre-

gate. The other two factors varied with the size of the aggregates 

and the asphalt content of the mixture. For easier handling, it 

1Fine particles which possess size ratio less than the critical 
ratio of occupation of the given coarse fraction under dense packing 
condition. 
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was decided to combine the last two factors by introducing the term 

fines concentration (Cfv)' which will be defined as follows: 

where 

= packing volume of potential fine particles in the 
mixture 

= volume of effective asphalt1 of coarse fraction in 
the mixture. 

(22) 

Therefore, the amount of fines lost by rugosity (F ) within 
r 

a given frac·tion is a function of the geometry of that fraction, 

and also a function of the fines concentration (Cfv). 

A quantitative evaluation of the fines lost by rugosity was 

attempted. It was assumed that the concentration of fine one-size 

particles within the macro surface voids of one-size coarser parti-

cles is equal to the total concentration of fine particles in the 

mixture as expressed by Cfv· Therefore: 

where 

(23) 

= volume of fine particles within the macro surface voids 
in units of packing volume 

= volume of asphalt within the macro surface voids. 

1since it was assumed that no fine particles will penetrate 
the micro surface voids of coarser particles, the effective asphalt 
will be the total amount of asphalt minus the amount of asphalt lost 
by absorption inside the micro surface voids of the coarse fraction. 
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In such case, for a given coarse fraction, ·the volume of 

asphalt lost by absorp·tion plus the volume of the asphalt and 

fine particle mix within the macro surface voids is equal to the 

to·tal volume of asphalt lost by rugosity (as measured for the 

one-size coarse fraction). Thus, the knowledge of asphalt lost 

by rugosity (B~ . .l· the asphalt by absorption (B ), and the fines 
~" ag 

concentration (Cfv) is sufficient for a quantitative evaluation 

of the fines lost by rugosity (Fr) in the coarse fraction, as can 

be seen in the following equations (for derivation see Appendix C): 

G (Brw - Bag) 
F = pc 

r 100 ~ (1 + _1_) 
cfv 

or in the volumetric form: 

s 
F = rna 

' rv 100 (1 + _1_) 
cfv 

where: 

Gpc = packing specific gravity of the coarse fraction 

~ = specific gravity of the asphalt 

S = percent macro surface voids. 
rna 

( 24) 

( 25) 

Equations (24) and (25) can be used for quantitative evaluation 

of the fines lost by rugosity in a given two-size mixture. These 

equations will be practical only if Equation (23) 

(which represents the basic hypothesis) is 
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found to be true. Thus, by knowing the concentration of potential 

fine particles for a given coarse fraction within the mixture, the 

quantity of fine particles which arc lost inside the macro surface 

voids of this fraction could be determined. 

The physical parameters of two one-size fractions can be 

used to evaluate physical parameters of multi-size systems. The 

extension of this theory to a general graded bituminous mixture 

will be discussed in the next chapter. 

Experimental Approach 

General Considerations 

In order to be able to use Equations (24) and (25) for quantitative 

evaluation of the fines lost by rugosity of a given fraction; and 

in order to be able to implement the above theoretical approach for 

a graded bituminous mixture, the hypothesis had to be verified exper

imentally. It was, therefore, desired to show that, for a given 

coarse fraction mixed with given fine particles (one-size) and 

asphalt, the concentration of fine particles within the macro surface 

voids is equal to the known fine particles concentration in the 

mixture. It was also desired to show that this equality is independ

ent of the type of coarse and fine fractions, and the amount of the 

fines concentration (Cfv). 

In the experimental part, a given coarse fraction was mixed 

with potenti'al fine particles and asphalt using a given amount 

of fines concentration within the mixture. The concentration within 
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the macro surface voids of the coarser fraction was then measured 

and compared with the known concentration in the mixture. 

Statistical Experimental Design 

Three major factors were considered for the experiment. 

(1) Aggregate type- with three levels (NG, CG, SL). 

(2) Size and combination of the fine fractions -with three 
levels (#20-#30, #20-#30 combined with #60-#80, and 
#60-#80). 

(3) Fines concentration within the mixture (Cfv) - with 
three levels (0.5, 1.0, 1.5). 

For each experimental treatment only one test was performed. 

In order to provide information about main effect and interactions, 

a 3 x 3 x 3 factorial experiment was chosen. The statistical model 

which describes the experiment is as follows: 

where 

y. "k 
~J 

tc 
./.._· , 
~i 

= the response of the combination of the i-th aggregate, 
j-th size of fines, and k-th concentration of fines 

= an overall mean value common to each treatment 

= an effect due to aggregate i 

= an effect due to the j-th size of the fine fraction 
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~ = an effect due to the k-th level of fines concentration 

f = experimental error. 

All other terms represent the second and third order inter
actions within the model. 

Since only one replicate was performed in each treatment, the 

experimental error can only be estimated by high order interactions. 

Thus, the significance of main effects and second order interactions 

was determined on the basis of this third order interaction. For 

each dependent variable, data were checked by analysis of variance. 

Tables for ANOVA, cell means, and cell variations were obtained 

by using UCLA Biomedical program- BMD 8V (See Reference 81). 

Laboratory Work 

Three types of aggregates were involved in the investigation: 

natural gravel (NG), crushed gravel (CG), .and slag (SL). The aggre-

gates were chosen to represent low, high and medium levels of 

geometric irregularity. For each aggregate, fraction l/2 inch -

5/8 inch represented the coarse fraction, while fractions #20-#30 

and #60-#80 represented the potential fine particles. Three levels 

of fines concentration (Cfv) were chosen for investigation: 0.5, 

l. 0 and l. 5. 

The following conditions were kept constant in preparing each 

sample within th~ twenty-seven treatments; 

(1) The weight of the coarse aggregate fraction was 300 grams. 
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(2) The amount of asphalt added was calculated to be equal 

to the amount of asphalt lost by rugosity (B ) of _ rv 

both fine and coarse particles, plus additional asphalt 

which was needed to exceed B of the coarse fraction by rv 

10 percent (volume basis) to insure good coating. 

The exact amount of fine particles and asphalt needed for 

each treatment combination were calculated on the basis of the 

one-size parameters of the fractions involved and the specific 

value of c . 
fv 

TWenty-seven blends of dry coarse and fine fractions were 

prepared and stored in paper bags. A random number which reflected 

the order of operation was assigned to each bag. The following 

testing procedure was identical for each treatment: 

(1) Placing the blend in a stainless steel bowl and 

heating to 300 F. 

(2) Mixing the blend for two minutes with the proper amount 

of hot asphalt. 

(3) Remixing while cooling to avoid draining of the asphalt. 

(4) At about 150 to 200F, scraping the excess asphalt and 

fine particle mix from the coarse particles (down to 

the approximated packing volume membrane). 

(5) Placing the scraped particles into a hot extractor 

basket and weighing them. 

(6) After extraction, weighing ·the basket with dry aggrega·tes 

to obtain the amount of asphalt. 
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(7) Separating coarse and fine particles and weighing them. 

(8) Calculating the actual fines concentration within the 

macro surface voids of the coarse fraction. 

Results and Discussion 

Table 18 summarizes the actual fines concentration (Cfv) as 

measured for each treatment in the experiment. In the same table, 

three additional dependent variables are presented: The difference 

between the measured Cfv (which represent the actual fine particle 

concentration within ·the macro surface voids) and the concentration 

of fine particles within the mixture (as prepared) are given in 

terms of concen·tration units and percentage. Equation (25) was used 

to calculate the amount of fines lost by rugosity (F ) for each 
r 

treatment. values of F are also given in the table. 
r 

Tables 19 through 21 represent the ANOVA for each independent 

variable in Table 18. The ANOVA is based on the statistical model 

used for the experimental design. 

The basic hypothesis assumes equal fines concentration within 

the macro surface voids of a given fraction and the fines concentra-

tion in the mixture, and ·thus allows a physical estimate of .the 

fines lost by rugosity of any given fraction in the mixture. Under 

this hypothesis, under the specific experimental design, and based 

on the previous theoretical considerations, the following constraints 

were predicted prior to testing: 

(l) Since materials were combined to have given values of 

cfv' and since the amounts of fine particles and asphalt 



for these concentrations were calculated on the 

basis of aggregate type and sizes (volume and 

geometric properties), the measured fines concen-

tration (Cfv) within the macro surface voids of the 

given fraction must be a function of the fines con-
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centration in the mixture and independent of the ·type 

of aggregates involved and the size of the fine 

particles. 

(2) Since the three factors of the experiment are assumed 

independent, they should not interact. 

(3) Under the basic hypothesis, the experiment must show 

no significant difference between the measured C 
fv 

and the concentration of fine particles in the mixture. 

(4) Following Equation(25), the calculated fines-lost 

by rugosity (F ) of the given fraction (based on the 
r 

measured Cfv) must vary with the type of aggregate 

(expressed by Sma) and Cfv in the mixture. 

(5) Since the volume of the fine particles is already 

accounted for in Cf , the calculated F by Equation (25) 
v r 

must be independent of the size of fine particles. 

(6) Under predic·tion (5), an interaction between the type 

and concentration factors must exist for F • 
r 

ik1JtJ~u~, 
P. o rnP,wm "K" 48904 



The statistical analysis shown in ANOVA Tables 19 through 

21A verified all the above predictions. 
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Table 19 indicates the significant influence of the concen~ 

tration factor in the measured Cfv' and the insignificance Of 

all other factors and interactions (predictions 1, 2). 

Tables 20 and 21 indicate that the difference between the 

fines concentration within the macro surface voids and the 

fines concentration in the mixture is insignificant for all 

factors and interactions (prediction 3). 

Table 21A indicates the significant influence of the type 

and concentration factors on the calculated fines-lost by 

rugosity. This table also shows ·the significance of the type

concentration interaction and the insignificance of all other 

factors and interactions (predictions 4 through 6). 

It can be seen that the basic physical hypothesis has been 

verified by the experimental data. Therefore, the quantity of 

fines-lost by rugosity (Fr) can be physically estimated for any 

given fraction in the bituminous mixture. 



IV 

.MODEL FOR A UNIFIED DESIGN OF ACTUAL 

GRADED BITUMINOUS MIXTURES 

Theoretical Considerations 

One of the basic problems in designing graded bituminous 

mixtures is the proper estimation of the asphalt content needed 

for optimum service condition. As described previously, this 

estimation is possible only using empirical indices or trial

and-error testing methods. Therefore, the final part of this 

investigation is aimed at the development of models which can 
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be used as a basis for a unified mixture design procedure regard

less of the type of aggregates used. These. models will represent 

the implementation of the one-size aggregate parameters for 

actual graded bituminous mixtures. 

The granular system of a continuous graded bituminous mix

ture can be partitioned into finite numbers of one-size aggregate 

fractions. Each of the large size fractions can interact with 

finer fractions within the system. 
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At this stage, the interaction effect between coarse and fine 

particles has been defined theoretically, and evaluated quantita-

tively for a two-size system. Thus, the quantity of the fines-

lost by rugosity (Fr) of the given one-size fraction in the 

mixture, can be determined on the basis of the one-size aggregate 

parameters of the fractions involved, and the fines concentra-

tion factor (Cfv) within the mixture. 

The actual volume of rugosity asphalt for each individual 

aggregate fraction (V ) can be expressed by the following 
rv 

equation: 

where 

= volume of rugosity asphalt as measured for the one
size fraction 

= volume of the fine particles lost inside the macro 
surface voids of the given fraction (in units of 
packing volume) . 

When all the fractions of the graded mixture have been 

( 27) 

combined, a successive loss of fines particles will occur. That 

is, particles from a given fraction, which already possess finer 

particles in their macro-surface voids, can be lost in the 

macro voids of still coarser fractions. 

Under these conditions the ·total actual volume of the 

rugosity asphalt (Vrt) in a graded mixture can be expressed as 

follows: 
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n 
= :lE (v . - vf . l , 

i=l rv~ r~ 
(28) 

where i represents ·the i-th one-size fraction in the mixture and 

n the number of fractions in the mixture. The terms Vrv and Vfr 

are defined for Equation (27). 

The actual amount of rugosity asphalt in the mixture is 

considered as stationary, that is, the part of the total asphalt 

content which is lost inside the surface voids of the particles, 

and does not participate in the flow (strength-deformation charac-

teristics) of the mixture. On the other hand, the flow asphalt, 

namely, the part of the total asphalt content outside the packing 

volume membrane of active particles,
1 

is assumed to govern the 

flow characteristics of the mixture. 

For a given total asphalt content of the mixture, and with 

the knowledge of the actual volume of rugosity asphalt, the flow 

asphalt content of the mixture can be determined by the following 

equation (see derivation in Appendix C): 

n 
B 

~ rvi 
wbt - yi ( 100 - Fri) 

i=l 
wfv = (29) 

1 - F 
rt 

1
Particles which have not been lost in the surface voids of 

other particles. 



where: 

Y. 
J. 

B . 
rvJ. 

F . rJ. 

n 

= flow asphalt content is percent of packing volume 
of active particles in the mixture. 

= total asphalt content in percent of total packing 
volume of aggregate in the mixture. 

= percent by volume of the i-th fraction in the 
mixture (packing volume basis). 

=percent asphalt lost by rugosity (volume basis). 

= fines lost by rugosity of the i-th fraction. 

= total fines lost by rugosity in the mixture. 

= number of one-size fraction in the mixture. 

Most of the terms in Equation (29) are defined uniquely: 
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the asphalt lost by rugosity (Brvi) and Yi are based on the proper

ties of the individual one-size fractions in the mixture. The 

total asphalt content (wbt) is a property of the combined fractions 

and can be determined by relating the volume of the total asphalt 

to the sum of the packing volumes of the fractions. 

On the other hand, the determination of Fri and Frt' using 

Equations (24) or (25), requires additional considerations in 

order to fit a proper model for the specific gradation of the 

granular system within the mixture. These considerations are 

as follows: 

In the previous chapter, it was assumed that fine particles 

can be lost in the macro surface voids of a given coarser fraction 

if the ratio of their equivalent sphere diameter is· greater than 

2.5. Consider now a graded granular system of n one-size fractions. 

The coarser frac·tion will ,be designated as the 1-s·t fraction, while 

the finer as ·the n-th fraction. Each fraction possesses an average 
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equivalent sphere diameter (d
1

, d
2

, ... , d
11

). If fer a given i 

and j (i < j ~ n) fraction, j is the coarser fraction which satis

fies the inequality d.=0.4 d., then all the fractions j, j + 1, 
J ~ 

e " " g n - 1, n are said to be potential fine particles for frac-

tion i. That is, these fractions can be lost in the macro surface 

voids of fraction i or coarser fractions. 

Thus, for a given gradation, and a given set of one-size frac-

tions, the terms of Equation (22) can be expanded to define the 

fines concentration of a given i-th fraction within the mixture 

(Cf , ) as follOWS: 
v~ 

and 

v f' p ~ 

therefore, on the basis of Equation (23) one can get 

where 

i 
v -i3,.v., 
bt tl =l ago:. 

= the fines concentration of a given i-th fraction 
within the mixture 

(30) 

(31) 

( 3 2) 
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= the packing volume of the k-th potential fine fraction 

n 

= total volume of asphalt in the mixture 

= volume of the asphalt lost by absorption of the e -th 
coarse fraction" 

= volume of potential fines can be lost in the macro 
surface voids of the i-th fraction 

= volume of effective asphalt of the i-th fraction 

= number of one-size fractions in the mixture. 

Equation (32) can be applied to any graded bituminous mixture, 

provided that for any given fraction i in the mixture the potential 

fine fractions are defined uniquely. TWo specific examples will 

be given for additional emphasis. 

Consider first a graded mixture in which the ratios of 

equivalent sphere diameter of any successive fractions is two. 

• 2n-l. In this 

situation the potential fine fractions for a given i-th (coarse) 

fraction are the (i + 2) fraction and all finer fractions. There-

fore, based on Equation (32), the fines concentration (Cf .) for 
v~ 

the i-th fraction in the mixture will be determined as follows: 

n 
..;! 

vpk 
k=i+2 

cfvi = i (33) 

vbt - :£ v 
age f =1 

A graphical illustration of this model, which describes the 

successive loss of fines particles, is given in Figure 16. 
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The second specific example will be a mixt.ure which is 

combined of the six actual one-size fractions used in this 

investigation, namely: 1/2 in.-5/8 in., #3-#4, #8-#10, #20-#30, 

#60-#80, #200-#270. In this case the ratios of equivalent sphere 

diameters of successive fractions are always greater than 2.5 

(see Tables 4 through 9 ). Any combination of these fractions 

will form a gap graded mi}cture. . In this situa·tion the potential 

fine fractions of the i-th fraction are the (i + 1) fraction and 

all finer fractions. Thus, for example, c for the third fraction 
fv 

in the mixture (#8-#10) is as follows: 

6 
:Z v 

k=4 pk 
(34) cfv3 = 

3 

vbt - :fv 
€=1 age 

By defining the fines concentration Cf ., the fines-lost by 
Vl. 

rugosity of a given fraction (F.) can be determined with the aid 
rL 

of Equation (44). (See Appendix B.) 

where 

F . = 
rL 1 • 

100 (1 + --) 
cfvi 

(3 5) 

S . = the amount of macro surface voids in the i-th fraction. 
maL 



Thus, all the terms of Equation (29) are defined uniquely 

for a quantitative determination of the flow asphalt content 

(wfv) of the mixture. 

Three more volumetric parameters will be used to describe 

the void characteristics of a compacted bituminous mixture. 

They are the conventional - percent VMA, the new parameter -

percent packing-VMA (VMAP), and the independent parameter

percent air voids (U). These parameters can be defined in the 

following equations (see also Figure 17): 

w 
100 + w - (100 

Gmx Gat 
+ ~) 
~ u = 100 

VMA = 100 

= 100 

100 + w 
Gmx 

100 + w 100 

Gmx Gat 
100 + w 

Gmx 

100 + w - 100 (1 
Gmx Gpt 

100 + w 
Gmx 

- F ) rt 
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(36) 

( 37) 

(38) 



where 

w 

wew 

= total asphal·t content of mix (by percent of total 
aggregate weight) 

= conventional effective asphalt content (by percent 
of total aggregate weight) 

= specific gravity of the compacted mixture 

= average bulk specific gravity of aggregates in 
the mixture 

= specific gravity of asphalt 

= average packing specific gravity of aggregates in 
mixture 

F = total fines lost by rugosity in the mixture. 
rt 
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To summarize, the following parameters are assumed to charac-

terize the physical properties of a compac·ted, graded bituminous 

mix: 

( 1) The specific gravity of the mixture ( G ) • 
mx 

(2) The amount of air voids in the mixture (U). 

(3) The packing-VMA (VMA ) • 
p 

(4) The total fines los·t by rugosity (F rt) • 

(5) The flow asphalt content (w fv) • 

TWo additional parameters will be discussed which may 

characterize the mechanical behavior of bituminous mix: 

(6) The s·trength (stability). 

(7) The deformation (flow). 

For a given material, and under a given gradation (fraction 

proportions), the total fines-lost by rugosity (Frt) and the 
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flow asphalt content (wfv) are a function of the total asphalt 

content only as shown by Equations (29) through (35}, while the 

air voids (U} and the packing-VMA (VMAP) will vary also with the 

specific gravity of the mixture (G ) as indicated by Equations mx 

(36) and (38). A systematic illustration of the above relation-

ship, as obtained for ·the actual eight types of aggregate, is 

presented in Tables 22 through 29 (Mixture Design Tables). The 

value of these tables for a unified mixture design will be 

emphasized later in this chapter. 

The mechanical behavior of the mixture, namely, strength-

deformation characteristics, is influenced by an unknown combina-

tion of the above physical properties, and by the characteristics 

of ·the specific strength test used. 

An attempt will be made here to relate the physical proper-

ties to the mechanical behavior of the mixture by using the flow 

asphalt content (wfv) as the basic parameter which should unify 

optimum asphalt content conditions based on strength, specific 

gravity (unit weight) and air voids for mixtures with different 

types of aggregates. 

Predictions Prior to Testing 

Prior to laboratory experiments the following trends were 

predicted: 

Under a unified quantity of flow asphalt (wfv), bituminous 

mixtures with a given gradation but with different types of 

aggregate should have similar optimum strength 
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points (optimum asphalt content as indicatea by maximum strength). 

Under these optimum conditions, graded mixtures with different 

types of aggregate are assumed to have different strengths due 

to different geometric characteristics1 which affect the 

structure of the mixture. 

These predictions can be justified as follows: 

It was shown by Tons et al. (3) that the mechanical behavior 

(resistance to flow) of mixtures using different types of mono-

volume (one-size) aggregates can be made equal by filling the 

surface voids of the particles with rugosity asphalt and by in-

troducing a constant amount of flow asphalt. Quantitatively, for 

a given contact poin·t between particles, this was explained by 

the following simplified equations: 

where 

4 
r 

h2 
for compression and tension cases 

for shear case, 

P = resistance to deformation in tension and compression, 
force between two rocks 

S = resistance to deformation in shear, force between two 
rocks 

r = radius of the cylindrical asphalt plug between two 
rocks (particles) 

(39) 

(40) 

1This difference is expected to be primarily due to the 
differences in the amount of fine particles lost in the surface 
voids of the coarse particles. 
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h = initial average height of the cylindrical asphalt plug 

k = a factor related to the viscosity of the asphalt and time. 

For multi-size (graded) bituminous mixes using different 

aggregates with one gradation and identical flow asphalt contents, 

there will be difference in the average thickness of asphalt (h) 

between the particles. Mixes containing large quantity of macro 

surface voids in the coarse fractions will have a greater amount 

of the finer particles from the mix lost in these voids than in 

the case with mixes containing smooth particles. Such mixes (with 

smooth coarse particles) will have mos·t of their fines floating 

between the larger particles and may cause dilation and higher (h) 

values as compared to the mixes with high geometric irregularity 

(particle roughness). For a given amount of asphalt between two 

particles, the increase in (h) is usually accompanied by decrease 

in r and thus a noticeable reduction in resis·tance to load (stabil

ity). 

Equations (39) and (40') also suggest an explanation for opti

mum asphalt content in bituminous mixes. At low asphalt content 

(dry mix) both r and h are small, and the stability is low. At 

high asphalt content (fat mixes) both r and h are large and the 

ratios are similar to the dry case. At optimum the h is small 

while r is getting to be large. 
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Experimental Work -- Graded Mixtures 

Preliminary Considerations and Preparations 

The following preparations for testing of the mixtures were 

performed: 

(l) In order to check the validity of the theoretical 

considerations and practical predictions for a wide range of 

aggregate types, it was decided to include all eight types of 

aggregate which have been tested before. 1 

(2) One gradation was chosen for all types of aggregates. 

This gradation was similar to that of wearing courses used by 

MSHD, and was determined by averaging the results of sixty 

graded field samples from various state highway projects (see 

Table 30). 

Based on the above gradation the proportions of the six 

one-size fractions 2 were calculated. By combining the above 

fractions, a gap-graded system was produced since not all the 

sizes are represented. Nevertheless, as it was shown by Lees (79), 

there is little or no difference between the aggregate porosity 

that can be achieved with a well designed gap grading and the 

1see list in Chapter II, p. 14. 

2 l/2in.-5/8in., #3-#4, #8-#10, #20-#30, #60-#80, #200-#270. 
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porosity of a well designed continuous grading. Since all the 

above fractions possess successive size ratios which are always 

less than the critical ratios of occupation, it can be assumed 

that the performance of the gap-graded mixtures will be similar 

to those of con·tinuous graded mixtures. 

