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DESIGN FACTORS FOR BITUMINQUS CONCRETE

By Egong Tons and Ilan Ishaid
University of Michigan

The main purpose of this research was to loock for prac-
tical, quantitétive 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:

1. BAggregate factors were defined and measured for one
gieve-gize fractions.

2. The déveloped parameters were expanded to déscribé and
test the behavior of graded bituminous mixtures.

In the first phase tEe packing volume concept, as developed
by Tons g&_g;yl 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

lAAPT Proceedings, 1970, page 24.

2Called rugosity by Tons, Goetz, and Anderson.



Abstract 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 poiring test. The geometric irregularity (rugosity)
of uncoated aggregates was characterized by specific rugosity
(Srv) in terms of a volume ratioc calculated from the pouring
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 rugosity (Brv)m
The remaining active asphalt was designated as flow asphalt
(va)”

In the second phase, the one-size aggregate parameters
were used to develop procedureg for characterizing graded
(multi-size} aggregate and asphalt mixtures. The amount of
finer particles which interact and get lost in the surface
crevices of tﬁe larger particles was measured and designated
as finés lost by rugosity (Fr). The important components
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 particles (not lost, floating in
the matrix) .

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



Abstract continued:
4. Flow or active asphalt between the active
aggregate particles.

5. Air voids.

Laboratory tests using one grading and one asphalt with 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, gquantitative

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 gimilarities 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 biltuminous concrete
mixes are based on trial-and-error testing in the laboratory
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 bitumens are used. 1In other
words, there is a lack of proper guantitative 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 gquantitative (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.

(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 vqlume' 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 guantitative 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 parentheses 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.

Concerning {(e), a preliminary procedure for estimating the
optimum asphalt content for compacted bituminous mixtures was
suggested. This procedure is based unigquely on the new aggregate
factors discussed gbove.

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 mixtures. TFor each type of aggregate six different
sizes were tested. These gizes were combined when graded mixtures
were investigated.

A total of more than a thousand measurements were made to

obtain the experimental data.
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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
éssign quantitative values to these basic properties, but the
wide range of irregularity of aggregate particles has made it
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 guantitatively (physically).

(b} Can be based on a concept which unifies the major
propervties 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 mggregate particles, a definition of particle volume which would

reflect the bulk behavior and which would also serve as a basis



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 velume is important in the resistance 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 (gee Figure 3).

This volume wag designated as packing volume of a particle
and the packing volume concept was stated as follows:

Differenﬁ types of monovolume (V } aggregates will be

compacted to the same bulk volume (V 1} when they possess

identical total packing volumes (ﬁ:vp) under identical
compaction procedures.

That is, when ﬁ;Vp is constant, any type of monovolume
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, ﬁ,w W,
v, - Gpl = sz = ... = o = .... = constant, (1)
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and thus
ﬁwl :QW2 5 .”:ﬁWi P eee= Gpi : szz.”: Gpih” v (2)
where
§:Wi = the weight of all particles of the i-th monovolume
(one-size) fraction which occupy the same volume in
bulk
Gpi = 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 = 7€ ms/6 (2).

It is also possible to épproximate 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).

Bgquation (1} leads to a practical wéy 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 ratioc of the weights of the particles which

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

s (3)




where

: G = packing specific gravities of the unknown and
px- ps the standard fractions, respectively

= weights of the unknown and standard fractions
which occupy the same bulk volumes,

If the packing specific gravity of the particles has Dbeen
determined, the packing volume of a particle can bhe evaluated when
£he 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 vallevys. {Ssee Figure 4.) The geometric factors such as shape,
angularity 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 (S ):

vV .
_ 5I _ '
§,., = 100 —= , (4)
P
where
Srv = specific rugosity, percent of packing volume
Vsr = volume of all the surface roughness voids down to the
membrane of apparent specific gravity (see Figure 5)
Vp = packing volume of the particle.

Practically, Srv can be defined by the packing specific

gravity (Gp) and by the apparent specific gravity of the particle

1
(Gap),

G - @G
s = 100 ﬁﬁ%“mm_ﬁ.@ (5)

v
ap

1 . .
Used for practical convenience
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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) particles.

Other Related Factors
So far both the volume (in terxrms of a packing volume Vp
and packing specific gravity Gp) and the geometric factors
in terms of a specific rugosity S v have been defined. These two
will now be used to expand into the area of one-size aggregate
mixes. To achievé this, additional defiﬁitions and eqguations will
be developed.

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

particles swmooth 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

pp = = constant , (6)
where
p = packing porosity (interparticle voids) of monovolume (one-
P size) aggregates
Vbl = vwvolume of the calibrated container

= total packing volume of monovolume particles.




Rugosity and Flow Asphalt: If one-size aggregate is mixed with

asphalt (or tar) part of the asphalt will £ill the surface voids
and irregularities of the particle while the 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 factors that
affect the flow (strength-deformation relationship) character—
istics of the compacted mixture (3).

The amount of the rugosity 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 }:

W
Wrw
B = 100 =, (7)
W ag
where
Brw = asphalt lost by rugosity (under the packing volume
membrane), percent by weight of aggregate
Wrw = the weight of rugosity asphalt
Wag = the dry weight of the aggregate particles.

The amount of asphalt lost by rugosity can be practically
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)y the asphalt
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content (w), and the maximum specific gravity of the mixture

(Gmm):
% S
T + 100 a; . (8) -

mit

The asphalt content (w) is expressed here as a percentage 0f the
total mixture by weight. The derivation of Equation (8) is given
in Appéndix B.

(b) A more general way to express asphaltflost by rugosity

is on volume basis:

B___ = 100 Jor = EP— B , (2)
rv Vp Gb rw
where
Brv = asphalt lost by rugosity, percent of packing volume
Vbr = volume of rugosity asphalt |
Vp = packing volume of the particles
Qp = packing specific gravity of the particles
Gy = specifié gravity of the as@halte

Multiplying Equation (8) by the ratio Gp/Gb’ the practical

form for Brﬁ is obtained:

- 100 { 100 w '
B__ = 100 - =% -5 ) G - {10)
TV | 100--w7 ( Gmm %b) P
but since
. 100 — W : - 11
Ser =™ Too _ w ' (1)
G B
mm

then

G ’ " L]
BZL”V = 100 (1 - "G‘D"‘") # N (12)
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where
Gef = effective specific gravity of the aggregate particles
Gmm = maxjmun specific gravity of the one-sirzre mix.

Specific Rugosity and Asphalt Iost by Rugosity: It wmust 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 (Brv)° They both give a measure for the surface roughness

and voilds of the aggregate particle. Usually va rd Srv’ since

it ig euxpected that the imaginary apparent volume membrane (see
Figure 5) used in Srv equation usually represents the limits of
asphalt absorption inside the surface voids (rugosity). The ratio
of Brv to Srv can be used to characterize the degree of asphalt
penetration into the surface roughness and pores, thus:

B
- IV
Sb = 100 3 P (13)
v
where
S = percent asphalt saturation inside the surface voids

{assuming wateyr saturation after 24 hours of immersion
as 100 percent).

Since the difference between the effective and apparent volumes
of aggregate particles is within the small (micro) surface voidsl
and since the larger (macro) void volume52 usually govern the

variability of the rugosity terms, it is expected (where differences
in seolid specific gravities are not great) that Srv and Brv
will have mutual linear relationship for a wide range of aggregates.

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

ZSurface voids between the bulk and packing volume membranes
(see Figure 5).



12

Thus, for a given type of asphalt, this approximate relationship
should permit the estimation of the amount of asphalt lost by
rugosity (Brv or Brw) on the basis of the specific rug051ty (Srv)

alone. This has a practical value in mix design.

Eguations for Macro and Micro Surface Voids: The total rugosity

voids as expressed by the specific rugosity (Srv) can be quanti-
tatively partitioned into the micro and macro surface voids, and

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

G - G
s = 100 2B (14)
ma G
ag
and
G - G
g . = 100 ¢ <SR 29, (15)
mi j& Gag Gap
where
Sma = percent macrce surface voids {volume basis)
Smi = percent micro surface voids (volume basis)
Gag = bulk specific gravity
Gap = apparent specific gravity
Gp = packing specific gravity
Sev = Sma T Spi v

Experimental 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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Statistical Experimental Design

This part of the research was designed with the following
experimental and statistical considerations:

(L) Because of the large number of experimental treatments,
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 structurs had to provide maximum
information about the effect of the main factors.

Two main factors were considered in this research phase:

(L) 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#4, H8-#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:

Yidk =T + &&; +@ij + éijk , - (16)

where

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

&

an overall mean value common to each treatment and
replicate

= an effect due to size 1
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%% i an effect due to material j within size i
g ik 32t§fie§§zzui %gxrep%icate k within material 7
perimental error).

Since the levels within each factor were not chosen
randomly to represent the entire population, the factors were
congidered 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 =

BMDEV {=see reference 81l).

Chosing Materials

In order to include aggregate types which will represent
a wide range of geometric irregularity as well as different specific
gravities the following aggregates were chosen {see also Figures
8 and 9).

(1) BP - Lake Superior Beach Pebbles and sand.

(2) NG - Natural Pit-Run Gravel from McAvory Pit 76-22.

(3) LS = Crushed Limestone from Inland L & S Co., Pit 75-5.

{4) DI = Crushed Dolomite from Drummond Dolomite Co.,
Pit 17-66.

{(5) MR = Crushed Mine Rock from Pit 66-76.

(6) CG - Crushed Gravel from American Aggregate Co.,
Pit 47-3.

(7) SL - Slag from Gary, Indiana.
(8) 88 - Sandstone from Grindstone City.
The asphalt used was asphalt cement 120-150 penetration grade,

gsee Table 1.
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Laboratory Work

Aggregate Preparation: Batches of the eight types of aggregate

were supplied by Michigan Department of State Highways. 1In
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, #1100, and #200. The fractions were stored in closed
canvas bags.

Modifying Test Procedures: For measuring the packing specific

gravity (GP) of one-gize aggregates, a simple pouring test was
developed and reported by Ishail and Toné (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 measuremenﬁs 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 Ffitting of & single orifice diametér for each aggregate size.
These orifice diameters were used later to cbtain 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.

1Pouring 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 tesit, 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:

(1) 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 procediures were compared by
uging three one-gsize glass beads mixed with asphalt.,1 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 previocus research (4), the following tests and
operations were performed:

(1) Subsieving to obtain one-size fractions,

{2} Washing and dryving.

(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 maximum specific
gravity.

(8) Ewvaluating asphalt content by extraction.

The above work was performed as follows:

The subsieving was performed both by manual.and gieve shaker.
An attempt Was made to follow the same proceéuze for all types
and sizes using 8-inch diameter sieves.

The one-gize 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 gquartering} and weighing them on an
analyvtical balance.

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

for random samples of about 50 particles from 1/2 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 sizeg of uniform glass beads were
used as reference materials. Bach size was chosen to fit closely
the specific sizes of the one-size aggregate fractions.

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 ¢ 127, but the volumetric measurements Were
done according to C 128.

The maximum specific gravity test was performed on mixtures
with one-sgize fractions. Then mixtures were prepared by using
120-150 penetration asphéltmmmixed 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 asgphalt at the bottom of the bowl. Thig 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 liguid. A partial
vacuum {20 cm of mercury) was applied for three minutes when
mixtures with #20-#30 aggregates and finer were tested. The
methanol was reused 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 parvameters:

{a) The average particle weight {W).

(b) Bulk specific gravity (Gaq)°

(¢} Water absorption (AW)Q

(d} Packing specific gravity (Gp)o

{(e) Maximum specific gravity of mixtures (Gmm)w

{f) Asphalt content (w).

These paraneters were used for calculating the rugosity
terns.

The specific rugosity (Srv) was caléulate& using EBguation
{5}, and the asphalt lost by rugosity (Brw agd Brv) were calcula-
ted by using Eguations (8) and (12}.

Conventional parameters, such as bulk specific gravity, were
measured primarily for purpose of comparison. Also, using bulk
specific gravity (Gb)” maximum specific gravity of the one-gize
mix (Gmm) and the asphalt content w (percent by weight) the

asphalt lost by absorptioh {(B. ) was determined:

ag
G
100 G’b b
B.. = Toos 6_ 100 Gmm> + 100 6 (17)

Additional Standard Tests: Samples from =ach type of aggregate

were tested for resistance to sbrasion 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.
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The absolute specific gravity of each aggregaﬁe wag deter-
mined by using ASTM C 188 test (37) on material passing slieve
#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

stfength are summarized in Table 16 and Figure 14.

Results and Disgcussion

Modification of Testing Methods

As reported by Ishai and Tons (4), the particle pouring test
was adopted as a bagic method for direct evaluation of the packing
gspecific gravity (Gp) of one-gize gravel and sand particles from
Michigan. Usging Equations (5) and (8) the rugosity terms S v 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 fraction. 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 sim;lar packing for
a given one-size fraction.

There were no problemg with the gravel and sand as reported
by Ishai and Tons (4). However, the presgent 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 investigation showed different
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flow (pouring) rates. Thig difference wag found to be stabigti-
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. FPFor each
experimental unit within the basic experimental design, aggregate
particle and glass beads were poured through different orifice

sizeg. As shown in Pigure 7, it was found that the pouring rate

had a definite influence on the pouring test response
That is the density of the particle packing increased with a
decrease in the pouring rate (when particleg are poured slowly),
probably because particles had more time to locate denser posi-
tions when there was less mutual interference. Figure ¢ shows
that the increase in density wag more significant at high pouring
rates (particles are poured guilckly), 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 (sizé of con-
tainer, size of particles, pouring height, etc.).

For practical use of the pouring method, a unified (standard)
orifice diameter was desired for each size of aggregate. For the
determinatioh 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 diameter. Therefore,
for each sgize of particle a unified orifice was chosen based on

the following considexrationss:
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{1) The orifice had to be small enough to produce a low rate
of pouring so that test regponses would fall within the
flat 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 toO
determine the final testing data. For further details about the
peuring 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
solvent which dissolved the asphalt that coated the particles and
penetrated into the pores which were impermeable to asphalt.

A series of maximum specific gravity evaluations on various
mixtures using ASTM D 2041 test, based on Rice's method (9, 13),
introducéd the difficulty of expelling air bubbles which were
trapped between the coated particles (although a partial vaéuum
was applied and a wetting agent was added to the water). Thus,
it was decided to find another liguid 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 liguids
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 expeliing 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
mixtures tested by different methods will be due to 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 ewvident 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 the solvent immersion test, an indication
about the amount of trapped air bubbles can be obtained. Test
results 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 other
hand, the deviations of the ASTM test regults from the solvent
test results increased with decreasing particle éize (up to 2.67%
for 6 mm glass beads}. It 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 wag applied in the methancl teste.

Since the solvent and methanol tests tend to produce similar
results for non-absorptive particles, it was possible to check
the amount of solvent penetration 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 solvént 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 legs than 0.015 units of specific gravity.
The vacuum application was also found to be unnecessgary for one-
slize mixes since a vacuum of 35 em of mercury, which was applied
to finer 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 bulk and packing volume

m rameters (@ G_. .. A

ag’ Tap

Smi' which are summarized in Tables 4 +through 9 ). That is, these
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parameters, as measgured 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




repeatability of replicates and the nature of the testing 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 interactiong between size and type of
aggregates are sﬁgnificantﬂ The existence of these interactions
is very well shown (for a typical parameter - Srv) in Figure 10.

Based on the above findings, the following average physical
trends are significant for all types and sizes (see Tables 4
through 10).

(1} The amount of asphalt lost by rugosity (Br and Brv)’

).

W
the geometric irvegularity (specific rugosity - Srv
and the relative volume of the macro surface voids

(sma) tend to decreasge with particle size (see also

Figure 10).

(2) The packing specific gravity (Gp) tends to increase

with particle size.

(3) On the other hand, the bulk and apparent specific

gravities (Ga and Gap) tend to decrease with particle

g
gize, but within a narrower range.

(4) No similarly consistent trends have been observed fox
asphalt logt by absorption (Bag) {(and also for water
absorption). 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 fractioms (1/2 in.-5/8 in., and #3-#4).

(5} Based on the rugosgity terms, the sandstone and the slag
| possess the highest geometric irregularity, while the
. beach pebbles and the natural gravel possess the lowegt.
Other aggregates fall between as shown in Table 10.



26

Bulk and Packing vVolume Parameters

The main objective of the laboratory work in this stage was
to verify the theoretical relationships and assumptionsg 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-gize 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 (GP) and the rugosity terms (Srv and B, )

were characterized by low correlation coefficients for some of the

W

fractions of aggregates which possessed different solid specific
gravity.

It was also predicted that since B is defined on a weight
basis, the relationship between Brw and va will also deviate
from its linearity when aggregate with different specific gravity
are involved. Although this relationghip is charécterized by high
linear correlation coefficients {(as indicated in Table 13}, Figure
12 ghows 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 gpecific gravities by using parameters which are defined
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volumetrically. Therefore, as expected, linear relationships
with high correlation coefficients exist between the volumetric
rugosity terms Srv and B‘.!:V:L for all sizes separately (see Table
13). As snown in Figure 13, a linear relationsghip can also be
assigned to data for all types and sizes combined (gquantitatively,
r = 0.980, F $.2223}a This combined relationship for all aggre-

gate tested can be described by the following equation:

Brv = 1,009 Srv - 1,60 . (18)

This unique relationship permits a fast and reliable estimate
of the amount of asphalt lost by rugosity on the bagis of S.g-

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
sandsgtone particle wag a combination of very fine sand particles
camented together to form a capillary poroug 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
voldg. This is why the macro surface voids (Sma) are equal, or
even sometimes smaller, than the micro surface voids (Smi) for

the coarse fractions (see Tables 4 and 5).

lBrv is defined by Eguation (33),
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When coarse sandstone particles are mixed with asphalt, the
asphalt 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 Srv) and .the volume of
the rugosity asphalt (as expressed by Brv) for the sandstone, are
expected to deviate from those of other aggregates. This devia-
tion will diminish withihe decreasing size of sandstone particle
sizes, since in rock pleces 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
gize (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:

By = 1.012 S.v ~ 1.33 . {19)

It must be pointed out, however, that in spite of the devia-
tion fof sandstone, the basic procedure is still valid. The only
limitation is that the asphalt requirement, as expressed by Brv,
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 B, It is anticipated that a similar deviation
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will be obtained for other types of lightweight and povous aggre-
gates; therefore, Figure 13 for asphalt prediction purposes

must be used with care and judgment. If in doubt, both Srﬁ and
Brv should be measured.

Based on Table 13 and Figure 14, the linear correlations
bhetween water absoﬁption (Aw) and asphalt absorption (Bag),
cobtained in the first stage of this investigation (4), are still
mainiained 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
agphalt 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 AW and Baga Although a good
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 (Bag)
from water -absorption Awe

The geometric irregularity of one-size particles (Srv) wasg
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
S v and the Florida bearing value for all aggregates (excluding

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

The main effects within the experimenﬁal model, and the
gignificant intervactions 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 between
rugosity term (Srv) and the size (Vp)e The varying behavior
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:

(1) Particle packing volume, Vp.

(2) Packing specific gravity, Gp’

(3) sSpecific rugosity of aggregates, Srv&

(4) Asphalt lost by rugosity, Brwf Brvo
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-gize plain aggregates and mixeg with asphalt.
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Irz

TWO-SIZE AGGREGATE SY¥STEM

Theoretical Congiderations

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 (g;vp)s This concept has been formulated by Equation (6).

Consider now the same container full with one-size, large,
smooth particles. If there iz added to this container a certain
amount of one-size fine particles with diameter ratios (related to
the large particle) smaller than the so-called critical ratio of
entrance (79), these fine particles will filter beﬁween the large

ones and will £ill the inter-particle voids of the coarse ones,
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and thus, without changing the bulk volume (volume of the container)
the total packing volume of the particles (QNP) will increase,
while the amount of packing porosity (Vp) will decrease. It can

be seen now that the unified concept of constant volumes (constant
bulk volume, constantﬁiv?g and constant Pp) which is expressed by
Egquation (6) ig no longer valid for systems of multi-size fractiohso
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 fractions {(smooth
surfaces) isg greater than the ratio of occupation (79) , a dila-
tion will occur in the coarse particle structure and the intro=~
duction of the fine fraction will increase the bulk volume., How-
ever, the model is still additive, since, under constant packing
volume of the particles, any additional increase in bulk volume
will be egqual 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,_Th@ same
mixtures may require only 6% total asphalt content under practi-

cal construction conditions. This reduction in asphalt content



34

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 relation 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
greater 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
legs 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,l 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 interaction effect hetween

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

lThe 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).



35

Fr was defined as the ratio of the packing volume of the fine
particles involved; that is:

\Y .
= R fines (20)

r V _coarse
p

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

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

S S
ma v
F, < 706 <7100 ° (21)
where
Sma = percent macro surface voids
Sy T percent specific rugosity.

Three major factors were assumed to influence the fines lost
by rugosity (Fr) of a certain fraction: |

(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 wvaried with thersize of the aggregates

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

lFine particles which possess size ratio less than the critical
ratio of occupation of the given coarse fraction under dense packing
condition.




36

was decided to combine the last two factors by introducing the term

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

<
i

of packing volume of potential fine particles in the
mixture

volume of effective asphaltl of coarse fraction in
the mixture.

<
i

Therefore, the amount of fines lost by rugosity (Fr) within
a given fraction is a function of the geometry of that fraction,
and also a function of the fines concentration (Cfv)°

A guantitative 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 C_ . Therefore:

fv
_ vgf _ vfr
Cfvmv ‘—"\7_““‘“‘“"# (23)
be b
where
Ver = volume of fine particles within the macro surface voids
: in units of packing volume
me = volume of asphalt within the macro surface voids.

lsince 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 absorption plus the volume of the asphalt and
fine particle mix within the macro surface voids is egual to the
total volume of asphalt lost by rugesity (as measured for the
one-size coarse fraction). Thus, the knowledge of asphalt lost
by rugosity (Brw)” the asphalt by absorption (Bag)’ and the fines
concentration (Cfv) ig sufficient for a guantitative 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):

Y By = Bag)
100 ¢ (1 + 7
fv
or in the volumetric form:
Sma
Frv = 1 ’ (25)
100 (1 + 3 )
fv
where:
Gpc = packing specific gravity of the coarse fraction
G, = specific gravity of the asphalt
Sﬁa = percent macro surface voids.

Equations (24) and (25) can be used for gquantitative evaluation
of the fines lost by rugosity in a given two-size mixture. These
eguations will be practical only if Equation (23)

(which represents the basic hypothesis) is
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found to bé true. Thus, by knowing the concentration of potential
fine particles.for a given coarse fraction within the mixture, the
quanﬁity of fine particles which arce 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 é given
coarse fraction mixed with given fine particles (one-size) and
asphalt, the concentration of fine particles within the macre surface
voids is.equal to the known fine ?articles concentration in the
mikture, It was also desired to show that this equality is indepemd—
ent of the type of coarse and fine fractions, and the amount of the
fines concentration (cfv)”-

In the experimental part, a giveﬁ coarse fraction was mixed
with potential fine pafticles 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 frachtion was then measured

and compared with the known concentration in the mixture.
Statistical Experimental Design

Three major factors were considered for the experiment.

(L) 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:

Jije = Jb E ek 2 By + fr + é*é(g)y""*’ G phix %@M‘x“"’@ﬁf%}k“’“

' + §iJW¢ . {28)
H where
V.., = the response of the combination of the i-th aggregate,
ik j-th size of fines, and k~th concentration of fines
M = an overall mean value common to each treatment
gvi = an effect due to aggregate 1

f%. = an effect due to the j-th size of the fine fraction
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U

an effect due to the k-th level of fines concentration

f

Jx
& 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 Qfder interactions.
Thus, the significance of main effecte and second order interactions
was determined on thé basis of this third order interaction. For
eéch 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
qeometrié irregularity. For each aggregate, ffaction 1/2 inch -

5/8 inch represented the coarse fréction, while fractions #20-#30
and #60-#80 reﬁresented the pétential fine particles. Three levels

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

£
1.0 and 1.5.
The following conditions were kept constant in preparing each

sample within the twenty-seven treatments:

(1) The weight of the coarse aggregate fraction was 300 grams.
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The amount of asphalt added was calculated to be equal
to the amount of asphalt lost by rugosity (Brv) of
both fine and coarse particles, plus additional asphalt

which was needed to exceed Brv of the coarse fraction by

10 percent (volume basis) to insure good coating.

The exact amount of fine particles and asphalt needed for

cach treatment combination were calculated on the basis of the

one~-size parameters of the fractions involved and the specific

value of C_ -
£

Twénty—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)

(2)

(5}

(6)

Placing the blend in a stainless steel bowl and

heating to 300 F.

Mixing the blend for two minutesz with the proper amount
of hot asphalt. |
Remixing while cooling to avoid draining of the asphalt.
At about 150 to 200F, scraping the ekcess asphalt and
fine particle mix from the coarse particles (down to
the approximated packing volume membrane).

Placing the scraped particles into a hot extractor
basket and weighing them.

After extraction, weighing the basket with dry aggregates

to obtain the amount of asphalt.
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(7) sSeparating 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 (C as

fv)
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
cohcentration within the macro surface voids) and the concentration
of finé particles within the mixture (as prepared) are given in

terms of concentration units and percentage. Equation (25) was used
to calculate the amount of fines lost by rugosity (Fr) for each
treatment, Valueslof Fr,are also given in the table.

Tables 19rthrough 2] 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, uhder the specific experimental design, and based
on the previous theoretical COnsiéerations, the following constraints.
were predicted_prior to testing:

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

Cfv’ and since the amounts of fine particles and asphalt
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(5)

(6)
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for these concentrations were calculated on the

basis of aégregate type and sizes (volume and

geometric properties), the measured fines concen-

tration (C_ ) within the matbro surface voids of the

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

of aggregates involved and the size of the fine

particles.

Since the three factors of the experiment are assumed

independent, they should not interact.

Under the basic hypothesis, the experiment must show
no significant difference between the measured Cfv
and the concentration of fine particles in the mixture.

Following Equation (25), the calculated fines-lost
by rugosity (Fr) of the given fraction (based on the
measgured Cfv) must vary with the type of aggregate

(expressed by Sma) and Cfv in the mixture.

Since the volume of the fine particles is already
accounted for in cfv' the calculated Fr by Eguation (25)

must be independent of the size of fine particles.

Under prediction (5), an interaction between the type

and concentration factors must exist for Frs
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The statistical analysis shown in ANOVA Tables 19 through
214 verified all the above predictions.
Table 19 indicates the significant influence of the concen~

tration factor in the measured C and the insignificance of

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

Tables 20 and 21 indicate that the differehce 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 influénce 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}5

It can be seen that the basic physical hypothesis has been
verifiea,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.
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v
. 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-grror testing methods. Therefore, the final part of this
investigation is aimed at the development of models which can
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. ETach of the large size fractions can interact with

finer fractions within the systen.
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At this stage, the interaction effect betweén coarse and fine
particles has been defined theoretically, and evaluated guantita-
tively for a two-size system. Thus, the guantity of the fines-
lost by rugosity (Fr) of the given one-size fraction in the
mixture, can be deterﬁined on the basis of the one-size aggregate
parameters of the fractions inveolved, and the fines concentra~-
tion factor (Cfv} within the mixture.

The actual volume of rugosity asphalt for each in&ividuél
aggregate fraction (Vrv) can be expressed by the following

equation:

\Y = W - ’

v br fr (27)

where

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

vfr = 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
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
v, == (V.. -V_.), (28)
i:

where i represents the i-th one-size fraction in the mixture and
n the nuwmber of fractions in the mixture. The terms Vrv and Vfr
are defined for Equation (27).

fhe 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 cutside the packing
volume membrane of active particles,l 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

egquation (see derivation in Appendix C}:

n
rvi
Vet g} Y, (950 © Fey)
_ i=1
W, = ’ (29)
v 1 - F
rt

lParticIes which have not been lost in the surface voids of
other particles.
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where:

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

Ve © total asphalt content in percent of total packing

volume of aggregate in the mixture.

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

Brvi = percent asphalt lost by rugosity (volume basis).

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

Frt = total fines lost by rugosity in the mixture.

n = number of one-size fraction in the mixture,

Most of the terms in Equation (29) are defined uniquely:
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 Fr ‘using

t’
E@uations {24} oxr (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 qiven 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 fraction will be designated as the l-st fraction, while

the finer as the n-th fraction. Each fraction possesses an average
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equivalent sphere diameter (dl, ad dn), If for a given 1

gr v e e
and § {1 € 4 & n) fraction, j is the coarser fraction which satis-
fies the ineguality dj§50”4 di, then all the fractions j, j + 1,
e s s , n =1, n are said toe bhe 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 cne-size frac-
tions, the terms of Eguation (22) can be expanded to define tﬁe
fines concentration of a given i-th fraction within the mixture

(C i) as follows:

£

pfi Vpk £ (30)

and
1

Vv . =V - E v

bel bt 7 =1 age ¢ (31).

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

n
\Y
kiéj pk 3
Cfvi - i ’ (32)
V., - & Vv
where
Cfvi = the fines concentration of a given i-th fraction

within the mixture
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vpk = the packing volume of the k-th potential fine fraction

Vbt = total volume of asphalt in the mixture.

v 2= volume of the asphalt lost by absorption of the €-th
ag coarse fraction.

\Y £l = volume of potential fines can be lost in the macro
b surface voids of the i-th fraction

Vbei = volume of effective asphalt of the i-th fraction

n = nunber 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
eguivalent sphere diameter of any successive fractions is two.
That is, dpj: dyz dgs oo o.d = 1r 23 4r .. 2"=L  n 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 Eguation (32), the fines concentration (C-

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

i) for

n
2 |
Cevi = g (33)
V., - B2 Vv

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 mixture which is
combined of the six actual one-size fractions used in this
investigation, namely: 1/2 in.-5/8 in., #3-#4, #8-4#10, #20-#30,
#60-#80, #200~-#270. 1In 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 mikture. In this situation the potential
fine fractions of the i-th fraction are the (i + 1)} fraction and

all finer fractions. Thus, for example, Cfv for the third fraction

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

Z Y
k=4 _ PX
C = » (34}
£l _ 3
v - \Y
bt ~ 2, Vage
By defining the fines concentration Cegi? the fines-lost by

rugosity of a given fraction (Fri) can be determined with the aid

of Equation (44). (See Appendix B.)
Smai
F ., = T . (35)
Lo 1o00(1L + )
St s
fvi
where

Smai = the amount of macro surface voids in the i-th fraction.
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Thus, all the texms of Equation (29) are defined uniguely
for a quantitative determination of the flow asphalt content

(w v) of the mixture.

£

Three more volumetric parameters will be used to describe
the void charactéristics of a compacted bituminous mixture.
They are the conventional -~ percent VMA, the new parameter -
percent packing~-VMA (VMAp)y and the independent parameter -
percent air voids (U). These parameters can be defined in the

following equations (see also Figure 17):

100 +w _ (100  Vew,
Gmx Gat Gb
100 &+ w ‘

Gmx

U = 100 (36)

100 +w 100 .
G G
mx at , (37)
100 *w

G
jitrd

VMA = 100

100 + w 100 :
G e L - Frt)

= 101 X pt 3
VMAp 100 o0 ' (38)

G
11224
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where
w = total asphalt content of mix (by percent of total
aggregate weight)
Ve conventional effective asphalt content (by percent
of total aggregate weight)
Gmx = gpecific gravity of the compacted mixture
at = averagé'bulk specific gravity of aggregates in

the mixture

Gb = gpecific gravity of asphalt
G

P

= average packing specific gravity of aggregates in
mixture

= total fines lost by rugosity in the mixture.

Td gummarize, the followinq parameters are assumed to charac-
terize the physical properties of a compacted, graded bituminous
mix s

{1} The specific gravity of the nixture (Gmx)u

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

(3) The packing-VMA (VMAp)g

(4} The total fines lost by rugosity (Frt)ﬂ

{(5) The flow asphalt content (wfv),

Two additional parameters will be discussed which may
characterize the mechanical behavior of bituminous mix:
(6) The strength (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 Eguations (29) through (35), while the
air voids (U) and the packing-vMA (VMAP) will vary also with the
specific gravity of the mixture (Gmx) as indicated by Eguations
(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 a2 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 aSQhait 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 £low agsphalt (w_. ), bituminous

£v

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 indicated by maximum strength).
Under these optimum conditions, graded mixtures with different
tyﬁes of aggregate are assumed to have different strengths due

to different gecmetric charaeteristicsl which affect the
structure of the mixture.

These predictions can be justified as follows:

It was shown by Tons ggéﬁé, (3) that the mechanical behavior
{resistance to flow) of mixtures using different types of mono-
volume (one-size) aggregates can be made equal bf 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 point between particles, this was explained by

the following simplified equations:

4
P = kl £§ for compression and tension cases {39)
h
r2
5 = k2 " for shear case, - , : {40)
where

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

8 = resistance to deformation in shear, force bhetween two
rocks

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

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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o3
i

initial average height of the cylindrical asphalt plug

W
]

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

For multi-size (graded) bituminous wmixes using different
aggregates with one gradation and identical flow aéphalt contents,
there will be difference in the average thiékhess of asphalt (h}
between the particles. Mixes containing large guantity 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
gmooth coarse particles) will have most 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 resistance to load (stabil-
ity).

Bgquations {(39) and (40) also suggest an explanation for opti-
mum ésphalt content in bituminous mixes. At low asphalt content
(dry mix) both ¥ 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:

(1) In order to check the walidity 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,l

(2) One gradation was chosen for all typés 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 fra.ct:i_ons2 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

lSee list in Chapter II, p. 1l4.

21/2in.~5/8in,, #3-4#4, H#B8-#10, #20-#30, H#60-#80, #200-#270.
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porosity of a well designed continuous grading. Since all the
abové 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 simiiar
to those of continuous 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 agéregate, were used to calculate the
expected properties of the compacted mixture for different asphalt
contents and different specific gravities of the mixture. The
resuits ére presented for each type of aggregate in a computerized
mixture degign table. Portions of the tables are presented in
Tables 22 through 29. These tables provided the main tool for
predicting optimum asphalt contents for each type of aggregate,

(4) The new concept for optimum aéphalt 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.

Ag 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 conditions. This method, as improved
by the U.S8. Corps of Engineers, can be considered the most useful .
method for bituminous mixture design. The Marshall test procedures

have been also standardized by the ASTM under D1559.
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It is evident that a correlation 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. l4.

(b) Asphalt content, 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 replicates were tested.

N The laboratory werk 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 optimﬁm

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) rrom 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-
cateé at a time, by mechanical Marshall compactor, applying
40 blowsl on each side of the specimen. The rest of the testing
procedure was identical to the standard Marshall prodedure {(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 28 and Table 31 summarize the mixture properties
a£ o?timum st&bility conditions. It is evident that the optimum
asphalt content, and the convéntional effective asphalt content
(wev - as expressed volumetrically) Qary considerably for different

types of éggregates, On the other hand, the variations of the flow

lThis is eguivalent to 50 blows applied manually.
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asphalt content (wfv) are very smallsl 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 maximum stabilities of different types of aggregates.

The analysis of variance of the regression (see Table 32) indicates
the acceptance of the hypothesis that the relationship between
these two parameters is a straight line parallel to the maximum
stability axis. This line intersects Weo axis at the average
value of 6.30%. If this average value of the flow asphalt content
is used to predict the optimum asphalt content52 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

lAs 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-
corpacted, and tested again. A single definite optimum asphalt
content due to maximum stability was found around 8.3%.

zi%is 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 statiohary asphalt
(rugosity asphalt) needed to £ill the macro surface voids of
different tvpes of aggregates. Since the amount of rugosity
asphalt was related directly to the geometric ifrégularity of the
particlesg1 it can be concluded that the relationship between the
effective asphalt conﬁent and the maximum stability at optimum;
reflects the expected influence of the geometry factor on the
stability of bituminous mixtures. To verify this, the weighfed
average of macro surface voids (Sma) was calculated for each type
of aggregate. The regression analysis betwean Sna and maximum
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 varisbility of the conventional
effective asphalt conﬁent (wev) with different fypes of aggregate.
If, by the same method as before, the average value of W (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 concludgd that the flow asphalt content (va)'
as defined in this work, see Eguation (29), can be used as a unified

physical parameter to predict the optimum asphalt contents for

1

See 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

w also varies only slightly and therefore is independent of the

£v

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

the combined optimum is very close to the average value of Wey
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 optimum 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 propertieé at optimum
stability conditions. Based on these data, the following results
are observed.
{1} Good linear correlation exists between mastimum
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 VMAPs
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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 anotherg Thus, higher strength is ex-
pected, see Eguation (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 posgsess 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 stébility and maximum specific gravity of a given
mixture. It is therefore recommended to use the mininmum packing
VMA conditions as additional design criteria for optimum asphalt

content of a mixture.
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CONCLUSIONS

The following major conclusions are based on theoretical
considerations and laboratcry work with 8 widely different
aggregates, including one-size and graded mixes with one
asphalt:

{1) The packing volume concept provided a good theoretical
basis for defining guantitative and wmeasurable 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 (Srv) which was also measured by the pouring test. This
specific rugosity was further subdivided into wmicro (Smi) and
macro (Sma) rugosity (Srv = Sma + Smi)°

(3} The interaction 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 (Fr)”

(4) The amount of asphalt lost into the surface crevices

(macro and wmicro voids) was also measured and designated as (Brw)a
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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 (wfvj" 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 behavior of the compacted bituminous
mixture, and thus may replace some of the less descrip-
tive terms which are now bheing used to correlate aggre-
gate properties and mixture performance. This applies
main}y to the specific rugosity (Srv)’ which expresses
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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(3)

(4)
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A practical test, called the pouring test was developed
to evaluate aggregate parameters (see Appendix D).