(3) The given aggregate proportions together with the 

parameters of the one-size fractions, and the parameters of the 

mixture for a given type of aggregate, were used to calculate the 

expected properties of the compacted mixture for different asphalt 

contents and different specific gravities of the mixture. The 

results are presented for each type of aggregate in a computerized 

mixture design table. 

Tables 22 through 29. 

Portions of the tables are presented in 

These tables provided the main tool for 

predicting optimum asphalt contents for each type of aggregate. 

(4) The new concept for optimum asphalt prediction was 

compared with a practical method of mixture design. It was decided 

to use ·the Marshall method to evaluate the optimum asphalt content 

and other mixture properties. 

As described before, the Marshall method can be considered 

as a popular empirical method used for obtaining the mechanical 

behavior of bituminous mixtures. Nevertheless, in most cases 

this method has been found to provide reliable mixture design along 

with satisfactory service condi·tions. This method, as improved 

by the U.S. Corps of Engineers, can be considered the most useful 

me·thod for bituminous mixture design. The Marshall test procedures 

have been also standardized by ·the ASTM under Dl559. 
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It is evident that a correlat.ion between the suggested 

concept for mixture design and prediction and the Marshall method 

may indicate the practicality of the new concept for a more 

rational design of actual bituminous mixtures. 

Laboratory Work 

TWo major factors were involved in the basic experiment: 

(a) Aggregate type, with eight types of aggregate 
(levels), see list on p. 14. 

(b) Asphalt cont.ent, with five to seven levels at 
intervals of 0.5% (percent by weight of the 
mixture). 

For each treatment combination (aggregate type-asphalt con-

tent combination) two replica·tes were tested. 

The laboratory WIDrk was performed by blocking the aggregate 

type factor. Thus a series of Marshall tests were performed on 

each type of aggregate at a time. 

The following procedure was used for determining the optimum 

asphalt content for the 8 different mixes: 

(1) From field experience the approximate optimum total 
asphalt content was known for one of the mixes. 

(2) From the above given optimum total asphalt content, 
the optimum flow asphalt contents and the total asphalt 
contents were predicted for each of the 8 mixes using 
a computer printed design table. 

(3) The predicted optimum total asphalt contents were 
checked by laboratory tests using the Marshall 
procedure. 

The laboratory procedures were as follows: 

The aggregates and the 120-150 penetration asphalt were 
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heated to 300 F. TWo replicates for each asphalt content were 

mixed in the same batch by a mechanical mixer for one and 

one-half minutes. After mixing, the batch was separated into 

two samples and the samples were stored in sealed cans. After 

reheating the sample for one hour they were compacted, two repli-

cates a·t a time, by mechanical Marshall compactor, applying 

1 
40 blows on each side of the specimen. The rest of the testing 

procedure was identical to the standard Marshall procedure (1). 

The exact amount of asphalt content for each sample was 

determined by the aid of the Mixture Design Tables on the basis 

of actual asphalt contents and specific gravity of the compacted 

mixtures. 

The data of these tests are summarized in Figures 18 through 

25. 

Results and Discussion 

Figure 26 and Table 31 summarize the mixture properties 

at optimum stability conditions. It is evident that the optimum 

asphalt content, and the conventional effective asphalt content 

(w - as expressed volumetrically) vary considerably for different 
ev 

types of aggregates. On the other hand, the variations of the flow 

1This is equivalent to 50 blows applied manually. 
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l asphalt content (wfv) are very small. It can also be shown that 

mixes with different types of aggregates have different values of 

maximum stability. 

By performing regression analyses on the above data, it was 

found that there is no correlation between the flow asphalt content 

(wfv) and mrucimum stabilities of different types of aggregates. 

The analysis of variance of the regression (see Table 32) indicates 

the acceptance of the hypothesis tha·t the relationship between 

these two parameters is a straight line parallel to the maximum 

s·tabili·ty axis. This line intersects w fv axis at the average 

value of 6.30%. If this average value of the flow asphalt content 

is used to predict the optimum asphalt contents 2 of different 

aggregates, it can be seen from Table 31 ·that the deviations 

between the predicted and the actual optimum asphalt contents 

are never greater than 0.35%. 

By similar regression analysis it was found that linear 

correlation, with high correlation coefficient (r = 0.906), exists 

between the conventional effective asphalt content (wev) and the 

1As shown in Figure 22 two optimum asphalt contents of 
maximum stability were obtained for the slag. However, based on 
visual evaluation of samples, and the relationships between air 
voids, maximum specific gravity of the mixture, and maximum 
stability point, it was decided to choose the optimum asphalt 
content of the slag as 8.75% (percent by weight of the mixture). 
Moreover, the Marshall samples were dried, reheated, remixed, re
con:pacted, and tested again. A single definite optimum asphalt 
content due to mrucimum stability was found around 8.3%. 

2This prediction is done by the aid of the mixture design 
tables (Tables 22 through 29). 
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maximum stability for mixtures with different types of aggregates 

(see Figure 26). This relationship is expected since, for 

constant flow asphalt (wfv)' the variations in effective asphalt 

content are due to the different amounts of stationary asphalt 

(rugosity asphalt) needed to fill the macro surface voids of 

different types of aggregates. Since ·the amount of rugosity 

asphalt was related directly to the geometric irregularity of the 

particles, 1 it can be concluded that the relationship between the 

effective asphalt content and the maximum stability at optimum, 

reflects the expected influence of the geometry factor on the 

stability of bituminous mixtures. To verify this, the weighted 

average of macro surface voids (S ) was calculated for each type 
rna 

of aggregate. The regression analysis between S and maximum 
rna 

stability at optimum also indicated linear correlation with 

high correlation coefficient (r = 0.870). 

The relationships between the effective asphalt content and 

maximum stability indicated also the variability of the conventional 

effective asphalt content (w ) with different types of aggregate. ev 

If, by the same method as before, the average value of wev (14.68%) 

is used to predict the optimum asphalt contents, a deviation between 

the predicted and actual optimum asphalt content as high as 1.65% 

could be found (see Table 33). 

It can be concluded that the flow asphalt content (wfv)' 

as defined in this work, see Equation (29), can be used as a unified 

physical parameter to predict the optimum asphalt contents for 

1see Figure 13. 
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maximum strength conditions. This behavior was expected prior 

to testing and explained earlier in this chapter. 

Furthermore, the flow asphalt content was found to provide 

a unified parameter also for the combined optimum condition based 

on stability, specific gravity, and air voids. Table 33 shows that 

wfv also varies only slightly and therefore is independent of the 

type of aggregate. Quantitatively, the average value of wfv for 

the combined optimum is very close to ·the average value of w fv 

for optimum stability (6.42% and 6.30%, respectively). The predic-

tion of the combined optimum asphalt content also produces small 

variations which are at most 0.55%. 

This trend was also expected since optimt~ stabilities 

usually tend to be related to optimum densities (1) and thus to 

constant values of air voids. 

The theoretical model, which was used to explain the predicted 

variability of maximum strength values with the different types 

of aggregates, is seen to be verified by the experimental results. 

Table 34 summarizes the various mixture properties at optimum 

stability conditions. Based on these data, the following results 

are observed. 

(1) Good linear correlation exists between maximum 
stability values and the total fines lost by 
rugosity (Frt) (r = 0.833). 

(2) Mixtures with high stability usually possess low 
values of packing-VMA, while mixtures with low 
stabilities--high values of VMA • 

p 
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(3) Opposite trends occur when comparing the conventional 
VMA with maximum stabilities~ namely, VMA increases 
with the increase of maximum stability. 

These results provide a consistent verification for the 

model which was used to describe the strength variability. A 

low packing VMA indicates high volumetric density and particles 

which are closer to one another. Thus, higher strength is ex-

pected, see Equation (40). on the other hand, when more fine 

particles are likely to be located in the contact points region 

among the coarser ones, the granular system tends to dilate. 

This dilation produces asphalt plugs with lower ratio r/h, see 

Equations (39) and (40), and thus lower stabilities. This con-

dition is indicated, of course, by the high packing-VMA in ag-

gregates which possess lower geometric irregularity and then, a 

lower quantity of fines-lost by rugosity. 

The conventional VMA fails to explain the strength variabil-

ity. In fact, it indicates contradictory trends, since the 

stability increases when the VMA is higher. 

Figures 18 through 25 also indicate definite minimum values 

of packing-VMA. The minimum values usually occur in the region 

of maximum stability and maximum specific gravity of a given 

mixture. It is therefore recommended to use the minimum packing 

VMA conditions as additional design criteria for optimum asphalt 

content of a mixture. 
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CONCLUSIONS 

~~e following major conclusions are based on theoretical 

considerations and laboratory work with 8 widely different 

aggregates, including one-size and graded mixes with one 

asphalt: 

(1) ~e packing volume concept provided a good theoretical 

basis for defining quantitative and measurable aggregate factors 

which characterize important aggregate properties for individual 

particles and in bulk. A practical test (pouring test) was 

developed which measures the packing specific gravity (Gp) of 

any aggregate fraction. 

(2) The geometric irregularity of aggregate pieces (shape, 

angularity, and surface texture combined) was expressed by specific 

rugosity (S ) which was also measured by the pouring test. This rv 

specific rugosity was further subdivided into micro (S .) and 
ml. 

macro (Sma) rugosity (Srv = Sma + Smi). 

(3) ~e in·teraction between the coarse and fine particles 

in a graded bituminous concrete mix was determined and the amount 

of ·the small particles falling into and getting lost in the crevices 

of the larger aggregate pieces could be expressed quantitatively 

through a factor called fines-lost by rugosity (F). 
r 

(4) ~e amount of asphalt lost into the surface crevices 

(macro and micro voids) was also measured and designated as (Brw). 
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(5) The portion of asphalt which was not lost in the 

aggregate pores but was freely spaced between aggregate pieces 

was measured as flow asphalt (wfv). For a given gradation and 

asphalt, the optimum flow asphalt constant was found to be similar 

for any mix, regardless of aggregate source (slag, natural 

gravel, etc.). This permitted a development of practical mix 

design tables which can be applied for prediction of optimum 

asphalt contents for various mixes (using various other parameters 

developed in this study). 

Practical Applications 

Several practical applications can be drawn from the results 

of this investigation: 

(1) Physical volumetric parameters were developed to 

characterize aggregate factors in bituminous mixtures. 

These parameters can provide better understanding of 

the properties and behav~or of the compacted bituminous 

mixture, and thus may replace some of the less descrip-

tive terms which are now being used to correlate aggre-

gate properties and mixture performance. This applies 

mainly to the specific rugosity (S ), which expresses 
rv 

the combined geometric properties of aggregate particles. 

This parameter may overcome the difficulties, and the 

lack of unity, which characterize the conventional 

definitions of the geometric factors. 
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(2) A practical test, called the pouring test was developed 

to evaluate aggregate parameters (see Appendix D). 

(3) The accuracy in measurement of the maximum specific 

gravity of bituminous mixtures was improved by using 

methanol as the liquid (see Appendix E). 

(4) ~~e major practical result of this investigation is a 

unified concept in bituminous mixture design. A 

general procedure for bituminous mixture design is 

outlined in Appendix F. 

Recommendation for Further Research 

The theoretical concepts which were developed in this work 

should be applicable for a wide range of aggregate types and 

gradations used in bituminous mixture technology. Additional 

research will be needed to use these concepts to find if there 

are exceptions and broaden ·the theoretical base: 

(1) Since only one gradation and one type of asphalt 

were tested, additional work should be aimed to apply 

the aggregate factors to different types of asphalt 

and different gradations. 

(2) It is also recommended to verify the suggested con

cept with more mechanical (strength) testing and thus 

to provide more information about the relationships 

between the suggested aggregate factors and the 

mechanical behavior of the compacted mixture. 
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(3) Research could be concentrated to provide quantitative 

theory which will unify (or will be used to predict) 

the strength for different types of aggregate under 

optimum conditions with minimum number of tests. 

(4) Research could also be oriented to relate the 

suggested aggregate factors to o·t:.her mixture proper

ties, such as, fatigue, dynamic behavior, durability, 

flexibility and stiffness, cracking, etc. 
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TABLE l 

PROPERTIES OF ASPHALT USED 

STAn Of MIC!OIGAN 
DEPARTMENT OF STATE HIGHWAYS Project ________ -:------------

General TESTING AND RESEARCH DIVISION 
TESTING LABORATORY DIVISION 

UNIVfWSITV Of MICf'IIGAN 
ANt.! ARBOR Laborolol)' No. ___ -:...7 2:cB=.-...:1:::2:.:;4.:_t:.:h:.:;r:.:u::_:1:.:2:.:6:_ _____ _ 

Date January 24, 1972 

Re0 or1 on so mole oL ASPHALT CEMENT 

Dale sampled.__ January 18_,__:::1~9:.:7.:;2:_ ________ 1Dote received January 18, 1972 

Source ol mc••'''''--:L:-e=o::;n::::a::r.:;d,_,R;'e,_f=i::::n:::e:.:r.:;i:.:e:.:s=,.....:::I.::n::::c:::o:.:r:Jp:.:o:.:r~a::::t.::e:::d,_,,~A::::1::::m~a_,,_.oM::i:!c::!he:'-=.' g12a~nc_ __________ _ 
Sampled f1,jp- ___ ..:P:..r::.o=d.:::u::;e::;e:.:r:...'..:Se_::S::::t::::o=r.:;a,.g.,e::_ _______ ,Ouantity represented Not stated 
Submitted b, _____ ..:C::_·:.:J'-'-. _:S,_t,_o=ik=e_,_,-:-=T.:::e::::s:..::t.:;i:::n,.g,_,L~aocb:.:o:.:r:.:a:o_t:.:o::r=.Y;t_::S~e::::c::::t.:;i::::o~n._ ______________ _ 

Intended u<e ---'B"'i=t:::U:.:mO;:i::;n::;O:.:U:.:Se_m=i=":::t::U::::r:.:e:.:Se_ ______ :Specincation __ ;;;1::::2::::0:_-.;:1:.;5:.:0=, -=1-<9:.:7.:;0,____,S:.:t:.:d,_,s.,p_,e::::C:oS:_ __ 

li!Sl I.IUIIJllS 

Laboratory Numbet 7 2B- 124 125 126 Average 

Specific Gravity @ 25/25 C 1.020 

Penetration @ 25 C, 100 g, 5 sec., dmm 141 140 140 140 
c-

Penetration @ 46,1 C, 50 g, 5 ~ec, dmm 

Penetration @ o C 1 200 g 1 1 'Tlln. dmrn 

Flash Poi11t, Cleveland Open C..;p, C 280 

Softening Poinf, Ring and Ball, C. 

Ductility @ 25 C. 5 cm/f!lin, em 10()+ 

Ductility @ 1 S.6C 5 ern/min, CIT' 

Solubility ln CCt4 , par ce.,t ?~ ·., ~lght 99.78 

Oliensl~ .Sooi T esl Neg. 

THIN FILM OVEN TEST % ;11ch, ·163 C, 5 hr 

Loss on 1-jeafil"'g, pe1 cent by weight 0.12 

Penetration of Residue, per cent of original 61 

Ductility of Residue @ 25 C, 5 ern/min, em 100+ 

STANDARD LOSS ON HEATING @ 163 C, 5 hr, 50 g 

Loss on Heating, per cent by weight., 

Penetration ot Residue, per cent of original 

Bitumen, per cent by we·rght 

Viscosl!y, ~l@!:lllD!iiXllll%K1nematic 135 c cs 263 

HE.A T STABILITY TEST @ 500 F, 2 hr 

Penetration of Restdue @ 25 C, 100 g, S sec, dmm 

Viscosity of Residue1 Saybolt Furol @ 275 F, sec 

Seol No. 



TABLE 2 

MAXIMUM SPECIFIC GRAVITY OF GLASS BEAD MIXTURES AS TESTED IN THREE METHODS 

Solvent 
Methanol Test ASTM D 2041 

" Immersion '0 
al 

* * * * '" "-' p::j "' "-' "' +' "' "-' QJ ':2 
0 '-< l5 {.) 0 C) 01 l5 C) 0 s 

'" " '0 0 '0 01 01 "' '0 01 ;;:; 
'" " "' '" "' "' "' +' '" <J '" "' "' +' C) 

N al '-< P; bD '-< P; ~ '-< ·rl '-< '-< '-< P; bD '-< ·rl " " ·rl rl ::! Ul. "' ::! Ul. "' 01 '-< "' (]) "' Ul. "' <!l 01 '-< <lJ '" Ul. 0 "' '-< "' '-< "-' ::0 0 "-' p., " '-< "-' ::0 0 'H '"' al i "' al "' 
(]) "-' "-' al " "' "-' "H 

<!l ? "' ~ ? ·rl 01 P; ·rl 01 "' "' ? ·rl 01 P; ·--< 
~ «: ~ "" q ·rl Ul. q ·rl ~ ~ "" q ·rl (/) ;_, ·--< 

16 mm 
2.414 2.410 2.405 
2.409 2.412 2.410 2.410 -0.002 -0.08 2.401 2.403 -0.009 -'.~.;7 

6mm 
2.107 2.092 2.075 
2.103 2.105 2.099 2.096 -0.009 -0.43 2.076 2.076 -0.029 -::...;~ 

3mm 
2.056 2.056 2.008 
2.061 2.059 2.048 2.052 -0.007 -0.34 2.000 2.004 -0.055 -2.s7 

*Differences are based on the Solvent Immersion Values. 



TABLE 3 

MAXIMUM SPECIFIC GRAVITY OF AGGREGATE ~IXTURE 
AS COMPARED BY THE SOLVENT AND METiffiNOL TESTS 

Solvent 
Immersion 

Methanol Test 

* * Aggregate Size of (!) 'H (!) +' 
,';; ,';; 0 0 0 ;::: 

·Type Aggregates c:J c:J ;::: ;::: (!) 
G) (jJ (!) (jJ (jJ +' (jJ 0 

'" Pl bO '" Pl bO '" ·rl '" '" " (!) ro " (!) ro Q) s:: ?-..! (!) G) 

"' '" "' '" 'H::Oo 'Hi>; 
ro 
~ 

G) ro @ (jJ 'H 'H 
G) ? (jJ ? ·rl ;::: Pl ·rl ;::: 
;;;: "' ;;;: ;;;: "' H ·.-1 oo r=1 ·rl 

3/8 in. -#3 
2.499 2.493 

Beach 2.482 2.491 2.501 2.497 +0.006 +0.24 
pebbles 2.409 2.381 

#4-#8 2.400 2.405 2.383 2.382 -0.023 -0.96 

3/8 in.-#3 
2.468 2.437 
2.462 2.465 2.438 2.438 -0.027 -1.09 

Limestone 

#4-#8 
2.391 2.350 
2.384 2.388 2.356 2·353 -0.035 -1.46 

3/8 in. -#3 
2.301 2.227 
2.298 2. 300 2.2)1 2.229 -0.071 - 3· OP, 

Slag 
2.264 

#4-#8 
2.220 

2.249 2.257 2.197 2.199 -0.058 -2.59 

3/8 in. -#3 
2.264 2.087 
2.255 2.260 2.088 2.088 -0.172 -7.61 

Sandstone 

#4-#8 
2.170 2.057 
2.174 2.172 2.066 2.062 -0.110 -5.06 

*Differences are based on the Solvent Immersion Values. 



TABLE 4 

BULK AND PACKING VOLUME PARAMETERS FOR 1/2 IN.-5/8 IN. FRACTIONS 
(eight selected aggregates) 

--------------~B~ul~,-:~V~ovlu_m_£~P-ar_a_m_E~t~er_s_____________ ·---------Pva~c~k~i~n~g~~V-o~lvu~me~PVa~r~am~e~t~e~r~s---------------------------

NG/A 
NG/B 
DL/A 
DL/B 
SS/A 
SS/B 
CGjA 
CG/B 
SL/A 
SL/B 
MRjA 
MR/B 
LS/A 
LS/B 
BP/A 
BP/B 

Average 

0 ' 

""' " " ' "' w .,.;~ 
> w " 
"'"~ 
4.548 
4.666 
5.053 
4.848 
3.819 
3.868 
4.519 
4.503 
3.687 
3-599 
5.088 
4.831 
4.599 
4.619 
5.169 
5-193 

4.538 

u 
.,..; 

'"' 
0 

g_,., 
v~ +> 
·"~ 

~ > t.D 
c4 0 oJ 

.se~ 

2.628 
2.603 
2.805 
2.800 
2.182 
2.177 
2.688 
2.695 
2.232 
2.227 
2.837 
2.840 
2.641 
2.647 
2.652 
2.661 

2.582 

2. 748 
2. 725 
2.829 
2.829 
2.566 
2.570 
2.751 
2.753 
2.468 
2.467 
2.933 
2.929 
2.695 
2.698 
2.688 
2.701 

2.709 

1.67 
l. 71 
0.30 
0.37 
6.85 
7.03 
0.85 
0.78 
4.28 
4.37 
1.16 
1.07 
0.76 
0. 72 
0.51 
0.55 

~.o6 

+' 
0 
0 
~ 

+' 
c4 
co ~ 

"' 0 " ·" w .p 

<C " 
.;..> 6 
" w w.n~ 
v <I; til 

" " (\) >., IXl 
~.a~ 

0.47 
0.27 
0.05 
0.37 
2.46 
2.44 
0.55 
0.47 
3. 75 
3.64 
0.09 
0.02 
0.55 
0.17 
0.47 
0.18 

1.01 

1.825 1.516 
1.855 1.524 
2.009 1.566 
l. 922 1.543 
l. 777 1.503 
1.807 1.511 
1. 86o 1.526 
1.844 1.522 
1.935 1.546 
1.880 1.534 
2.023 1.569 
1.929 1.545 
l. 951 1.550 
1.950 1.550 
1.969 1.555 
1. 973 1.556 

1. 907 1.538 

0 

·" '" ·" u 
& 
w 

"''"' 0+' 
• .-j .,..; 

-"'"~ 

0 " " 
" " 0 ""'~ 
2.492 
2.516 
2.515 
2.522 
2.149 
2.140 
2.430 
2.442 
1.905 
1.906 
2.515 
2.504 
2.358 
2.369 
2.625 
2.632 

2.376 

9.33 
7.65 

11.09 
10.87 
16.24 
16.74 
11.67 
11.28 
22.81 
22.74 
14.26 
14.51 
12.50 
12.21 
2.35 
2.55 

12.43 

>, 
+' 
•o 

" " c4 
0 

"' w 
t 

H 

0 
.,.; 

.fj " w w s .no E oo 
w 0 H 

""'~ 
0.9067 
0.9235 
0.8891 
0.8913 
0.8376 
0.8326 
0.8833 
0.8872 
0.7719 
0.7726 
0.8574 
0.8549 
0.8750 
0.8779 
0.9765 
0.9745 

0.8757 

+' 

" 0 
H 

+' 
rl 

" -&,., 
0 +' 
o; •o 

" +' 0 

" "' wo~ 

0 '" • 

~~.c&' 
'" .a ~ 

2.59 
1.63 
4.25 
4.39 
3.18 
3.25 
4.58 
4.39 

11.60 
11.35 
4.70 
5.02 
5.19 
4.70 
0.86 
o.6o 

4.52 

+' 

" 0 
H 

+' 
rl 

" "1'\;, 
0 +' 
o; '" w 
+' 0 

" "' o o~ 
0 '" ,. 

~~.c&' 
'" .a~ 

6.33 
4.02 

10.47 
10.85 

6.69 
6.82 

10.91 
10.50 
21.66 
21.22 
11.58 
12.32 
12.00 
10.91 
2.22 
1.55 

10.00 

67.79 
52.48 
94.41 
99.85 
41.18 
40.77 
93.47 
93.09 
94.96 
93.31 
81.19 
84.93 
95.95 
89.34 
94.48 
6o. 75 

79.87 

+' 

" ~I W ..--... 