The accuracy in measurement of the maximum specific
gravity of bituminous mixtures was improved by usging
methanol as the liquid (see Appendix E).

The 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

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

are exceptions and broaden the theoretical base:

(1)

(2)

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.

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.



(3)

(4)
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Research could be concentrated to provide guantitative
thecry which will unify (or will be used to predict)
the strength for different types of aggregate under
optimum conditions with minimum pnunber of tests.
Research could also be oriented to relate the
suggested aggregate factors to other mixture proper-
ties, such as, fatigue, dynamic behavior, durability,

flexibility and stiffness, cracking, etc.
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TABLE 1

PROPERTIES OF ASPHAIT USED

STATE OF MICRIGAN

DEPARTMENT OF STATE HIGHWAYS Project
TESTING AND RESEARCH DIVISION Genaral
TESTING LABORATORY BIVISION
UNBVERSITY OF MICHIGAN :
ANK ARBOR : Laborgiory No 12B-124 thru 126
Date January 24, 1972

BEPORT OF TESY

Report on sample of ASPHALT CEMENT

Date sompled.__ January 18, 1972 Date received._ January 18, 1972
Source of morary_ Leonard Refineries, Incorporated, Alma, Michigan
Sampled hor . Producer's storage ‘ Quanity reprasentad_. N0 _stated
Submitted by C.J. Stoike, Testing Laboratory Section
Intended use Bituminous mixtures Specification 120-150, 1970 5td Specs
TEST RESULTS
Laboratory Numbst 7 2B— . 124 125 126 Average
Specific Gravity @ 25/95 C 1,020
Penetration @ 25 C, 100 g, 5 sec, dmm 141 140 140 140
Panatration @ 46,1 C, 50 g, 5 sec, dmm ‘
Panetration @ 0 C, 200 g, 1 min, dmm
Flash Point, Cleveland Open Cup, C 280
Softening Point, Ring and Ball, C
Ductility @ 25 C, 5 em/min, em 100G+
Ductility @ 15.6C. 5 cm/min, cm '
Solubility in Clu, per comr by~ aight 99.78
Qliensis fpoi Test Neg.
THIN FILM OVEN TEST 1z inch, 163 C, 5 br
Loss on Heating, per cant by weight 0.12
Penetration of Residue, par cent of original 61
Ductility of Residve @ 25 C, 5 em/min, cm 100+
STANDARD LOSS ON HEATING @ 163 C, 5 hr, 50 ¢
Loss on Heating, per cent by weight
Ponetration of Residus, per cent of original
Bitumen, per cent by weight
Viscosity, % et Rk s Kinematic, 135 €, cs 263
HEAT STABILITY TEST @ 500 F, 2 br
Penstration of Residue @ 25 C, 100 g, 5 sec, dnm
Viscosiy of Residue, Savbolt Fursl @ 975 F, sec
Seal No. -




TABLE 2

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

T : .
a Solven Methanol Test ASTM D 2041
o Immersion :
cﬁg * * * *
4 m © Q2 U 0 4>
o} 13 g [ ] [ £ oo |5 -
w T O s - oo o D o oW
@ W [(H] 0] @ O] @ 42 Q@ Q @ ar 1D I L o
s 5 & 3 38 3 R TR 1 s = & 5 E x 5o
7 3 0 g w o G D5 G R 0 £ &) R o
83 = 8 3 e e - g 3 2 i A
== < =2 = < [y /) fan g s =5 <t fan QU i /o) e
16 mn 2. 414 2.1410 , 2.405
2. 409 2,412 2.410 2.410 -0.002 =0.08 2. 01 2.4L0% -0.009 -2
& mm 2.107 2.092 2.075
2.103 2.105 2.099 2.096 -0.009 -0. 4% 2.076 2,076 ~(.025G ~L.ER
3 2.056 2.056 2.008
2,061 2.059 2.048 2.052 -0.007 -0, 3k 2.000 2.004 -0.055 2 ET

#Differences are based on the Solvent Immersion Values.



TABLE 3

MAXIMUM SPRCIFIC GRAVITY OF AGGREGATE MIXTURE
AS COMPARED BY THE SOLVENT AND METHANOL TESTS

Solve?t Methanol Test
Immersion
* *
Aggregate Size of L& o & g 5 o %
- Type Aggregates ) o @ o T 42 T o
E& @ = S 3 H s 83
0 54 W o fsq::iDCS EQ‘
CC?JQ g C(Sgé g oo B g
= = < = = < a A owm [
_ 2.499 2.493
Beach 5/8 in.43 150 2,41 2,501 2.497  +0.006  +0.2h
pebbles s 2.409 2.381
- 2,400 2.40%5 2.38% 2,382 -0.02% -0.96
. 2,468 2.437
38 103 S ies pues 2.438 2,438  -0.027 ~1.09
Limestone
' Aoy 2,391 2.350
2.384%  2.388 2.3% 2.353% -0.0%3% -1.h6
, 2,301 2.227
3/8 in.~#3 2.298 2,300 2,231 2.229 -0.07L -3.08
g8lag
g 2.26L 2,220
2,246 2.257 2.197 2.199 ~0.058 =2.59
. 2,26k 2. 087 :
5/8 in--#3 2,255 2,060 2.088 2.088 =0.172 -7.61
Sandstone
B4 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)

Bulk volume Parameters

Packing Volume Parametiers

4:3’ ] o]
+ -t + 42 < =
3 "k B & & & &
3] i 3] 3] - =) w4 = B
[J] -t I O <« [~ ] =
— Gy 2 o W e et ] +3 + + 25} 12
= o 5 o = g B 4 b 8 = = 3 o o
<+ = a @Q g o =] wm E L) i) s A A = bl bl
~ G =N -+ e ~1 Q [ Q -~ [Sran- 2 b fu [+} <
oo - ¥ T oo w4 0 42 U fon) w4 w4 [ o P
QO fa BD o = O < ik = [N [#1] %) Q 5 et <G el < O = =
~‘:’ W 9] 2 o o= [ b: - w 0 -t ] .
5 gy o & ey 7B = 4 & R 2 g B s o P e = =
£ S #5 T HEY¥ R S8~ €5 H Z~ S8, T 8872 22~ S22 £ £H~ $57g o5 u
25 YEF FESL BEESL BELS §os 58 23T R DHL §E5F Eada Fad Fha 884 FEL
< aFl AUl @l ammaer A B RL el a8l dEL. B A RO Rl EoERal BED
NG/A B.548 2,628 2.7h8 1.67 0.k7 1.825 1.516 2.492 9.3%3°  0.9067 2.59 £.33 67.79 5,18 k.15
N3/B  b.666  2.60% 2,785 1.71 0,27 1.855 1.50k 2.516 7.65 ©.9235 1.63 L oz 52.48 3.354 b.2g
PLiA 5,053 2.805 2.829  0.30 0.05 2.009 1.566 2.515  11.09 0.8891 4,25 10.h7 Ol 1 10.34 0.715
DL/B LB 2.800 2.829  0.37 0.37 1.922 1.543 2,522 10.87  0.8913 L.39  10.85 99.85 9.9% 0.5%
ss/a . 3.815 2.182 2.566 6.85 2.46 1777 1.50% 2,149 6.2k 0.8376 5.18 6.69 hi.18 1.51 k.73
85/B  3.868 2,177 2.570 7.03 2.4k 1.807 1.511 2.1k0 16,74 0.8326 5.25 6,82 Lo, 77 1.70 15.04
cG/a 4,519 2,688 2.751 0.85 0.55  1.860 1.526 2,130 11.67  0.8833 k.58 10.91 93, L7 5.60 2,07
CG/B 4,503 2,655 2,753 0.78 0.k7 1.8 1,322 2.4l 11.28  0.8872 4.39 10.50 93,09 9.39 1.89
SL/A 3,687 2,232 2,468 L.28 3.75 1.9%35 1.546 1.905. 22,81 0.7719 11.60 21,66 ok.,95 14,65 8.16
8L/B  3.999 2.227 2.LeT7 437 3. 6L 1.880 1.534 1.906 22,74 0.7726 11.35 21,92 T G3,31 b bz 8.33
MR/A 5.088 2.8357 2.933 1.16 0.09 2.02%5 1,569 2.515 14.26  0.857h L, 70 11.58 81.19 11.35 2.91
MR/B L, 831 2.8ko 2,929 1.07 0.02 1.929 1.545 2,50k 1b.51  0.8549 5.02 1z.32 BL. 93 11.83 2.68
Ls/a L5599 2,641 2.695  0.76 0.55 1.651° 1.550 2,358 12,50  0.8750 5.19 12,00 95.95 10,72 1.78
Ls/B h.619 2.6kL7 2,608 0.72 6.17 1.950 1.550 2.369 12.21  0.8779 k.70 10.91 8g.34 10.50 1.71
BP/A 5,169 2,652 2.688 0.51 0,47 1.969 1.555 2,625 2.3%5  0.9763 .86 2.02 gk L8 1,02 1.33
BP/B 5.19% 2.661 2,701 0.55 0.18 1.97% 1,556 2.6352 2.35  0.9745 0.60 1.55 50.T5 1.09 L.h8
Average 4,538 2.582 2,709 2.06 1.01 1.907 1.5%8 2,376 12.4%  0.8757 4.52 10.00 T9.857 7.91 451




TABLE 5

BULK AND PACKING VOLUME PARAMETERS FOR #3-#4 FRACTIONS

(eight selected aggregates)

Bulk Veolume Parameters

Packing ¥olume Parameters

&
‘ i -a:? Q Q
-2 -t el 2 2 ) 3]
w ] 1 4] i [ il
Q O W g . fe] Gt G
2] wa —~ [N =1 - pd | ¢ C
Lkl et -0 L) (] jan o3 oo
L) Geg -+ LS Q{ ord el it L= +2 +2 ol Led]
T~ . & % ; i & FL 0§ 7 : E r 3 2 °
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average 2,624 2,546 2.7h9 2,36 1.8  1.186 6,156 2,166 19,48 0.8052 8.50 17.56 88,01  1h4.63 4,85




TABLE &

BULK AND PACKING VOLUME PARAMETERS FOR #8-310 FRACTIONS

{eight selected aggregates)

Bulk Volume Perameters

Packing Volume Parameters
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DL/A 1.857 2,T88 2.840 0.65 c.37 © 8.010 2,482 2.318 18.37 0.8163 .79 7. 70 96,31 16.86 1.51
L/B . 1.889  2.790 2.83%6 0.58 0.32 8.133 2.kg5  e.325 18,08 0.8l92  T.67  17.47 96,62 16,7k 1.3k
S5/4 1.kg0 2,178 2.697 8.83 6.63 8,26k 2,508 1.803 35.1h4 0.6686 16,37 28.93 87.31 17.22  15.92
S8/B 1,51% 2.182 2,688 8.62 6,47 8.u403  2.522 1.801 %2.99 0.6701 16.36 28.88 87.54 17.46  15.53
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BP/A 2,105 2.70% 2,757 0.75 - .27 g8.Lor  2.522 2.506 9.12 0.9088 2.69 6,62 72.58 7.29 1.83
BP/B 2.078 2,690 2.7hL 0.73 0.0% 8.286 2.511 2,50k 8.7h 0.9126 2.84 6,98 19.83 6.91 1.83
Average  1.T79 2.615 2,781 2.46 1.53 B.200 2.502 2.170 21.93 0. 7807 .79 19.88 17.02 Boo1

89.23




TABLE 7

BULX AND PACKING VOLUME PARAMETERS FOR #20-#30 FRACTIONS
(eight selected aggregates)

Bulk Volumz Parameters Packing Volume Parameters
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NG/a 6.279 2.585 2.711 1.79 1.29  2.65%  7.952 2.385 12.02  0.8798 4,60 10.75 89. Lk 7.7h .08
me/n 6,225 2.576 2.6z 1.68 1.53  2.623  T.9E3 20373 11.86  0.881% .91 11.43 96.39 T.88 3,08
DL/A 6.%528 2.786 2.8L2 0.70 0.72  2.878 8.1%1 2,199 22,62 0.7738 10,49 20,62 100.00 21.07 -+ 1,55
DL/B 6.346 2.785 2.846 0.77 0.78 2.887 8.200 2,198 22,77 0.TT23 10.56 22,76 99.95 21.08 1.69
58/a 4.889 2.3h9 2.629  hL.sh 4,61  2.864  8.178 1.707 35.08  0.6492 20.94  35.05 99.90  27.33 T.75
s3/B L, 962 2.296 2,661 5.98 5.88  2.905  8.217 1.708 35.82  0.6L18 21.17 ° .45 98,96 25,61 10,21
oa/a 6.002 2,675 2,771 1.29 0.88 2.86k  B.206 2.07h 25.1h 0, 7h86 11.9% ok, 25 66, bl 20,7 . 2.67
CG/B  5.959  2.675 2,769 1,27 0.86  2.865 8,185  2.077 24.98  o.7502  11.84 2,11 96,49 22,36 262
SL/A 5.945 2,725 2,920 2.5 2,09 2.786 8,103 2,154 26,91 0.7309 12,15 26,05 96, 82 21.69 5.22
SL/B 6.06h 2,728 2.912 2,351 1.75 2.859 8.17hk 2.171 27,06 0.7284 12.15 2% .88 95.28 25,25 4,91
MR/A B.ih2 2,77 2.908  1.65 .05 2.870 8.8k 2.1ko 26,42 0.7358  11.96 25,09 94.95 22,88 3.5%
MR/B 6,443 2.77h 2.908  1.66 .32 3.007  8.312 2,143 26.32  0,7368 12.15 25.52 96.98  22.75 3,37
Ls/A 5,9U0 2,627 2,708 1.14 0.70  2.735  B8.0T53 2,156 20.38  0.7962 9.18 19,40 95.19 17.9% 2.h3
Ls/B 5.883 2.627 2.708 1.14 0.50  2.750 8.049 2,155 20.42  0.7958 2.00 19.03 G3.17 17,97 2.45
BR/A 6.691 2,661 2,686 0.35 0.12  2.605  7.92h4 2.568 Lo 0.9560 1.51 3,80 86.43 3.4 0.%2
BE/E  6.602  2.661 2,684 0.33 0.17 2.572  7.890  2.567 537 0.9563 1.58 3.97 50. 80 3.55 0.8k
Average 6,04k 2,644 2,772 1.82 1.52  2.796  8.111 2.169 21,67  0.78%3 10.42 20.95 95,45 18.00 3.66




TABLE 8

BULK AND PACKING VOLUME PARAMETERS FOR #60~-#80 FRACTIONS
(eight selected aggregates)

Bulk Volume Parameters . Packing Volume Parameters
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NG/A 1 5% 2.612 2. 665 0.76 0.51 6.576 2. %24 2. %51 11,77 0. 8823 L. 85 11,18  oh. %6 9.99 . 1,78
HG/B 1. 596 2.61% 2,660 0.65 0. 56 6.809 2,352 2. 3k 11.90 0. 8810 5. 07 11,66 98, 0L 10. % 1.5k
DL/A 1.512 2.807 2. 8Ly 0.L8 0.40 7.221 2,398 2. 094 26.40 0. 7360 12,77 26.21 95, 29 25,40 1.00
DL/E 1. 330 2. B0 2. 8ul 0.45 0. Ly £.345 2.297 2,096 26, 30 0.7370 12.81 26. 3L 100. G0 25, %6 0.94
ss/A 1.166 2.5%1 2.70% 2.51 246 6,351 2,298  L.8% 32, 07 0.679% 17.71 51. 89 99. L2 27. 46 L.61.
838/B 1.152 2,934 2. 667 2. 38 2.2% 6.275 2.288 1.8% 31, 92 0. 68083 17.53% 31. 56 68 87 27.55 k.37
Co/A 1. 386 2.682 2.757 1.01 0.88 £.916 2.364 2,004 27.3%0 0. 7270 13.75 27,00 98, 91 25.28 2.02
CG/B. 1.504 2.682 2.759 1.0k 0. 8, 7.468 2,425 2. 01k 26,99 0. 7301 1% 46 26, 57 98. 43 2k, 91 2,08
SL/4 1. 680 2.751 2. 955 2.5 2.2 7.629 2.443 2,202 25, kg 0. 7h51 1145 2k, 79 g7. 28 15. 96 5.53]
SL/B 1. 872 2.753 2.953 2. b 2,14 B.540 2.53% 2.192 25,77 0. The3 11.. 62 2k, 57 %6. 91 20.38 - 5,39°¢
MR/A L.5TH 2821 2.950 155  L.13 7.575 2.bk37  2.078  29.%6  0.70kh 1k, 06 28,45 56.9% 26,34 3.22
MR/B 1598 2.819 2. 952 1. 60 1.2% 7.70L 2,450 2,075 - 29.71 0.7029 .21 - 28.%0 97.26 26. 39 3.32
L8/a 1.3k 2,617 2.726 1.52 1.07 6,75k 2.345  1.990 26,99  0.7300 1335 26,06 96,54 23.9% 3.03
LS/B 1. 382 2,619 2. 72k 1. 47 1.05 6.945 2. 267 1.99¢ 26,94 0.7306 . 13 36 26. 06 96.735  2hooz 2.92
BR/A 2,006 2707 2.714 . 0,10 - 0 7.941 2,475 2, 526 6. 9l 0.9%06 2.66 6. 58 ok, 86 6.69 0,25
BP/B 2. 016 2,706 2.715 0.13 0.15 7.68k 2,480 2.585 7,00 0, 9300 2.85. 7. 06 100. CO 6.09 0.3%
Average 1,542 2,692 2,759 1.29 1. 09 7,18¢ 2.392 2,136 T 2331 0. 7669 11. 35 22, 84 97.78 20. 68 2.6k




TABLE S

BULK AND PACKING VQLUME PARBMETERS FOR #200-#270 FRACTIONS
(eight selected aggregates)