0 '0 " H.,..; S 
(\) 0 w 
~ :> ~ 

5.18 
3.34 

10.34 
9.93 
1.51 
l. 70 
9.60 
9-39 

14.65 
14.41 
11.35 
11.83 
10.72 
10.50 
1.02 
1.09 

7.91 

0 

" 0 

'" ;< 

+' 
0 
<1.1 w
e> '0 •rl ;.; .,..; = 
w 0 w 
p., >-· 

4.15 
4.29 
o. 75 
0.94 

14.73 
15.04 
2.07 
1.89 
8.16 
8-33 
2.91 
2.68 
1. 78 
1.71 
1.33 
1.46 

4.51' 



NG/A 
NG/B 
DL/A 
DL/B 
SS/A 
SS/B 
CGjA 

CGjB 

SL/A 
SL/B 
MB.jA 
MB.jB 
LS/A 
LS/B 
BPjA 

BPjB 

Average 

2.667 
2.601 
2.896 
3.035 
2.202 
2.272 
2.498 
2.378 
2.334 
2.399 
2.958 
3.048 
2.423 
2.442 
2.960 
2.868 

2.624 

TABLE 5 

BULK AND PACKING VOLUME PARAMETERS FOR #3-#4 FRACTIONS 
(eight selected aggregates) 

Bulk Volume Parameters Packing Volume Parameters 

0 
•H 

"" •H 
0 

&,., 
w +' 

•rl ...-... 
~ > till 
,..-! a:l (lj 

~ " "' >:Oc...,...... 

2.553 
2.568 
2.800 
2.797 
2.178 
2.174 
2.668 
2.673 
2.392 
2.386 
2.826 
2.819 
2.636 
2.637 
2.719 
2. 716 

2.546 

2.737 
2. 741 
2.837 
2.838 
2.632 
2.628 
2. 749 
2. 750 
2.649 
2.654 
2.923 
2.929 
2.701 
2.701 
2.762 
2.755 

2.749 

2.63 
2.46 
0.46 
0.51 
7.92 
7.95 
1.10 
1.04 
4.05 
4.23 
1.17 
1.34 
0.91 
0.90 
0.57 
0.51 

2.36 

1.27 
0.99 
0.43 
0.48 
4.66 
4.45 
0.57 
0.57 
3.40 
3.57 
0.53 
1.03 
0. 75 
O.TT 
0.14 
0.09 

1.48 

"}, 
0 

rl 

' 0 
rl 

1.158 
1.122 
1.253 
1.314 
1.131 
1.165 
1.166 
1.109 
1.265 
1.305 
1.237 
1.274 
1.137 
1.147 
1.114 
1.081 

1.186 

6.048 
5.984 
6~209 
6.308 
6.000 
6.o6o 
6.o6o 
5.961 
6.229 
6.293 
6.181 
6.243 
6.010 
6.028 
5.971 
5.910 

6.156 

0 
•H 

"" •H 
0 
0 o, 
w 
bJ)>, 
0 ·<-' 

•rl ·.-J 
..;<:!>,-.... 

0 " "" " " " "" "-
2.304 
2.318 
2.311 
2.310 
1.948 
1.950 
2.143 
2.145 
1.845 
1.838 
2.392 
2.392 
2.131 
2.129 
2.656 
2.653 

2.166 

15.81 
15.44 
18.54 
18.59 
25.99 
25.81 
22.03 
21.99 
30.35 
30. 7) 
18.17 
18.35 
21.10 
21.19 
3.84 
3.69 

19.48 

.);' 
·M 

'" " rl 
~ 
bJl 
0 

t 
H 

0 
•-" 

" +' '" 0 0 s .D ~ 
0 s bJl 
o 0 H 

" "-
0.8419 
0.8456 
0.8146 
0,8141 
0.7401 
0.7419 
0.7797 
o. 7801 
0.6965 
0.6927 
0.8183 
0.8165 
0.7890 
0.7881 
0.9616 
0.9631 

0.8052 

+' 
w s 
+' 
rl 

" -a,., 
w +' 
.o; •M 

w 
+' 0 
0 bJl o o~ 
0 "' ~ 
~»~ 
"" .D-

5.59 
5.27 
8.13 
8.17 

10.19 
9.84 
9.94 
9.96 

16.05 
16.32 
7.08 
7.49 
9.92 

10.00 
1.03 
0.98 

8.50 

+' 

"' 0 
H 

+' 
rl 

" -§.,., 
"'"'"' <C ·M 

w 
+' 0 
0 bJl 
oo~ 

0 "' > 
~>.J' 
o..n-

12.62 
11.98 
18.43 
18.49 
19.46 
18.82 
20.88 
20.95 
29.02 
29.40 
16.61 
17.56 
20.73 
20.88 
2.68 
2.55 

17.56 

79.78 
77 .6o 
99.41 
99.46 
74.86 
72.90 
94.76 
95.28 
95.63 
95.66 
91.43 
95.71 
98.24 
98.54 
69.83 
69.05 

88.01 

0 
0 

" '1:: 
~ 
w 
0 

'" ~ 
+' 
0 
11) u.l-

0 -o " 1--i .,..; s 
0 0 w "">-

9.75 
9. 74 

17.46 
17.41 
10.56 
10.30 
19.68 
19.75 
22.87 
22.97 
15.36 
15.15 
19.16 
19.26 
2.32 
2.32 

14.63 

6.06. 
5-70 
l.o8 
1.18 

15.43 
15.51 

2-35 
2.24 
7.48 
7.76 
2.81 
3.20 
1.94 
1.93 
1.52 
l-37 

4.85 



NG/A 
NG/B 
DL/A 
1lL/B 
SSjA 

SS/B 
CG/A 
CG/B 
SL/A 
SL/B 
MRjA 

MR(B 

LS/A 
LSIB 
BPjA 

BP/B 

J\.verage 

0 

~ ~ 
"" +'OJ 

" ' roo 
i'4rl 

0 • .,., 
w.<: 

" "' 0 ~-

~ ~ 2::-

1.803 
1.791 
1.857 
1.889 
1.490 
1.513 
1.824 
l. 780 
1.624 
1.597 
1.884 
1.828 
1.688 
l. 712 
2.105 
2.075 

1. 779 

TABLE 6 

BULK AND PACKING VOLUME PARAMETERS FOR #8-#10 FRACTIONS 
(eight selected aggregates) 

Bulk Volume Parameters Packin Valume Parameters 

0 

"" ~ 
"" 0 

~,., 
<D+' 
·"-~ > b.O 

.4 • • 

" ,., "' >:Qt::_"'..__, 

2.556 
2.566 
2.788 
2.790 
2.178 
2.182 
2.675 
2.680 
2.595 
2.594 
2.793 
2. 793 
2.631 
2.630 
2. 703 
2.690 

2.615 

0 ., 
" ., 
0 

~ 
'" +' " ,., 
0 +' 
H •...! .-.... 

• > "" A 0 o 
A>< 0 
o:o~ 

2.727 
2.746 
2.840 
2.836 
2.697 
2.688 
2.771 
2.761 
2.845 
2.846 
2.915 
2.915 
2.702 
2.702 
2. 757 
2.744 

2.781 

2.46 
2.55 
o.65 
0.58 
8.83 
8.62 
1.29 
1.10 
3.39 
3. 41 
1.50 
1.50 
1.00 
l.Ol 
0. 73 
0.73 

2.46 

1.19 
1.00 
0.37 
0.32 
6.63 
6.47 
0.65 
0.32 
2.77 
2.71 
0.52 
0.46 
0.45 
o.6o 

- .27 
0.03 

1.53 

'?J 
0 

"' b 
.4 

~--
'd 
"" 11 
~ 

-"-
0 "" &;.:: 

7.861 
7.816 
8.010 
8.133 
8.264 
8.403 
8.840 
8.638 
8.480 
8.340 
8.316 
8.076 
7.671 
7. 773 
8.401 
8.286 

8.200 

2.467 
2.462 
2.482 
2.495 
2.508 
2.522 
2.565 
2.546 
2.530 
2.516 
2.514 
2.489 
2.447 
2.458 
2.522 
2.511 

2.502 

0 ., 
'" ., 
0 

~ 
'" 
"''"' " +' ·r-l ·rl 

-""-0 • "" 
" " 0 <'<eo~ 

2.294 
2.291 
2.318 
2.323 
1.803 
1.801 
2.063 
2.060 
1.915 
1.915 
2.265 
2.263 
2.201 
2.202 
2.506 
2.504 

2.170 

15.89 
16.56 
18.3"1 
18.08 
33.14 
32.99 
25.54 
25.40 
32.69 
32.71 
22.30 
22.36 
18.54 
18.50 
9.12 
8.74 

21.93 

1' 
"" " • .4 

" "' 0 

~ 
H 

0 ., 
" +' ,., 
0 0 

5 ~ --bO 
0 " H 
oz~ 

0.8411 
0.8344 
0.8163 
0.8192 
o.6686 
o.67o1 
0.7446 
0.7460 
0.6731 
0.6729 
0.7770 
0.7764 
0.8146 
0.8150 
0.9088 
0.9126 

0.7807 

+' 
00 
0 

"' 
+' 
.4 • -§,,., 
00 +' 
0: ., 

00 
+' 0 

" "' 0 "-
0 "' , 

~;::.,J' 
<'-< .0 ~ 

5. 75 
5-78 
7.79 
7.67 

16.37 
16.36 
11.97 
11.78 
16.73 
16.65 
9.04 
9.01 
8.02 
8.14 
2.£9 
2.84 

9.79 

+' 
"' 0 

"' 
+' 
.4 • .g,, 
" +' 
« "" 00 
+' 0 

" "' 0 "-
0 "' > 
~>:.d' 

<'-< .0 ~ 

12.92 
12.97 
17.70 
17.47 
28.93 
28.88 
24.20 
23.78 
31.41 
31.25 
20.07 
19.99 
17.31 
17.57 
6.62 
6.98 

19.88 

81.31 
78.33 
96.31 
96.62 
87.31 
87.54 
94.75 
93.64 
96.07 
95-55 
90.01 
89.39 
93.38 
94.98 
72.58 
79.83 

89.23 

0 
0 • 
~ 
" '" 
0 

" 0 

~ 
+' 

" ooo-
0 "' " H ·.-! E 
0 0 '" 

""""~ 
10.25 
10.72 
16.86 
16.74 
17.22 
17.46 
22.88 
23.13 
26.20 
26.18 
18.90 
18.98 
16.34 
16.27 

7-29 
6.91 

11.02 

0 
0 

~ 
~ 
~ 

'" 0 

" 0 ., 
"' -;;: 
0 00-
0 <0 ~ ... ~ s 
II) 0 w 
P-<>~ 

5.64 
5.84 
1.51 
1.34 

15.92 
15.53 

2.66 
2.27 
6.49 
6.53 
3.40 
3-38 
2.20 
2.23 
1.83 
1.83 

4.91 



NG(A 

NG(B 

DL(A 
DL(B 
SS/A 
SS/B 
CG/A 

CG/B 

SL/A 
SL/B 
MR/A 
MR/B 

LS/A 

LS/B 
BPjA 
BP/B 

Average 

ru ' 

"''"' "'" " "" Ql • .., ,_......_ 

~ ~ 2:, 

6.279 
6.225 
6.328 
6.346 
4.889 
4.962 
6.002 
5.959 
5.945 
6.o64 
6.142 
6.443 
5.940 
5.883 
6.691 
6.602 

6.044 

TABLE 7 

BULK AND PACKING VOLUME PARAMETERS FOR #20-#30 FRACTIONS 
(eight selected aggregates) 

Bulk Volume Parameters Packing Volume Parameters 

0 
•o 
~ 
•o 
0 

& ,., 
'"" •o ~ 
~ > tl1l 
r4 (tj qj 

" " 0 ~t.'.'..__,. 

2.585 
2.576 
2.786 
2. 785 
2.349 
2.296 
2.675 
2.675 
2.725 
2.728 
2.775 
2."(74 
2.627 
2.627 
2.661 
2.661 

2.644 

0 
•o 
"-< 
•o 
0 

& 
ro 
.p 
c ,., 
ru _., 
;., •.-1 _,......, 
<lf :> A 

" " " " " 0 <o-

2. 711 
2.692 
2.842 
2.846 
2.629 
2.661 
2."(71 
2.769 
2.920 
2.912 
2.908 
2.908 
2. 708 
2. 708 
2.686 
2.684 

2.772 

1. 79 
1.68 
0.70 
0.77 
4.54 
5.98 
1.29 
1.27 
2. 45 
2.31 
1.65 
1.66 
1.14 
1.14 
0.35 
0.33 

1.82 

.p 
0 s 
.p 
c4 

"' c -" 0 
" •o 0 .p 
"" p, 
.p 8 
c 0 
ru.a~ 
0 < OJ) 

h " &E~ 

1.29 
1.53 
0.72 
0.78 
4.61 
5.88 
0.88 
0.86 
2.09 
1. 75 
1.05 
1.32 
0.70 
0.50 
0.12 
0.17 

1.52 

"'s 
0 

-" 
b 
c4 

~--

" > 
bD 
c 
~ 

"~ 
0 " 
~..:: 

2.633 
2.623 
2.878 
2.887 
2.864 
2.905 
2.894 
2.869 
2.786 
2.859 
2.870 
3.007 
2. 755 
2. 730 
2.605 
2.572 

2. 796 

7-952 
7.943 
8.191 
8.200 
8.178 
8.217 
8.206 
8.183 
8.103 
8X(4 
8.184 
8.312 
8.073 
8.049 
7.924 
7.890 

8.111 

0 
•o 
G-< 
•o 
u 

& 
ro 
b.()>, 
C.P 

·.-! •r-1 
~ >,........, 
u " " ~52 

2.385 
2.373 
2.199 
2.198 
1. 707 
1. 708 
2.074 
2.077 
2.134 
2.121 
2.140 
2.143 
2.156 
2.155 
2.568 
2.567 

2.169 

12.02 
11.86 
22.62 
22.77 
35.08 
35.82 
25.14 
24.98 
26.91 
27.16 
26.42 
26.32 
20.38 
20.42 
4.40 
4.37 

21.67 

0.8798 
0.8814 
0. 7738 
o. 7723 
0.6492 
0.6418 
0.7486 
0. 7502 
0. 7309 
0.7284 
0. 7358 
0.7368 
0.7962 
0. 7958 
0. 9560 
o. 9563 

0.7833 

.p 
0 
0 
H 

.p 
c4 

"' " "''"' 0 .p 

< "" m 
.p 0 

c "' ru c~ 
u "' ' ~>.J< 
'" ,n-

4.60 
4.91 

10.49 
10.56 
20.94 
21.17 
11.93 
11.84 
12.45 
12.45 
11.96 
12.15 

9.18 
9.00 
1.51 
1.58 

10.42 

.., 
"' 0 
H 

.p 
c4 

" 1'1,-, 
0 .p 

<t; ·.-1 
0 

.p 0 
c OJ) 

ru "~ 
0 "' > 
~>orA' "'.a-
10.75 
11.43 
22.62 
22.76 
35.05 

• 35.45 
24.25 
24.11 
26.05 
25.88 
25.09 
25.52 
19.40 
19.03 
3.80 
3.97 

20.95 

89.44 
96.39 

100.00 
99-95 
99-90 
98.96 
96.44 
96.49 
96.82 
95.28 
94.95 
96.98 
95.19 
93.17 
86.43 
90.80 

95.45 

ru 
u 
ru 

G-< 
h 
c 
ro 
0 
h 
u 
;§' 
.p 

" ru o-
() '0 <.15 
>-< •rl E 
u 0 '" '">-

7.74 
7.88 

21.07 
21.08 
27.33 
25.61 
22.47 
22.36 
21.69 
22.25 
22.88 
22.75 
17.93 
17.97 
3.49 
3.53 

18.00 

ru 
u 

" 'H 
h 
c 
"' 
0 
h 
u 
•o 

" .., 
c 
ru o ~ 
CJ '0 •.-! 
;.., • ..-~ E 
ru o w 
'"""-
4.28 
3.98 
1.55 
1.69 
7-75 

10.21 
2.67 
2.62 
5-22 
4.91 
3-54 
3-57 
2.45 
2.45 
0.91 
0.84 

3.66 



NG/A 
NG/B 
DL/A 
DL/B 
SS/A 
SS/B 
CG/A 
CG/B 
SL/A 
SL/B 
MR/A 
MR/B 
LS/A 
LS/B 
BP/A 
BP/B 

Average 

1. 546 
1. 596 
1. 512 
1. 330 
1.166 
1.152 
1. 386 
1. 504 
1. 68o 
1. 872 
1. 574 
1. 598 
1. 344 
1. 382 
2.0o6 
2. 016 

TABLE 8 

BULK AND PACKING VOLUME PARAMETERS FOR #60-#80 FRACTIONS 
(eight selected aggregates} 

Bulk Volume Parameters Packing Volume Parameters 

0 
•M 
~ 
•M 
0 a, 
W+' 
·"-_:,:: t> bO '" . . 

" '" "' I=OC'-

2. 612 
2. 615 
2. 807 
2. 808 
2. 531 
2. 534 
2. 682 
2.682 
2. 751 
2. 753 
2.821 
2.819 
2. 617 
2.619 
2. 7C!i 
2. 706 

2.692 

2.665 
2.660 
2.845 
2. 844 
2. 703 
2.697 
2. 757 
2. 759 
2.955 
2.953 
2. 950 
2.952 
2.726 
2. 724 
2.714 
2. 715 

0. 76 
0.65 
0.48 
0.45 
2.51 
2. 38 
1. 01 
1.04 
2.51 
2.46 
1.55 
1. 6o 
1. 52 
1. 47 
0.10 
0.13 

1. 29 

+' 
m 
0 ,_, 
+' 

'" 0 " -" 0 
0< •M 
W+' 

"' "' '" +' 0 
" m o.a-
o "' bD 
>< " 0 >, "' 
"-"~ 

0.51 
0.56 
0.40 
0.47 
2.46 
2.23 
0.88 
0.84 
2.24 
2.14 
1.13 
1. 23 
1. 07 
1. 05 
-.o4 
0.15 

1. 09 

"); 
0 

'"' • 0 

'" 
~~ 

'Ci 
> 
bD 

" •M 

"-0 "' "> 
'"~ 

6. 576 2. 324 
6. 809 2. 352 
7· 221 2. 398 
6. 345 2. 297 
6.351 2.298 
6.275 2.288 
6. 916 2. 364 
7.468 2.425 
7.629 2.443 
8.540 2.536 
7-575 2.437 
7.701 2.450 
6. 75'• 2. 345 
6. 945 2. 367 
7. 94L 2. 475 
7.984 2.480 

7.189 2. 392 

0 
•M 
~ 
•M 
0 a 
w 

~~ 
·.-! •rl 

"'"-
0 " "' 
0 '" " ""~ 

2.351 
2.344 
2. 094 
2. 096 
1. 836 
1.836 
2.0o4 
2.0ll.t 
2.202 
2.192 
2.Cf78 
2.075 
l. 990 
1. 990 
2.526 
2.525 

2.136 

11.77 
11.90 
26.40 
26. 30 
32. CJi 
31.92 
27. 30 
26.99 
25.49 
25.77 
29.56 
29.71 
26.99 
26.94 

6. 94 
7.00 

2). 31 

>, 
+' 
~ 

>< 

" r< 
5l, 
0 
1-< 
>< 
H 

0 

"" >< 
+' >< 
0 w 
s .a-
0 s bD 
<11::! H 

""'-
0.8823 
0.8810 
0. 7360 
0. 7370 
0. 6793 
0.6808 
0. 7270 
0. 730l 
0. 7451 
0. 7423 
0. 7044 
o. 7029 
o. 7301 
0. 73o6 
0.9)o6 
0.9300 

0. 7669 

+' 
m 
0 ,_, 

..., 
r< 

-&~ 
W+' 
<; •M 

m 
+' 0 

" bD ·"-0 "' " ~>..J' 
p.. ;0 ......... 

4.85 
5-C!i 

12.77 
12.81 
17.71 
17.53 
13.75 
13.46 
11.48 
11.62 
14.06 
14.21 
13.35 
13. 36 
2.66 
2.85 

11. 35 

+' 

" 0 ,_, 
+' 
r< 

" -&, 
"' +' <; •H 

m 
+' 0 

" " wo
o~----> 

~>.~ 
" .0 ~ 

11.18 
11.66 
26.21 
26. 31 
31.89 
31.56 
27.00 
26.57 
24.79 
24. 97 
28.65 
28.90 
26.06 
26.06 
6.58 
7. o6 

22.84 

94.96 
98.01 
99.29 

100.00 

99.42 
98.87 
98.91 
98.43 
97.28 
96.91 
96.93 
97.26 
96.54 
96.73 
94.86 

100.00 

91.73 

0 
0 • '" 1-< 
0 
w 
0 
>< 

~ 
+' 

" 0 "-0"' • ::.. .,...; s 
0 0 w 
'"> ~ 

9-99 
10. 36 
25.40 
25. 36 
27-46 
27.55 
25.28 
24.91 
19.96 
20. 38 
26. 34 
26. 39 
23.96 
24.02 
6. 69 
6.69 

20.68 

1.78 
1.54 
1.00 

0.94 
4.61. 
4.37 
2.02 
2.08 
5.53: 
5-39' 
3.22 
3-32 
3.03 
2.92 
0.25 
0.31 

2.64 



TABLE 9 

BULK AND PACKING VOLUME PAIDL~ETERS POR #200-#270 FRACTIONS 
(eight selected aggregates) 

Bulk Volume Parameters Packing Volume Parameters 

NG/A 
NG/B 
DL/A 
DL/B 
SS/A 
SS/B 
CG/A 
CG/B 
SL/A 
SL/B 
MR/A 
MR/B 
LS/A 
LS/B 

0 
-o 

'" •o 
0 

!'L,., 
C/1 .P 
-o~ 

.!>:: !> bll 
rl Oj \\:) 
:.:l 1-<-r:.':l rr:. t':' ...__. 

2. 605 
2.585 
2.842 
2.843 
2.578 
2.593 
2.7)6 
2.7)4 
2. 784 
2.806 
2.801 
2.803 
2.655 
2.656 

Average 2. 715 

2.710 
2. 711 
2.864 
2.862 
2.725 
2. 698 
2.774 
2.778 
3- 027 
3.028 
2. 941+ 
2.941 
2.731 
2. 729 

2.809 

1. 49 
L so 
0.27 
0. 23 
2.09 
l. so 
0. 50 
0.58 
2. 88 
2. 62 

1. 73 
l. 68 
l. 05 
1.01 

l. 23 

0.82 
l. 12 
0.06 
0.05 
l. 51 
l. 29 
0. 2lf 

0.27 
2.49 
2.20 
l. 39 
l. 36 
0.49 
o.lf8 

0. 87 

0 
·o 
'--' •o 
0 
ill 

" w 

grl? 
·M •rl 
~!:>.---... 

0 0 " <\l H (') 
'"'-'~ 

2.0T) 
2.058 
2. 196 
2.205 
l. 892 
l. 898 
2.022 
2.023 
2. 087 
2.101 
2. 057 
2.06i 
l. 990 
l. 990 

2.107 

23.51 
24.09 
23-32 
22.96 
30.57 
29.64 
27.11 
27.18 
31.05 
30.62 
30.12 
29.93 
27.14 
27.09 

24.89 

"' +' 
•o 

" 0 ,.., 
" "" ill 

" " H 

0 
•o 

" +' " ill ill 
E ,.o ..--. 
0 s bO 

~ ~~ 

o. 7649 
0. 7591 
0. 7668 
0. 7704 
0.6943 
o. 7036 
0.7289 
0.7282 
0. 6895 
o. 6938 
0. 6988 
0. 7007 
0. 7286 
0. 7291 

0. 7511 

+' 
m 
0 

"' +' ,.., 
" -&,., 
ill +' 
-< •o 

m 
+' 0 

" bD ill o~ 

0 "' " ~>.J< 
~ .n ~ 

10.86 
11.22 
10.62 
10. )+3 
15.86 
15.69 
13.41 
13-38 
14.73 
14.40 
14.56 
14.47 
13. 33 
13-33 

11. 99 

+' 

" 0 
H 

+' ,.., 
" -g,,., 
"' +' -< •o 

ill 
+' 0 

" "" ill o~ 
0 "' > 
" " ill "' '" " .n ~ 

22.08 
22.64 
22.86 
22.54 
29.42 
29.20 
26.58 
26.54 
30.13 
29.66 
29.37 
29.23 
26.01 
26.01 

24.12 

93-93 
94.00 
98.04 
98.20 
96.22 
98.49 
98.03 
97.66 
97- o4 
96.86 
97-50 
97-66 
95.84 
96. 02 

96. 89 

ill 
0 
0 

<-< 
" " "' 0 

" ~ 
-;; 
ill m~ 
0 -o 0 
H •H E 
ill 0 w 
~>~ 

20.42 
20.39 
22.73 
22.44 
26.61 
26.80 
26.10 
26.01 
25.04 
25.12 
26.56 
26.47 
25.05 
25.08 

22.39 

3-09 
3.70 
0.59 
0.52 
3.96 
2.84 
l.Ol 
l.l7 

6.0l 
5.50 
3-56 
3.46 
2.09-
2.01 

2.82 



TABLE 10 

AVERAGE PARAMETER VALUES FOR EACH TYPE OF AGGREGATE OVER ALL SIZES 

Bulk Volume Parameters Packing Volume Parameters 

+' +' +' 
<I) '" <I) <I) 

Q) 0 Q) 0 0 
P< H ~ H H 
?, ?, u u 

8 +' +' ·rl ·rl " +' +' +' 
·rl r4 "-' "-' :z; r4 r4 r4 

<lJ u > 1-< ol <1 ·rl ·rl ol ol ol 0 <I) 0 UJ 

tl ·rl ol Q) ..c: 0 () () ?, ii,, ii. ii. '" '0 '" '0 "-' ,13 +' P< ·rl <lJ Q) +' ?, u ·rl () ·rl 
QO ·rl ol <1 <I) +' P< P< ·rl <I) +' UJ +' <I) <1 ol 0 ·rl 0 
Q) " "' 0 "' P< ill ill u '" "' ·rl "' ·rl "' 0 ~> ~> 
1-< "' +' () ·rl '" ?, ·rl ol <I) <I) ·rl 
QO P< ?, <1 ·rl +' +' +' 0 QO ?, +' +' '" .-l +' 0 +' 0 +'+' 1i Q) +' Q) 

QO C!l+' Q) "-' <1 P< <1 <I) <1 +' <1 ·rl +' " <1 QO <1 QO <1 ol u <1 u 

"' ·rl ~ '" ·rl ~ Q) '" Q))O~ ·.-l ·ol <lJ UJ ~ Q) QO <lJ "~ Q) "~ <lJ 1-< <lJ ol~ <lJ ol~ 
M > QO ol () P< () o~ 

() "' ~ M >~ () 0 > E Q) ~ " "' ;;, () cr; > u "~ () "-' ro () "-' ·rl 
.-J ro ro P< Q) ol '" <I) ;;, 1-< u m PI '" bO 1-< 0 '" bO '" ?, ,:q'" '" '" '" +' .0 '" '" E '" '" E 
c> 1-< CO "" P< co <lJ .0"' Q) ?>>'1 ol '" 0 <lJ " ill <lJ 1-< H ([) ([) ?>>'1 <lJ ol l1l <lJ 

" ill 
<lJ 

" UJ ,:qo~ "'w~ "" "'~ "-<.0~ "-<o~ "" o;~ 0 H~ "" .o~ "" .0 ~ "-<UJ~ "" UJ ~ "" UJ ~ 

NG 2.588 2.714 1.80 0.92 2.317 14.65 0.8535 s.68 12.55 83.67 10.48 4.17 
DL 2.804 2.843 0.48 0.38 2.274 19·99 0.8001 9.01 19·73 98.46 18.91 1.09 
ss 2.329 2.658 5·52 3·76 1.891 28.83 o. 7117 14.01 25.18 83.04 18.34 10.49 
CG 2.689 2.762 0.99 0.59 2.125 23.05 0.7695 10.87 22.19 95·91 20.96 2.09 
SL 2.581 2.810 3·25 2.73 2.013 28.25 0.7175 13.82 27.12 95·95 21.81 6.44 
MR 2.808 2.929 1.47 0.86 2.240 23.50 0.7650 10.31 22.07 92.83 20.24 3.25 
LS 2.635 2.710 LOS 0.63 2.138 21.08 0.7892 9·79 20.16 95·33 18.86 2.23 
BP 2.691 2.720 o.4o 0.13 2.568 5·58 0.9442 1.93 4.8o 84.46 4.56 Ll3 · 

Total 2.641 2.768 1.87 2.196 20.62 0.7938 9·43 19.23 16.77 3.86 
Average 1.25 91.20 



TABLE 11 

PARTICLE DIMENSIONS FOR 1/2 IN.-5/8 IN. FRACTIONS 

8 
+' 

() eo 
Q) ~ ' +' 
+' Q) '" ·rl 
ro rl (J) () 
bJ) ro <D +' ·rl 
<D 8 8 8 ? '" <D '" '" <D 

() () () ·rl <tJ E <D 

jf$ "" "" 8 ;::i,.C:a:J..-.. .£! ~ 
' ' ' ';? -....._ -....._ ol Pi ·.-l '"d P<-7 ... 8 "' "' "' r;i:~W.H...__, (/) ~ 

NG/A 2.065 1.500 0.988 0.726 0.478 0.659 1.452 o. 703 
NG/B 2.020 1.512 1.041 0.749 0.515 0.688 1.470 0.728 
DL/A 2.050 1.504 0.846 0.734 0.413 0.563 1.377 0.672 
DL/B 2.145 1.495 o.845 0.697 0.394 0.565 l. 394 0.650 
SS/A 1.997 1.556 1.097 0.779 0.549 0.705 1.505 0.754 
SS/E 2.045 1.542 1.098 0.754 0.537 0.712 1.513 0.740 
CG/A 2.106 1.460 o.87o 0.693 0.413 0.596 1.388 0.659 
CGjB 2.151 1.480 o.84o 0.688 0.391 0.568 l. 388 0.645 
SL/A 2.154 1.605 1.180 0.745 o. 548 0.735 l. 598 o. 742 
SL/B 2.080 1.536 1.202 0.738 0.578 0.783 1.566 0.753 
MRjA 1.968 1.473 o.832 o. 748 0.423 0.565 1.356 0.689 
MR/B 2.118 1.485 o.834 o. 701 0.394 0.562 l. 379 0.651 
LS/A 2.345 1.636 0.914 0.698 o. 390 0.559 1.520 0.648 
LS/B 2.301 1.623 l.Oll 0.705 0.439 0.623 1.556 0.676 
BPjA 2.230 1.694 0.869 o. 760 0.390 0.513 1.486 0.666 
BP/B 2.294 1.697 o.891 o. 740 0.388 0.525 1.516 0.661 

Average 2.129 1.550 0.960 0.728 0.453 0.620 1.467 0.690 



.TABLE 12 

PARTICLE DIMENSIONS FOR #4-#3 FRACTIONS 

8 
+' 

() ?, 
QJ " ' +' +' QJ '-< ·rl 
ol c-l QJ () 
bl) ol QJ +' ·rl 
(!) 8 8 8 :> '-< <]) '-< '-< <]) () () " ·rl QJ E <]) 

i;jj~ - ... 8 :::;,.c:ro..-... ~~ 

' ~ ' '8-
.....__ .....__ ry A ·rl ro p.,..,. 

<>;8 - 8 U] U] U] j:':i]CI.Jr::.".:i...__.. U) ~ 

NG/A 0.838 0·595 0.350 0.710 0.418 0.588 0.559 0.667 
NG/B 0.765 0.594 o. 368 o. 776 0.481 0.620 0.551 0.720 
DL/A 0.848 0.597 o. 330 0.704 0.389 0.553 0.551 0.650 
DL/B 0.903 0.599 0.318 0.663 0.352 0.531 0.556 0.616 
SS/A 0.792 0.576 0.394 0.727 0.497 0.684 0.564 0.712 
SS/B 0.722 0.565 0.386 0.783 0.535 0.683 0.539 0.747 
CGjA o.898 0.573 0.283 0.638 0.315 0.494 0.526 0.586 
CG/B 0.877 0.576 0.283 0.657 0.323 0.491 0.523 0.596 
SL/A 0.830 0.574 0.394 0.692 0.475 0.686 0.572 0.689 
SL/B o. 716 0.553 0.404 0.772 0.564 o. 731 0.543 0.758 
MRjA 0.739 0.566 0.385 0.766 0.521 0.680 0.544 0.736 
MR/B 0.848 0.554 0.374 0.653 0.441 0.675 0.560 0.660 
LS/A 0.819 0.589 0.293 0.719 0.358 0.497 o. 521 0.636 
LS/B 0.966 0.581 0.308 o.60l 0.319 0.530 0.557 0.577 
BPjA 0.781 0.620 0.357 0.794 0.457 0.576 0.557 0.713 
BP/B 0.790 0.636 o. 346 o.8o5 0.~38 0.544 o.558 0.706 

Average 0.821 0.584 o. 348 0.716 0.430 0.598 0.549 0.673 



0 .0 
<, 'i.,'Y 

!f "'Y 
"" 00 

"" 0-q 

-O.l72tc 
-0.947 

-0.268 tc 
-0.935 

0. 262 tc -0.101 to 
0.857 o.8n 

TABLE 13 

LINEAR CORRELATION COEFFICIENTS BETWEEN OR 

WITHIN BULK AND PACKING VOLUME PARAMETERS 

(Including Sandstone) 
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TABLE 14 TABLE 15 

LOS ANGELES ABRASION VALUES SPECIFIC GRAVI'l'Y OF FILLERS - #270 

Aggregate Percent Wear Absolute 
Type Grading B Grading D 

Aggregate 
Specific 

Type 
Gravity 

MR/A 14.2 15.6 
MR/B 13.6 15.5 NG/A 2. 683 
BP/A 17.3 13.4 NG/B 2. 683 
BPjB 17.8 14.3 LS/A 2. 715 
CG/A 21. 3 23.1 LS/B 2. 709 
CG/B 20.7 23.0 BP/A 2.723 
NG/A 22.5 24.9 BPjB 2.723 
NG/B 24.0 24.3 SS/A 2. 736 
DL/A 23.7 25. 1 SS/B 2.7)6 
DL/B 25.2 24.8 CG/A 2.778 
LS/A 31.5 23.3 CG/B 2.778 
LS/B 31.8 23.1 MR/A 2.844 
SL/A 45.6 32.3 MR/B 2.844 
SL/B 46.0 32.3 DL/A 2.850 
SS/A 53.8 4s.8 DL/B 2.850 
SS/B 52.9 4s.8 SL/A 2.895 

SL/B 2.895 



FLORIDA 

TABLE 16 

BEARING VALUES FOR #20-#30 

Florida 
Aggregate Bearing 

Type 
Value* 

OTTAWA s 2. o6 
BP 2.95 
ss 3.31 
NG 3. 35 
DL 6.66 
LS 6.83 
MR 7. 83 
SL 7.94 
CG 8.30 

*Each number is an 
average of five 
tests. 

FRACTIONS 



TABLE 17 

STA:TISTICAL AiL'\.LY3IS OF OHE-SIZE 
AGGREGA.'I'E PARI\.NETERS 

a) TYPICAL ANOVA TABLE FOR DEPENDENT VARIABLES ill THE EXPERIMENT 

Dependent Variable - s rv 

Source of 
Variation 

Mean 
S (Size) 
T ( s) (Type) 
R ( ST) (Reps) 

b) 

Dependent 
Variable 

Gag 
Gap 
1\r 
Bag 
Gp 
Srv 
Br\V 
Brv 
sb 
Srna 
Smi 

Sum of 
DF 

Squares 

1 40810.28 
5 1548.83 

42 5582.76 
48 3.54 

Mean 
Square 

40810.28 
309.77 
132.92 
0.0738 

F Ratio 

4190 
1800 

F Statistic 

Fo. 95,5,1>8 = 2. 41 
Fo. 95,42,48 = l. 58 

A SVi'iMA.RY OF F RAT;J:OS FOR DRPENDE!JT 
VARIABLES (PARI\J,JE'l'ERS) IN THE EXPER:G-1EfJT 

F for Size F for Type 

(F0.22,:2,48 = 2.41) (Fo.2~,42,48 = 1.58) 

770 1071 
429 611 
144 254 
405 128 

4200 3o60 
4190 1800 
3910 1411 
2970 927 

44 12 
4710 1046 

342 1067 
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1.5 

TABLE 18 

EXPERIMENT FOR EVALUATING FINES LOST BY RUGOSITY 
(for aggregates NG,CG and SL) 

Size of 
Fine 

Fractions 

#20-#30 

#20-#30 
f/60-f/{30 

f/60-#80 

#20-#30 

#20-i/30 
f/60-#80 

f/60-#80 

(DATA SUMMARY) 

TYpe of Aggregate 
Natural Crushed Slag 
Gravel 

0.485 
- 0. 015 
- 3.00 

0.0139 

Gravel 

0.522 
0.022 
4.40 
0.0326 

0.440 0.467 
- 0.060 -0,033 
-12.00 -6.60 

0.0130 0.0302 

0.495 
- 0.005 
- 1. 00 

0.0141 

1. 020 
0. 020 
2.00 
0.0215 

0.951 
- 0.049 
- 4.90 

0. 0208 

1. 045 
0.045 
4.50 
0. 0218 

0.515 
0.015 
3.00 
0.0323 

1. 039 
0.039 
3.90 
o. o48t, 

l. 002 
0.002 
0,20 
0.476 

1. 022 
0,022 
2.20 
4.80 

0.515 
0.015 
3.00 
0. 0494 For Each Cell.: 

0.540 ~Measured Crv 
0.040 f- Cfv Differences 
8.00 ~Differences in Percent 
0. 0510 <- F 

r 

o. 537 
0.037 
7.40 
o. oyi8 

l. 025 
0.025 
2.50 
0. 0736 

l. 072 
o. 072 
7.20 
o. 0752 

1. 017 
0.017 
l. 70 
o. 0733 u:t:IU~~" 

P. 0. L il "f\" 48904 

#20-/130 

#20-#30 
f/60-//80 

f/60-#80 

1. 552 
0.052 
3. 47 
0. 0259 

l. 588 
0.088 
5.93 

. 0. 0261 

l. 505 
0.005 
0. 34 
0.0256 

1.512 1.531 
0.012 0.031 
o. 80 2. 07 
o. 0572 0. o879 

l. 534 
0. 034 
2.26 
0. 0575 

1. 574 
0. 074 
4.94 
o. 0581 

l. 532 
0.032 
2.13 
o. 0879 

1. 544 
0.044 
2. 94 
0.0867 



TABLE 19 

ANOVA TABLE FCR THE l•JEASURED FINES CONCENTRATION (cf) 

Source of 
DF 

Swn of :11ean 
Variation Squares Square F Ratio Fo. 95, vv v2 

Mean 1 28.175 28. 175 
c (Cfvl 2 4. 863 2. 432 1890 4.46 
S (Size of Fines) 2 0.000919 o.ooo46o 0.36 4.46 
T (Type 2 0.002998 0. OOlle99 l. 17 4. 46 
cs 4 0.002241 0.000560 0.44 _3.84 
CT 4 0. 003784 0.000946 0. 7l; ).84 
ST 4 0. 003166 o. 000791 0.62 3. 84 
CST 8 0.010294 0.001287 

TABLE 20 

ANC]VA TABLE FOR THE FINES CONCENTR'cTION DIFFERENCES 

Source of 
DF 

Su.-rn of Mean 
F Ratio 

Variation S-=:uares Square Fo, 95, vl' v2 

Mean l 0.012502 0.012502 
c ( Cfvl 2 0. 007041 0.003520 2.74 4. !!6 
S (Size of Fines) 2 0.000919 0. 000460 0. 36 4. 46 
T (Type) 2 0.002998 0.001499 l. 16 4.46 
cs 4 0.002441 0.000560 0.44 3.84 
CT 4 0. 003784 0.000946 0. 74 3.84 
ST 4 0.003166 0. 000791 0.62 3.84 
CST 8 0.010294 0.001287 



TABLE 21 

ANOVA TABLE FOR THE PERCENT FINES CONCENTRATION DIFFEHENCES 

Source of Swn of Mean DF F Ratio F 
Variation Squares Square 0. 95, vl' v2 

Mean l 83.143 83. ll; 3 
c ( Cfv) 2 28.162 14.081 1. 13 4.46 
S (Size of Fines) 2 33. 336 16.668 1. 33 4.46 
T (Type) 2 96.222 48. 111 3.84 4.46 
cs 4 49.265 12.316 0.98 3.84 
CT 4 118.225 29.556 2.46 ). 84 
ST ~ 69.483 17. 371 l. 39 3.84 
CST 8 100. 11,2 12.514 

TABLE 21A 

ANOVA TABLE FOR THE FINES LOST BY RUGOSITY (F )* 
r 

Source of DF Swn of Mean F Ratio F 
Variation Squares Square o. 95, vv v2 

Mean l 560.479 560.479 
C ( Cfvl 2 28. 941 1!;, 471 3290 4.46 
S (Size of Fines) 2 0. 001076 0.000538 0. 12 4.46 
T (Type) 2 113.915 56. 957 12970 4.46 
cs 4 0.016510 0.004127 0.94 3.84 
CT 4 4.795 1.199 190 3.84 
ST 4 0. 047470 0.011867 1. 92 3.84 
CST 8 0.035138 0.004392 

*Swn of squares \fere calculated by expressing Fr in percent. 



TABLE 22 

MIXTURE DESIGN TABLE FOR NATURAL GRAVEL 
(eight aggregate series) 

4GGBE..;ATE UPS " I!IJBBEAi OF fPACTIOilS II= • ll i 1) • ••• , • .tIll) .,2:\l.O,.!d.C,\S,il, H. 5,1.1,;,, ~. t IIIIAI.:'IIOI>~ A'hOPOUU\lll • !I&!Gii! DASlS) 

PUC. fi'tll.:. Eff, .1'-!:lt!;. UH •• fl.Od HGW l'O'UL 
ASIIU, A Sill. l'liMC, A.HI!. bU<,;, ll\IG. .u~u. ll::ll'li. PllH\S lo'211C, SI'EC. 
Clllll'. co~r. tU!AA. ASl'd. AHII. J,.OS'.t' lC'llV GllAV, PEBC, PEilC, I'BIIC, 

"' AGG. A~~li. ~(1. "'· vu. "'· ~OJ.. " UCI'I. "' "' COllY, !'lCI!.. 
U.i.!S DAS!S AilS. fA.'HS UAS.lS llA~lS iiASlS IIASlS IlliG, ~01, m VOlllS "' '" 

" ... ''" .,. ., '" ' ' ~ v ""' VWI 

J.OO 3,09 0.9!> e.~.~~ .1.,11 l.l,t 5 O,H 2,43 .061.1$ 93.55 

2.100 16.86 21.11 to. ss 
01.150 110.90 19.2~ 16,']2 
2,2 00 12.92 17.42 11.1,119 
2. 250 to. 95 15.54 13,06 
.2.300 8.91 13.66 11.12 
2.3!>0 6,99 11.78 9.19 
2.11011 5.01 9.91 7. 26 
2.t1SO J.OJ B.Ol S.ll 
2,500 1.05 6.15 ],1.10 
2.550 -O.'JJ !.1.26 1,46 
2.600 -:.!,91 2.4() -O,IH 

J.so 3.63 C.95 ~ ,79 2 • .;1 ~ .ta 1.112 3.119 .()62J 93.17 

2.100 16. ~5 21.56 19.07 
;,!,15() 111.26 1j,j .71 17.15 
~.200 12.26 11.64 15.22 
2.2~0 1(). 27 15.97 ll, 29 
2. JOO II. 27 14.11 11.37 
2.350 6,20 12.2<1 9. <14 
2,110() !;, 29 10.J7 7.51 
2,450 2.29 tJ,5G 5,59 
:.!.50() 0.10 6,6!! 3,66 
2.550 ~1, '1G 4.77 1. '13 
2.600 -l,MI 2.90 -0.19 

11.00 11,11 o.~H 9,1& 2.2~ ~.28 1.87 4. 5~ .0602 93.90 

2.100 15,62 21.98 19.32 
2.150 13.61 20.12 17.<10 
2. 2011 11.611 10.27 15.48 
Z.250 9,59 16.41 1],5S 
2.300 7.58 ,ij,55 11,63 
<!,350 5.57 12.6\l 9. 71 
2.400 3,56 10.911 7. 79 
2.450 1,55 6.96 5.87 
;!,500 ~0.46 7.U ], 95 
2.550 -2.1.16 5,26 2,03 
2,600 -10,47 ],1.11 0.11 

II. 50 ~.-71 (),95 9,5!4 2.38 : ,ij7 2.3~; 5,11 .osa3 1!(1.11 

2.10() 111,96 22,39 19,50 
2.1!>0 12.96 ;<0.54 17.66 
2.200 10.911 10.6!J 15.75 
2.250 11.~1 H.Ol.l 13.03 
2,300 6.69 15.01l 11.92 
;!,350 11.9~' 13.15 10.00 
2.1100 2.6<1 11.30 a. 09 
2,450 0.62 9,115 6.11 • if 
2,500 -1.21 7,61 11.26 
2.550 -3.23 5,76 2,34 
2.601l -5,26 3.91 o.u 

s.oo 5.26 0.95 10.911 2.4!> s.ts 2.01 6,116 .OSMi 911.34 

2.100 111,35 22.19 19,65 
2.150 12.31 2Q.96 17,911 
2,200 10.27 19.12 16,03 
2.250 tl.:U 17.211 111,12 
<!.300 6.19 15.1111 12,21 
2.350 11.16 13,6Q 10.31 
2,1!00 2.12 11.71 11.110 
2,1!30 0.06 9.93 6.49 
2, 500 -1.\16 u,og 14,56 
2.550 -4.00 6.25 2,67 
2.600 -f>,Oij 4,111 o. 71> 

5.50 5. 62 o.n 12.35 2.52 5.d1 3. JO 6. 03 .OS!! \I \H1,51 

2.100 13.12 ;.!3,20 20.13 
<!.150 11,66 21,37 10,23 
;<.200 9.61 19.54 16,3] 
;.!, 250 7,5b 17.72 14,1tl 
2.300 s.sa 15.119 12.53 
;a,JSG 3.~5 111.06 10.62 
.;!,1100 1, 39 12.23 11,1;! 
2.11!>0 -O,bli 10.40 6. 92 
2.500 ~2. 72 8,57 4. 92 
2.5!>0 -11.77 6.74 ], 02 
2,600 -6.82 11.92 1,12 

6,00 l't.Jtl 0.~5 13.71 2.59 s. ~ 6 J.7ll 9.2J .05310 911.1)6 

2.100 13.09 23.61 20.l!3 
2. 150 11,02 21.79 16,53 
2.21Hl 8.95 19.'17 lb. 6<1 
:!:.250 6,86 16.15 14,710 
2.300 11.111 16.3J 12, as 
lo J~O 2.711 14.51 10,95 
:.!.!400 0.67 1-':,6~ 9,06 
2.1050 •1,!40 10,09 7.16 
:.!.500 -3.117 9.06 s. 27 
2. 550 •!>.511 7,211 3,]!1 
:.!.&Oil -7,61 !>,II~ 1. ~9 



TABLE 23 

MIXTURE DESIGN TABLE FOR DOLOMITE 
(eight aggregate series) 

r.GGIIEGATE 'n!?ll - " IHIJIBUI Oi FII4CT10US !Ia ' .!1 (1), ••••. ~ jll)"'.lO.O,,I:tl.O,IS. 0,1\1.5, 1.2.5, ~- 0 (I'RA.C'UOIIS li'IIO>'ODUOII • III!UiUT BASlSI 
---·---~-------~~~-

usc. PU!C. l!lf. PERC. l:'fiC. FL0\1 PLCY TOTAL 

ASP!I. ASPii. PEBC. as~u. IIUG. IIOG. ASP II. ASPU. l'IIIES PEIIC. SPEC. 
cou:r. COHT. TOTI\b ASPII. ASHI. lOST AC'UV GIIAV. P ~RC. PEUC. PRIIC. 