Bulk Volume Parameters

Packing Volume Paremeters
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HG/A 2,605 2,710 1. 4o 0. 82 2.073 23,51 0. 7649 10. 86 22.08 93. 93 20,42 3.09
NG/B 2585 2711 180 112 My 2,058 2h0y  0.7391 1l.22 226k gh.oo 20. 39 3.70
DL/A 2.8k 2. 864 0. 27 0,06 © & 2,196 23. %2 0. 7668 10.62 22, 85 of. Ol 20,73 0.59
DL/B 2,845 2,862 0.2% 0,05 ETO NI\U 2.205 22, 96 0. 770k 10,43 2.8k 98,20 22, b 0.52
8s/A 2.578 2.725 2.09 1.51 = =] 1. 892 A0, 57 0. 694 % 15. B6 206,42 g6, 22 26.61 3.96
88/B  2.593 2.698 1. 50 1.29 # i 1.8%8 25.64 0. 7036 15.69 29.20 548, kg 26. 86 2.8k
Co/h 2,736 2.77h 0. 50 0. 24 ‘Z o 2,082 7.1 0.7289 13,41 26. 58 98. 0% 26.10 1,0L
CG/B  2.734 2.778 0. 58 G. 27 f I~ 2.02% 27. 158 0, 7282 13. 38 26. 54 a7, 66 26, 0L 1.17
SL/A 278k 3 027 2. 88 2,49 o " L2097 3105 06895 173 30,13 g7.0b 25, ok 6,01
SL/B 2,806 %, 025 2.62 2,20 > i 2301 362 06938 1hho o 29,66 96. 85 2512 5,50
MR/A  2.80L 2. ghly 1.73 1. 39 § § 2. 057 30, 12 0.6388 14 86 29, 37 97. 50 26. 56 3.56
MR/B  2.803 2.9kl 1.68 1. 36 g 4 2,061 29.93%  0.7007 1, by 29.8%  §7.65 26. 47 3.46
18/8 2655 2.73L 1.05 0. k9 ! 3 1. 950 27. 1k 0. 7286 13. 3 26. 0L 95. 8l 25,05 2,09
L8/B  2.656  2.729 1.01 o8 A A 1.590 27.0%  0.729L  13.33% 26,01 95,02 25. 08 2.01
Average 2.715 2. 809 1.23 0. 87 2.107 2k, Bg 0. 7HLL 11. 99 2L, 12 96, 8% 22, 39 2.82




TABLE 10

AVERAGE PARAMETER VALUES FOR EACH TYPE OF AGGREGATE OVER ALL SIZES

Bu}k VOlumé Parameters | . o Packing Volume Paramefers
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NG 2,588 2.7l 1.80 0.92 2.317  1h.65 0»8535 5.68 12.5%  8%.67  10.48 LT
DL 2.804  2.84% 0.48 0. 38 2.27h  19.99 0.800L 9.01 19.73  98.46  18.91 1.09
88 2.329 2.658 5.52 3,76 1.891  28.8% 0.7117 14.01  25.18 83.0h  18.34 10.49
CG 2.689 2.762  0.99 0.59 2.185  23%.05% 0.7695  10.87 22.19 95.91 20.96 2.09
sL 2.581  2.810  3.25% D.7% 2,013  28.25 0.7175% 13.82 27.12 95.95 21.81 6.hk
MR 2.808 2.929  1.47 0. 86 2.2L0 2%.5%0 0.76%0 10.31L  22.07 92.83% 20.24 3,25
18 2,635 2.710 1.05 0.63 2.1%8 21.08 0.7892 9.79 - 20.16 95.3%3%  18.86 2.23
BP 2.691  2.720 0.h0 . 0.13  2.568 5.58 0.9hh2 1.9% L.go - 8L.46 h.®56  L.13°
Total 5 641 2.768  1.87  1.25  2.196  20.62 0.79%8  9.43  19.23  91.20 16.77 3.86

Average




TABLE 11 -

PARTICLE DIMENSIONS FOR 1/2 IN.-5/8 IN. FRACTIONS

£
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bt R 2
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) b=} = = oy Q0 Sy
~ O ] [ o ., - vHGJEf_\ (Dﬁ
g5 R s & ¥ % ¥ EBAZ &=
NG/A 2,065 1.500 0.988 0.726 0.478 0.659 1.h452 0.70%
NG/B 2.020 1.512 1.041 0.7kg 0.51%  0.688 1.470 0.728
DL/A 2,050 1. 50k 0.846  0.734 0.b13% 0.56% 1.377 0.672
DL/B 2,145 1.495 c.845 0.697 0. %9k 0.565 1.3Gk 0.650
SS/A 1.997 1.55% 1.097 0.779 0.5h9 0.705 1.50% 0. 75k
Ss/E 2.0L5 1.542 1.098 0.754 0.537 0.712 1.51% 0. 740
CG/A 2.106 1.460 0.870 0.69% 0.413 0.596 1.3288 0.659
ca/B 2.151 1.L80 0. 840 0.688 0. 391 0. 568 1.%88 0.645
SL/A 2,154 1.605 1.180 0.7h5 0.548 0.735 1.598 C.7k2
SL/B 2.080 L.536 1,202 0.738 0.578 0.783 1.566 0.75%
MR/ A 1.968 1473 0.8%2 0.748 0.h2% 0.565 1.%56 0.689
MR/ B 2.118 1.485 0.834 0.701 0. %094 0.562 1.379 0.651
Ls/A 2,345 1.636 0.914 0.698 0. 390 0.559 1.520 0.648
15/B 2.301 1.62% 1.011 0.705 0.439 0.62% 1.556 C.676
BP/A 2. 230 1.664 C.869 0. 760 0. 390 0.51% 1.486 0.666
BP/B 2.294 1.697 0.891. 0. 7HC 0.388 0.525 1.516 0.661
Average 2.129 1.550 0.960 0.728 0.453 0.62C 1.ke7 0.690




TARLE 12

PARTICLE DIMENSIONS FOR #4~#% FRACTIONS
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2 © =

2 8 5 2

o — R o

& £ s g 289 4
DR © © c ~ ~ . 385 8.
X & - g " = w o FHEAZ &=
NG/A 0.8%8 0.595 0.350 0.710 0.418 0.588 0. 559 0. 667
NG/B 0.765 0. 594 0. %68 0.776 0.481 0.620 0.591 0.720
DL/A 0.848 0.597 0. 330 0.70L 0.3%89 0.55% 0.551 0.650
DL/B C.903% 0,599 0.318 0.663% 0. 352 0.531 0.556 0.616
S8/A 0.792 0.576 0. 394 0.727 0.L97 0.684 0. 564 0.712
88/B 3,722 0.565 0. 386 0.78%  0.5%5 0,683 0.5%9 0.747
CG/A 0.898 0.57% 0.283 0.638  0.315 0.h9k 0.526 0. 586
Ca6/B 0.877 0.576 0.287% 0.657 0. %2% 0.491 0.52% C. 596
SL/A 0.83%0 0. 57k 0.304h 0.692 0.475 0.686 0.572 0.689
SIL/B 0.716 0.553 0. Lokt 0.772 0. 564 0.73L 0.54% 0.758
MR/ A 0.739 0. 566 0.385 0. 766 0.521 0.680 0.544 0. 736
MR/B 0.848 0.554 0. 374 0.65% 0. L4y 0.675 0. 9560 0.660
Ls/A 0.815  0.%589 0.29%  ©.719  0.3%8  C.h497 0.521 0.636
LS/B 0.966 0.581 0. 308 0.601 0.319 0. 530 0.557 C. 577
BP/A 0.781 0.620 0.357 0.794 0.457 C.576 0.557 0.713%
BE/B 0.790 0.636 0. 246 0. 805 0.438 0. 5l 0.558 0. 706
Average 0.821 0.584 . 0.348 0.716 0.430 0. 598 0.549 0.675




O TABLE 13
gy -
a\/
§ 5 LINEAR CORRELATION COEFFICIENTS BETWEEN OR
«1;'%-:,“’% & WITHIN BULK AND PACKING VOLUME PARAMETERS
Q)-Er\/ & cj&,@ (Including Sandstone)
£ )
& & o
& 5
& &
R &
& Ty
& x’f oy
ol SIS
o o 5 @
o o & vl
M & & &
-0.172 to § & &
-0.9k7 & %‘f’ %q) &
0 L /% (:;Y
-0.288 td 0.827 to &% &5
~0.925 0.990 R I A
o~ v
0. 262 tg[-0. 101 to I &5
0.857 | 0.811 & W S 5 D
g »G&-’ < §'
-0.525 to § & g
-0.967 & & RAS
& A
b @
0.297 to| 0.612 to-0.660 to| 0.873 to Qé‘” ks ;\?9
0.817 | 0.806 [-0.985 | 0.993 & & &
== %
~0.491 to| 0.858 to écf’t?
~0.957 | 0.999 ¥
0.128 to
0. 500




TABLE 14 TABLE 15

LO3 ANGELES ABRASION VALUES . SPECTIFTC GRAVITY OF FILLERS - HoT 0

Aggregate Percent Wear A " Absolute
Type Grading B Grading D g%;';ia € Specific
MR/ A 14,2 15.6 | Gravity
MR/B 13.6 i5.5 NG/A 2,683
BP/A 17.3 13. L NG/B 2.683
BP/B 17.8 143 L8/A 2,715
Ca/A 21. 3 231 L3/B 2.709
CG/B 20.7 23.0 BP/A 2.723
NG/A ‘ 22.5 2h. 9 BP/B 2.72%
NG/ B 24, 0 24, % S5/4 2. 7%
DL/A 23,7 25.1 S8/B 2,736
DL/B - 25.2 2L. 8. CG/A - 2.778
LS/A 3.5 23. % CG/B 2.778
L5/B 318 23.1 MR/A - 2.8k
SL/A hs. 6 o323 MR/B 2. 8l
SL/B ke.o 32,3 DL/A 2.850
SS/A 53.8 45.8 DL/B . 2.85%0
88/8 52.9 5.8 sL/A 2.895

SL/B 2.895




 TABLE 16

FLORIDA BEARING VALUES FOR #20-#30 FRACTIONS

' Fiorida
Aggregate Bearing
Type Value*
OTTAWA S 2,06

BP 2.95
S8 3,31
NG 3,35
DL 6. 66
pite 6.83
MR 7.83
SL 7. 94
CG 8. 30

*Fach number is an
average of five
tests.




TABLE 17

STATISTICAL AFAIY3IS CF CHE-3IZE
AGGREGATE PARAMETERS

a) TYPICAL ANOVA TABIE FOR DEPENDENT VARIABIES I THE EXPERIMENT

Dependent Variable - S
. rv

Source of pp oum of Mean F Ratio F Statistic
Variation Squarss Sguare _7 _
Mean 1 L40810.28 L0B1sc.28

S (8ize) 5 1548.83 309. 77 k190 - Fp, 95,5,48 = 2. bl
T (8) (Type)

R (8T) (Reps):

y2 5582, 76 1%2, 92 1800 Fo. 95,4248 = 1.58
L8 3. 54 0. 0738 '

b) A SUMYARY CF F RATTOS FOR DEFENDENT
VARTABLES (PARALMETERS) IN THE EXPERLENT
Dependent F for Size . - F for Type
Variable (Fo,95,5,48 = 2.41)  (Fg g5 ko 48 = 1.58)
-G 770 1071

ng 429 611

A, 1k a5k

Bag L5 128

Gp h200 3060

Spv 4190 1800

By 3910 1h11

Bry 2970 927

Sp L 12

Sma k710 10L6

Smi

L2 1067




TARBLE 18

EXPERIMENT FéR EVALUATING FINES LOST BY RUGOSITY
{(for aggregates NG,CG and SL)
{DATA SUMMARY)

»; Size of Type of Aggregate
Cfv Fine Natural Crushed Slag
Fractions Gravel Gravel

0, 485 0. 522 0. 515
- . 015 0. 022 0. 015
- 3%.00 i, ho 3, 00
0. 0139 0.0%26  0,0hgk For Each Cell:

#20-430

0.4ko 0.4%7  0.540 ¢ Measured Cpy
0.5 #20-#30 - - 0. 060 -0.033  0.04C & Cpy Differences
) #EO-#80 ~12, 00 -5.60 8.00 ¢ Differcnces in Percent
0. 0130 0. 0302 OﬁﬁOGFr
0. 495 0,515 0.537
, - 0,005 . 015 0. 037
#0480 1.00 2,00 7.40
0. 01b1 0.0323  0.0508
1. 020 1. 039 1.025
0. 020 0. 039 0. 025
#2030 2,00 %, 90 2.50
0, 0215 0. 048k C.07%6
‘ 0. 951 1,002 1. 072
10 #20-#30 - 0.0k5 0, 002 0. 072
’ - #60-480 - 490 0. 20 7.20
0, 0208 0. 476 0. 0752
A
“W@HWW [LIEMMW
1.045 1,022 1. 017 MiCHITARN 7 OF STA
460-480 0. OL5 0.022  0.017 o TATE
i, 50 2,20 1,70 WA A
0. 0218 4,80 0, 0733 AL
=R HIGH,
| PoO-LRAWR KT 48904
1. 552 1.512 1.531
_ 0. 052 0,012 0,031
#20-#30 % 47 0.80 2. 07
0. 0259 ¢.0572  0.0879
' _ 1. 588 1.534 1. 532
15 #20-#30 0. 088 0. 03l 0, 032
) #60-#80 5,93 2,26 2,13
. 0. 0261, 0.0575  0.0879
1.505 © L.57h 1,54k
] 0. 005 0,0tk 0.0k
#6080 0. %h L, oh 2. 94
0. 0256 0,081 C.0867




ANOVA TABLE FCR THE MEASURED FINES CONCENTRATION (C

 TABLE 19

)

v
Source of Sum of Mean
Varistion D¥ Sq_uares Squ_a_re F _Ratlé_ Fo. 95, vl’ V_g

Mean 1 28,175 28,175 |

C (Cpy) 2 L. 867 2. %2 1890 b b6

8 (8ize of Finmes) 2 0. 000919  C. 000L6D 0. %6 4. 46

T (Type 2 0.0029%8  0.00149g 1. 17 4,46
cs L 0.0022k1 0, 000560 0. Ly 3, 8l

cT b 0. 003784 0. 0009L6 0. 7h 3, 8l
8T b 0.C03166 0, 000791 0,62 3. 84

CST 8 0.010264 0, 001287 e

TABLE 20
ANGVA TABLE FOR THE FINES CONCENTRATION DIFFERENCES
Source of - Sum of Mean N
- Variation = Scusreas Sguare ¥ Rat.lo o, 93, V. Yo

Mean 1 0. 012502 0. 012502 '

C (Cey) 2 C. 007041 0. 003520 2. 7h L.4e

S (Size of Fines) 2 0. CO0YLY 0. 000LED 0. 36 L, 46

T (Type) 2 C. 002998  0.001L499 1.16 L. 46

cs L 0. 0024k1 0. 000560 O. 4k 3, 8L

T 4 0. 003784 0. 0009L6 0. 74 3, 8L
ST Y 0. 003166 . 0. 00079L 0. 62 3, 84

CSsT 8 0. 010294 0, 001287




TABLE 21

ANOVA TABLE FOR THE PERCENT FINES CONCENTRATION DIFFERENCES

Source of Sum of Mean X
Variation - Squares  Square ¥ Ratio  Fo, 95,V 5V,
Mean 1 83, 14% 83, 1L3
C (Ce,) 2 28,162 1k, 081 1.1% 4. 46
S (Size of Fines) 2 3%, %% 16,668 1. 33 L, 46
T (Type) 2 96,222 48,111 %, 84 L. L6
cs L 4o, 265 12,316 0. 98 3, 8l
o L 118.225  29.556 2.46 %, 8l
- 8T L 69.483 17,371 1. 39 3, 8L
csT 8 100. 112 12.51h
TABLE 21A

ANOVA TABLE FOR THE FINES LOST BY

RUGOSITY (Fr)%

Source of

Sum of

Mean

____Variaticn o Squares Square ¥ Ratio FO=955V13V2
Mean 1 560. b79 560. 479

C (Cpy) 2 28. 91 1h, b7 3230 446

S (Size of Fines) 2 0. 001076 0. 000538 0.12 b L6

T (Type) 2 113, 915 56,957 12970 L. 4o

cs L 0. 016510 0. 004127 0. 9k 7, 8L

cE L L.795 1. 199 190 3, 8L

ST L 0.ChTY70 0. 011867 1.92 3. 8l

CST 8 0.0%5138  0.00L392

*Sum of sguares were calculated by expressing Fr in percent.



MIXTURE DESIGN TABLE FOR NATURAL GRAVEL
(eight aggregate series)

BGGREGATE IVPE - BG
BOBBEY OF TRACTIOHS 43 b

TABLE 22

E(Noeonaad {M)mdGa0,20.0,13.0,19.5, 1245, 5.0 (R28CTICHS PhOPOHTIUE - dELGBT BASIS)

PEEC. PEBG. EFF. PEHE. PERG. Fiod FLGW TOTAL
ASPH. LEIL FHHC. B3 EH. hilG. BYG. A5RU. ASPH. PLYUS PEEC. SPEC.
CUNT. [ -F ¥ fulss AS¥d. AEEH. LU5T ACTIY GRAV. PERC. PERC, PBRC.
W14 | BGG. AaEH., ¥l BT, ¥ila 4. YGL. oy FACK. a9F [:34:] coay, FACH.
EB335 ° BasLS - AdS. EasEs vAsSLs BAsis BASLS BAS LS PG, ¥OLa BIX veLes VA ¥aa
W W :an L. Yoy 1] . ?rt. ¥ ' Gmx u i VMAP
1.00 .09 Ga9% Taltly 2.1 U85 J.93 2.4 - 3695 93.55
2.1500 16.88 2117 18,85
2.150 1490 38,39 16,92
2,200 12.92 17.42 $4. 9%
2. 250 10.95 §5.56 13,06
20309 8,87 13.66 11,12
24350 6.92 .74 .19
2.500 5.01 %,91 7. 26
2. 450 3.03 B.03 5.33
2.500 t.05 6,15 .00
2.550 =0.93 4.28 1.86
2.6490 =2,91 2,40 ~0.47
3.50 3,63 G.95 &.79 2eit f.00 1.u2 3.49 0623 23,37
24100 16. 25 21.58 19,47
2550 14.26 14,71 17,15
2. 200 12.26 17.84 15,22
2,250 10.27 15.37 13,28
2,300 .27 .11 11.37
2.350 6.28 12.24 9. 044
246500 4.29 037 T.31
2,450 2.29 H§,50 5.59
2.500 R.30 668 3,66
2,530 =1,70 4.77 .73
2:900  =3.69 2.90  =Q,19
.09 4o b7 0.95 9.16 2.29 %.28 .87 .59 20602 93.98
2. 140 15,62 21.98 19,32
2.1950 13,61 20.12 17,80
2,200 13,60 18.27 15,48
£, 250 2,59 16.4% 13,55
2,300 T.58 14,55 11,63
2, 35¢ 5.57 12,89 2:71
2. 400 3,56 10.84 7.79
2.850 $.55 8,98 5.087
2,500  =0.46 7.12 3,95
2,550 =2.46 5.26 2,03
2.800 =4,47 3.u1 0. 4%
.50 8. ¥4 .95 §.58 2,34 E.47 2434 5.7 L0593 9497
2. 10 164,99 32,39 19,58
2,159 t2.96 20.54 17.66
2,200 10.94 8.6%  15.75
2,250 8.81 .84 13,83
- 2,300 6.89 15.00 $1.92
20350 4.0, 13.15  10.00
2.800 2.84 11.30 8.09
2,450 $a82 9,45 .37
2,500 =1.21 T.b1 4.26
2.550 =3.23 5.76 24,38
2,600 =5,26 3.9% T.h3
5.00 5.25 .95 10.9% 4,45 5.¢5 2,81 6,66 0566 940
PP
2. 300 14,35  22.7% 19,85
2,150 $2.31% 2Ga 96 17,94
2,200 $0.27 ig.12 16,03
22250 .23 17.48 4,12
2,300 Ge1% 15.44 2,21
2.350 4. 16 13.68 0.1
2,800 Z.12 11.77 H. 49
2,454 .04 4.%3 .49
2,500, =1.96 8,99 4.58
3.5350 =4.00 6,25 2,67
2.6084 =6.04 LY 9.76
5.50 ¥ v.35 12.35 Z.52 S.01 3.30 B.03 L0349 94.5%
2.100 13.72 23,20 26,13
2.150 19,66 2%,37 18,23
2.200 9.61 19.54 16,33
.230 .56 17.72 19,43
2300 5.50 15.8% 13,53
E.350 3.45 14.06 .62
2.800 1,39 12.23 4,72
2.450 =0.86 10.40 $.82
2,500 ~2.72 8.57 4,92
2.550¢ =77 ba 70 3,02
22 60¢ =6.82 4.92 1.12
600 [ 1] G35 13.71 2.99 .58 3. T3 9.23 <0534 4.66
2.100 13,09 23.61 20,43
2. 150 11,02 21,79 18,53
24200 B.95 19.97 V6,64
2. 250 G6.08 19,15 14,7
2.390 LT 16.33 14,85
20340 2.78 14.51 10,95
2,800 9.67 ti.69 9,96
2,450 = 1,40 10,084 T.16
2500 =3.47 G.06 5,27
24550 =5.54 Ta2l 3.38
2:680 =761 5.42 1. 48