"' AGG. AS.91t. VCJ.. 
.,_ Hl. "'- VOL. " PACK • "' "' COllY. PACK. 

BASIS BASIS .us. I!ASIS llAS.IS BASIS DAS!S IIASlS IlliG. VOL. "' VOIDS "' '" 
v v ' · .. ., ., '" •,. '= " - -.. ' 4.50 ~.71 0.43 11.76 3.26 1.33 1.t15 3.69 .1173 06.27 

2.100 19.93 28.35 22.113 
2.151) 18.02 26.64 20. 9~ 
2.200 16.11 24.94 19. Hl 
2. 251} 14.21 2).23 17.26 
2.300 12.30 ;n.sJ 15.42 
2.350 10.39 19.62 13.59 
2.400 8.49 16.11 11.75 
2. 450 6. 50 16.1> 1 9.91 
2.500 ij.67 1~. 70 !1.07 
2.550 2. 77 13.00 6.23 
2.600 0.86 11.29 4. 39 

s.oo 5.26 0.43 1J.21 3.42 1.69 1.8lt ~.67 .1137 88.63 

2.100 19. 27 20.1) 22.87 
2.150 17.35 21.03 21.03 
2.200 15.42 25.33 19.20 
2.250 13.50 23.63 11.36 
2.300 11.58 21.94 15.53 
2.350 9.66 20.211 13.69 
2.400 7. 73 18.5~ 11.85 
2. ij51) 5.61 16.85 10.02 
2.500 3.09 15.15 6.1!1 
2.550 1.97 13.45 6. 34 
2.600 o. 05 11.76 4.51 

5.50 5.112 o.u 14.i10 3.57 8. 0~ 2. 25 5.69 .110~ 66.% 

2.100 16.61 29.10 n. 99 
2.150 16.67 27.41 21,15 
2.200 1ll.73 25.12 19.32 
2.250 12.80 24.04 11.1j9 
2.300 10.66 22.35 15.65 
2. 350 11.92 20.66 13,82 
2.400 6,9S 10.97 11.99 
2.ll50 5.04 17.26 10.15 
2.500 3.11 15.60 8. 32 
2.550 1.11 13,91 6.49 
2.600 -0.17 12.22 4.65 

6.00 6.36 0.43 16. Jq 3.71 a.33 2.68 6.7ll .1073 69.27 

2.100 17.95 29 .lj8 23.13 
2.150 16.00 27.SO 21.30 
2.200 14.04 26.12 19.lt7 
2,:i:SO 12,99 "l.lj,ljlj 17.64 
2. 300 10.14 22~76 15~8T 
2.350 8.18 21.06 13.98 
2.400 6.23 w:.o 12.15 
2.450 4,26 17.7 2 10. 32 
2. 5(10 2.32 16.04 6.49 
2.550 o. 37 14.36 6.66 
2.601) -1.59 12.611 4. 63 

6.50 6.95 O.IU 11.90 3.!14 a.f 2 3.11 1. 01 .1!)43 !19.57 

2.100 17.29 29.!15 23.29 
2,150 15.32 211.16 21.116 
2.200 13.35 26.51 19.63 
2. 250 11.38 24.1J4 17.61 
2.300 9.41 23.17 15.96 
2.350 7.45 21.50 14.15 
2.400 5.46 19.!13 12.33 
2.450 3.51 16.16 10.50 
2. 500 1. Sit 11>.49 8. 67 
2.550 ·0. 43 14,62 6,!15 
2.600 -2.110 13,15 5. 02 

7.00 7.53 0.4J 19.~6 3.96 a,;w 3. 57 a. 92 .1016 69.64 

2.100 16.1>3 30.2J 23.46 
2.150 1!!.65 211.56 21.64 
<:.200 12. 66 26.90 19.62 
2.~50 10.68 25.24 16.00 
2.300 f:l. 69 23.56 16.17 
2.350 6. 71 21.92 14.35 
2. 400 4.72 20.26 12.53 
2. 450 2.74 16.60 10.71 
2. 500 o. 75 16.94 a, 66 
2.550 -1.23 15.27 7. 06 
2.600 - 3,:0':2 13.61 5.24 

1.50 6.11 o.~.l 21.08 4 .oa 9.16 4 ,OJ 10.06 .0990 90.10 

2.100 15.97 30.60 23.65 
.<. 150 13.91 28.95 21.!14 
2.200 11.97 27.30 20.02 
2.250 9. 97 25.64 16.20 
2. 300 7.97 23.99 16. 3!1 
2. 350 5. 97 22.J4 14.56 
2. 401} 3.97 20.69 12.75 
2. 450 1. 97 19.03 10.93 
2.501) -0.03 17.38 9.11 
2.550 -~.OJ 15.73 7.29 
2.600 -4.03 14.08 5.4!1 



TABLE 24 

MIXTURE DESIGN TABLE FOR SANDSTONE 
(eight aggregate series) 

t.r.r,<>Fr;~TF TVPF - " NU'-'IIfR "' FRHT!nl<l~ ,. ' ~!I I,,,,,, ~I'll~~().~,' ~.r, \",", 1°, ~,I?, 5, ~. -·.· (~RACTI"N$ J>PJJI>!111T 11}"1 - WflGIH liAS IS I 

PEPr, I'!:Pr, ~~F • I'FIIf, <>EPC, Fl '"IW nnw TOTAl 
1151'1-1, 1\<;l'f,f, PF<!C, ~ ~!>H, OIJ<;, '!•Jr.. ASI>H, ASPH, FINfS PF.~C. Sl'fC. 
CO'lT, C:!JNT, T"Bt A~<>H, J\SPH, u·sr ACT IV Gfli\V, P£11(, PERC, PERC, 

"' Ar,r;, ~<;PI-I, IJ'll. "· V'llo "· vn~, " PACK, "' '" co»v. PACK, 
llt.Sl~ II~St~ Afl<;, ~AS!<; JH<;J~ qt.,<; 1 s BAq~ liAS IS RU!i, vat. '" VOIOS '" '"' 

' "' ' " 
•,.,. •,., '" ' ' " "" ""' ,. ~ 

~.cr <l,R'l 4.14 \7.,17 A,Pq Hto'l~ loBI 3.69 ,C'll2 9!),!18 

2.10(' 4, 78 15.56 8,18 
Zo\50 z.sz l3o55 5.99 
2o20C 0,25 11.54 3.80 
2,2:50 -2.02 9,53 lo62 
2.100 -4,29 1,52 ~0,57 

2.350 -6,55 'io'il -z. 76 
7,400 -8.82 3.50 -4.94 
2,450 -ll,O'l lo49 -1' .13 
2. soc -13.35 -0,52 -9,31 
2.~5() -15.62 -2.53 -11.50 
2. 600 -17 oO'l -4.54 -U.!>'il 

9,Sr 1 C.5C 4,14 l'•oll ~. ~~ l5.H• :l,zt, 4,61 ,·Jae4 9l.lb 

2, ICC 4.17 16.03 8, 39 
2:.150 ),{I<J 14.03 6,21 
2.200 -0.3<J 12.03 4.03 
2o 250 -2,67 10.03 1,85 
2. 300 -4,95 8.03 -0.33 
2.350 -7.23 6,03 -2,51 
~.400 -<J,5l 4.03 -4,69 
2.450 -11.80 2.03 -6,87 
2.500 -14,()6 0,03 -9,05 
2o5!5C •ll>o36 -l.'l7 -11.24 
2.600 -18.64 -3.<J7 -13.42 

10.0') 11.11 4.14 1 5.47 !), ?~ 15, 5~ ?. 73 s,o;s .oo•n <Jl,43 

2, too 3o57 16,1oQ 8,63 
2.150 1.27 14.50 6,46 
2,200 -1.03 12.51 4,28 
2,250 -3.32 10.52 2oll 
2. 300 -5,62 8, 54 -0.07 
2. 3,0 -7,91 6.55 -2.24 
2.40(' -10.21 4.56 -4.42 
2,450 -12.'H 2o57 -6,59 
2o500 -14,80 0,5 A -6,11 
2. 550 -11.10 -I ·'• 1 -10.94 
2.600 -19.39 -3.39 -13.12 

10,50 11.73 4.14 \6,11~ ~.~I 1 ~. 18 3, 22 6,51 .08:"1~ 9lohll 

2.100 2,96 16.95 8,89 
2.150 0.65 14,<J8 6, 72 
2.200 -1.66 13.00 4.56 
2, 250. -3.97 tl.02_ 2.39 
2.3CO -6.?8 '1.04 0,22 
?,3SO .. s.s<J 1,07 -1,95 
?o40C -10,90 5,09 -4.12 
2,450 -l3o 21 3.11 -6.29 
2. 500 -15,6'3 1.14 -8,46 
2,'550 -17.84 -0.94 -10,63 
Zo600 -20.15 -z. B2 -1z.eo 

1lo!"fl I~ • ~,.. '••\4 I q, ?4 Q,J,4 H•,rll "· 72 7,51 .cao9 91,'H 

z. 100 2.35 11.42 9,17 
z.tso 0,03 \'5,45 7.01 
z. 200 -2.30 13,49 4.95 
2.250 -4,62 11.52 2.69 
2.300 -6,95 'l,5'5 0,52 
2.350 -9.21 7,59 -1.64 
2.~ooc -11,60 5,62 -3,80 
2,450 -13.92 ),65 -5,97 
2.500 -16,.25 1,69 -8,13 
2.550 -IQ,57 -0.29 -10.29 
2. 600 -20,90 -2.24 -12.46 

u.sr 12.<1<'1 4,14 1 'l,6~ ~.1~ 16. ~4 4, 24 A,53 .('17117 92,1 J 

?.100 t. 74 n.ae 9,46 
2,150 -fi,60 15,<J1 1,31 
2,200 -2.94 11.97 5,15 
?..?50 -5.26 12,02 3,00 
2,%(· -7.62 10.')6 0.84 
2,350 -<J,<J5 !loll ·I ,32 
2 o4N.l -tz.zq 6, 15 -3.4 7 
7,450 -14.63 4o2D -s ,63 
?.'50(' -16,97 2.?4 -7.78 
2.'>50 -t9,:H (),29 -9,94 
2o600 -2\,65 -1.67 -12.09 

12. ··~ I~.M 4,\4 ~ !.~ll ~.117 p,,4~ 
'·· 71 

<1, ~7 ,1)766 '12, 34 

2.100 t.n I A,35 'l, 77 
?ol'il..1 -1.22 16.40 7.1.2 
2.200 -3.57 l4o4b '5,47 
2.250 -5,<)3 U.S I 3. 32 
2. 30( -9,78 10.57 lol8 
2,350 -10,63 11.62 ~c,<J7 

2.40G -\2. 'l'l 6, Ml -:'I. 12 
2,45() -15.34 4o14 ~'>.27 

?.,'30U -11. 7•: 2. 7'l -7.42 
2."5C -2C'.05 !:1,95 -9,57 
? .6tlt -22.4(, -t .tO -lt.7l 



TABLE 25 

MIXTURE DESIGN TABLE FOR CRUSHED GRAVEL 
(eight aggregate series) 

AGGiiiGATII :J:U'II ~ CG 
II08B!lll Oi' I!'UC'l'IOHS il"' b 
It{ 1), ••• •• X {11)"'20.0,l8.G,15, 0,111.5,12 ,5, '·" {I'BACUOIIS li'!IO!'ODUOII ~ 111110117 fll\SlSI 

i'BBC. i'EilC, u·r. !'>88<;, nee. 1'1.011 1?!.0\1 70TA.L 
UIHI. .Uli'll. eanc. 1151'1! • DllG. IIUG. ASVU. U&>!l. JIU!RJ QBBC. S!l'IIC, 
COliiT. COli!, !OrAL ASl'll, ASU. LOST AClflV GBAV, PIIIIC. PlUiC. nne. 

"' AGO. ASl'tl. uu. "'· VCL. "· VOL, " PACI, ., m COIIV. Vi\Cl. 
BASXS !lAS IS ABS. BASIS BASIS UHS BASIS BAS!S BOG. ~OL. m VOW$ "' ... 

• ' .. ... ... .,., ',, ' 0 
~ " ""' ""' s.oo 5.26 0.62 12.21 3,93 &.30 1. Jij 3,21.1 .U02 86.98 

2,100 16,52 25.60 19.13 
2.150 14.53 23.83 17,20 
2, 200 12.51.1 22.06 15.26 
2,250 10.55 20.29 13. JS 
2.300 6.57 18.52 11.43 
2.350 6.5& 16.75 9. so 
2. 400 4.59 14.97 7,57 
2.450 2.60 13.20 5,65 
2.500 0.61 11.!i3 3, 72 
2,550 -1.37 9.66 1,60 
2.600 ~3,36 7.89 ~o.u 

s.so 5.82 0,6;;! 13.6S 11.10 e.67 1.72 4.15 .U6S 87.35 

2.100 15.87 25.99 19.21 
2.150 13.07 24.23 11.29 
2.200 11.87 n.111 15.37 
2.250 9. 66 20.71 13,411 
2.300 7.86 16.95 11,52 
2.350 5.66 17.16 9.60 
2.!>00 3.85 15.'>2 7.67 
2.1150 1.65 13,66 5. 75 
a.soo -0.15 11.90 3,63 
2.550 -2.15 10.1'> 1.90 
2.600 ~4.16 a.37 -0.02 

6,00 6.38 0.62 15.16 14.27 9.01 2.ll 5.10 .u:n S7.69 

2.100 15.23 26.39 19.33 
2.150 13.21 24.63 17.41 
2.200 11.19 22.80 15.49 
2.250 9,17 21,13 13.56 
a. Joo 7.15 19.37 11,611 
2.350 5.14 17.62 9. 72 
2.1,100 3.12 15.67 7.80 
2.450 1.10 11,1,12 5. 88 
2.500 -o.n 12.36 3. 96 
2.550 -·2.94 10.61 2.011 
2.60() -4.96 6.66 (),12 

6.50 6.95 0.62 16.65 4.42 9.33 2,53 6,08 .1198 81),02 

2,100 11,1. 56 26.76 19.46 
2.150 12.55 25.0.1 H. 54 
2,200 10.52 23.:.n 15.63 
2.250 !1. 46 21.55 13.11 
2. 300 6.J<5 19.60 1"1.79 
2.350 4,tl2 10.06 9. 67 
2.400 2.38 ~6.32 7. 96 
2.1150 o. 35 11,1.57 6. 04 
2.500 -1.69 12.83 4.12 
2. 550 -3.72 11.09 2.20 
2,600 .,:5. 75 9.34 o. 29 

7.00 7,53 0,6..! 18.16 4.56 9 .til 2.96 7.09 ,1166 88.32 

2.100 13.94 27.17 19,61 
2.1 so 11.69 25.43 11,70 
2.200 9.64 23.70 15.79 
2, ~50 1. 79 21,97 13,67 
2.300 s. 7ij 20.23 11~9<> 
2.350 3.69 16.50 10.011 
2.J<OO 1.65 16.76 o. 13 
2,450 -0.110 15.03 6.22 
2.$00 -2.45 13.30 11.30 
2.550 -4.50 11.56 2.39 
2. 600 6. 55 9.83 0.118 

7.50 6.11 0.6.( 19.6,} 4,70 9, 93 3,Q 1 6.12 .109 86,61 

2.111U 13.3(1 27.56 19.79 
2,150 11.23 25.8'> 17.88 
2.200 9.11 24.11 15.97 
2.250 7.10 22.J9 14.06 
2.300 S.Oii 20,66 12.15 
2. 350 2.H 18.9'> 10,24 
2.40() 0.91 17.21 6.33 
2.450 •1,16 15.49 6.42 
2.500 -3.22 13.76 4. 51 
2. 550 ~S.2fJ 12 .Oij 2,60 
2.600 -7.35 10.31 0.69 

a.oo 6.10 0.62 ~ 1.24 4. eJ 1C,20 3.116 ';1,19 .1111 118,69 

2.100 12.65 ;n.95 19.97 
2.150 10.57 26.24 16.07 
2.200 a. ij9 214.52 16.16 
2,2SQ 6.~ 1 22.61 14.26 
2, 300 4,3] 21.09 12.35 
2,35Q 2.25 19.37 to. 44 
2, 400 0,17 17.66 6.54 
2.1150 •1.91 15.94 6. 63 
2. 500 -3.99 1Q.2J 4. 73 
2.550 ·6.07 12.51 2.62 
2.600 ·IJ.15 10.60 o.n 



TABLE 26 

MIXTURE DESIGN TABLE FOR SLAG 
(eight aggregate series) 

llr.Grt!;GoHE TVPF - " NU~!IEP " I'IIACT!ONS !I!" ' I( If 1,., •• oli!Nl ,zn,o,;>R,c, l<i,(' 0 1<), <;, l;>,•;, '·' !FRACTIONS I'IH'H>O~T ION - WF IGHT !lAS I Sl 

PERC. PfAC, FH, PF<ll:, PF.IIC, FLPW li'LO'ol TOTAL 
ASPH, A'iPH, PERC, .1\SPH, !Hir;, 11111';, ASPH, ASPH. FINES PEAr., SPEC, 
CnNT, UlNT, T!:!TAL A~PH, A~PN, LOST ACTIV GRAll, PERC, PERC o PERC, 

"" ~GG. ASPH, V11l, "· VOL, "'· vnt. " PACK. "' '" CONV, PACK, 
BASIS liAS I<\ AilS, RASTS liAS IS liAS IS BASI~ !lAl;l s RUG, VOL, "" VOIDS "' VMA 

• • ' .. ·~ •,. ., ',, v,. '~ ' ""' "", 
.,,Q(! 1.~~ ;>,')$ 11.24 .,, .. ,. 12.4!i t.oa 2.44 oH45 A5,5!1 

2.100 13.21 21.'118 \5,28 
2,150 llol4 zo.u n.26 
2o 200 9,07 16,26 llo 24 
2.250 .7 .o-t llh40 9,23 
2.300 4.94 14.54 1.21 
2,350 2.87 12.69 5,19 
2o400 o.ai 10.83 3.17 
Zo450 -1.26 11,97 1.16 
2.500 -3.33 7,!1 -0.86 
2,550 -5.39 s.u. -2.88 
2.600 -7.46 3.40 ~4.89 

1,<;,:, 11.11 ?.9~ ll. (:,7 6o64 12.111 1,47 3,31 ol4f16 85.92 

lolOO l2o57 ;?2.40 l5ol1 
2.150 10.48 20.55 1].35 
2.200 8,40 18,70 i1o34 
2.250 6,32 16.85 9,32 
2.300 4.24 15,00 7.31 
2,350 2.16 l3ol6 5,29 
2o400 0.01 11.:31 3.28 
2.450 -2.01 9,46 1.26 
z. 500 -4.09 7,61 -0.75 
'..550 -6.17 5,11 -2,71 
2,600 -fl.25 3.92 -4.78 

8,0(' !1.70 2,9'5 14,11 6,82 t3.16 1. on 4,;n .1373 86.27 

2.100 Uo92 22.81 15.49 
2,150 9,83 20.98 13.47 
2.200 7,73 19.14 11.46 
2.250 5,(:.3 17,30 9,45 
2.300 .'h54 l5o46 7,44 
2o31Hi t.4.ft 13.63 5,42 
2.400 -0,66 11.79 3.41 
?,450 :o2.75 9,95 t.-~>o 
2. 500 -4.85 6.11 -0.61 
2,550 -6.95 6,28 -2.62 
2.600 -9.05 4,44 -4,64 

,_ 
!l.~r 9,;>'1 ?., 'IS 15.57 ~.'19 t),4<J ?,;H'l 5,14 .1340 86,60 

2,100 11.28 23.23 15,62 
2,150 9,17 21.41 13.61 
7.200 7,06 19,<;8 1l,6l 
2.~sc 4,95 17.75 9.60 
2.,300 2.04 rs;-42 7.59 
2.no 0.72 14.10 5.58 
2.400 -1.39 12,27 3.57 
2,450 -3.~0 10,44 1,56 
2.'300 -5.61 8.61 ~0.45 

2.550 -1.73 6,78 -2.46 
?.600 -9.84 lt,96 -4,1t7 

"·"" <>,n<> ,?.9~ t 7,C4 7,1 ~ 13. Ill 2.74 (:.,0)9 .U09 ao!o.91 

? .100 10.64 23,65 15,7/l 
2.150 8,52 21. 8<!> 1),78 
2o20" 6, 39 20.02 11.77 
2,25(1 4.26 18.20 9,76 
2.300 2.13 16,38 7.76 
2.3'30 o .ct 14,56 5.75 
2.400 -2.12 12,75 ], 75 
2.45Ct -4,25 to,•n lo74 
~.~oo -6.38 9.11 ~0.26 

2..55(, -s.so 7.29 -2.27 
2,6CO -10.63 5,48 -4.27 

<J,5(! 10.5" 2,<J'I 1 e.'l3 7. ~-~ 14,)') ,,t? 7,07 .1279 117,21 

2.100 10.00 24.07 1'1.96 
2.150 7,66 22,27 13,95 
?.zoo 5.72 20.46 11.95 
2.250 ],58 10,65 9,95 
2.300 1,4] 16,0/t 7,95 
2.350 -o. 11 15.03 5.95 
2.400 -2.85 13,23 3.95 
2,450 -4,99 llo42 1.95 
z.sco -7.14 9.61 -0.05 
2. 550 -<1.28 7,80 -2.05 
2.600 -lt ,42 6.00 -4.05 

IO,('t'! I loll ~.qs 21}, '~4 7,45 14.3<> 3,1>@- 8,('19 .12'>\1 !11.4<J 

2. too 9,36 24.49 16.15 
2.1 $1) 1.21 22.69 14.15 
2, 200 5.05 20.90 12,15 
2.25¢ 2,89 19.10 10ol6 
2. 30C o.n 11.30 8.16 
2,3'5(1 -1.43 !';.SO 6,16 
2.400 -1,51) n.n 4.11 
2.4'>(1 -5,74 11.91 2.11 
2,5!j(j -7,90 10.11 0.11 
2.550 -10.06 11.31 -1.02 
2,600 - t~.22 6,51 -1.82: 



TABLE 27 

MIXTURE DESIGN TABLE FOR MINE ROCK 
(eight aggregate series) 