TABLE 23

MIXTURE DESIGN TABLE FOR DOLOMITE
(eight aggregate series)

AGGREGATE TIPB - BL
BUHBER OF FRACTIOHS U= &
E{l)poomaab{H)=20.0,20.0,§5.0,19.5,12.5, S.0 [/BACTLOHS PHOPUATION - WEIGHT BASES}

PERC. PREC. BPF. BERC. PEEC, FLOH FLCH TGTAL
AFRiE. A5PH. PERC, ASEH. BUG. BUG. ASRH. ASPH. FINBS BERC. SPEC.
CGHE. COET. TUTAL ASPH. ASEb. LOosT ACTIVY GHAY . PERC. PENC. PERC,
[:19:4 AGG. AS8H. VCi. ET. ¥CE. dT. ¥OL. By PACK. G¥F ALl CONY . PACK .
BASIS BAS13 ABS, BASES BASES BASIS BASIS BAS1S RUG. ¥OL. HIX yolas Y HA TR
5
¥ W BBB Yoy Ve Yoy Frt Vpa Gmx u RE VMAP

4.50 4.71 8,43 1t.76 3.26 7.23 §.45 3.69 1173 88.27

2.100 19.93 28.35 22.78
2,150 18.G2 26,64 20. %4
2,200 1611 24,94 9. 10
2,250 1621 23,23 17.26
2.300 12.30 21,53 15,42
Z.356 10. 39 19.82 13.59
2.400 8,49 18,11 11.75
2. 459 6.58 16,41 2.91
2.500 .67 5,70 8,07
2.550 2.77 13.00 6,23
2.600 (13 11.29 4y 39

5.00 5.26 $o43 13.27 .42 T.69 1.84 4,67 PRREY] 88.63
2.100 59.27 28.73 22.87
2.150 17,35 27.03 2183
2.20G 15.42 29.33 19.20
Z.250 13.50 23.63 17. 36
2.300 11.58 21.94 15,53
2,350 9.66 20.24 3. 69
2,409 T 73 18.54 11.8%
2,459 5.81 16.35 #0.02
2.500 3.89% 15.15 8.10
2,550 1.97 13,45 6,38
2.640 .05 11.76 4.51

CELS6 5.B2  O.63  B4,80  3.57  8.02 2,25 5.69 L1108 0B.96
2,100 16,61 29,10 22.99
2,150 16.67  27.4%  2%,15
2260 15,73 25,72 19.32
2,250 12.80  24.06  17.49
2.300  10.86 22,35  15.65
2.350 8.92  20.66  §3.82
2.400 6,93 18.97  1i.99
2,450 5,06 17.28  10.15
2.500 111 15,60 8,32
2.550  1.37 13,91  6.49
— 2.600  =0.77 12.22  4.65

6.00 6.38 F.43 16.3% 3.7 8,33 2.48 6.T4 1072 89.27
£ IG0 17.95 29.48  23.13
2,150 156.00 27.40 21,30
2,206 Tu.0u 26,12 19.47

2,660 -1.5% 12.68 4,83
§.50 6.95 $a43 .96 .44 .62 3.1 T.01 PREHLE] 89.57

2.100 17.29 2%.85 23.29
2.150 15.32 28,18 21.46
2.200 13.35 26.51 19.463
24250 1%.38 2,54 17.8%
2.360 £ 23,17 15,98
2,350 7.45 21.50 6,15
2,400 5.48 15,83 12.33
2,650 3.5t 18.16 10.50
2. 500 t.54% thubg 8.67
2,550 ~G.43 14,82 6,85
2.600 =2 0G 13,15 5.02

T.90 7.53 D43 t9.us 3.36 8.30 3.57

- 1016 89.90

2.300 16.63 3G.22 23.46
2.150 1,65 28.56 21.486
20200 12,66 26.90 19.02
2,250 10.68 25,24 5. 00
2.300 5.69 23,58 16.17
2.358 LTy A 21.92 6,135
2. 600 b.72 20.26 12.53
2.450 2.78 18.68 10.7%
Z2.500 0.75 16,94 .80
2.550 =1.23 15.27 7. 06
2. 5060 ~3,22 3.61 524

T.50 B.11 .43 21.08 4,08 9.16 6,04 10.66 . 9580 90,10

2,300 15.%7 10.60 23.65

2.150 13.97 28,95 27,64

2.206¢ 11,97 27.36 20.02

2.250 9.97 25,50 18.20

2.309 7,97 232,93 16,38

2,350 5.97 22,34 14,586

. 2,406 3,97 20,69 12,75

. 2.450 1.97 19,43 10.93

2.559 <E.U3 15.73 7.29
2.600 4,03 14,08 3. U8




TABLE 24

MIXTURE DESIGN TABLE FOR SANDSTONE
{eight aggregate series)
AGLRRFRATE JYRf - <%

NUMAER AF FRACTINNG N= &
HEE) passaa XINFSDD, M ?RF,1R,7, 10, 6,17,5, 5.7 (RRACTIONS PROPORTION ~ WEIGHT #a5i1sS)

PERC,  PEPC, £FF, PERC,  BEPC,  FLW FLOW TOTAL
ASPH,  ASPH,  REIC,  ASPH,  eyn, LU ASPH,  ASPH,  FINES  PERC, SPEC.
CONT,  CONT,  TOTAL ASPH,  ASPH, LPST RETEV GRAV,  PERL,  PERL,  PERC,
HEX a66. ASPH, WL, W, v, ur, v, By PACK, oF Alst CONY,  PACK,
BASTS  RASIS  ABS, AASIS  RASIS  AA51S  BASIS  RASIS  RuG, VoL, HIX, VRS uHA FEN
W ] 1]uB ww wﬁ vw Frb vm Gmx u VA mﬁp
a0 9,R% 4,16 12,717 a,ra 16,98 $e01 3.69 LC912  9n.&B
z.10¢ 6,78 1%9.56 8,18 "
2150 2.52 13,55 5.99
2.200 0.25 11.3% 3,80
2.250 -2.02 9,53 1,62
2.0 =6,29 7,52  w0,57
2,350 «b,56 5,51 =2,76
?.400 ~5.82 3.50 ~6.95
2,450 —11,09 169  =T.13 -
2.308 -13.35  -0.52 ~9.31
2,550 -1%.62  -2.33 -~11.%C . »
2,800 ~1T.89 -4.56 =13.69
9. 5C 10,50 4,14 S R, 2% 15.28 2.26 23084 91.1%

2.10C Hel7 16.03 8,39
2,150 1.49%9 14,03 [ P¥31
2.200 ~g.39 12.03 4o003
Za2%50Q =2.67 10.03 1.85%
2,300 4,95 &.03 =0.33
2,350 =Ta23 6,03 ~2,51
20600 ~9a51 4,03 ~b4ahF
2,450 ~-11.80 2,03 =687
2,506 =14.G8 0,83 ~%.0%
2,55C =Lkb.3é =1.97 =11.24
2.600 -18.864% =3.97 ~13.42

10,49 .11 byl 15.47T .20 15,57 2. 72 5,55 20857 21.43
Z.i00 3457 16,49 8.6%
2.150 1.27 14.50 bo46
2,200 -1.63 12.51 he 28
2230 -3.32 10.52 Za1l
Z.300 wGa62 8.54 =G.07
2,350 =7,91 £.55 -2.2%
2,400 ~10,21 %456 —h.%2
2,450 =12.5% 2.57 ~8.59
Z2.500 -14,90 0.58 ~B8,77
2,550 =1T.10 =1l =10.9%
2,600 =19.3%9 =3.3% -13.12

£0,50 11,72 4a16 16,85 a,%1 16,78 1,22 6,51  L0R3Z  9%.48

2.10¢ 2,96 16.95 8,89

' 2,150 0.65 14,98 6,72
2,200  ~l.66  13.00 4,56

2,250, -2.97 11.02 2,439

2,300 =6.28 9.0% 0.22

2,350 -8.59 T.07  ~1.,9%

' 2.40C " ~10.50 5.09 -4al2
2.450 ~-13.21 311 ~6.29

2,500 -15,83 Lol =B.48

2,550 =17.84 =0,04 ~10,63

2,508 =20.15 ~2,82 -~12.00

1108 132,36 4.1%  1A,24 LT T 2,72 7,51 .0B0% 91,9
2. 100 2,35  17.62 Got7
2150 0,03 15,65 7.0%
22206 =2,30 13,49 4,85 «
24230 46,62  1l.52 2.68
2,360 =6.55 9.5% 0.52
2,350 -9.27 T.59  -l.84
2,400 k1,60 5.62  -3,80
2,450 -t3.92 3,65 25,07
2.500 = 14425 ta69 =B,12
2.550 =18,57 ~0.28 =10.29 ,
2,606 20,90 —2.26 -12.4&
11,50 12,90 4ath 1965 8,75  lb.24 4,24 A.53  LOTEY 82,13
z.160 1,76 17,08 9,48
25150 =fa60 15,93 7.31
2,200 -2.96 1397 5415
2,250 ~5.28 12,902 3,60
2,30 =T.62  10.76 0.84 v
22350 =9.95 Boll =132
2,600 =12,29 5,15  ~3.47
P 450 =14.63 4,20 =5.63
Zo500  ~16.97 2.24 -T.T8
2,550 ~19.31 Ge29  ~9.94
2,600 =21.65 =1.67 =12.09
m
2o §R A4 Ayt ?1.0R BT 14,45 Gy 7T Q57 0766 82,34

2.100 Lok 1R,35 2,77
2,150 =1.22  15.6C  T.52
2,200 -3.5T  14.68 5,47
2,250 -=5.93 12,51 3,32
2.30C  -8.78  10.57 1.18
2.35C -10,63 8,62 . =C.97
2.40C =-12.99 8,48 =312
2,850 =15,34 4,74  =5,27
2,580 ~l7.7¢ 2,79 =T.42
2,55 -20,05 1.45 9,57
7.600  =22.4C  -1,10 -11.71




TABLE 25

- MIXTURE DESIGN TABLE FOR CRUSHEDR GRAVEL
L {eight aggregate series)
ABSGHEGATE TYPE - C§

UOHBER OF FRACTIGHS = o
B§T) g waeaak (H}=20.0,20.8,15.0,19,5,12.5, 5.0 (PEACTIOHS PBOROAIIOH - HERGHT BASIS)

PBEC.  PEAC, EFF. PBEC. P3BC.  PLOS FLOY TOTAL

a50d. 458H. 28AC. BS2H. 2UG. RUG. ASPH. EEPH. PLARY PERG. SR EC.

COoWE.  COBT.  TOTAL BSPH.  A5%4. LGS ACTIY GBAY, PEAC. PEEC.  PEBC.
Hix hGG. B3FH. (Lo [k 1 L. L5 VoL, bY PACH. oF AXR CoBY. RacK.

BASES  BASIS  BBS. BE&5IS  BASIS- BASIS  BASIS  BASIS  ROG. ¥oi. 4XE vo1DS 1119 vHa
W W Bmg Yor ¥ o Yoy 7 VE % x u VHA vm\p

5.00 5.26 .62 13.2% 3.93 6.30 $.34 3034 #1302 8G6.98
2, 100 16,52 25.60  19.13
2.1560 18,53 23.83 7,20
2,200 12,54 22,96 15.20
2,250 10.55 20.29 $3.33%
2,309 8.57 18,52 43
2,350 6.58 16,75 .50
2400 8,59 .97 1.57
2. 45% 2.60 13.20 S.653
2.500 GGt 1.3 3.72
2. 550 =137 9.66 e 00
2.400 =3.36 7.8%  «8.%2

3.50 5,82 8,62 13.68 4,10 8.67 .72 4. 15 1265 87,35
2. 100 15.97 25,99 19.21
2. 150 13.47 25,23 7.29
2.200 11.87 Z2.47 5,37
24250 9.06 26.71 13,44
2.300 7.86 18.85 11,52
2. 350 5.868 17.16 9.60
2,640 3,85 15,42 1.67
22450 $.05 13.06 5.75
2.508  =0.15 11.90 3,83
2,550 =2.19 10.1¢ 1.50
2.600  -d.16 8.37 =g.02

G100 6,38 0.62 5,16 4,27 .01 2.%2 5. 10 - $23% 87.69
2. 1080 §5.23 26.39 92.33
2, 150 3,21 28,63 17.41
2,208 1. 19 22.08 5.49
2.250 9,17 21,13 13,56
2. 300 T.15 19.37 911,65
2.350 5. 14 17.62 9.72
2+ 504 3.12 15.67 7.80
2.850 P10 14,12 5. 08
2,509 ~{.82 12.36 3.9
2.550 =3.9% 16.61 2,08
2,600 =4, 04 6. 88 0.2

6.50  5.95  0.62  16.65  4.42  9.33 2,53  &.08 1198  89.02
2,100 14,58 26.78  19.46
2,150 12,55  25.03  17.54
2,200 i0.52 23.23  95.63
2,260 8,48 21.53 13,71
2,306 6.85  19.80° .79
2.350 G,42  18.06  9.87
2,000 2,38 16.32  T.96
2,550 0.35 1437 6.03
2,500 -6 12,83 4,12
2.550 -3.72 11.09  2.20
2,600 <5.75  9.34  0.29

7.00 .53 4,62 19.%6 4.56 9.£4 2.96 7.0% 1168 26.32
2. 109 13.9% 27.17 ¥9.61
2.150 t11.89 25.43 .70
20200 .88 23.70 15.79
2,250 1.79 21,87 3,87
2.308 5,74 20.23 11.%6
2,354 3.69% 18.50 10,04
2,400 1.65 16.76 8. £3
2,050 =G40 15,03 6,22
2.500 ~3.45 i3.39 4.30
2.550 -4.5G 11,36 2. 39
2,600 6.55 2.83 0. 48

T.50 .1 0.62 12,63 #.70 .93 .91 8.12 1139 8&.51
2. 100 13,306  27.56 9. 79
2,154 t1.23  25.8¢ 7,88
2.200 9.17 2411 15,97
20250 .10 22,39 4. 08
2.300 5,08 20.66 42.15
2,350 2.97 1690 10,24
2. 406G 0.91 17.2¢ 8,33
2,450 -1.%6 15.49 6,42
2.500 ~3.22 13.76 4,51
2.550 =50 28 14.08 2,69
2.600 =1.35 10.31 9.69

8,00 8,74 0.62 21.24 4,63 10.20 d.e8 9.12 2111 686,89

2:.100  12.6%  27.9% 19,97
2,958 10.57 26,20 18,07

2.200 B 49 24,52 16,16

2.250 6.41  22.81  14.26

2,300 4,33 21,09 12,35

2.356 2,25 19,37 10,48

2,400 4.17  17.66 B.54

2,450 +1.91 15,94 5.63

2,500 -3.99 10,2 4,73

2.850 ~6.07 12.%51 2,82

i 2,600 -B.13  10.80 9,92




TABLE 26

MIXTURE DESIGN TABLE FOR SLAG
(eight aggregate series)