AGGB.HATE 'lXi'E a liD 
UliliBEO Of HIACUOUS <i"' 6 
', 1) ••••• ,l tiiJ"'2G. o,.la.o, 1s.o ,1'.1.5,1~ .s, s.n tFiii!.CliOHS !'!iO.O'OIITIOII • dtlGUT BA.HS) 

IU!IIC. esoc. an. HllC. PUC. FJ.o\1 fl,0\1 TOTAl. 
ASIHI. ASP II. Pili!C. A.ii'U. RUG. IlliG, ASPil. ASI?II. UIIES PBDC, Sl'£C, 
COII1. COIIT. TUTlJ.. ASJ>H. ASL'II. I.Os\1' Ac:;;UV GIIAV. PERC, PEBC. i'R!IC, 

"' AGG. ASPd, VCL, "· Vtl. "· VOL. " PACK. " "' COIIV, li'ACK. 
I.IASIS BASIS AHS, liAS IS lllSIS eliUS BA:HS BASIS IlliG. VOL. "' VOl.DS "' '" • • ' . .,. .,.., 

'" • a "" ""', ,, .. ,. ~ 

4.50 4.71 o. 77 10.~E J. 14 6,37 0,97 2. ~6 .1220 67.80 

2.100 zo. 90 20.65 22.80 
2.150 19.02 26.95 20.96 
2.200 17.13 25.25 19.13 
2.250 15.25 23.55 17,29 
2. 300 13.37 21,65 15.45 
2.350 11.ll6 20.15 13.61 
2.1100 9.60 18,46 11.77 
2.450 7.72 16.76 9.93 
2. 500 5. BJ 15.06 8,10 
2.55(1 3.95 13.36 6. 26 
2.600 2.07 11.66 4.42 

5.00 5.26 0.11 12.38 3.92 f. i6 1.35 3.41 .1H11 811.19 

2.100 20.23 29.02 22.87 
2.150 18.34 27.33 21.03 
2.200 16.44 25.6Q 19.20 
2.250 11<.54 23.95 17,36 
2.300 12.64 22.26 15,52 
2.350 10.74 20.57 13.69 
2.400 11.84 111.68 11.85 
2. !<50 6. 94 17.19 10.01 
2.500 5.04 15.50 6.18 
2.551) 3,14 13.81 6,34 
2.600 1,24 12.12 4. so 

5. 50 5.62 0.11 13.91 4,08 9.11 I,N 4. 40 ,1 11>6 118.54 

2.100 19.57 29.40 22.'16 
2.150 17.1>6 27.71 21.13 
2.200 15.74 26.03 19.30 
2o250 13,83 211,35 17.46 
2. 31)0 11.91 22.67 15.63 
2.350 10.00 ;;\0,99 13.79 
;<. 400 11.(111 19.31 11.96 
2. 451) !.,17 17.63 11),13 
2. 501) 4.25 15.95 0.29 
.<.550 2.34 14.27 6. 46 
2.600 0.42 12.59 4,62 

6,00 6.311 o. 71 15.!17 4. 22 S.45 2.10 5.43 .1114( IHI.ilb 

2. too 16.91 29.77 23.08 
2.150 16.911 26.10 21.25 
2. 200 15,05 26.42 19.42 
2.250 13.12 24.75 17,59 
;!.300 11.18 23.00 15. 76 
2. 350 9. 25 21.1f1 13.93 
2. 400 7. 32 19.71> 12.10 
2. qso 5.39 18,06 10.27 
2.500 3.~6 1_6,39 a.u 
2.551) 1.53 14.72 6.60 
2-600 -0.40 ·13,05 4. 71 

6.50 1>.95 0.11 11.01 4.36 L76 2,59 6, 49 .1061 89.19 

;!.100 16.24 30,14 23.23 
~.150 16.30 28.48 21.40 
2.200 14. JS 26.82 19.57 
J.250 12.40 25.15 17.74 
2. 300 1 o. Q(l 23.49 15.91 
2.350 a. 51 21.83 14.09 
2.400 6.56 20.16 12.26 
2.450 4.62 1~.50 10.43 
2.500 2.67 16.64 8.60 
2.550 0.72 15.17 6, 71 
:2.600 ~ 1. 22 13.51 4. 95 

7.00 1.5J 0,17 18.6l ~.ij9 10. cs ],(I] 7. 58 .11)52 !1\1.48 

2.100 17.511 30.52 23.39 
2.150 15.62 :w.a6 21.56 
2. 200 13,66 27.21 19. 7fi 
2. 250 11. 69 25.55 11,91 
2.300 9. 73 23.90 16.09 
2.350 7.11 22.24 14.27 
2.400 5,111 20.59 12. 41< 
;<. 450 3.84 18.94 10.62 
2. 500 1.&8 17.28 a. 79 
2.550 -o.oe 15.63 6. 97 
2.600 ~:!.04 13.97 5.14 

7.50 a. 11 \).11 ~o.:...< 4,02 10.32 3.4~ 6,69 .11)24 119.76 

2.11)1) 16,92 30.89 23.51> 
2.150 1<1.94 29.2ij 21.74 
l.. 200 12.96 27.60 19.92 
2. 250 10,9!1 25.95 18.10 
2.300 9.00 24.31 16,26 
2.350 1,03 22.66 14. &6 
~- 400 5.05 ;,!1.02 12. (lij 
2. 450 3,01 19.H 11).82 
2.500 1,09 17.73 9.00 
2.550 ·0.8~ 16,\HI 7.16 
2. 600 -2.87 110.44 5.36 



TABLE 28 

MIXTURE DESIGN TABLE FOR LIMESTONE 
(eight aggregate series) 

iiGGilllGATR U'PB ~ LS 
IIUBBU OI' l'BAC'UCIIS !!= 6 
l i 1) •••••• ;( ill I ,.zo. 0,2 6.0, 15.0 ,19. 5,12 .s. 

5 ·' 
U'aAC'UOilS li'I!OPOBTIOU - IIRIGil't BASISj 

l'IUIC, i'HD.C:o BPl'. PBIIC. ~Ht. fLO II fLOid TOTAL 
ASP II, liSP II. l'l!!iiC. ASJ?I!, HUG, RUb. ASJ?ll. AS!?tl. f!UES U!lC. SI'BC. 
COUT. COI!'I. TOTAL ASi'H. ASfl!. LOST AC'Il V GliAV. PI!RC. PElle. !.'Bnc. 

"' AGG. ASPH. VCL. "· VCl. "· VOL. " l'IICI(, "' "' CO !IV. !lACK, 
BASIS !lA SIS ADS, EASIS BASIS U.H\S BASIS BASIS BUG. VOL, "' VOIDS "' '"' • • ' '•• ., .,., ',, •,. ' ""' "" " ~ ' s.oo 5.26 0.64 11.!11,\ 3,62 1.66 1.64 3.93 .1161 06.39 

2.100 1s.n 2ij.26 Hl.4J 
2.150 13.20 22.116 16.46 
2.200 11.16 2Q.66 1ij.5ij 
2.250 9.16 16.65 12.60 
2.300 7.14 17.05 10.66 
2,350 5.12 15.25 B. 71 
2.400 J. 11 13.44 6, 77 
2.450 1.09 11,64 4,113 
2.500 -0.93 9.Bif 2.69 
2.550 -2.95 6.03 0.95 
2.600 -~.n 6.23 -1. oo 

5.50 5,62 0.6ij :J.Jd 3.17 6.00 2.05 1.1.69 .1129 66.71 

2.100 111.56 211.66 16.56 
2.150 u.ss 22.67 16.62 
2.200 10.51 21.07 1!1.68 
2.250 a. 116 19:.211 12. 7~ 
2. 300 6.11~ 17.~9 10.00 
2.350 10.111 15.69 a. a1 
2. 1<00 2. 38 13.90 6. 93 
2.1<50 o. 311 12,10 4.99 
2.500 -1.69 10.31 3, OS 
2.550 -3.72 6.52 1. 11 
2.600 -s. 76 6.72 -o. 113 

6."00 6.38 0.61i 14.01< 3,92 e.Jo 2.47 5, 67 .1099 09.01 

2.100 13.9:4 25,06 18.72 
2.150 11.69 23.28 16.76 
2.200 9.811 21,1>9 14.65 
2,250 7.00 19.71 12.9:1 
2.300 5.75 17.92 10.96 
2. 350 J. 70 16.14 9,01< 
2.400 1.65 14.35 7.10 
2. 1<50 -0.40 12.57 5. 17 
2.500 -2.45 10.79 3, 23 
2.550 -!<,SO 9.00 1.30 
2.600 -6.55 7.22 -0.6~ 

6.50 6.95 0,6ij 16.30 11.05 e.sa 2.90 6.69 .1071 !19,29 

2.100 13.30 2S.q6 18.69 
2. 150 11. 2ij 23.60 16.96 
2. 200 9. 18 21.91 15.03 
2.250 7.11 20.13 13.10 
2.-JO(f 5.05 16.36 1C1i 
2.350 2.96 16,58 9.211 
2.11(10 0.92 111.61 7.31 
2.450 -1.111 13.03 5.37 
2.500 -3.21 11.26 3.44 
2. 550 -5.27 9,<19 1, 51 
2.600 -7.34 7, 71 ~0.42 

7.00 7.53 0.6<1 11.79 11.18 11.~5 3.35 7,93 .10104 69.56 

2.100 12.67 25.06 19.08 
2.150 10.59 2li.l}9 17.16 
2.200 8.51 22.33 15. 23 
2.250 6.43 20.56 13.30 
2.300 11.35 16,60 11.38 
2.350 2. 27 11.03 9.45 
2.~00 0,19 15.27 7. 52 
2. 450 -1.69 13 .so 5.60 
2.500 ~3.97 11.73 3,67 
2,550 -6.05 9.97 1, 75 
2.600 -6.13 6.20 ·0.16 

7.50 8.11 0.64 19.29 11,30 9.10 3.81 9.oo .1016 89.62 

2.100 12.03 26.2(, 19.29 
2.150 9.9\1 24.50 17.37 
2. 2011 7.6!> 22.74 15.105 
2.250 s. 75 20.99 13.53 
2.300 3.65 19.23 11.61 
2.35(1 1.56 17 .!>8 9. 66 
2.400 •0.5\1 ts.n 1. 76 
2.\150 -2.63 13.96 5.6<1 
2.500 -4.73 12.21 3.92 
2.550 -6.02 10.45 2.00 
2.600 -a.n o. 70 o.oo 

6,00 6,10 0.6<1 20.d1 10.'>1 9.34 11 • .?.9 to. o9 .0994 90.06 

2.100 11.39 26.65 19.51 
2.150 9. 28 24,91 17.60 
2.200 7.17 23.16 15.66 
2.250 5.06 21.~2 13.76 
2.300 2.95 19.67 11.05 
2.350 0.84 17,92 9. 93 
2.1100 -1.27 16.16 6.1)1 
2,1150 -J.JO 111.43 6,10 
2.500 -5.~8 12.66 11.18 
2. 550 -7.59 10.94 2.27 
2.600 -9.70 9.19 0.35 



TABLE 29 

MIXTURE DESIGN TABLE FOR BEACH PEBBLES 
(eight aggregate series) 

AGG.!Ili.GA'l/E Ui'f - " HllllBEil Of PUCtlCHS ~"" ' 1111 ••••• • t llil"':w. a,lil. c,ts.0,19.5,12.5, '·' U'.!lCTIOIIS k'IIOPOS'r!OII - ~lllGIIT BASIS) 

li'HIIC. PERC. Ei'F • P£11C. PlH, Fl. OW !'LOb' TOTU. 
AS!'Il. ASP II. PJlRC. 151?11. llUG, BUG. ASPII. ASPII. l'lNBS PEac. SPEC. 
COII'I. CO liT, tUU.L ASPU. ASl ~. LOST ACUV GilA~. P.EilC. PBUC. I.'EBC. 

"' AGG, AS!i'll, ~CL. "· vu. "· VOL, " PACK. "' m cowv. PACII. 
JUSIS I!BlS AIJS, l!AS!S OASIS UHS BASIS IIASIS BUG. VOL. "' VOIUS "' "' 

v ' v 
"" 

., ., ',, ' ,. 0 

"" "" '""' ., ' 2.50 1.51'> O.h 6,ij(l 1.03 .<.61 1. 53 ], 96 .0235 97.65 

2,100 1'7,05 23.92 n.u 
2.150 17.12 22.11 ,20, 21 
2. 200 15.20 20.30 111.42 
2,250 13.27 1S.Q9 16.57 
2,300 11. ]ij 16,68 14.71 
2.350 9.42 14.U7 12.96 
,2,1100 7 .!19 13.05 11.00 
2.45G 5.56 11.2'1 9. 15 
2.500 3.63 9.43 7.29 
2.550 1. 71 7.62 5. 44 
2, 600 ~o. 22 5.61 3.59 

3.00 3.09 (1,111 7,60 1.07 2.70 2.02 5. 23 .0225 97.75 

2.100 18.41 24.31 22.115 
2.150 16.47 22.51 20.60 
2.200 14,53 20,71 16.76 
2. 250 12,56 16.91 16.91 
2.300 10.64 17.10 15.06 
2. 350 6.70 15.30 n. 22 
2.400 6. 76 13.50 11.37 
;!, 450 11,61 11.70 9.52 
2.500 2.67 9,90 7. 66 
2. 550 0.93 6.09 5.63 
2. 600 -1.01 6,29 J. 99 

3,50 3.63 0.1'> 9.21 1.11 2.79 2.52 6.51 ,(1216 97.04 

2.100 17.77 24.70 22,70 
2.150 15.61 22.91 2{). 94 
2.201) 13.115 21.12 19.10 
2.250 11.91) 19.32 17.26 
2,300 9,911 17,53 15.43 
2.350 1, '.HI 15.711 13.59 
2.40U 6.02 13.95 11.75 
2.450 J<.07 12.15 9. 91 
2.500 2.11 10.36 a. 07 
2. 550 0.15 6,57 6. 23 
2. 600 -1.61 6.711 4,40 

!!.00 4.n 0.14 10.63 1.14 ~.€7 3.03 1.62 .o:wa S7.92 

2. 100 17. 1J 25.09 23,12 
2.150 1S. 16 23.31 21.29 
2,200 13.10 21.53 19.46 
2.250 11.21 19.74 17.63 
2.300 9. 2~ 17.96 15. so 
2,350 1. 26 16.16 13.97 
2.0>00 5.29 1'>.39 12.14 
2. 0>50 3.32 12.61 10.31 
2,500 1.3.5 10.83 6.ij7 
2.550 a(l,(;3 9.0~ 6,611 
2. 600 -2.60 7.26 1>.61 

4.sa 4.71 0.1 .. 12,07 1.17 i.ll4 1.SS 9. 11~ .0201 97.99 

2.100 16.49 25.1>8 23.1>6 
2,150 11>.50 23.71 21. 61> 
2.20() 12.51 21.93 19.82 
2.250 10.52 20,16 16.00 
2.300 II. 511 18.39 16.17 
2.3SO 6.55 16.61 h.35 
2. 1100 1>.56 14.64 12.53 
2,450 2.57 13.06 10.71 
2.500 0.56 11.29 6.86 
2.S50 -1.41 9.52 1. 06 
2. 600 -3.39 7.74 s. 24 

5.00 5.26 0.1'< 13.52 1.19 J. 01 4,07 10.4~ .01~!> 98.05 

2. 100 15.85 25.87 23.61 
2,150 13,64 ;!11.11 22.00 
2. 20(1 11.94 22.34 20. 18 
2. 250 9.64 20.59 16.37 
2,300 7.83 111.61 16.56 
2.350 5, 83 17.05 14.74 
2. 401} 3.63 15.26 1~. 93 
2. 450 1.112 13.52 11.11 
2,500 -0.18 11.75 9. 30 
2. !>51) -2.16 9.99 7.49 
2. 61}0 -4. 19 8.22 5.67 

5. so 5.62 0.1'< h.99 1,22 1.{1 4.60 ll,ijS .0186 ~6.12 

2. lGO 15.21 26.26 24.16 
2.150 13.19 24.51 22.36 
2.:wo 11.17 22.75 20.55 
2.250 9.15 21.00 16.75 
2. 300 7.13 19,.!4 16.94 
2. 350 5.11 17 .1!9 15.111 
2. 400 3.09 1S.1l 13.33 
2. 450 t.OIJ 13.97 11.53 
2. 500 -0.94 1:.2.22 9.72 
2.S50 -2.96 10.46 7. 91 
2.600 a4,96 6.71 6,11 



TABLE 30 

AVERAGE GRADATION USED 
FOR THE MARSHALL TESTING 

Sieve Percent 
Passing 

3/4 in. 100 
1/2 in. 99 
3/8 in. 83 
#4 60 
#8 47 
#16 36 
#30 28 
#50 14 
#100 6.5 
#200 5.0 



·?f 
<1) 

'i td &; ~ (f.> 0 (f.> t:J ~ &i >-tJ ~t<QCf.>t<Q 
<1) 

.0\ 

'-" 
0 

I-' 
'VI \J1 {)'\ \.0 0\ 0 \..)1 \J1 
.. " c ~ 0 6 

-.J\.O.......::JO...J:.:'"\.>1\.JlO 
\Jl\Jl000\J1\Jl\.J1 

I-' a; 'f) 
--..)--..) 
00 

~&50 
I-' I-' 0 
000 

.......::) \)1 (J\ \]1 \J1 .. .. .. . .. 
1--'--.l'D(J;OO 
--.:1--.:J\.>JI-'CD 

1\)1\)f--' 
+f-'CJ; 
01\)1\) 
000 

a; \J1 0\ . . . 
1\)00'{) 
1\)000 

I-' 
\.)J 0\ 0\ \0 0\ 0 \J1 + 
o " ~ ~ "' e " ., 
+1\)+f--'CJ;+00---.1 
0000000\Jl 

I + I + + I + I 
00000000 
~ .. .. .. ~ • 0 0 

\_NI\)\..N\...N/\)Qf\)\>1 
\Jl\.JlO\JlOV!\JlO 

1-' r~ 1-' 1-' 1-' 1-' 1-' 1-' 
+ 'f) + --..) a; 0\ 0\ + I-' .. ~ ............ .. 
0\ \0 0\ 0\ \j.l \.N + \0 0 
OJ 1\) \.0 -..:] 0 \J1 + \JI OJ 

\Jl\Jl\JlCO\Jl\0\JlO\ 
& .. 0 0 .. • • 

+ \.0 .......:] 1\) co -..J \J1 IJJ 
O\J1\J10\J100\J1 

+ I I I I I + 
1-'000000!--' 
0 .. • .. • ~ • .. 

0\ 0 \0 \.JI \)l 0\ 0 \..}.! 
\JlO\Jl\.Jl\51\Jl\JlO 

Aggregate 
Type 

Optimum Asphalt 
Content at 
Maximum Stability (%) 

Maximum 
Stability ( lb) 

Optimum Flow 
Asphalt, Wfv (%) 
(Volume Basis) 

Predicted Optimum 
Asphalt Content (%) 

Deviations from 
Actual Optimum 
Asphalt Content (%) 

~ 

~ 
~ 
'i 

~ 
c+ 
<1) 

'i 
(/} 

Conventional Optimum o 
Effective Asphalt, <lev § 
(Volume Basis) (%) ~ 

Predicted Optimum 
Asphalt Content (%) 

Deviations from 
Actual Optimum 
Asphalt Content (%) 

c+ 
1-'· 
0 g 
I-' 

'"d 

~ 
~ 
(]) 
c+ 
(]) 
'i 
(/} 

)> 
0 
>-'l 
g 
to' 

~ 
~ 
t:J 
H 
0 

~ 
~ 

i , 
(f) 

~ 
~ 
0 
@ 
1-'l 
!;l 
>-3 
(f.> 

~ 
t§ 

@ 

~ 
I 
(f.> 

~ 
td 
H 

~ 
~ 

>-'l 

&; 
(:-1 
tTJ 

w 
H 

" 



TABLE 32 

i\J'lOVA FOR THE REGRESSION ANALYSIS BEniEEN Wfv-l<· AND Hl\XIMUM MARSHALL STABILITY 

DF 
Sum of Mean F Ratio F0.95,1,6 Source of Variation 
Squares Square 

Due to Regression l 0. 8435 0. 8435 2.58 5.99 
Deviation about Regression 6 l. 9623 0. 3270 
Total 7 

*vfv = percent optimum flow asphalt (volume basis) 



NG 
DL 
ss 
CG 
SL 
MR 
LS 
BP 

Average 

5·05 
5-55 

10.35 
6.40 
8-75 
6;70 
5·95 
3·75 

TABLE 33 

ACTUAL AND PREDICTED OPTIMUM ASPHALT CONTRNTS BASED 
ON STABILITY, SPECIFIC GRAVIT£, AND AIR VOIDS 

New Parameters Conventional 
o\0 

5·80 
5·75 

11.25 
7-10 
9·05 
6.05 
6.45 
4-35 

"'' 

5-00 
5·30 
9·50 
6.25 
8.50 
6.20 
5·70 
3·85 

5·30 
5·55 

10.42 
6.60 
8·75 
6.30 
6.05 
4.00 

7.56 
5-80 
6.27 
6.28 
5-61 
6.07 
5·97 
7.82 

6.42 

4.80 
5-85 

10.45 
6.65 
9·15 
6.45 
6.25 
3·45 

-0.50 
+(1. 30 
+0.05 
+0.05 
+(1. 40 
+0.15 
+(1. 20 
-0.55 

11.79 
14.95 
16.57 
16.95 
16.30 
16.41 
14.99 
10.62 

14.84 

6.45 
5·50 
9-75 
5·90 
8.25 
5-80 
6.00 
5-45 

Parameters 

ol' 

+1.15 
-0.05 
-0.60 
-0.70 
-0.65 
-0-50 
-0.05 
+1.45 



TABLE 34 

A SUl•iMA.tl.Y OF MIXTURE PROPERTIES AT OPTIWJH 
STA.BILITY CONDITIONS AS OBTAINED BY THE MARSHALL HETHOD 

~ 

§ 
(J) (J) 

'-' .a 
(J " 

+'+' 
+' .-! ~ bO •rl +' CJl 
.-! ~ 0 . <I ~ ·3 S-~ 
Jl~ ::J 

.._, <I •rl 

" ?- ~ •rl ::0 "" t) .. .::. +' 
P~ o\0 -~ 0 Li-1 ?:. ~ 

(J (J) ro ?, '-' 
•n .._, r-1~..0 .-! ~ & PJ G~ (J) +' !"<-. 

(J) ~ ?, !"<-. 0 CJl :> r!J 0 <=i•rl 
+' +' ~+' . '<:! ·rl "' ~ 

(j 

~~ @;cj @ <J <I 0 +' •rl +' +' ~?,!: "'"'0 (J) 

bO .-j(J) ~ <I 0 <I ,::: +'~ bO'-' 
(J) E ·rl -~ Jl ~ (J):> (J) (J) E ·rl ~ .-! ;:l ;:l 

'" (J) 
·rl +' .::J .0 6 (J () () ·rl > (1!~+' 

bO~ +' <I X <1! ..P Pr CU '-' '-' '" '-'~ a (1! t.9 +' X 
b,J,;, PJO oJ +' .§'"'P.. .-! (J) •rl (J) """' ~. !5 '-"' 0 ?, ·rl 
"-"f. [-! ou ~~ (/) <1!~ r,._, P..<l! p.. P-1> 8 ,0 ~" 

NG 5.05 1620 6.98 7. 5 2.80 12.60 9.30 2397 0.0564 
DL 5·55 2120 5.80 8.5 2.30 15.10 7.80 2517 O.ll01 
ss 10.35 211.00 6.22 ll.O LOO 15.10 6.80 2150 0.0855 
CG 6.1;0 1900 5.88 9.0 2. 70 16.40 8.20 2401 0.12011. 
SL 8. 75 2810 5.61 12.0 2.50 16.10 7.60 2303 0.1325 
l•lR 6.70 2610 6.93 12.0 2.80 17.00 8.60 2506 0.1069 
LS 5·95 1970 5·77 9.0 2.60 15.30 7.90 2392 O.ll02 
BP 3·75 670 7.17 7.0 3.10 11.80 9.50 21;75 0.0212 

·><Not at optimum asphalt content. 
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Figure 6. Two-factor nested (hierarchal) design for the main experiment 
using eight selected aggregates. 
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APPENDIX A 

DERIVATION OF EQUATION FOR Brw 

(All ·terms are defined at the end) 

Based on volume relationships. (see Figure s·) one can write: 

- (V - V ) , mm p 

= (V - V - V ) G b mm p -b 

·By definition: asphalt lost by rugosity: 

wbr 
Brw = 100 

wag 

wW mm 
100 

"" 
~ 

= 

but since 

vb -
= 

wmm 

Gmm 
w ag 

- 100 

100 

100 - w 

v + v mm p 
100 ~ w ag 

w 
+ ~ 

Gp 
100 ('"b 

one gets 

Brw 100 = w -100 - w 
100 

100 - w 
100 + 100. ~ 

Gp 

and finally 

Brw = 
100 

100 - w (w - 100 ~ ) + 100 ~ , 
mm Gp 
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= volume of rugosity asphalt 

= maximum volume of the mixture 

= packing volume of the particle 

= weight of rugosity asphalt 

= weight of dry aggregates 

= weight of the mixture 

specific gravity of the asphalt 

= packing specific gravity of the particles 

= maximum specific gravity of the mixture 

w = asphalt content (percent by weight of total mixture) 

= percent asphalt lost by rugosity 

= total volume of asphalt. 



APPENDIX B 

DERIVATION OF EQUATION FOR F' 
r 

Based on the total volume of asphalt lost by rugosity 

as found fOr a given one-size coarse fraction, the 

following equation is derived: 

where 

= packing volume of the fine particles lost 
inside the macro surface voids of the 
coarse fraction 

= total volume of asphalt lost by rugosity 
within the given coarse fraction 

= volume of asphalt lost by absorption of 
the coarse fraction (inside the micro 
surface voids) 

= volume of asphalt which was lost together 
with the fines inside the macro surface 
voids. 

By replacing Vrv and Vag with the one-size aggregate 

parameters of the coarse fraction; namely, asphalt lost 

by rugosity (Brw)' the asphalt lost by absorption (B ), ag 

one can obtain: 

vfr = 
B · G 

rw pc 
100 Gb 

where 

v pc 
B aq 
100 

G pc v + vb pc m • 

3 

(41) 

(42) 



4 

Gpc ~ packing specific gravity of the coarse fraction 

Vpc ~packing volume of the·coarse fraction 

Gb ~ specific gravity of the asphalt. 

By substituting Equation (2~) inuo (42): 

V V G 
V + fr ~ pc pc(B _ 
fr cfv 100 Gb ~ rw 

from which 

~ vpc 

100 

By the definition of the fines-lost by rugosity (F ) : 
r 

~ 

But since the volume of macro surface voids (S ) is 
rna 

equal to the volume of the rugosity asphalt minus the 

volume of the asphalt lost by absorption, 

i 

S = _££ B G ( 
rna Gb rw 

A volumetric form of Equation (44) is. as .follows: 

100 

s 
rna 

(43) 

(44) 

( 45) 
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where 

G = packing specific gravity of the coarse fraction 
pc 

Gb = specific gravity of the asphalt 

Sm =percent micro surface voids of the coarse fraction. 



APPENDIX C 

DERIVATION OF EQUATION FOR W 
fv 

Using volumetric relationships 

where 

= volume of the flow asphalt in the mixture 

= total volume of asphalt in the mix·ture 

= total volume of rugosity asphalt in the mixture 
(in micro and macro surface voids). 

Substituting Equation (28) into Equation (46): 

v -bt 

n 

E(V .-V) 
i"'O rv;~. fri 

6 

( 46) 

(47) 

By introducing the specific parameters for asphalt lost 

by rugosity (Brv) and fines-lost by rugosity (Fr), one can 

obtain: 

n B 
E ( rvi V 

i=l 100 pi - F V ) ri pi 

Finally, by dividing both sides by the total packing 

(48) 



l 
volume of the particles in the mixture (Vpt)' and 

multiplying by 100: 

7 

( 49) 

where 

~ flow asphalt content in percent of total 
packing volume of aggregates in the mixture 

wbt = total asphalt content in percent of total packing 
volume of aggregates in the mixture 

= percentage by volume of the i-th fraction in 
·the mixture (packing volume basis) 

Brvi = asphalt lost by rugosity of the i·-th fraction 
in the mixture, percent by volume 

F . = fines-lost by rugosity of the i-th fraction 
r~ 

n = number of fraction in the mixture 

Similar to the rugosity asphalt, the particles which are 

lost by rugosity are considered as stationary particles which do 

not participate in the flow of the mixture. Therefore, a more 

accurate presentation of the flow asphalt content will be 

achieved by relating the volume of the flow asphalt to the 

packing volume of the active particles in the mixture (the 

volume of the particles which have not been lost in the surface 

voids of other particles). 

n 

= ~ v . ' 
i=l p~ 

where V . 
p~ 

is the packing volume of all 

particles in the i-th fraction. 
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The total quantity of fines-lost by rugosity in the mix-

ture {Frt) can be expressed as follows: 

Frt = 

n 
E Y.F . 

i=l J. :n. 

I 
;;; ' 

therefore: 

where 

v pa 

n 
E V . = (1 - F t)V 

i=l p:~. r pt 

= the total packing volume of particles in the 
mixture 

= the total packing volume of active particles in 
the mixture. 

{50) 

{51) 

So finally, one can get the proper physical equation for 

the flow asphalt content in the mixture {wfv): 

where 

F , 
r:~. 

n 

n Brvi 
w - l: y · (100 - F ri) 

v bt i=l 1 

W - w _El - ------~~------------
f v-bfV- 1 F 

a - ... p ...... 

= total asphalt content in percent of total 
packing volume of aggregates in the mixture 

= percentage by volume of the i-th fraction 
in the mixture {packing volume basis) 

= asphalt lost by rugosity of the i-·th fraction 
percent by volume 

= fines-lost by rugosity of the i-th fraction 

= total fines-lost by rugosity in the mixture 

= number of one-size fractions in the mixture. 

{52) 
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APPENDIX D 

THE POURING TEST METHOD 

General 

The pouring test was used for direct measurement 

of the packing specific gravity (Gp) of one-size1 aggregate 

particles. This method was developed during the first 

stage of this investigation (see Chapter II ) and modified 

in the second stage of the research (see Chapter III). 

Eguipment 

The equipment and material used were as follows: 

1) Pouring setup, which consisted of (see 
Figures D-1 and D-2) : 

a. supported bin with adjustable orifice funnel, 

b. stainless steel container (standard volume), 

c. large pan for collecting particles. 

2) Steel ruler for aggregate leveling purposes. 

3) Scoop for handling particles. 

4) Stainless steel bowls for handling and weighing 
particles. 

5) Balance, 3 kg capacity. Sensitive to 0.1 g. 

9 

6) Uniform clean, smooth glass beads in different sizes. 

1one-size aggregates are defined as sieved fractions which 
pass through top sieve and retain on bottom sieve which are 
different by a factor of 2. 
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The specific setups used for different fractions were 

as follows (see also Figure D-1): 

Glass 

In the first stage: 

1/2 in. -5/8 in. #3-,ff4 #8-#10 #20-#30 

-·------"-----'>-
D (em) 10.0 10.0 7.5 7.5 
a (em) 7.5 5.5 1.5 1.5 
b (em) 12.5 15.0 9.0 9.0 
H (em) 20.0 17.5 20.0 20.0 
¢ (em) 12.5 10.0 5.0 5.0 
h (em) 6.5 7.5 9.5 9.5 

Glass beads size (mm) 6.0 6.0 3.0 3.0 

As modified in the second stage: 

1/2 ine-- #3-#4 #8-#10 #20-#30 #60-#80 #200-
5/8 in. #270 

D (em) 16.0 16.0 16.0 8.5 8.5 8.5 
a (in) 3 l-7/16 . 5/8 7/16 3/8 5/16 
b (em) 12.0 12.0 12.0 12.0 12.0 12.0 
H (em) 21.0 :n.o 21.0 21.0 21.0 21.0 
¢ (em) 12.2 10.3 8.4 6.4 6.4 6.4 
h (em) 15.2 11.8 9.5 7.3 7.3 1.3 
beads (mm) 16.0 6.0 3.0 0~5 ,9.25 o.o?s 

Testing Procedure 

The following procedure was used for one-size fractions: 

1) Fill ·the conical bin with the one-size glass 
heads, up to the fixed standard height specified. 

2) Open the funnel orifice to allow free pouring of 
all particles into the stainless steel container. 



t} 

The conical bin must contain enough material to 
achieve overflow (about 1.3 times the capacity 
of the container). 

3) Level the particles pile down to the top of the 
container by a steel straightedge. 

ll 

4) Weigh the content of the container (test response). 

5) Collect all particles and repeat the same 
procedure for the number of replica·tions desired. 

6) Repeat the same procedure (steps 1 through 5) 
for all comparative aggregate fractions. 

Calculations 

Based on the known specific gravity of the glass 

beads used as a standard, the packing specific gravity of 

a given fraction can be calculated by using Equation (3). An 

example and a working sheet, similar to those used (including 

actual data for #8-#10 frac·tion) can be seen in Table D-1. 



TABLE D-1 

Ai'f EXA1•IPlE 0? A WORK SHEET USED UT T'rill POURING TEST 

POURING TEST FOR;'~ -~13 FRl\CTION 

Bin Diameter (D): 
Funnel Orific -Diameter {a): 
A€gregate liead (b): 

ff,.o .e.... 

1.5f('-" (S/tif1J 
/1.0 '-""' I 

Pouxing Height 
Cont~iner Dianeter 
Container Eeigbt 

Average Diameter of Glass Beads: 2> ,......, 
Specific Gravity of Glass Beads: 2.2~o~ 

Q 

Test Data 

(H): 
((d) ' 
(b): 

Weight in Grams (Z: W) Packing 
Sample Test Re lications EW5 ,~Wx Sp .. Gr. 

1 2 3 4 5 Average Factor-Q 

G-. (')a.uls 73>-~ 73:; 1J 7>f.o 7<4.z n-;; 73>-n. 3,o.!-'ll~do-~ 

LS/1! 7Zl-~ 72'1.1 7L4./ 72 > E 72$. 2. 721.o4 

Ls/!3 7l.>-~ 725-l 7H7 724.'!, 72>."1 72-'~·>S 

E!.f'/IJ 224.2 azJ ~ 21~-' !1.$"". I. Zl$71 32.4-lt& 

&f/6 &l.it.:, 31!.~ 32'1 8 jU.\ 32~./ &-'f.O'f 
fU.jt+ 74-l.o 7#.'i "74-{l 7M.; 74>.7 7'1[;". 3 2_ 

~L6 1431 /'f;C! 74~7 7fK-/ 74'<] 7-i'f. -'16 

oi../!9 7b0j ({,/.1 7G/-3 7&1-1 7/,L-8 7Gl. 8£. 

DL/il 7h'l.7 7(.-) ~ 7(~g 7&2.. ~ 7&H 7fl.f.;;-o 

:55/17 5'1>·1 S'/l-1 SHZ sq> '1 S1~7 51>· /o 

:Ss/6 S'/l./ s9t.f s;q ;;9l-1.. ,-qJ?, s-c;z.. "v 

t'&/t< "1>4-> 7f~L 7;;-i,.!J 7~5"- 2.. 1%.o 7f!f.~7 

11~/C 75"!,; 7,%: t 7sH 7>4& 7Sl~ 1n. Zl, 

SL/A '''·I b2q J '"I. t.L37 (.$at.. b>o. >4 

SL/6 6lq.j &3o. t b"!Jl] b;/.3 ~,0.~ {. .;o. Z4 

cc)n. G2o-l •n• 'n~ ~71.; b7P &7S·'f2-

(.{, /il 679'1 '17.7 61G.7 677-l (,?].{"' t,•/7. 8'1 

·• G " packing specif~c gravity of the aggre£ate te~ted, 
px 

G "' packing spec~fic gravity of the glass beads~ 
ps 

:;:w = uelgbt of the glass beads which filled the container, 
5 

-zw "" weight of the .~-eveeates wbich filled the containor 9 

"' 
Q ~ packing ~pccific gravity faator6 

Packil]g 
Sp.Gr. 

Gpx 

2.}-~ 

2.2"2. 
2., ... 0~ 

2.Jo4 

2.. "" 
2. '-'.!- . 
2..; IZ 

2.32~ 

j. go; 

J. Yo/ 

).L'/4 

2. ~ '11 
/.ql( 

/.~1{ 

2.oG3 

2.o&o 

12 
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SUPPORTS 

r:~~~~~. I , . ., 
b D _ _, 

---BIN SHUTTER 

H 

D " BIN DIAl·TE!TER 

LARGE PAN FOR 
PARTICLE 
COLLECTION 

CONTAINER 

0 " FU:Nl-.TEL ORIFICE DIAliiETER 
c = BIN HEIGHT 
b = AGGREGATE READ 
H = POURING HEIGHT 
9 = COJ\TAI!JER DIA!.JETER 
h = COlJTAINR.ll HEIGHT 

Figure D-1. Schematic description of the pouring device setup. 

13 
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Figure D-2. Pouring device setup for #8-#10 fractions. 



APPENDIX E 

METHANOL IMMERSION TEST FOR 
MEASURING THE MAXIMUM SPECIFIC GRAVITY 

OF BITUMINOUS MIXTURES 

General 

•rhe procedure of the methanol immersion test which 

was used for measuring the maximum specific gravity of 

bituminous mixtures is essentially similar to the solvent 

immersion test adopted by the Michigan State Highway 

Department (see references 10,15). 

The equipment and material used were as follows: 

1) Michigan specific gravity bottle (flask) (see 
dimensions and details in Figure E-1). 

2) Scoops and pans for handling the bituminous 
mixture samples. 

3) Balance, 5 kg capacity. Sensitive to 0.1 g. 

4) Constant temperature water bath. 

5) Vacuum pump and pressure regula·tor. 

6) Methyl Alcohol tech. (Methanol). 

15 
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Testing Procedure and Calculation 

The following procedure was used for measuring the 

maximum specific gravity (see working sheet with actual 

results Table E-1). All weights were recorded to the 

nearest 0.1 gram and all temperatures to the nearest 0.2 C: 

l) Calibration of the Michigan Specific Gravity Bottle: 

a. Weigh the empty flask and record its weight 
U\lder (C). 

b. Weigh the flask filled to mark with methanol 
brought to a temperature of 25 c. 

c. Subtract from this weight the weight of the 
empty flask and record the methanol content 
under (E) . 

2) Determine the specific gravity of the methanol1 

by a pycnometer using ASTM D 2111 test. 

3) Determina·tion of the maximum specific gravity 
for each sample: 

a. Break up the bituminous mixture sample 
sufficiently small to go through the large 
neck of the flask. 

b. Place 300 to 500 grams of the mixture fragments 
in the flask. 

c. Weigh flask plus mixture and record under (B). 

d. Add about 700 ml. of methanol 'to the flask 
containing the mixture. 

e. Shake the flask and tap it on a table covered 
with soft cloth in order to help expel air 
bubbles. When necessary apply a partial vacuum 
(around 20 em of Mercury) for 3 minutes while 
shaking and tapping occasionally. 

1 It is advisable to form an adjusted table which corrects 
the methanol content for each flask based on actual specific 
gravity values of the methanol. 



f. Immerse the flask and the contents in a 25 C 
water bath, and let stand for one hour. 

g. Remove the flask from the bath, tap it on 
the cloth to check for trapped bubbles, and 
fill it to mark with methanol (which was 
also kept in the bath). 

h. Weigh the filled flask and record under (A) . 

i. Calculate the maximum specific gravity of the 
mixture as instructed in Table E-1. 

17 

An experienced technician can perform about ·twenty tests 

in one day (including calculations). The variations between 

replicates were restricted to be less than 0.015 unit of 

specific gravity. The methanol was reused about five times 

after filtering and checking for specific gravity. 
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$ 13 Ground Glass Sto~per 

3~ 1/2'' ~--- Etcl1ed Mark <lt 1200 ml 
:_:tt__::_::._~~-- l/2" i. d. r 

Funnel Opening 

5-3/4" Neck Piece Made Specia I 

7-3/4" 

14-l/2'' 

l 

$ 45/50 Ground Glass Joint 

Opening to Receive 1-112" 
Maximum Size Material 

1000 ml Erlenmeyer Flask With 
Ground Glass Neck 
(Available in Catalogs) 

Figure E-i. Dimensioned diagram of the 
Michigan Specific Gravity Bottle. 

TABLE E-1 

A? EXAMPLE OF A WORKING SHEET USED L~ THE METHANOL TEST 

Project No, _:_:11:...,:J~,~t:-l~::::::;.•::.:f._::e:___..,=;~"'::::~ f_:o::.:"'.::.> ___ Date Sampled 2-22- -7-,_ Sample Nos, _ ___;.!.~__ __ 
'Aggregate: ,c_,.,._:;;fo~-<.- t')J- #!a Asphalt: _-L8J.c·...=Co.:..--!.1:::2::::.u:..c-1~0c:."'_ 

Sample Identification .L '"/II Ls;A LS/15 ~ LS/1? ~ il 
' ' 

u Laboratory Number I 2 fi~J< I 2 ~,4~~.:::;7~ 

i ' A 
'I 

~Flask No. s I v X B 
I I (A) \Vt, flask+ mix+ methanol g. 18g4 6 I 2& ~ 2.. /1?£ L 1'68/i ~: 

~) \Vt. flask+ mix 1/5(,~ /o?ft. ~ I Zo9. I . M,l.'-/ ' 
~· 

,, 

·.(c) ll't. flask g. F u(, · / 1(,~ ~ sn"' 75'2./ ~ '' (D) Ht. mix (S - G) g, ~-,o. '1 """'' 1>':>18 31>/.J H 
(c:) vlt. meth. only (flask filled) g, 36s:<J gg ltL 2'1'1 ;, q /b.'l 'I 

~ 
(F) \'it, meth. above mix (fl - B.) g, 743/ Jet:, 7l6.1 71'17 

,, 

~G-2 \vt. meth. disE· b:z mix (C - r2 g. 117 '8 It& ·3 /I~ L 117 L ~ 
(/-/) Spec, Grav. methanol 25/25°C 0. 7~qt" 0.7g1( 0.(8qt' o.nc,s- ~ 

~ (I) Volume of mix (&/H) mL 1'-tq 2.1 /Ln.~ I /4q.(l- 1'-l'i:' '-1)' ~ 
' 

(J) !I'IAXIMUM (D/r.) 2. SPECIFIC GHAVITY 
.2o7 2. 21/ ? ? IL ::urs 2 2-17 i 



APPENDIX F 

RECOMMENDED PROCEDURE FOR BI'rDMINOUS 
MIXTURE DESIGN 

General 

At this stage, the specific optimum value of :flow asphalt 

(w:fv) (which is used for estimating the conventional optimum 

asphalt content), and the developed mixture design tables, are 

19 

applicable only :for the specific asphalt cement, gradation, and 

fraction separation used in this investigation. However, since 

mos·t highway departments and agencies usually specify standard 

gradations and asphalts for each layer in the pavement, only a 

modest amount of laboratory work is needed prior to a routine 

mixture design, for determining standard mixture design tables 

and standard optimum flow asphalt content (w:fv) values for each 

1 specific gradation and asphalt cement. 

1 This laboratory work is described in detail in Chapter IV 
of this work. 
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It must be pointed out again that this procedure is applicable, 

for any type of aggrega·te with a specified gradation and asphalt 

cement. 

Procedure 

(1) Sieve the graded blend of aggregate and obtain 

the specified one-size fractions. The six actual 

one-size fractions tested in this work were: 

l/2in.-5/8in., #3-#4, #8-#10, #20-#30, #60-#80, 

#200-#270. The graded aggregates in the mixture 

can be represented by oth~r fraction sequence 

provided that the fraction will be one-size1 and 

will be uniformly spaced on the gradation chart 

(uniformly logarithmic spacing of sieves opening). 

An example for one-size separation to six (actually 

tested), nine and nineteen one-size fraction can be 

seen in Figure F-1. 

( 2) Wash the fractions under water and dry them in an 

(3) 

oven. 

Find the Packing Specific Gravity (G ) of each 
p 

fraction by the pouring test (see Appendix D). 

1one-size fractions are defined as aggregates which passed 
through top sieve and retained on bottom sieve which are different 
by a factor of 2. 



( 4) Find the Bulk Specific Gravity (G ) and watel.' ag 

absorption (A ) of each fraction by using AST.M 
w 

c 127 and c 128 tests. 

(5) Hea·t fractions and asphalt to 300 F and mix each 

fraction. Assure uniform coating of particles. The 

amount of asphalt should be at least the quantity of 

the asphalt lost by rugosity (Brw). For estimating 

B_,, find s by the following equation: 
~w rv 

s = 100 
rv 

S = percent specific rugosity 
rv 

Gap = apparent specific gravity 

Gp = packing specific gravity. 

Now use Figure 13 and based on S estimate B 
rv rv 

where 

Find B by the following equation: 
rw 

= B rv G ' p 

= percent asphalt lost by rugosity (percent 
by weight of aggregate) 

21 



Gob = specific gravity of the asphalt 

G = packing specific gravity. 
p 

Use B plus about 10 percent as the minimum 
rw 

22 

amount of asphalt to add to the mixture. 

(6) Divide each mixture into two samples by quartering. 

(7) On one sample for each fraction find the maximum 

(theoretical) specific gravity of the mixture 

(G ) by the Methanol test (see Appendix E). 
mm 

(8) Extract the second sample of each fraction, and 

find the exact asphalt content (w) by using ASTM 02172. 

(9) By using Equations (8), (5), (17), (12), (13), (14) and (15), 

calculate B , S , B , B , Sb' S , and S . , 
rw rv ag rv rna m~ 

respectively, or use the prepared 

computer program for direct evaluation and tabulation 

of these parameters, as presented in Tables 4. through 

9 (see Appendix G). 

(For all fractions, check the relationship between 

B and S with the aid of Figure 13. If the 
rv rv 

points fall within the given range of deviations, 

all asphalt rugosity terms 

could have been accurately 

(Brw' Bag' Brv and Sb) 

predicted by S alone. rv 

Thus steps (5) through (B) can be eliminated in any 

future mixture design using these specific materials, 

gradation and asphalt). 
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(10) For the given gradation find the proportions (percent 

by weight) of each fraction in the mixture. 

(11} With the aid of Equations (50}, (51), (52}, .(32), (35), (36), (37) 

and 08), or by using the prepared computer program, form 

the mixture design table for a reasonable range of 

asphalt contents (w), and specific gravities of the 

mixture (G ), as presented in Tables 22 through 29 
mx 

(see Appendices G and H). 

(12) Use the unified value of flow asphalt content (wfv) 

(assigned to the specific gradation and asphalt) to 

find the corresponding optimum asphalt content for the 

aggregate tested by reading from the mixture design 

table. 