Meng
AGGREGATE TVYPF = 5L
NUHMBER OF FRACTINNS N 6
HBUE pasno o XINIZ20,0,20.0, 15,0,39,5,12.5, 95,7 (FRACTIONS PROPORTION = HEEGHT Aasls)
PERC.  PERLC. FFE, PFRC,  PERG,  FLOW #1080 TOTAL
ASPH,  ASPK, PERC,  ASPW,  RUS, RIH, ASPH,  ASPH.  FINES  PERE, SPEC.
SANT,  CONT.  ¥oTAL ASPH,  ASPH, LnsT ACTIV GUAY, PERC, PERC.  PERC,
HIX AGG. A5EH,  ynL, WT. voL, HT, unt, RY PATK . oF A1n CONV,  PACH,
BASIS  RASIS  ARS, RASES  RASTS  RASIS  BASTS  BASIS  RUG VoL, HEX voips VHA YHA
; W v }3.‘5 Yo 1Y . Yoo Pr ¢ Vm ﬂ“ u A VMAF
7,00 7,53 2,95 1,24 bobs 12,45 1.68 1448  B5.5%
: 2,100 3,21 2i.98 15,28
2,150  1l.l4 20,17 13.26
2. 200 9,07 18,26 1l.2%
2,250 Ta01 16,40 .23
2300 5,96 16,54 .21
2,350 2.87 12.69 5,19
2.400 0.81  10.83 3 ET
2.650 —1.26 8,97 1.16
2.500 =3,33 Tohh -0.56
2,550 -5.3% 5,26  -2.88
2800 —Tl.5% 3.40  -5,89
7.50 B.11 .95 12,87 6aba 12481 1.47 3,31 L3408 §5.92
2,100 12.57 22440 159,27
2,150 10,48 20,55  13.35
2,200 B.40 18,70 134
24250 6032 16,85 9,32
2,300 4.24 15,00 T3}
2,350 2.16 13,18 5,29
2,460 . 0.07  11.31 3028
2.450 2,01 9,44 1.26
2.500  -4.09 T.61  ~0.18
2,550 -6.17 BT ~2.¥7
2,600  -8.2% .92 =4.73
B,00 8,70 2,95 14,11 5,82 13,18 1.88 4.F1 (1373 86427
2,100 11.92 22,81  15.49
2,150 F,83  20.968 13,47
2,200 ToTH  19:14  Klo%6
2,250 Seb3 17,30 9,45
2,300 3,54 1546 Tobth
2,350 1.k& 13,63 5,42
2500 ~0.66  L1.TY 3,41
2,450 22,75 2,99 1.40
2,500 ~4,8% B.EF  =0,61
2,550 -6.95 50208 r2.62
2,800 =9.05 babl  mb,bd
S— #.50 9,29 2,95 15,57 5,99 13,40 2.30 S.l4  JE340  B6.40
2.160  11.28 £5.62
2,150 9017 13,61
2.200 7.06 11,61
2,236 5.98 %60
2,300 2.404 759
2.350 0.72 5,58
2,400 =1.39 3.87
2,450  =3,.50 3811
2.800  =5.81 =0 45
2.550 =7.73 =2.46
2.600  =9.84 Y
w00 a,na 2,95 17,04 7.1% 1301 2.4 5.09 1309 86,91
2,560 10,64 23,635 15,78
2150 8,52 21.84 13,78
2,200 6038 20,02 11,77
2,250 6,26 18,28 2,76
2.300 2453 16,38 TT6
2.350 0.01 14,56 5.78
2,460 -2.12  12.75 3,75
Z2.656C -6.2% 10,93 1.74
2.500 6,30 2.11  ~0.26
2.550  ~0,.50 T.29 -2.27
2.600 ~10.43 5,68  ~h.27
9,50 EN.50 2.9% 18,59 T.3% 14,12 3,10 187 L1279 BT.2L
2,100 16.00 24,07  15.96
2150 ToB6 22,27 12,95
?.200 5,72  20.46 11,93
2.250 3,58 168,69 9,95
Z.300 143 1&.0% 7.95
2,350 ~0.7F  15.03 5.95
2.4600 ° =2,85 13,23 3,95
2,450  =4,99  1l.42 1495
2.500  ~Tal4 961 ~0.06
2.550 ~9.28 T80 =2.08
2.600 -ll.62 5,00 <4,0%
10,00 11,11 2095 20,04 Ta65 14,39 3,66 8,08 L1250  B7.4%

2100 9,24 25,49 16.15
21950 Ta2l 22,869 14,15
2,200 5.05 20.20 12,15
2.250 2.89 19.10 10.4¢
2.30C 073 17.30 B.18
2,350 =1,42 13.50 Hel6
22600 =3,58 13,71 4417
2,450 =5, T4 HIH 2:17
24500 =T.90 10,11 017
2.550 -10.06 8,31 =1.82
2,608 =-12.22 fa51 =3.82




TABLE 27

MIXTURE DESIGN TABLE FOR MINE ROCK
{eight aggregate series)
BOGBEGATE TYIPE - #B

HGUBEA OF ERACTIOQNS d= &
EfT)gmmanab{H)220.0,28.0,15.0,19.5,12.5, 5.0 (FRACTIIONS PECROBTICY - JdEIGHT BAS1S)

PREEC. PEHC. AFF. ¥ERC. PEEC. PLOY PLOY TOTAL

A3PR. A3PH. PEOC, A3RH. BUG. alG. ASPH. A3EH. FLHES PERC. SPEC,

cont. CGHT. TUTAL A5PH. . ASRE. Lyse® ACTERY GRAY. PERC. PERC. YERC .,
HIX AGG. ASPd, YoL. I, YCL. WT. YOk ay PACK . oF 418 CoBY, PACK.

AASIS BASIS AidS. £A5LS BASIS EASIS BABLS VASIY BUG. ¥3La HEX vOLDS ¥HE Yida
W W Bﬁs L. Yo Yoy Ty Vw ﬂm v Vidh mp

4.50 #.T1 0,77 10.8€ 3.74 £.37 0,97 2. b8 - ¥220 87.80
2.100 20,50 28,65 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. 390 13.37 2%.85 95.45
2+350 11.48 20,15 13.6%
2. 400 960 18,46 11.77
2,450 7.72 16.76 9.93
24500 5.083 15.06 [ 1]
2,550 3.95 3.36 6.26
2.600 2.07 1t.66 802

5.00 5.26 G.717 12435 3.42 Ea70 1.35 3.ut 2 B1GT 88.19
2.198 20.23 29.02 22.87
2,150 14,34 27.33 21.93
2.200 16,04 AT .464 19,20
2,250 1u.54 23.95 17.36
2.300 12.64 22.26 15.52
2.350¢ 10.79 20,57 13.46%
2. 400 B.8Y4 16.08 11. 85
2. 456 6. 94 17.%9 10.01
2,500 5.08 15.59 8.18
2.550 3,14 13.81 6.5
2,400 1.24 2,12 4. 50

5. 50 5.82 V.77 13.91 4,08 $.11 1. 74 450 LHius 98,54

2. 100 $9.57 29.5¢ 22.%
2,150 17548 27.7% 21,13
2,209 15.76 26.03 19.30
2.250 13.83 20,33 7. 46
24300 11.91 22.67 #5.63
2. 350 #3.00 20.9% i3.79
2. 40D 4, 08 9,31 11.96
2. 456G Gl 17 17.63 10,13
2.500 4,25 15,95 8.29
4.550 2234 ju.27 Go U6
2.600 .42 12.59 4.62

S 6,00 6. 38 9.77  15.47 4a22 5.4% 2.4 S1H2 BE.06

24100 18.5% 29.77 23,08
24150 16,98 28416 21.25
2,200 15.05 2642 15.02
2,250 13.12 24.75 7,59
4:3G0 11.18 23.68 15. 76
2. 350 9.5 21,41 13.93
T 00 7.32 19.74 12. H)
2,450 5.39 18,66 10.27
4.500 3.46 16,39 B.43
2.550 1.53 .72 6.64
2.600 -0.40  -13.05 4,77

G590 ©.95 9,77 1143 4a36 5.76 2,59 6,49 - 1681 89,79
Z. %00 18.24 30.t8 23.23
24158 16,30 28.68  29.00
2,200 14,35 26.82 1%.37
4.250 12,49 25.15 17.74
24300 0.4 23.u9 15.91
2.354 8.51 21.83 .09
2.400 5,56 20.16 12.26
2,458 4.62 18.50 10,43
2,500 2,67 6,84 8.60
2.550 0.72 15.17 .77
2.600 «1.22 t3,51 5,95

7.00 1.53 0.77 18.62 4,49 1C.05 3.3 7.58 1052 .08

2,100 17.58 30.52 23.3%
: 2,150 15.62 2B.86 21.56
H 2,209 13,66 27.21 9. 74
2. 250 $1.6% 25,55 i7T.91
2.300 9.73 23,90 160909
2,350 777 22.24 1ha.27
2.400 5.81 20.5% 12. 84
4-450 3.84 18.54 10,62
£. 500 .68 17.28 B.T9
Z-550 =0.08 15.63 6.97
2,800 =2.08 13,37 5.4

7.50 [ PRI Q.71 i0.ad 4.62 10,32 3.4 B.69 1024 89.76
2,100 16,92 38.8%  23.56
20150 .94 29.20 21,74
2.200 12.96  27.60  19.92
2.250 10,98  25.95  18.19
2.308 9,00 24,31  16.20
2.350 7403 22.66  46.46
2. 460 5,05  21.02  12.64
2450 3.07 19,37 q0.82
2.560 .09 t7.73 9,00
. 2.55¢ -0.82  36.00 7. 18
- 2.600  ~2.87 14.05 5.36




TABLE 28

MIXTURE DESIGN TABLE FOR LIMESTONE
(eight aggregate series)

AGGRECATE TYPR - LS
BURBEE QF DPRACTAGHS #= 6

ElVsooanaX(H}=20.0,20.0,15.0,19.5,12.5, 5.0 (PRACILONS PROPOBTION ~ ¥BIGHT BAS1S} -
PERC. PERC. EPF. PREC. FESC. PLOH FLOY TOTAL
ASEL. ASPH. REBC. BASEH. RUG o RUG. ASKH. ASPY. FIHES BEBC. SPRC,
COHT. COET. TOTAL ASEH. ASEH, Loat BCILY GHbV. PERC. PEBC. PEOC.

HIX BGG. ASPH. ¥CL. uI. VLo 4T, ¥l BY PBHCR. or akgE CORY. RACK.
BASIE BASES AES. EASLS BAaSIS EASIS BASTS BASLS BUGa Yol gEx vorpd Vus LET)

L
Y W BBK Yoy . Mo vw Frt \l’]:’a Gm u A \"W\F

5.00 53.26 0.64 11.94 3,62 7.6 1.64 3.93 1161 00.3%

2. 100 15,22 20.26 18,03 *
Z.130 13.20 22,06 16.48
2,206 11.18 20,646 .50
2,250 9.%6 %8.05 912, 60
: 2.300  7.14  17.05  10.66
k| 2,350 5.12 15,25  8.7%
i 2.500 3011 1340 6.77
- : 2,450 1.09 11,60 4,83 .
; 2.500 =0.93  9.88  2.89
2.550 =2.95  B.03  0.95 -
2.600 =i, 27 $.23 =1.00

5.50 5.82 0.6 13,39 3.77 .00 2.05 4,89 . 1129 68.71

2.100 14.548 28,66 18,56
2,150 12.55 22,87 16.62
2.200 10.51 21.07 14.68
2,250 8.48 ig.28 12.74
2,300 G40 17.49 10.090
2.350 4.01 5.69 8.87
24800 2.38 t3.90 6.93
24450 0. 34 t2.10 b.%9
2,500 =1.69 a3t 3.05
2,550 =3.72 2,52 .11
2. 600 -5.76 6.72 =0.03

6500 6038 Q.64 4. 54 3.92 .30 247 5.87 . 1048 89%.01
2.100 13.94 25.06 18.72
2. 150 11.89 23,28 16.78
2,290 . 9.84 2t.49 14,85
2250 .00 19.71 12.91
2,300 5.75 17.92 i0.98
2.350 3.70 16,14 .04
2. 4010 .85 14,35 7.10
2.550  =0.40 2,57 5. 17
2.500 =245 W.Te 3,23
2,550 =h,54Q 9.00 §.30
2,600 ~6.55 7,22  ~0.58% v

— 6.50 5,95 0,64 16,30 0,05  B.58 2,90  6.89. .1071  89.39
2,106 13,30 25.86 10,09
2.150  11.26  23.68 16,96
200 9,18 21.91 15,03
2,250 7.9t 20,33 13.10 "
23007 5.05 18,36 11,97
2,350 2.90 16.58  9.24
Z.400 0,92 1.8 7.39
2,450 =3.15  13.03 5,37
2500  -3,21  11.26  3.44
2.550  -8.27 9.9 1,51
2,600 7. 3% T,7% 042

i 7.00 753 .64 17.79 4. 38 B.€5 335 7.93 + 10BN 89.56
2. 100 12.67 25.86 19.08

Z.15¢ 10.59 24,159 17,15

2.200 8.51 22.33 13.23 i
2,250 643 20.56 1336

2,300 45.35 18,80 11.38

2.350 2.27 17,03 .45

2.400 0.9 15,27 7.52

2,450 =1.89 3,50 5.60

2.500 -3.97 11,73 3,67

2.550 =633 9.97 .75 -
2,600 -8.%3 8.20 -0.18 .

7-5¢ 8.11% .64 19.29 4.30 . 10 3.0% 9.00 1018 89.02
2.160 12.03 26.26 ¥9.29
2150 9.9% 24,50 17. 37
2a 200 T.86 22,14 15.45
20250 5.75 20,99 13,353
2. 3308 3.65 19,23 19.61
2350 .56 .48 2.68
2. 404 ~0.50 13.72 778
2.4590 ~2.63 13,96 5.84
2.9064 =4,73 t2.21 3.92
24550 <G82 10.45 2.00
2. 650 =8,92 8.7¢ 0.08

F.60 8.70 Ha.64 29.31 L | Fa 3l 4. 29 %0.09 - 093¢ 90.06
2,300 11.39 26,65 19.51
2. 150 9. 28 24,31 171.60
2:200 7.17 23.16 15.68
2.259 3.906 21.42 13.76
2300 2.95 19.67 i1.85
2,350 4.84 17,92 .93
2000 =1.27 16,18 B8.0%
2. 450 =3.38 Th.43 6. 10
22500 =5.48 12.58 4,18
2. 950 -7.5% 10,94 2.27
2,600 =9.70 9.19 2.35




TABLE 29

MIXTURE DESIGN TABLE FOR BEACH PEBBLES
(eight aggregate series)

AGGREGATE TEIPE - BP
NUHBED OF RAACTICES ¥ &
Bf V) gnnnen b {#)=20.0,28.06,15.0,19.5,12.5, 5.0 (FRACTIONS PEGPOATION - FEIGHT BASIS}

PBRGC.  RERC. BEF. PEBC.  PIEE,  FLOW FLCH TOTAL

A5PH.  ASP#.  PEBC.  ASPH.  HUG, BUG. ASPH.  ASPH.  PLNES  PRHC. SPEC,

CONI. COBT.  TOTAL ASPH.  ASEE. Los? ACLLY GRAY.  PBHC.  PREC.,  PERC.
HIX BGG. B5EH.  YCL. a1, k. T, ¥OL. vy PACTK. or BIR COMY,  PACK,

BASLS  DBASIS  &US. BASLS  BASIS  EAS1S  BASES  DASIS  BUG, V0L, BILX YoIDS Vit VHA
v v Ba Voo N e FL. Vi B i MA i

2.5¢ 2.56 g.1y &40 1.03 Z.81 .53 3.96 0235 97.45

2.100 15,05 23.92 22,13

2,150 i7.12 2zi.11 20,27

2.200 15,20 206,30 18,42

2,254 13,27 18.09 16,57

2,300 11.3¢ 16,68 12.71

2.350 §.42 15.87 12.86

. 2,400 T.49 13.05 11.00

; . 2.450 5.50 15.248 9. 15
: 2,500 3,483 9.43 .29
2.550 T.71 T.62 3. 44
2,609 ~0.22 5.87 3.5%

3.00 3.0% G018 7,80 1.087 2.0 2.02 5.23 £ 0225 97.75
2,100 18.419 4. 31 22. 45
2.150 6,07 22,51 20.60
2,200 14,53 20.71 18.76
2,250 12,58 i8.91 156.9%
2.300 10.66 17,10 15,06
24350 8.70 15.30 13,22
2,400 G.76 13.50 11.37
2,850 4.8% 11.70 9.52
2.540 2.87 9.90 7.68
24550 9.93 8.0% 5.83
2.600 =1.01 6.29 Fa99

3.5 3a63 Os 18 9.21 111 .79 2.%52 6.51 <3218 §7.8¢
2. 109 17.77 270 22,78
24150 15,81 22.91 20. 94
2,200 33.8% 21412 19.10
2.250 11.90 18,32 . 286
2,300 9,95 17,52 5,03
2.350 7,98 15.74 13.39
2,468 6.02 13.95 11.75
2,450 4,97 12.15 .91
2,500 2. 1% 10.36 8. 07
2,550 g.15 .57 623
2,600 -t.8% 6.78 4,650

§.40 He1F 0.t2 $0.63 T 2,87 3.03 T.82 -B208 £7.92

2,100 17.13  25.08 23,12

2,250 1121 19.7% ¥7.63
2,300 9,24 17.96 15. 80
2.350 7.26 36,148 13.97
2,400 5.29 0,39 12. 14
2,450 3.3 12.6% 13,31
2.560 1.35 10.83 8.47
2.550 =0.53 9. 04 6,64
2,600 -2.60 7226 .81

4,50 4.7% 0. 14 12,07 1.17 .94 3.55 9.1 0201 97.99
2. 100 16,49 25.48  23.46
2.150 14.59 23.71 21, 60
2,260 t2.5¢% 2%1.93 1%.82
2.250 16G.52 284,16 15.00
25360 8.54 18.39 6.7
2,350 .55 16.61 1%, 35
2. 460 4,56 14.84 12,53
2,459 2,57 13.0% 10,71
2.500 0.58 11.29 8.88
20550 -1.41 g.52 7.06
2.600 “3,3% TaT4 5.24

5,00 5426 2054 13,52 149 2.0 .07 10.4% L0185 98.05
2,500 15.85  15.87 23,09
2,150 ¥3.88 .11 22.00
2.200  11.84 22,34 20, 1B
2.250 9.84  20.58 18,37
2,300 7.83 18.81 16,56
2.350 5,83 17,05 t4.74
2. 400 3.83  15.28  12.93
2.u50 1.82  13.52  11.4%
2,500  =0.18 11,75 9,30
2.35¢  ~2,18 9.99 7.59
2,600 -u.19 8.22 5.67

5.50 5.82 d.18 f4.99 1.22 1,47 4 .60 11,485 <0188 98.12

2. 100 15.21 26.26 24,16
i.150 13.1% 248,51 22,36
2,200 11.17 22.75%  20.55
2.250 9.15 21,09 18,75
24306 7.13 19,28 16,94
2. 350 5.1% 17,49 15. 1%
2,400 3.09 15.73 13.33
2,450 1.08 13.97 13.53
2. 5G9 -0.94 2,22 9.72
2.550 -2.96 10.46 T.91
2,660 =4,98 5.71 .11




TABLE 30

AVERAGE GRADATICON USED
FOR THE MARSHALI TESTING

. Percent
Sieve )
Passing
3/L in, 100
1/2 in. 99
3/8 in, 83
#4 60
#3 L7
#16 26
#30 28
#50 - 1h
#100 6.5
C

#200

5.
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TABLE 32

AHCYA FOR THE REGRESSICON ANAIYSIS BETWEEN wpy* AND MAXIMUM MARSHALI, STABILITY

- . . Sum of Mean . - '
Scurce of Veriation DF Souares  Square F Ratio FO.95,1,6
Due to Regression | 1 0.84%5 . 0,8435 2,58 5,09
Deviation about Regressibn 6 1. 9623 0. 3270

Total ) 't

*p, = percent optimum flow asphait (volume basis)




TABLE 33

ACTUAL AND PREDICTED OPTIMUM ASPHALT CONTENTS BASED
- ON STABILITY, SPECIFIC GRAVITI, AND AIR VOIDS

Conventional Paramelers

New Parameters
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TABLE

A SUMJARY COF MIXTURE PROPERTIES AT OPTIMUM
STABILITY CONDITIONS AS ORTAINED BY THE MARSHALL METHOD
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APPENDIX A

DERIVATION OF EQUATION FOR Brw
(All terms are defined at the end)

Based on volume . relationships_(see Figure 5)'0ne can write:

Vor 5 Vp T (me - vp) ’
Yo ™ Vor & T N vp) Gy -

"By definition: asphalt lost by rugosity:

W V, - V__ + V_.
B, = ﬁé?ﬁ}.oo S WP 100 @,
ag ag
YUam o Y, Yag
00 G G '
= ! % fom £ :mc)c;b'
W
ag
W W -
= ﬁ-m—mwmlooﬁmﬂi—m+moi ,
G G
acg ag Jitined &
but since Wom N 100 » one gets
Wag 100 - w
By = 00w 200 S og 100

100 ~ w 100 = w Gmm o

and finally

G
mm

100 | ‘
B, = T50 —w (\w_m-loo@b )+100f“g

G
]



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
asphalt content (percent by weight of total mixture)
percent asphalt lost by rugosity

total volume of asphalt.