(13) Using this optimum asphalt content, mix, compact, 

(14) 

and test four Marshall specimens. 

With the aid of G , obtain from mix specific gravity 
mx 

and using the mix design tables the percent air voids 

(U), percent VMA and packing-VMA. 

(15) Check all mixture properties against design criteria. 

Perform minor corrections in asphalt content if necessary. 
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APPENDIX G 

COMPUTER PROGRAI'1 FOR CALClJLATIO~I AND! 
TABULATION OF THE AGGREGATE FACTORS \ 

MAIN PROGRAM 

READ (5,2CO) SIZE1,SIH:< 
BEAD (5,202) N 
WRITB (6,1CO) SIZE1,£1ZE~ 
iJRITE (6 0 101) 

. iiBI'IE (6, 102) 
WHTll (6,103) 
1=0 

I=I+1 

AClUAL U CGBAI1 

H (I.GT,h) GO TC 10 
READ (5,201) AGG,W,GAG,w.H,GPE,Gtll'l,ACT 
Gl\C=1 ,02 
VPE=wjGPE 
DIA=(6,*VPE/3.1416)**(1.;2,) 
GAf=1./(1./GAG-wABj1CO.) 
SRV=(GAP-GPll)*lCO./GAf 
GEO=GPt:;GAf' 
TnM=(ACT-100,*GAC/GM~)*100,/(100.-ACT) 
BAB=lllK+100,*GACjGAG 
BRW=TEK+100,*GAC/GPE 
BEV=ERw*GPE/GAC 
SA1=E6V•100./SBV 
SUR={GAG-GPB)*1CO.jGAG 

25 

iUITE (6,104) AGG,W,[li,GIG,GAP,WAB,BAB,VPE,GPB,SBV,GEO,BRW,BRV,SA 
1'l,SUR 

GC TO 2\l 

OUTPUT .I'OlltP.1 S 

FC11f1AT ('1',50X, 0 l!RAC1JC~ SIZE; ',A4, 0 - 0
0 A4) 

fUH~A~ ('- 1 ,20X,'CONVE11ICNAL ~ABAMKTEiS',42X,'PACKING VOLUME PARA 
1M£TEBS') . 

f 0 R 11A T ( ' 0 ' , ' AGG • ' , 5 X, ' H l E AG E ' , 5X, 1 E-,1 U IV ALENT' , 4 X, 'BULK' , 4 X, ' A PP, ; 
1' ,4X, 'if/;\1, ',3X, 'l>SP,', 7 ll., 'PACKING' ,4X, 'PACfi, 0 ,2X, 'SPEC,' ,2X,' GE011, · 
2 ' , 3 X, ' AS l?, ' , 3 X, ' P.S l?. ' , 3 ~ , ' ;IS P, ' , 3 X, 'SURF, ' ) 



29 

30 
3 1 
32 

33 

PROGR A~l 
SYMROLS 

N 

rr Z ~ 1 
. Z E2 

AGG 
I· I 
GAG 
\•1 AB 
Gf'E 
GM1'~~l 

ACT 

GIIC 
VPE 
OJA 
GAP 
sr( v 
GEil 
f\Af\ 
RR\·1 
t\R V 
SAT 
SUR 

26 

1J3 FOHL1Ar;: (' s,7X,aPl" .. R" ~ElGH'It,JX,'SPHERE 0IA(II 1 ,3X,'SP.GR',3X 11 °SP .. Gh; 
1 1 , 3 X, ' A B S • ' , 3 X, ' AilS • ' , e J1 , ' V 01 U i1 E 0 , 4 X, 0 S P • G !i 0 , 2X, ' !lUG, V 0 , 2 X, • l'J\ CT 0 ,, ' 
2 ' , 2 X, ' RUG. W' , 2X, 'li U G. V 0 , < l, 'S J, T, ' , 3.\, 0 RUG. V 0 ) 

104 FOBi1AT ('0',A4,3X,E11.~,3X,E11.5,3X,F5.3,3X,P5,3,3X,F4.2,3X,f4.2,5 
1X,E11.5,2X,f5,3,2X,E5.2,2li,P6.4,2X,F5.2,2X,F5,2,2X,F5.2,2X,F5,2) 

c 
c 
c 
200 
20 1 
202 
c 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

FCRi1AT 
FOR1'!A'I 
EOR~ A :I 

Ei.iD 

INPUT FOR!1l\1 S 

LIST OF VARIABLES 

NiJME\~R OF AGGREGATE TYPES TO E\E CALCULATED AND 
TABULA TED 
DESIGNATION OF TH~ IlPPER SIEVE SIZE 
DESIGNATION OF THE LOWER SIEVE SIZE 
TYPE OF AGGREGATE 
AVERAGE PARTICLE WEIGHT 
BIJLK SPECIFIC GRAVITY 
PERCENT WATER ABSORPTION 
PACKING SPECIFIC GRAVITY 
MAXIMUM SPECIFIC GRAVITY OF THE MIXTURE 
ASPHALT CONTENT (PERCENT OF TOTAL WEIGHT OF THE 
M I X TUR E ) 
SPECIFIC GRAVITY OF THE ASPHALT 
AVERAGE PACKING VOLIJME OF PARTICLES 
EOIJIVALENT SPHERE DIAMETER OF PARTICLES 
APPARENT SPECIFIC GRAVITY 
PERCENT SPECIFIC RUGOSITY 
GEDf~ETR I C I RR EGUL AR I TY i\IIJ~IE\ER 

PERCENT ASPHALT LOST E\Y ABSORPTION 
PERCENT ASPHALT LOST BY RlJGOSITY (WEIGHT f\ASISI 
PERCENT ASPHALT LOST BY RUGOSITY IVOLUt~E f\ASJS) 
PERCENT 1\SPHAL T SATIJRATIUN 
~ERCENT MACRO SURFACE VOIOS 

OPERATION I~ISTRIICTifJNS 

I 
I 

MATHEMATICAL\ 
SYMROLS \ 

~I 

. -· G a.j 

- Aw 
- Gp 
- GV<I"i 

- w 
- G• 
- v d.p 

G ... l 
- s~~. .. 
- I~ 
- flo; 
- Bl(w 

- B,u 
- s. 
-= Sma.. 

I 
I 

I 

ll PROGRAN IS WRITTEN IN FORTRAN VI. 



2) INPUT DATA: 
(A) THERE i1RE THREE GROUPS OF DATA CAR OS FOR EACH ONE

SIZE FRACTION: 
11) ONE CARD TO SPECIFY THE lJPPER ANIJ LOWER 

SIEVES OF THE FRACTION. FORMAT IS GIVEN IN 
STATEMENT NO. 30. 

(2) ONE CARO TO SPECIFY THE NlJMRER 01- AGGREGATE 
TYPES WITHIN EACH FRACTION (N). FORMAT IS 
GIVEN IN STATEMENT NO. 32. 

(3) A GROUP OF N CARDS TO SPECIFY THE AGGREGATE 
TYPE AND THE MEASIJRED ONE-SIZE AGGREGATE 
FACTORS, AS SHOWN IN STATEMENT NO. 10. FORMAT 
IS GIVEN IN STATEMENT NO. 31. 

(B) THE PROGRAM CAN HANDLE ANY NIJMRER OF FRACTIONS, AND 
ANY NIJMRER OF AGGREGATE TYPES WITHIN THE FRACTION AT A 
TIME. THE GROUPE$ OF DATA CARDS SHOIJLD BE PLACED 
CONSEQUITIVELY IN THE DATA LOCATION AT THE END OF THE 
MAIN PROGRAM. 

3) OUTPIJT FORMAT , AS SPECIFIED BY STATEMENTS 25 THROUGH 29 IS 
SIMII_LAR TO THOSE OF TABLES 14 THROUGH 19. 

27 



') 1 
02 
JJ 
)4 
05 
.J6 
07 

ca 
03 

10 
11 

12 
13 
14 
15 
1G 
17 
18 
19 
20 

. 2 1 

23 
24 
23 
26 
.n 
28 
29 
]I) 

j 1 

32 
33 
34 
35 

1 

2 
c 
c 
3 

10 
c 
c 

c 
c 

2·J 
c 

21 

c 

APPENDIX H 

COMPUTER" PROGRAM FOR Ml XTURE DESIGN TABLES 

MAIN PROGRA~I 

DHlENSIOli ACIJII (22) ,Gr.li\ ( 17) 
AC?J 11 ( 1) =2. 00 
DC 1 I=1 ,20 
ACWH(I+1):AC~H(I)+0.5C 
G~IX (1) =2. 100 
DO 2 1=1,10 
GHIX(I+1)=GKIX(I)+O.O~O 

28 

READ (5, 200,hND=91) N,G£, AGG . i 
DHlE N S.J:Q N X ( 6) ,G P ( 6) , H ~ ( 6) , B RV ( 6) , GAG ( 6) , E 1\G (6) , V P ( 6) , '1 (6) , VAG (6) , 

1,VfJAG(6),CFV(6),Hl(6) ' 
DO 10 I=1,N 
a:u,D (5,201) X(;r) ,GP (1) ,E~W (I) ,aRV (1) ,GAG (I) ,BAG (I) 

~RITE (6, 100) AGG 
WRI'IE (6, 101) N 
voFI:IE(6,102) X(1),X(2) ,X13) ,X(4) ,l(\5) ,X(6) 
viRHJl (6,103) 
Will'IE (6,104) 
WEITE (6, 105) 
..:nnE {6,10oJ. 
IIBIT.i: (6,107) 
WBI'IE (6,HJ8) 

VPT=O 
VAG'I=C 
EAG'I=O 
DO 20 I·=1,N 
V f (I) =X (I) /Gl' (I) 
VPT=Vl!T> VP (I) 
If liG (I) =i (I) /GAG ( 1) 
VBAG (I) =IlliG (I) *X (I) I ( 1CO, *GB) 
VAGT=VAGT+VAG (I) 
SAG1•BAG'I+I(I)*BAG(I);1CD. 
CCN'IHUE 

i.JO :i1 I=1,N 
¥ (I) = 10 0 • *Vi' ( 1) IV P T 
Gl'T=100.;VeT 
GAGl=100./lfAGT 



36 
37 
38 

3') 
40 
41 

42 
43 
44 
145 

46 
47 
48 
49 
50 

51 

52 
53 

. 54 

55 
56 
57 

59 
60 

.. 6 1 
ii2 
E3 
64 
65 

66 

67 

t)(j 

69 
70 
71 
72 

.73 
. 74 
75 
76 

77 

c 

c 
c 

30 

40 
c 

c 

50 

c 
c 

60 

c 
c 

70 

c 
c 

c 
c 

c 
c 
80 
c 

DO 90 1=1,21 
A C w A= A C \HI ( L) / ( 1 , -A C W ~ (l)/1 0 0. ) 
ACVA=ACWA*GVT/GB 
CAC~AE=ACWA~BAGT 

CACVAE=CACoAE*GAGI/GE 
VBT= ACI'I A/G 8 

N=N-1 
DC 50 I=i,1'l 
VPTT=O. 
ll=I+1 
DO 30 J=ll,N 
VPT1=VP'£T+VP(J) 
VBAGT'£=0 
DO 40 K=i,I 
VBAGTT=VBAGTT+VBAG(K) 

CPV(I)=VPTT/(VBT-VBAG12) 

F R (I) =GP (I) * (BR IJ (I) - U G (I) )/ ( 100, *G B* {1, + 1./C.?V (I) ) ) 
CC1HINUE 
FJl(N)=O 

ACVAL=O 
DO 60 I=1,N 
i\C V H=AC VAL+Y (I) * (BB V (I) -100. *FR {I)) /'l 00, 
ACVAE=ACVA-ACVAL 
ACWAB=ACVAE*GB/GPT 
ACWAL=ACWA-ACWAE 

k'RT=O 
IJO 70 I=1,N 
FRT=FBT+F&{I)*I(I)/100. 
EVP=(V2T-VPT*FBT)*10C,;VP1 
ACVEE=ACVAE*100.;EVP ' 

29 

HRlTE (6, 109) ACW11 (L) ,ACI'il,BAGT,CACVA:t:,ACwAL,ACVAL,ACWAE,ACVEi?,FRT 
1,EVP 

WiUTE (6,110} 

DC 8 0 I= 1, 11 
VI-LU\=(100.+ACWA) ;Gi'!B (I) 
AIRV= (\flUX- ( 100.jGAGT+C ACiiAE/GB)) *100./VMIX 
CVNA=(VNIX-100,/GAG1)*1CO./VMIX 
Jl Vf G 'I= If i'li X-V MIX* A I R \T I 1 C 0 , - il 01 A.;;; G B 
EPVMA=(VMIX-EVPG~*1CC .• ;UMIX 
'Il!Vl1A={VMIX-VPT) *100.;'1i1IX 
EVPG=EVPGT*100./VPT 
P&TG=(VPT-EVPG1}/VP1 



ltJ 
79 
uo 

8 1 
02 

03 
84 
d5 

tl6 

d7 

oll 

d9 

·~o 

J1 
92 
JJ 
94 

~5 

PRnGRAI~ 

SYNf\llLS 

AOIM 
GMIX 
i\1 

Gf\ 
AGG 
X ( I l 
GP (I l 
RRI-1( I) 

f\R V ( l ) 

c; ( I l 
,,,G(l) 
V P ( I ) 
y ( I ) 

VAG (I l 

90 

9 1 
c 
c 

CC~11NU~ 

GO TO 3 
CALL SYSTiH1 
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.2)0 FC!illi\1 (I2, 1X,F5 ,3, 1l\ ,A2) 
2J1 FGRi1A'X (F4e1,1X,l'5a3,1X,f5e2,1X,P5.2.,1X,F5.,3,1X.,P4.,2) 
c 
c 
1.)0 i"OR~IA'r ('1','AGGili:GA1E 'IHE- ',A2) 

FOi\dAT (' ','NUl'lBER Gf l'fAC'riCNS N=',I2) 10 1 
1·)2 k'CR11AT (' 'u'X(1), ••• ,,/..{~)=',f4.1,','ui'4.1,',',F4.1,',',F4.1,',~, 

1F4.1,',',F4.1,2Xu'(FEAC!lONS PROPOi<TION- YIEIGll'r dASIS)') 
1 ·J3 FOR 111\1 ( ' 0' , ' PERC, ' , 3 li , ' f E llC. ' , 11 X, ' E F F, ' , 4 X, ' PERC. ' , 3X, ' P E HC. ' , 3 X 

1 I' FLO>i' I 4X,' FLOW' 6 4X, 'ICTAL') 
1Cl4 FORI'IAT (' ','ASPrl.',Jl 1 'ASl?il, 0

1 3i,'PERC. 0 ,3X 6 'ASPH.',3X,'RUG. 1 ,4};,' 
1'!iUG.',4X,'ASPH.',3X 1

1 ASff.,',JX,'fitiES',3X,'PERC.',4X,'SPEC.') . , 
105 FOR,'lAI (' ','CONT.',3X,'CC:-JT.',3X,'TOTAL',3X,'CONT.',3X,'ASPH,',Jx' 

1 , 'AS PH. ' , 3 X, ' CON 'I. ' , 3 l , 'C C NT. ' , 3 X 6 ' LOST ' , 4]( 1 ' ACT IV' 1 4 X, ' GRA V, ' , 3X, · 
2 ' PEE C, ' , 3]( 1 ' PERC. '·, 3 X, ' P Eli C. ' ) 

106 fOR!1liT (' '•' i1IX',4l 1 'AGG.',4X,'ASPH.',3..<,'VOL,',5X,'WT. 0 ,4X,'I'Ol. 
1 ' ' '5 X I ' ~ 1 ' • '4 X' • vo L. ' '5 il ' ' By. 'SX' • pACK. ' I 5 )(' ' Of' '6 X' ' AIR' I 4 X' 'coN v' 
2.' 1 3X,'PAC!';,') 

1J7 f'ORNA'I (' 0
1 °HASIS',3],'EASIS',3X 6

1 AilS.' 1 4X,'BASIS' 1 3X,'BASIS 0 ,3X,• 
1 ' E ASI S' , 3 X 6 ' BAS IS' , 3 J(, ' E A SIS' 1 JX 8 ' RUG. ' , 4 l, ' V 01. ' 6 6 X, ' 111 X ' , 3 X, ' V 0 
2 IDS ' , 4 X, ' V MA' , 5 X 6 ' \/ ll A ') 

108 FCR~AT ('0',' ') 
109 FORMAT ('0',F5.2,7F8.:< 1 3~,l'5.4 8 3X,F5,2) 

FOEMAT (' •,56X,•-----') 110 
1 I 1 
c 

= 
= 
= 
= 
= 
= 
= 
= 

= 

= 

F01it1!1T (' •,81X,F5.3,3EE.<) 

LIST OF VARIABLES 

ASPHALT CONTENT (PERCENT OF TOTAl MIXTURE WEIGHT) 
SPECIFIC GRAVITY OF THE COMPACTED MIXTURE 
NUMBER OF ONE-SIZE FRACTICINS IN THE MIXTlJRE 
SPECIFIC GRAVITY OF ASPHALT 
AGGREGATE TYPE DESIGNATION 
PERCENT FlY \-!EIGHT OF THE 1-\H FRACTION IN THE MIXTURE 
PACKING SPECIFIC GRAVITY OF THE I-TH FRACTION 
PERCENT ASPHALT LOST flY RUGOS! TY OF THE l-TH fRACTION 
(I-lEIGHT BASIS) 
PERCENT ASPHALT LOST KY RUGOSITY ClF THE 1-TH fRACTION 
(VOLUME RI\SISl 
Rllll( SPECIFIC GRAVITY OF THE 1-TH FRACTION 

MATHEMATICAL 
SYMBOLS 

- W" 

- Gv".tt 

N 
- Go 

- B~tv; 
G..,.3i 

= 
= 

PERCENT ASPHALT LOST RY ABSORPTION OF THE 1-TH FRACTION 
TnTAI. PACKING VCILIWIE OF THE 1-TH FRACTION 

B~'J" 
v ,~ 

= 

= 

PERCENT flY VOLUME OF THE I-TH FRACTION IN THF. N!XTlJRE 
liN PACKING VOLlJME UNITS) 
TOTAL BULK VOLlJ/~E OF THE l-TH FRACTION 



VflA(; (I i 

CF"III 

FR I I ) 

VP T 
VAG T 
RAGT 
AOIA 

i1C V '' 

CAC~IAE 

CACVAE 

vrn 
I/ PIT 
1/RAGTT 
FR T 

FVP 

AOIAL 

ACVI\L 

AOIAE 

1\CIIF.F 

\/MIX 
AIR I/ 
Clli'·1A 
EPI/HA. 

=TOTAL VOLlJI'IE OF THE ASPHALT Al1SDRPTlfJN VJllHIN THE I-HI 
FRliCTI ON 

= FINES CONCENTRATION OF THE I-TH FRACTION IN THE 
~'I X TUR E 

= FINES LOST BY RUGOSITY DF THE 1-TH FRACTION IN THE 
MIXTURE 

= TOTAl_ PACKING VOLlJ~IE OF THE AGGREGATE IN THE i'ilXTlJRE 
= TOTAL BULK VOLUME OF THE AGGREGATES IN THF i'IIXTlJRE 
= AVERAGE ASPHALT LOST BY ABSORPTION IN THE MIXTURE 
= ASPHALT CONTENT (PERCENT OF .TATAL AGGREGATE WEIGHT) 
= ASPHALT CONTENT (PERCENT OF TOTAL PACKING VOLUME OF 

THE AGGREGATES I 
= EFFECTIVE ASPHALT CONTENT (PERCENT OF TOTAL AGGREGATE 

WEIGHT) 
= EFFECTIVE ASPHALT CONTENT (PERCENT OF TOTAL BULK 

VOLUME OF THE AGGREGATES) 
= TO TAt VOLUME OF ASPHALT IN THE MIXTURE 
=}TEi'IPORARY VALUES OF VPT AND 1/BAG, RESPECTIVELY, AS 
= APPEAR IN EQUATION (651 FOR \'r• AND V•;t. 
= TOTAL FI~IES LOST BY RUGOSITY IN THI: I~IXTIJRE (PERCENT 

OF TOTAL PACKING VOLU,~E OF AGGREGATES) 
=ACTIVE PARTICLES IN THE HIXTlJRE !PERCENT OF TOTAL 

PACKING VOLlJME OF AGGREGATES) 
=ASPHALT LOST IN THE MACRO SURFACE VOIDS OF AGGREGATES 

(PERCENT OF TOTAL WEIGHT OF AGGREGATES) 
= ASPHALT LOST IN THE MACRO SURFACE VOIDS OF AGGREGATES 

(PERCENT OF TOTAL PACKING VOLlJME OF AGGREGATES) 
= FLOVI ASPHALT CONTENT I PERCENT OF TOTAL AGGREGATE 

WEIGHT) 
= FLOW ASPHALT IN THE I'<!XTlJRE (PERCENT OF TOTAL PACKING 

VOLUME OF AGGRf'GATESl 
= FLl1~J ASPHALT CONTENT (PERCENT OF PACK J NG VOUJI'IE OF THE 

ACTIVE PARTICLES IN THE NIXTliRf'l 
= TOTtll VOLUME OF THE C01"1PACTED MIXTURE 
= PERCENT AIR VOIDS IN THE COMPACTED MIXTlJRE 
= PERCENT VMA (CONVENTIONAL) 
= PERCENT PACKING VMA 

OPERATION INSTRIJCTIO~IS 

31 

- F.d 
- V r' - v., 
- B.~ 
- w 

- F ~t 

l I PROGRAH IS viR I TTEN IN FORTRAN IV. 
21 INPUT DATA: 

(AI RANGE AND INTERVALS OF ASPHALT CONTENT CAN BE INSERTED 
INSTATEMENT$ 02 THROIJGH 04 (IV!THIN THE PROGRAI\1). 

IBI RANGE AND INTERVALS OF GM!X CAN BE INSERTED IN STATEMENTS 
05 THROUGH 07 (\~lTHifli THE PROGRAM). 

ICI THE DIMENSION SPECIFICATION IN STATEMENT NO.Ol ARE 
ACCORDING TO (AI AND ltll. 

( D I THERE ARE HID GRCIIJPS OF flAT A CA.RDS FOR EACH AGGREGATE: 
Ill ONE CARD TO SPECIFY THE MATt'RIALS 1\1\10 N\1~1flf.R 

OF FRACTIONS, AS SHOWN IN STATEMENT NO. OH. 
THE FORMAT IS SPECIFIED IN STAT~MENT NO. 81. 

(2) A GROUPE OF N CAROS TO SPECIFY THE ONE-SIZE 



AGGREGATE PARAMETERS FliR EACH FKACfiON, AS 
SHOWN IN STATEMENT N[l. 11. THE FORMAT IS 
SPECIFIED IN STATEMENT 82. 

32 

lEI THE DIMENSION SPECIFICATION IN STATEMENT 09 IS 
ACCORDING TO THE NIJMRER OF THE ONE-SIZE FRACTIONS INI. 

(F I THE PROGRAM CAN HANDLE ANY Nlll'lflER OF AGGREGATE TYPES 
AT A TIME FOR A GIVEN RANGE OF ASPHALT CONTENT AND GM!X. 
THE GROLIPS OF DATA CARDS FOR THE DIFFERENT TYPES SHUIJLD 
BE PLACED CONSEOIJITIVELY IN THE IJSIJAL DATA LOCATION AT 
THE END OF THE MAIN PROGRAM. 

31 OUTPUT FORMAT, AS SPECIFIED FlY STATEI'~ENTS 83 THROUGH 94 IS 
IDENTI.CAL TO THOSE OF TABLES 34 THROUGH 41. 