APPENDIX B

DERIVATION OF EQUATION FOR Fr

Based on the total volume of asphalt lost by rugosity
as found for a given cone-gize coarse fraction, the

following egquation is derived:

Ver = Vo ~ (vaq + vbm) ’ (41)
where
Vfr = packing volume of the fine particles lost
inegide the macro surface voids of the
coarse fraction
Ve = total volume of asphalt lost by rugosity
r within the given coarse fraction
Y = volume of asphalt lost by absorption of
ag the coarse fraction (inside the micro
~— surface voids) '
Vh = volume of asphalt which was lost together
m 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 (Bag)’
one can obtain:
V. =Bri %c v - Bag %e v 4w (42)
fr  fo0@G  P° ico e, Pe e

where




Gpc = packing specific gravity of the coarse fraction
Vpc = packing volume of the coarse fraction
Gb = specific gravity of the asphalt,

By substituting Equation (23) into (42):

v
Vfr * o

\'
fr _ _pc pc(B B
£y 100 G rw ag)f

from which

By the definition of the fines-lost by rugosity (Fr)s

fo Gpc(?zw - Bag ‘ _
F Y e = ) o ' (44)
r Vpc - 1 1 )
100 6, (1 g—
b Cfv
But since the volume of macro surface voids (S__) is

ma
egqual to the volume of the rugosity asphalt minus the

volume of the asphalt lost by absorption,
f . | _ .
' G o _
5 = . BE B - -
ma Gb ( rw Bag)

A volumetric form of Equation (44) is. as follows:

ma

5
s - (45)
1
‘ 100 (ﬁ Eﬁ“ﬂ




where
be = packing specific gravity of the coarse fraction
Gy, = gpecific gravity of the asphalt
Sm = percent micro surface volds of the coarse fraction,



APPENDIX C

DERIVATION OF EQUATION FOR va

Using volumetric felationships
V.. =V - V__ - (46)

where

be = volume of the flow asphalt in the mixture

Vbt total volume of asphalt in the mixture

Vrt total volume of rugosity asphalt in the mixture
(in micro and macro surface voids).

Substituting'Equation (28} into Eguation (46):
Tor T Vet T -, ) . W7

By introducing the specific parameters for asphalt lost
by rugosity (Brv) and fines-lost by rugosity (Fr)' one can

obtain:

v = ¥ - er (4.8)
bt bt Z (100 vpl - Fri Pl) ° - :

Fiﬁallyg by dividing both sides by the total packing



volume of the particles in the mixture (V ),l and

pt
multiplyving by 100:

W, =W, = Y (e )

4op 21000 7 Trdf e (49)

where

Wyg = flow asphalt content in percent of total
packing volume of aggregates in the mixture

Wy = total asphalt content in percent of total packing
volume of aggregates in the mixture

Yi = 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

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, Therefére, 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
1V - % v_., where Vpi is the packing volume of all

pt ;T Pl

particles in the i-th fraction.




The total guantity of fines-lost by rugosity in the mix-

ture (Frt) can be expressed as follows:

a {
F = 7 . ; 50
rt {=1 iri /joa ( )
therefore:
n ' .
= (] - F z . = =
pa ( rt) iwlvpl (1 Frtwpt -5 (51)

where
Vo = the total packing volume of particles in the
P mixture
\'% = the total packing volume of active particles in

pa the mixture.

So finally., one can get the proper physical eguation for

the flow asphalt content in the mixture (wfv):

1l
rvi '
w - LY ( - F ) :
o th ) b; =1 * 100 e , (52)
tv bE V. - %
£v pa 1 %&

where

w,, = total asphalt content in percent of total
bt . , .
packing volume of aggregates in the mixture

Y = percentage by volume of the i-~th fraction
in the mixture (packing volume basis)

Brgi = asphalt lost by rugosity of the i-th fraction
percent by volume

Fop = fines~lost by rugosity of the i-th fraction

Frt = total fines-lost by rugosity in the mixture

n = number of one-gize fractions in the nixture.




APPENDIX D

THE POURING TEST METHOD

General

The pouring test was used for direct measurement
of the packing specific gravity (Gp} of one—sizel aggregate
particles. This method was developed during the first
stage of this investigation (see Chapter Iii) and modified

in the second stage of the research (see Chapter I1II).

The equipnment and material used were as follows:

1) . Pouring setup, which consisted of (see
Pigures D-1 and D-2):

a., supported bin with adjustable orifice funnel,
b. stainless steel container (standard volume),

¢. 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.

6) Uniform clean, smooth glass beads in different sizes.

lOne~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 getups used for different fractions were

as follows (see also Figure D-1):

In the first stage:

, o TFACHION 35 in.-5/8 in. $3-#4 #8-$10 #20-430
Damension .
D {em) 10.0 10.0 7.5 7.5
a {cm) 7.5 5.5 1.5 1.5
b {cm) 12.5 15.0 9.0 9.0
H {com) 20.0 17.5 20.0 20.0
7# {cm) 12.5 10.0 5.0 5.0
h  {cm) 6.5 7.5 2.5 9.5
Glass beads size (mm) 6.0 6.0 3.0 3.0

As modifled in the second stage:

__Fraction [1/2 in.- ' _ S : #200-
578 in. #3-¥4 #8-#10 $20-830 #60-#80 .
D {cm) 16.0 16.0 6.0 8.5 B.5 8.5
a (in) 3 1-7/16 . S/8 7/16 3/8 571
b  (em} 12.0 12.0 12.0 12.0 12,0 12.0
H {cm) ' 21.0 21.0C 21.0 21.0 21.0 21.0
&g {cm) 12.2 10.3 8.4 6.4 6.4 6.4
! h (Cm) l&@g 3.198 9@5 793 ?g«g '?03
Glass beads {mm) 16.0 6.0 3.0 0.5 0.25 ©.075 °

Testing Procedure

The following procedure was used for one-size fractions:

1) Fill the conical bin with the one-size glass
beads, up to the fixed standard height specified.

2} Open the funnel orifice to allow free pouring of
all particles into the stainless steel container.
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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.

4) Wweigh the content of the container (test response).

5) Collect all particles and repeat the same
procedure for the number of replications 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 pacﬁing gpecific gravity of
a given fraction can be calculated by using Eguation (3). An
example and a working sheet, similar to those used (including

actual data for #8-#10 fraction) can be seen in Table D-1,
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TABLE D=1
AX TXAMPLE OF A WORK SIEET USED IN THE POURING TRAT

POURING TEST FOR78 —#/7 FRACTION

Bin Diameter {D): Tho e Pouring Height {(B): zte cm
Funnel Orifie Diameter (a): f5¢.n {5y in) Conteiner Dianeter (@): 24 wa
Azgregate Eead B f2.0 e 7 Container Height {h): 9g¢ o

‘Average Diameter of Glass Beads: 3 me
Specific Gravity of Glass Beads: 2.2305

£ G
Gy = ;%:‘ =W, = QEw, Q= z;;: = iii‘i’ =R.03924 0™
Test Data
‘ Weight in Grams (% W) Packing | Packing]
Sample . Test Replications Z Wg 2 Wy Sp. Gr. Sp.Gr.
y 1 2 3 4 5 .Average Factor-Q pr
16 Baads | 733.0| 7358 | 7340 | 7242 | 7337 733.92  |3.0392,073
L 574 7225 7244 ) Va4l | v2n % | 72s2 T 2404 2. 2ol
L Ls 8 7259 V2571 7289 ) T243 L i3y | J24sg 2,292
&¢ ja Sa42] 8230 St | Bic2] mgy | 31444 2.6
8P[6 3240 0 gig ] 8253 | 3230 | g2y | 2404 : 2. 504
MEJE L Tee | Tesg | mer | ey | Tac7| s 32 ' 2.265
MR B TELL § THeg] T Teal | 7y Y. 58 2,263
oLip 755 | b7 wmra | med 1 7r3| w36 R
D fa T4 Tesd | We3 | Arql Tetd Je4- g0 2.323
55/8 5931 1 10| sesz| sasy| say| 593 /e | /393
Ss/d 94 | s9ufl §9r8 ) gy | £n3 T4 40 7 Yot
Vol 4y | 4| Tsho| Issil e | Tsedy 2294
yele 7538 BEL U5k shn ] WLy rigW.1A 2191
sLfn 3.4 6298 Gy 6139 | 4aoz byo, 24 rqid
5L)8 619.1 | 63m2) Ga7 | ¢33 | 6309 | Lie.24 1 raf
celn 600 | 6790| 6Gypg | 6779 | 6747 | (78-92 263
colf 6y | €177 87 | 677y | G | €77 89 2.0bo

[
2

» packing specific gravity of the aggregate tested,

o
]

packing specific gravity of the glass heads,

™
=
It

welght of the glass beads which filled ike container,

M
=
¥

weight of ihe =gpgregates which filled the container,

pé.cking speclfic gravity factor.

£
1
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Figure D-1. Schematic description of the pouring device setup.
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APPENDIX E

METHANOL IMMERSION TEST FOR
MEASURING THE MAXIMUM SPECIFIC GRAVITY
OF BITUMINOUS MIXTURES

Genexral

The 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).

Equipment

The eguipment and material used were as follows:

1)

2)

3)
4)
5)

6)

Michigan specific gravity bottle (flask) (see
dimengions and details in Figure E-1).

Scoops and pans for handling the bituminous
mixture samples.

Balance, 5 kg capacity. Sensitive to 0.1 g;
Constant temperature water bath.
Vacuum pump and pressure regulator.

Methyl Alcohol tech. {Methanol).
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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:

1) calibration of the Michigan Specific Gravity Bottle:

a.,

b.

Weigh the empty flask and record its weight
under (C).

Weigh the flask filled to mark with methanol
brought to a temperature of 25 C.

Subtract from this weight the weight of the
enpty flask and record the methanol content
under (E).

2} Determine the specific gravit? of the methanoll
by a pycnometer using ASTM D 2111 test.

3} Determination 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.

Place 300 to 500 grams of the mixture fragments
in the flask.

Weigh flask plué mixture and record under (B).

Add about 700 ml. of methanol to the flask
containing the mixture.

Shake the flask and tap it on a table covered
with soft cloth in order to help expel air
bubkles. When necessary apply a partial vacuum
(around 20 cm 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.
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£, Immerse the flask and the contents in a 25 ¢
water bath, and let stand for one hour.

g. Remove the flask from the bath, tap it on
tlhe 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.

An experienced technician can perform about twenty tests
in one day {including calculations). The variations between
replicates were restricted to be less than 0.0L5 unit of
specific gravity. The methanol was reused abouﬁ five times

after filtering and checking for specific gravity.
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$ 13 Ground Glass Stopper

= r=——— Funnel Openingl

Ftched Mark at 1200 mi
e == N VAL A |

5-314 | = Neck Piece Made Special

e—— § 45/50 Ground Glass Joint -

Opening to Receive 1-1/2"
Maximum Size Material

- 1000 ml Erlenmeyer Flask With
Ground Glass Neck
(Available in Catalogs)

Figure E-1. Dimensioned diagram of the
Michigan Specific Gravity Bottle.

TABLE E-1

AN EXAMPLE QF A WORKING SHEET USED IN THE METHANOL TEST

Project No, ﬂj};@;.«fe Fmo)‘_!wc) Date Sampled _2-22-71 Sample Nos. /’2 '
'Agg:c‘egate: aﬁ/'né._g;‘ofvc,. #3’#/& Asphg,]_'t: ) /‘?(_ flo~jlo
Sample Identification | L/l Ls /A : - y/4 E £5/8 4 tf
Laboratory Number / Z Areaase / 2__| Area ’**5
A
Flask No. = T ' v X “;
(A) We, flask + mix + methanol  g. | /8946 | /363 2 l93s 2 | 188/ ‘
(B) Wt. flask + mix g, | 11365 | 10949 _ 12091 1 /o814 :
(¢) Wt., flagk £. | 806l | 7093 8175 | 752 1
(p) Wt. mix (8-¢) g, | %mog| wg)| 2508 | 3192 !
Y (£) Wt, meth. only (flask filled)g, ol 9844 R4y, 4| 9lb.y ﬂ*
(F) Wt. meth. above mix (4 - B} g. 743} AR 726.1 799.7 f
(6) Wt. meth. disp. by mix (& - F) g, 7% /6.3 ' /g2 | 17 L f
(H) Spec, Grav. methanol 25/259C | 7395 | 0739 | 07845 07385 !
(I} Volume of mix (6/H) ml. | 24820 | 730 Mg 72 | tug. by
(7) g‘?ﬁéﬂc S (/1) 2,21 2.207 221 | 2.216 L 223 | 2.2]7
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APPENDIX F

RECOMMENDED PROCEDURE FOR BITUMINOUS
MIXTURE DESIGN

General

At this stage, the specific optimum value of flow asphalt

(w__) (which is used for estimating the conventional optimum

v
asphalt content), and the developed mixture design tables, are

applicable only for the specific asphalt cement, gradation, and
fraction separation used in this investigation. However, since
most highway departments and agencies usually specify étandard
gradations and asphalts for each layer in the pavement, only a
modest amount of laboratory work is needed prior to a routine

mixture degign, for determining standard mixture design tables

and standard optimum flow asphalt content (wfv) values for each

specific gradation and asphalt cementsl

lThis laboratory work is described in detail in Chapter 1V
of this work.
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Tt must be pointed out again that this procedure is applicable,

for any type of aggregate with a specified gradation and asphalt

cement.

(2)

Procedure

Sieve the graded blend of aggregate and obtain

the specified one-size fractions. The six actual
one~size fractions tested in this work were:
1/2in.=5/81in., #3-#4, #8-#10, #20-#30, #60-#80,
#200-#270. The graded aqqréqates in the mixture
can be represemﬁed by othHer fraction sequence
provided that the fraction will be one;sizel 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.

Wash the fractions under water and dry them in an
oven. |

Find the Pagking Specific Gravity (Gp) of each

fraction by the pouring test (see Appendix D).

lOne--s:i.ze 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 (Gag) and wateyx
absorption (Aw) of each fraction by using ASTM
C 127 and C 128 tests.

(5) Heat fractions and asphalt to 300 F and mix each
fraction. Assure uniform cecating of particlese 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 eguation:
rw v

G - G
8 zlooﬁ-ﬁamuﬁ
v ap
Srv = percent specific rugosity
Gap = apparent specific gravity
GP = packing specific gravity.

Now use Figure 13 and based on Srv estimate Brv”

Find Brw by the following eguation:

B E= B ;G;'?a .
rw v Gp
where
B = percent asphalt lost by rugosity (percent

xw by weight of aggregate)

21



(6)

(8)

22

specific gravity of the asphalt

o
il

)
1

packing specific gravity.

Use Brw plus about 10 percent as the minimum

amount of asphalt to add to the mixture.
Divide each mixture into two samples by quartering.

On one sample for each fraction find the maximum
(theoretical) specific gravity of the mixture

(Gmm) by the Methanol test (see Appendix E).

Extract the second sample of each fraction, and

find the exact asphalt content (w) by using ASTM 02172.

By using Equations (8), (5}, (17), (12), (13}, (1l4) and

calculate B , 5§ , B , B . 8
W

PR #anés.p
rv ag v b ma mi

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
v v
points fall within the given range of deviations,
N ; , , d
all asphalt rugosity terms (Brw Bag Brv an 'Sb)
could have been accurately predicted by Srv alone.

Thug steps (5) through (8) can be eliminated in any

future mixture design using these specific materials,

gradation and asphalt)}.

(15),



(10)

(11)

(12)

(13)

(14)

(15)

23

For the given gradation find the proportions (percent

by weight) of each fraction in the mixture.

With the aid of Equations (50), (51)., (52), (32), (35), (36),(37)
and (38), or by using the prepared computer program, Fform :
the mixture design table for a reasonable range of

asphalt contents (w), and specific gravities of the

mixture (Gmx)’ as presented in Tables 22 through 29

(see Appendices G and H).

Use the unified wvalue of flow asphait content (wfv)

(assigned to the specific gradation and asphalt) to

find the correspending optimum asphalt content for the

aggregate tested by reading from the mixture design

'i:able_°

Using this optimum asphalt content, mix., compact,

and test four Marshall specimens.

With the aid of Gmx” obtain from mix specific gravity

and using the mix design tables the percent air véidg

(U), percent VMA and packing-VMA, |

Check all mixture properties against design criteria.

Perform minor corrections in asphalt content if necessary.
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; APPEVDIX G

COMPUTER PROGRAM FOR CALCULATION ANDE
TABULATION DF THE AGGREGATE FACTORS |

MATN PROGRAM

10 READ {5,2C0) SIZE1,SIZE:Z
- BEAD (5,202) W
WRITHS (6,1C0) SIZE1,slzEz
CWRITE (6,101) .
CHRITE (6,102)
WEITE (6,303)
1=0

ACTUAL EECGRAH

B 0y

0 I=Il+1

- IF {I.GT.¥) GO TC 10
READ (5,201) AGG,W,GAG,WAE, GPE oM, ACT
GAC=1.02
VBE=H/GRE
DIA=(6.%VPE/3.T416) %% [1,45,)
GAE=1./ {1 /GAG~HAB/TC0.)
ERV= (GAP-GPE) *100. /GAE
GEO=GPE/GAP
TEN= (ACT=100. *GAC/GME)*IOGg/giou,mACL)
BAB=TEN+T100.*GAC /GAG
BRW=TEN+100.*GAC/GEE
BEV=ER4AYGPE/GAC
SAT=Eav*100./35RV ,
SUR= (GAG-GPB) *1C0. /GAG

ol @

ARITE (6,104) AGG,%W,L[12,G62G,GAP,WADB,BAE,VPE,GPE, SRY,GEO,BRY ,BRV,SA

11,5UR.
6C T0 20

QUTPUT FORBERIS

e N ¢!

100  FCRHAT (%1°,50%, 'FRACTIICN SIZE: S,AU,%~%,AU)
101 FORIAT {"-?,20%,'CONVENTICNAL EABAM&T@ES’ 42X,

1HETEAS?)

25

TPACKING VOLUMNE PARA:

102 FGRMAT (30“,”AGG.“§5Xg“AVLBAGE‘,5X,°EQUIVALENI*,QK,“BULK“ Y%,*ADP.:

1‘gﬂxg“W31a9g339“ﬂ59.3,?ﬁj“ERCKING’gQX,nEACKaﬁ

29,3K,9485EF,,3X,"45P.",3%5,%A5P. ¢, 3%, 9SURF.")

,ZK,ESPECaﬂ 2X eGQOﬁ@'

i
'
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193 FORUAT (¢ *,7X,"PAR., WEIGHT',3X,'SPHERE DIA.?,34,°SP.GR',3X,'SP.Gi
10,3%,VABS.",3X, " ABS.?,33, ' VOLUME" ,4X, SE.GE", 2X, YRUG,V?,2X, *FACTOX
20, 2K, PRUG. WY, 2K, 'RUG. V', 22, 'SAT. ¥, 3%, 'RUG.VY)

104  FORMAT (*0%,A4,3%X,BE11.5,3%X,B11.5,34,F5.3,34,F5%.3,3%,Fb4.2,3%,F4.2,5

(31

ATX:yE‘t‘]oSp2XﬂFS@3y2x,E5029233F&9“3ZX§F59252X9?50292X1E552,2X5F5o2)

C
C IN¥PUT FORMALS
C .
200 FCORMAT (A4, AH)
201 TFORUAT (AL, T1X,ET10.5,13,85.3,1X,F5.3,1%,F5.3,1%,75.3,1%,76.3)
202  FGREAT (12) : : ' :
c _ |
E&D
LIST OF VARIABLES i
w |
PROGRAM - MATHEMATICAL!
SYMADLS | SYMBOLS |
. . |
N = NUMBER DF AGGREGATE TYPES TO BE CALCULATED AND . ¥
TABULATED : \
“TZE1 = DESIGNATION OF THE UPPER SIEVE SIZE
JIE2 = DESIGNATION OF THE LOWER SIEVE SiZE 13
AGG = TYPE 0F AGGREGATE 1
b = AVERAGE PARTICLE WEIGHT ' - Y 1
GAG = BULK SPECIFIC GRAVITY : ' Gay i
b AR = PERCENT WATER ABSORPTION \ - A,
GPE = PACKING SPECIFIC GRAVITY : . = Gp
GMM = MAXIMUM SPECIFIC GRAVITY OF THE MIXTURE : = Gum
ACT = ASPHALT CONTENT (PERCENT OF TOTAL WEIGHT OF THE -
MIXTURE) ' -
GAC = SPECIFIC GRAVITY OF THE ASPHALT : _ - Gy
VPE = AVERAGE PACKING VOLIJME OF PARTICLES -V,
NIA = EQUIVALENT SPHERE DIAMETER OF PARTICLES ‘ - o
GAP = APPARENT SPECIFIC GRAVITY ' = Gy
SRY = PERCENT SPECIFIC RUGDSITY" - S = Sup
GEO = GEOMETRIC IRREGULARITY NUMABER o=,
BAR = PERCENT ASPHALT LOST BY ABSORRTIOGN - .= By
RRYI = PERCENT ASPHALT LOST BY RUGOSITY (WEIGHT RASIS) - B
HRV = PERCENT ASPHALT LOST BY RUGOSITY (VOLUME BASIS) - Bay -
SAT = PERCENT ASPHALT SATURATION ’ - S,
SUR = PERCENT MACRO SURFACE VOIDS ' : C = S
1
i

OPERATION INSTRULTIONS ‘ \

1)  PROGRAM IS WRITTEN IN FORTRAN VI. |
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INPUT DATAR

(A} THERE ARE ?HREE GROUPS OF DATA CARDS FOR EACH GNE-
SIZE FRALTION: :

(83

(1)

(2}

{3)

ONE CARD TO SPECIFY THE UPPER AND LOWER ,
SIEVES OF THE FRACTION. FORMAT IS GIVEN IN
STATEMENT NDO. 30.

ONE CARD TO SPECIFY THE NUMBER OF AGGREGATE
TYPES WITHIN EACH FRACTION (M), FORMAT 1§
GIVEN IN STATEMENT NO. 32.

A GROUP OF N CARDS TO SPECIFY THE AGGREGATE
TYPE AND THE MEASURED ONE-SIZE AGGREGATE
FACTORS, AS SHOWN IN STATEMENT NO. 10, FORMAT
IS GIVEN IN STATEMENT NO. 31.

THE PROGRAM CAN HANDLE ANY NUMBER OF FRACTIONS, AND
ANY NUMBER OF AGGREGATE TYPES WITHIN THE FRACTION AT A

- TIME. THE GROUPES OF DATA CARDS SHOULD BE PLACED

CONSEQUITIVELY IN THE DATA LOCATION AT THE EMD OF THE
MATN PROGRAM. '

3)  OUTPUT FORMAT . AS SPECIFIED BY STATEMENTS 25 THROUGH 29 IS
SIMILLAR TO THOSE OF TABLES 14 THROUGH 19. ‘

27
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193
34
05
36

97

03

03

10
@1?

12
13
14

b

217

BEES

19

S 21
Lz

23

A2k

23
26
27
28

S 29
o ‘_3!’_)
241

33
3y
35
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0
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APPENDIX H

COMPUTER® PROGRAM FDR MIXTURE DESIGN TABLES

MAIN PROGRAM

DINENSION ACWN(22) ,6R1x{17)
ACWE{1)=2.00 :

oc 1 1=1,20 w

ACWM {I+1)=ACHN(I)+0.5¢C
GEIX (1)=2. 100 :
DO. 2 I=1,10

GHIX (I+1)=GHIX(I)+0,0%0

READ (5 200, END=91) N,GE, GG

28

S

DINENSION X(b),b?(b),iﬁ%(é),ﬁﬁ?&u) GAG§6),EAG(6} vgge;,X(eg,vnags)

1V, VBAG(®) ,CFV {6) ,ER(O)
po 19 I= 1§N

READ (5,201) X({I),GP(1),B54(T) aavgm; LGAG (1), BAG (I)

ARITE (6,100) AGG
WELITE (6,101) W

WEITE(5,102) X(1),%(2),%X{3) &LQ);X&s)gﬁéﬁ)

WRITE (5,103
WEITE (6.104)
KEITE (6,105)
#RITE (6,106).
WEITE (6,107)
WRITE (6,108)

YET=0

VAGT=C

BAGT=0

DO 20 I=1,N |

VE (I)=X(I)/6P{1)
VET=VET VP (L)

VAG (I) =4 (1) /GAG(I)

VEAG {I) =BAG (1) %X (I) 7 {1C0.%GD)

CVAGTI=VAGT+VAG{IL)

BAGT=BAGT+X(I) *3AG (L), 1CC.
CONTINUE

D0 21 T=1,8

Y (T}=100,%VR (L) /VPT
GPT=100, Y87
GAGI=100,/VAGT




" 38
137
38
39
40
41

42
43
44
B
S48
iud

48
e

;DO

;51

22

- 53
5y

55

57
258
59
60

61
T2
JE3
L o4

65

67

0B
69
270
273
172
13
A
s75

76

77

DO 90 L=1,21
ACWA=ACHM (L} / (1. ~ACHE (L} /100.)
ACVA=ACHAXGPT/GB
CACHAE=ACWA=BAGT
CACVAE=CACWAE*GAGT/GE
VET=ACWHA/GE ‘

C
o
SR
CC 50 I=1,4
VPII=§.
Li=1+¢1
DO 30 J=LL,N
30 VETT=VRPTT+VP(J)
YRBAGTT=0
DO 40 K=i,1I
X 40 YEAGIT=VYRAGTT+VBAG {K)
c
CFV{I)EVPIE/(VBTWVBAGHQ)
o

R(I)=GP (I)* (BRW{L)~EAG{I))/ (100, %Ga*(1,+1./CFV(I)})
50 gcmrzuua

FR(N)} =D

C

C

' ACVAL=0
PO &0 iI=1,d

60 ACVAL= ACVAL+¥(13*{Bﬁv¢1;»100 %®FR{I)}) /100,
ACVAE=ACVYA-ACVAL
ACKRAE=ACVAE*®GB/GET
ACHRL=QCHA”ACWAE

C

<

FRT=0
Do 70 I=1,N

70 FRI=FET+FE (I) *Y (I) /100,
EVE= (VET~VET*FRT)*100.,V01

ACVEEF=ACVAE*100,s8VP N

C . :

c ' - o
WRITE (6,109) ACWH (L),aCuk,BAGT,CACVAS ,ACHAL, ACV AL, ACHAE, ACYEF, FRT
1,EVP
WRITE (6,110)

. :

c ,

: DG 80 I=1,11
VHIX={100.+ACHKA) /GHIX{I)
AIRV=(VHIX=(100./GACT+CACKAS/GB) ) *100./VAIX
CVBA= (VUIZ=100./GAGT)*100,/VaLX
BVEGT=YVALX~VHIX*ALRV,/1C0.-4CHAS/GB
EPVMA= (VMIX=BEVPGT) *1CC. /4 HIX
TPVHA= (YHIA-VPT) %100, VALK
EVPG=EVPGT*100,/VPT
FETG= (VET=-EVEGT) VPRI

C

c _

89 ARITE (6,111) GMIX(I1),AL4V,CVNA, ERPVHA




: 30
L 59 CONTLNUE

79 GG 10 3
9 91 CALL SYSTEd

C
81 2350  FCAMAT (I2,1X,F75.3,1%,3%)
62 209 - FGRHAT (F4.1,1K,55.3,14,85.2,1%,F5.2,1%,P5.3, V4, Fid. 2)
‘ o _ T

C
33 100  FORMAT (*1%,¢AGGREGATE TYEE = ', 42)
L34 101  FORAAT (' *,'NUMBER GF FEACTIGNS N=1,12)
35 102 FCRHAT (' ', 0K(1),e0eeedi{d)=9,Fl.1,%,, 54,7, ,", FPl4.1,9, 8, F4,1,%,%,
X 174.1,",%,Fu.1,24,! (FRACIICNS PROPORTIUN - WELGHT BASIS)?) ,
46 193  FORUAT (ﬁaﬂ,°PEch?,3x,f£zac.=a11x,GEEEw@,ux,stace“,sx,@PEac,ﬂ,3x
g 1,VFLOW! , 84X,V FLOW', 4X,9ICIAL"Y) '
87 104  FORMAT (* ¢,'ASPid.%,33,"45PH.",34,' PERC.*,3X, ASPH.",3X, RUG.* 45,
! 19RUG. ', 4%, VASPH.?,3X,"A5EL.",3X, "FINESY,3X,'PERC. Y, 04X, SPEC.?) ;
08 105 ° FORMAT (¥ ﬂ,fcoNT,ﬂ,ax,fccmws5,3x,vTOTALﬂ,3x,3c0NT,ﬁ,3x,eAspd VL3 K

1,ﬁaspﬁaﬂ,3x,ﬂcomﬁa ;33 ,0CCNT, ' ,3X, ﬂLosTI,ux,sacmxv‘,ux,'saav,ﬂw3x,
* 2'FERC, *, 3%, *PERC. 3x§"P£ELe“) 1
39 106  FORNAT (® 91,° mzxa,qs "AGG. !, UK, "ASPH. ", 34, V0L, ,54, "KT. Y, 04X, VOL
1ns,sx;ﬂwz,agux,evoLeﬂssz,ﬂazﬂ 5X, ' PACK.?,5%,0F! ,6X, 'AIR?, UK, 'CONV
N 2.%,3%,"PACK.?)
N 197  FORMAT (' *,'BASIS',3%,°EASIS®,3X,%ABS.?,0X," BASIS?,3X%,*BASIS,3X,
. 19EASIS?,3X,'BASIS',3X,VEANSISY, 3K, TRUG.?,4%,'VOL.?,6X, UL *,34,7V0
2IDSY LK, "VHA" 5%, VHAY) o . !

31 108 FOREAT (vQ',' 1)

g2 109  FORMAT {('0°,F5,2,7F8.%2,38 ,F5.4,34,75.2)

33 110 FOEMAT (¢ ?,56f, ===== )

ER 111 FORMAT (° 9,B81%,F5.3,3f88.2) ‘
55 END

LIST OF VARIABLES:

-+

PROGRAM . ) : MATHEMATICAL

SYMROLS . , A .___SYMBOLS

ACHM = ASPHALT CONTENT {(PERCENT QF TOTAL MIXTURE WEIGHT) - W

GMIX = SPECIFIC GRAVITY OF THE COMPACTED MIXTURE . = Gy

N = NUMRER OF ONE~SIZE FRACTIONS IN THE MIXTURE - N

GAa = SPECIFIC GRAVITY OF ASPHALT : - Gy

AGG = AGGREGATE TYPE DESIGNATIGN

X{1) = PERCENT BY WEIGHT OF THE I-TH FRACTION IN THE MIXTURE = = X:

GPLI) = PACKING SPECIFIC GRAVITY OF THE [-TH FRACTION = - Gp! i

BRW{I} = PERCENT ASPHALT LOST BY RUGOSITY OF THE I=-TH FRACTION 1
(WEIGHT BASIS) . - B 1

BRV(T)Y = PRRCENT ASPHALT LOST 8Y RUGCSITY OF THE I- TH FRACTION 5
(VOLUME BASIS) = By |

SUIY = BULK SPECIFIC GRAVITY OF THE 1=TH FRACTION = Gugf ;

oG (1) = PERCENT ASPHALT LOST BY ABSORPTION OF THE I=TH FRACTION = By |

VP = TOTAL PACKING VOLUME OF THE I-TH FRACTIOM - Vi ;

Y1) = PERCENT BY VOLUME OF THE 1-TH FRACTION 1N THE MIXTURE !
(IN PACKING VOLUME UNITS) - Y ;

VAG(T)

TOTAL BULK VOLUME OF THE I=TH FRACTION = Vi




VBAG{TI
CEMLT)
FRATY
VET
VAGT
BAGT

ACKH A
alVA

CACWAE
CACYAE
VBT
VPTT
VRAGTT
FRT
EVP .
ACH AL
ACV AL
ACW AE
AV AE
ACVEF
VM X
AIRY

CVMA
EPVMA

= TOTAL VOLUME OF THE ASPHALT ABSORPTION WITHIN THE I-TH

FRACTION |
= FINES CONCENTRATION OF THE I~TH FRACTION IN THE

MIX TURE = Cuui
= FINES LOST BY RUGOSITY OF THE 1~TH FRACTION IN THE

MIX TURE ' - Fui
= TOTAL PACKING VOLUME OF THE AGGREGATE IN THE MIXTURE - Ve
= TOTAL BULK VOLUME OF THE AGGREGATES IN THF MIXTURE - Vay
= AVERAGE ASPHALT LOST BY ABSORPTION IN THE MIXTURE - By
= ASPHALT CONTENT (PERCENT OF TATAL AGGREGATE WEIGHT) -

31

= ASPHALT CONTENT (PERCENT OF TOTAL PACKING VOLUME OF

THE
= EFFE

AGGREGATES)
CTIVE ASPHALT CONTENT (PERCENT OF TOTAL AGGREGATE

WEIGHT) - W w
= EFFECTIVE ASPHALT CONTENT (PERCENT OF TOTAL BULK

VO LY

ME OF THE AGGREGATES) ' - Wy

= TOTAL vOLuUMe OF ASPHALT IN THE MIXTURE

=) TEMPORARY VALUES OF VPT AND VBAG, RESPECTIVELY, AS

= APPEAR IN EQUATION (65) FOR Ve AND Vet

= TOTAL FINES LOST BY RUGOSITY IN THE MIXTURE (PERCENT

OF TOTAL PACKING VOLUME OF AGGREGATES) _ : — Fat
= ACTIVE PARTICLES IN THE MIXTURE (PERCENT OF TOTAL
PACKING VOLUME OF AGGREGATES) ‘ = Vio

= ASPHALT LOST IN THE MACRO SURFACE VOIDS OF AGGREGATES

(PER

CENT OF TOTAL WEIGHT OF AGGREGATES)

= ASPHALT LOST IN THE MACRG SURFACE VOIDS OF AGGREGATES

(PERCENT OF TOTAL PACKING VOLUME OF AGGREGATES) |
= FLOW ASPHALT CONTENT (PERCENT OF TOTAL AGGREGATE
WEIGHT) - - w

= FLOW ASPHALT IN THE MIXTuﬁE {PERCENT OF TOTAL PACKING
VOLUME OF AGGREGATES)

= FLOW ASPHALT CONTENT (PERCENT OF PACKING VOLUME OF THE :
ACTIVE PARTICLES IN THE MIXTURE) . - Wy

= TOTAL VOLUME OF THE COMPAGCTED MIXTURE -

= PERCENT AIR VOIDS IN THE COMPACTED MIXTURE -

= PERCENT VMA (CONVENTIONAL) ' Co e MA

= PERCENT PACKING VMA : - = VMA,

OPERATION INSTRUCTIONS

1} PROGRAM 15 WRITTEN IN FORTRAN 1V,

Z)  INPUT DATA:

(A)
{8)
{C)

(D)

RANGE AND INTERVALS OF ASPHALT CONTENT CAN BE INSERTED

IN STATEMENTS 02 THROUGH 04 (WITHIN THE PROGRAM),

RANGE AND INTERVALS OF GMIX CAN BE INSERTED IN STATEMENTS

05 THROUGH 07 {WITHIN THE PROGRAM),

THE DIMENSION SPECIFICATION IN STATEMEMT. NO.O1 ARE

ACCORDING TO {A} AND (B).

THERE ARE TWO GROUPS OF DATA CARDS FOR EACH AGGREGATE:

{1) ONE CARD TO SPECIFY THE MATERIALS AND NUMBER
DF FRACTIONS, AS SHOWN IN STATEMEMT NO. 08,
THE FORMAT IS SPECIFIED IN STATEMENT N). 81,

{27 A GROUPE OF N CARDS TO SPECIFY THE ONE-STZE




{F1}

3)

32
AGGREGATE PARAMETERS FOR EACH FRACTIGN, AS
SHOWN TN STATEMENT N(G. 11. THE FORMAT IS
SPECIFIED IN STATEMENT 82,
THE DIMENSION SPECIFICATION IN STATEMENT 09 IS
ACCOGRDING TO THE NUMBER OF THE ONE-SIZE FRACTIONS (N).
THE PROGRAM CAN HANDLE ANY NUMBER 0OF AGGREGATE TYPES
AT A TIME FOR A GIVEMN RANGE OF ASPHALT CONTENT AND GMIX.

THE GROGUPS OF DATA CARDS FOR THE DIFFERENT TYPES SHOULD -

BE PLACED CONSEQUITIVELY IN THE USUAL DATA LOCATION AT
THE END OF THE MATIN PROGRAM,

QUTPUT FORMAT, AS SPECIFIED BY STATEMENTS 83 THROUGH 94 is

IDENTICAL TO THOSE OF TABLES 34 THROUGH 41. _ 1





